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Abstract

Organometal trihalide perovskites have recently gained extreme attention due
to their high solar energy conversion in photovoltaic cells. Here, we investigate
the contribution of iodide ions to a total conductivity of the mixed lead halide
perovskite CH

3
NH

3
PbI3-xClx with a use of the modified DC Hebb–Wagner po-

larization method. It has been identified that an ionic conductivity dominates
in tetragonal phase which is associated with room temperature. The obtained
activation energy for this type of hopping mechanism is equal to (0.87 ± 0.02)
eV, which is in a good agreement with previous literature reports. The high
contribution of ionic conductivity at room temperature might be a reason of the
observed hysteresis in halide perovskite solar cells.
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1. INTRODUCTION

Organometal trihalide perovskites are relatively new photovoltaic materials.
However, in a short period of intensive progress, an efficiency of solar cells based
on these perovskites has already increased to over 20 % [1, 2]. Extraordinary
properties leading to such a high efficiency have been connected mainly with
a high absorption coefficient in a wide spectrum of light [3], a high mobility
of charge carriers [4], a low exciton binding energy at room temperature [5, 6]
and a long electron–hole diffusion length [7]. The theoretical maximum effi-
ciency of the perovskite solar cells is estimated to be over 30 % [8, 9]. In order
to improve the performance, all physical phenomena which take place in these
systems must be well understood. The analysis of current–voltage character-
istics demonstrates the effect of rate–dependent hysteresis in numbers of such
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structures [10, 11, 12]. Therefore, the understanding of the major mechanism in-
fluencing the hysteresis effect is crucial for future development of the perovskite
solar cells. According to Snaith et al. [10] there are three possible explana-
tions of the hysteresis: (1) the large density of defect states at the interface,
(2) ferroelectric properties and slow polarization of the material, and (3) the
polarization–dependent moveable ions which can screen a space charge buildup
that influences the charge collection at the contacts. The fourth possible sce-
nario was suggested by Cojocaru et al. [13] where the electrical capacitance
could also explain a hysteresis effect. The previous studies suggest that the in-
terfacial trapping and detrapping processes cannot be the source of hysteresis by
themselves as they occur at timescale of miliseconds and that is too fast compar-
ing to I–V hysteresis characterized by seconds to minute timescale [12, 14, 15].
According to authors of the recent papers, the space group of tetragonal phase is
polar and therefore the halide perovskites are ferroelectric [16, 17]. However the
time which characterizes the rate of ferroelectric domain (0.1–1 ms) estimated
by Leguy et al. shows that the ferroelectric polarization is not the source of
hysteresis solely [18]. Tress et al. [15] have reported that ions accumulate at
the interface of electrodes and screen the built–in electric field independently of
illumination. Their conclusion was that the ionic flow with timescale of seconds
to minutes could create the I–V hysteresis dependently of voltage sweep rate.
However, besides the influence of ion migration on hysteresis effect, there is also
evidence that ionic conductivity of CH

3
NH

3
PbI

3
could also explain origin of a

high static dielectric constant [6], degradation of electrical properties [19] or a
giant switchable photovoltaic effect [20]. Therefore, the further studies of ions
in trihalide perovskite structures are crucial for detailed understanding of all
photoelectric processes which determine the efficiency of solar cells.

The family of perovskite materials has been examined for decades. It is
well known that oxide–perovskites exhibit ionic conductivity properties associ-
ated with mobile oxygen vacancies [21, 22]. The investigation of halide–type
perovskites also suggests a high ionic conductivity caused by the migration of
halide ions vacancies [23]. The recent studies of the most popular photovoltaic
perovskite MAPbI

3
(where MA stands for CH

3
NH

3
) imply that this material

is a mixed ionic and electronic conductor [24, 25, 26]. However, the nature of
ionic migration needs a better understanding.

In hybrid organic–inorganic perovskites, the transitions from the orthorhom-
bic to tetragonal phase and from the tetragonal to cubic phase were observed
[27, 28, 29]. It has been already demonstrated that the change of phase has a
great impact not only on the properties of material, like a mobility of charge car-
riers, a diffusion length or a recombinations rate [30] but also on the conductivity
[31]. However, as to our knowledge, there are no reports with measurements
of separated electronic and ionic partial conductivities which can indicate the
phase transitions.

The aim of this paper is to investigate the electronic and the ionic conductiv-
ities in MAPbI3-xClx halide perovskite. In order to separate both conductivities,
we have decided to use the modified DC Hebb–Wagner polarization method. In
the method, under the steady–state condition, only one type of charge carrier
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can flow through electrodes while the other is blocked by either ion or electron
blocking material [32, 33, 34, 35, 36]. Recently, this experimental technique was
successfully applied to determine the partial conductivities in other materials
[22, 37].

2. MATERIALS AND EXPERIMENTAL METHODS

2.1. The perovskite synthesis and film fabrication

The perovskite MAPbI3-xClx precursor was prepared with the following
procedure. The commercial Methyloamine (33 wt % in ethanol) from Sigma
Aldrich, hydroiodic acid (57 wt % in water) from Alfa Aesar, lead (II) chloride
(PbCl2) (99 %) from Acros Organics, ethanol, dimethylformamide (DMF) and
diethyl ether have been used. To obtain methylammonium iodide (MAI) pow-
der, methyloamine and hydroiodic acid were mixed in round–bottom flask in
1:1 molar ratio with 100 mL of ethanol. The stirring has been continued for 2
hours in the ice bath due to the exothermic nature of reaction, and evaporated
at 50◦C afterwards. The precipitate was washed with diethyl ether three times
and dried overnight. The readily synthesized MAI and PbCl2 were mixed in
3:1 molar ratio in DMF. After optimization procedures, the most stable films in
measurements conditions have been fabricated from 60 wt % precursor concen-
tration. The prepared precursor was used for perovskite preparation in all the
experimental section.

The 15 x 20 mm glasses have been cleaned by sonication (10 minutes) with
solution of Hellmanex 1 % and later rinsed with hot distilled water. Next, the
substrates were placed in ultrasonic bath with isopropyl alcohol and later dried
in air. The volume of 60 µL perovskite 60 wt % precursor has been spin–coated
with 2100 rpm for 30 s onto the precleaned glasses. The film was annealed for
60 min in air at 100◦C. At the substrate with perovskite layer, Al electrode
has been thermally evaporated under vacuum 2 × 10−2 Torr with thickness of
50 nm. The mask was used to define two 3 mm electrodes with 3 mm width
and 0.5 mm space in between which was an active area of the sample. Finally,
the film has been covered with glass cover slips with epoxy resin to prevent
the degradation process by contact with air and water during the process of
measurements. The resin was placed in a way it did not contact an active area
of the sample.

2.2. X–ray diffraction

X–ray diffraction (XRD) measurements have been performed for samples
spin–coated on the glass substrate in air using the X–Pert Pro MPD Philips
diffractometer at room temperature with CuKα (1.542 Å). The accelerating
voltage and electrical current were 40 kV and 30 mA, respectively. XRD data
have been recorded from 10◦ to 60◦ for 2θ with the step size of 0.027◦.
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2.3. SEM images

To analyze the surface morphology and average crystallite size of perovskite
films, the FEI Quanta FEG 250 Scanning Electron Microscope (SEM) was used,
operating with secondary electron detector in a high vacuum mode with the
accelerating voltage of 20 kV.

2.4. Profilometer

The actual thickness of a spin–coated perovskite layer on the substrate with
the aluminum electrodes has been measured with the use of surface Tencor
Alpha Step 500 Profiler.

2.5. Electrical measurements

The temperature dependence of conductivity has been studied by DC two–
wire (2W) method in a temperature range of 77–420 K. In order to perform
the DC Hebb–Wagner polarization technique, the thick and dense layer of ion–
blocking electrode (a carbon paste from Leit C Conducting Carbon Cement)
has been covered on the aluminum electrodes. For the non ion–blocking elec-
trode, a porous silver paste was used as a current collector which was previously
reported by Maeda et al. [38]. The platinum wires were used as electrical con-
nections. To control the temperature, K–type thermocouple (Keysight 34970A)
has been placed right beside the sample in the holder. In the first part of
experiment, the measurement cell was located in the tube immersed in a liq-
uid nitrogen. Then the temperature slowly increased. At a high temperature
regime (above a room temperature), the tube was heated on the hot–plate as
it reached aimed temperature. We did not illuminate our samples during ex-
periment (dark conditions). Performing the electrical measurements (Keithley
2401), the current–voltage characteristics have been taken under steady–state
conditions. The conductivities were calculated from the I–V linear relations at
low–voltage region.

3. RESULTS AND DISCUSSION

In order to analyze the crystal structure and phase composition of the sam-
ples, the XRD measurements were conducted. Figure 1(a) shows X–ray diffrac-
tion pattern for the MAPbI3-xClx film on glass substrate which exhibits tetrag-
onal structure with a I4cm symmetry [27]. The following diffraction peaks
corresponding to (110), (200), (211), (220), (310), (312), (224), (330) and (440)
planes of perovskite material were observed [39, 40]. The highest intensity of
13.93◦ peak suggests that the orientation of the polycrystalline perovskite film
is (110) [41]. In the diffraction pattern, there is no secondary phase from PbI

2

at 12.3◦ which suggests high purity of the sample [42]. The degradation effect
with the XRD has been measured for one sample, results are shown in Figure
S1 (Supplementary material). After three weeks from preparing of the sample,
there are no visible impurities from PbI2.
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The active area of samples is defined in between two parallel electrodes. From
the observation of the surface morphology, we can clearly see a percolation path
for charge carriers between crystallites, Figure 1(b). Therefore, the method of
spin–coating for a film formation is good enough for the purpose of the paper.
The grain size of the polycrystalline material (3.3 ± 0.6) µm has been estimated
from the analysis of SEM image. The thickness of the sample obtained from
profilometer is (1.80 ± 0.07) µm. The ratio of grain sizes to grain boundaries
is very high, therefore in the further part of the paper, we may ignore influence
of partial grain boundary conductivity on total conductivity.

In order to check the electrical properties of the MAPbI3-xClx material, the
temperature dependence of total and partial surface conductivities have been
measured. The total conductivity (σtot) of material is defined as a sum of
electronic and ionic conductivities

σtot = σel + σion, (1)

where electronic conductivity (σel) is associated with electrons and holes, and
ionic conductivity (σion) relates, in general, to anions and cations.

It should be mentioned that MAPbI
3-x

Cl
x

perovskite is a mateial with ad-
dition of chloride salts to precursor for film fabrication. It is known, that the
addition of chloride ions improves the stability against humidity [43]. However,
only small amount of Cl atoms are present in mixed–halide film [44] and, the
chloride doping has a small impact on transport properties [45]. Therefore, only
iodide ions are considered in partial conductivity of the studied material.

Figure 2(a) shows the result of the total conductivity in 80–420 K tempera-
ture range. Ten samples were measured in the same conditions with 2W method.
The conductivity has been calculated from linear fitting of I–V characteristics.
In Figure S2 (Supplementary material), there are presented two example mea-
surements for different applied voltage ranges which show linear relation with
current. The two–points method is used instead of the four–point (4W) due to
the large resistance of the sample in contrast to wires. All of the measurements
exhibit the same tendency, thus only one representative result is presented in the
paper. At low temperature, we notice a value of conductivity characteristic for
insulator materials: 1.77 × 10−6 S m−1. The drastic rise of the total electrical
conductivity level is observed at 230 K and at 300 K. It reaches 2.4 × 10−2 S
m−1 which is of the same order of magnitude as previously reported for trihalide
perovskite by Maeda et al. [38]. It should be also mentioned that the signifi-
cant increase of total conductivity, by about four orders of magnitude, has been
recently observed by Khenkin et al. [46] and Peng et al. [47] for the transition
from orthorhombic to tetragonal phase. Slightly over the room temperature,
the conductivity decreases up to 340 K and continues to increase afterwards.
Such a significant change in electrical conductivity as a function of temperature
may be explained by the phase transition which occurs in the sample.

In order to calculate an activation energy (Ea) for conductivity with tem-
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perature, we use the Arrhenius equation

σ = σ0 exp

(

−
Ea

kBT

)

, (2)

where σ is a conductivity of the sample, σ0 is a pre–exponential factor, whereas
kB and T are the Boltzmann constant and the temperature of the sample, re-
spectively. Figure 2(b) illustrates the total conductivity vs 1000 T−1 for the
analyzed sample. As can be seen, the linear fitting is in a good agreement
with Eq. (2), what proves the validity of thermally active conductivity model.
Moreover, the three characteristic regimes can be visible in Figure 2(b). These
regimes are related to the phase transitions and, in a consequence, to different
crystal forms of the same sample. For the seek of the following paper, the or-
thorhombic, tetragonal and cubic phases are also called α, β and γ, respectively.

At low temperatures, we notice a negligible change of the total electrical con-
ductivity as temperature increases (Figure 2(b)). Therefore, a very small (even
close to zero) activation energy for mixed conductivity has been obtained at α

phase. The drastic increase of conductivity occurs at the transition from α to β

phase which leads to higher activation energy (0.87 ± 0.02) eV. The transition
for trihalide perovskite is expected at 160 K. However, Li et al. [48] have pre-
sented that the increasing of sample thickness (a distance between electrodes for
the volume electrical conduction) from 30 nm to 400 nm can drastically change
the temperature of the transition for about 40 K. The distance between both
electrodes for our samples (a case of the surface conduction) is around 0.5 mm,
what should lead to higher temperature of the phase transition (in our case ∼

230 K). It is known that the electronic conductivity depends on the mobility of
charge carriers. However, Milot et al. [30] have reported that the mobility de-
creases for the transition from orthorhombic to tetragonal phase. Therefore, the
change of conductivity should be related to the change of charge carriers con-
centration. The α and β phases are characterized by the symmetries Pnma and
I4cm, respectively. A change of the symmetry in phase transition could explain
the increase of electrons and holes concentration [49]. For higher temperature,
we have recorded a phase transition from β to γ associated with the decrease of
activation energy (0.63 ± 0.01) eV. Additionally, the total conductivity drops
by about two orders of magnitude (Figure 2(b)). It also seems that the change
of perovskite phase is spread over a wide range of temperature. Therefore, it
may suggest presence of two phases in temperature between 300 K to about 340
K [50, 51, 52].

It is possible to separate the ionic and the electronic conductivities using
the modified DC Hebb–Wagner polarization method under the steady–state
condition. Figure S3 (Supplementary material) shows I–V characteristics which
have been taken before immersing the sample to liquid nitrogen and just af-
ter the room temperature has been reached. The stability analysis were also
done in low temperature for a few hours (results not shown here). The lack of
differences support the conclusion that the steady-state is obtained for every
point of measurements. The temperature dependences of σtot, σel and σion for
tetragonal phase are shown in Figure 3. The representative results for the total
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and electronic conductivities are presented without and with the ion–blocking
electrode, respectively. For β phase the ionic conductivity takes over the domi-
nance in MAPbI

3-x
Cl

x
perovskite, Figure 3(a). Then, the partial conductivity

of iodide ions is one order of magnitude higher than electronic conductivity at
room temperature. Let us consider an unintentional doping level (Ec-Ef ) which
according to Kim et al. [53] is shallow as 0.34 eV below the edge of conduction
band (Ec) for MAPbI3. The electron concentration generated by unintentional
doping can be defined as

n0 = Nc exp

(

−
Ec − Ef

kBT

)

, (3)

where Nc is an effective density of states in conduction band (8.1×1024 m−3

[54]). Eq. (3) gives n0 = 1.57×1019 m−3. Taking into account the electron mo-
bility equal to 35 cm2 V s−1 [30], we obtain a value of the electron conductivity
equal to 8.83×10−3 S m−1 which is close to the experimental data at 300 K,
see Fig. 3. In reference to these results, it can be stated that MAPbI3-xClx is a
mixed ionic–electronic conductor with predominant iodide ions conductivity at
tetragonal phase. We suggest that the domination of ions at room temperature
may explain the observed effect of hysteresis in trihalide perovskites.

The activation energies for both partial conductivities have been calculated
from Eq. (2). The linear correlation coefficient for Arrhenius plot is 0.97. Figure
3(b) shows that, for tetragonal phase, the activation energy drastically increases
for both ionic and electronic charge carriers to the values of (0.87 ± 0.02) eV
and (1.12 ± 0.03) eV, respectively. The obtained result of the activation energy
for migration of iodide ions is similar to previous reports for the halide inorganic
perovskites with anion vacancy transportation mechanism [23, 55, 56] and for
the methylammonium lead iodide perovskite [26]. We can see that the ionic
conductivity dominates for β phase. However, its activation energy is lower in
respect to the electronic conductivity. Eames et al. [26] have assumed that the
only possible mechanism for transport of ions in MAPbI3-xClx perovskite is by
hopping between the neighbouring vacancies which needs low activation energy.
Motta et al. [45] have proposed that the bottom of conduction band and the
top of valence band for CH

3
NH

3
PbI

3-x
Cl

x
originate from p orbitals of Pb atom

and p orbitals of I atom, respectively. Therefore, the creation of electrons and
holes and, as a consequence, also their transport (the bandpass transportation
mechanism) require a higher thermal energy. That may explain the higher value
of activation energy observed for the electronic conduction in comparison to the
ionic conduction mechanism.

4. CONCLUSIONS

In summary, we have studied a temperature dependence of the total con-
ductivity for the trihalide perovskite CH

3
NH

3
PbI3-xClx. The obtained results

clearly demonstrate the orthorhombic to tetragonal phase and the tetragonal to
cubic phase transitions. Our analysis suggests the domination of ionic charge
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carriers in the tetragonal phase. We have proposed the explanation based on
the hopping mechanism of ions and bandpass mechanism for electronic charge
carriers. It is implied that the high partial ionic conductivity at a room tem-
perature might be a possible explanation of the parasitic effect of hysteresis in
trihalide perovskite solar cells which is potentially a problem in a wider appli-
cation of these perovskite materials. Also, it should be pointed out that there
are still much unresolved issues with the perovskite material and the next step
should concern analysis of ion conductivity for orthorhombic and cubic phase
to get better understanding of the material physics.

5. Supplementary material

Supplementary material (XRD degradation results and I–V curves in tem-
peratures) associated with this article can be found, in the online version, at
...
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Figure 1: Structural results for MAPbI
3-x

Clx sample. (a) X–ray diffraction pattern, and (b)
Scanning Electron Microscopy (SEM) image.

2 4 6 8 10 12

10-6

10-5

10-4

10-3

10-2

10-1

50 100 150 200 250 300 350 400 450

10-6

10-5

10-4

10-3

10-2

10-1

O
rth

or
ho

m
bi

c

Te
tra

go
na

l

(0.63±0.01) eV

(0.87±0.02) eV

To
ta

l c
on

du
ct

iv
ity

 (S
 m

-1
)

1000/T (K-1)

C
ub

ic

500 200 125 90
Temperature (K)

To
ta

l c
on

du
ct

iv
ity

 (S
 m

-1
)

Temperature (K)

(a) (b)

Figure 2: The temperature dependence of total electrical conductivity for MAPbI
3-x

Clx sam-
ple. (a) Conductivity as a function of temperature in absolute scale, and (b) Arrhenius plot
of total conductivity with activation energy given for each crystallographic phases.
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Figure 3: The total conductivity and partial electronic and ionic conductivities presented for
β phase of MAPbI

3-x
Clx sample. (a) Conductivities as a function of temperature in absolute

scale, (b) Arrhenius plot for partial ionic and electronic conductivities.
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