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Electrical Conductivity of Halide Perovskites Follows
Expectations from Classical Defect Chemistry

Nico Leupold®,® Anna Lena Seibel*, Ralf Moos,* and Fabian Panzer*"

Defect chemistry is key to understand electrical properties of
many functional materials including halide perovskites. How-
ever, expectations from defect chemistry about the dependency
of defect densities on the doping regime of halide perovskites
have not yet been clearly confirmed experimentally. Here, we
measure the electrical conductivity of the model halide
perovskite Methylammonium Lead lodide over a wide range of
iodine partial pressures. We find that with iodine partial
pressure the electrical conductivity changes with different
slopes in a double-logarithmic representation, indicating
changes of the perovskite conductivity mechanism. Considering
differences in the mobilities of the various defect species, we
derive expectations about the dependence of the total

Introduction

Within the past few years, halide perovskites have developed as
promising semiconductor materials for the next generation of
various (opto-)electronic devices." Regarding their electrical
properties, halide perovskites differ significantly from classic
inorganic or organic semiconductors as they exhibit a mixed
conductivity with ionic and electronic contributions.”® The
ionic conductivity in halide perovskites is due to the relatively
high mobility of their halide ions, allowing for ion-migration
upon applying an electric field.** In some cases, ion migration
is utilized to realize device concepts such as memristors or
batteries.*® However, in applications such as perovskites based
solar cells, X-ray detectors, or LEDs, ion migration leads to
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conductivity of the perovskite as a function of iodine partial
pressure. We find iodine vacancies dominating the conductivity
at low iodine partial pressures, whereas at higher partial
pressures holes govern the total conductivity. We find the
concentration of iodide vacancies to be ~10'® cm3, in good
agreement with the expected values based on intrinsic ionic
disorder. Finally, for the case that the intrinsic ionic disorder
concentration is overestimated, we elucidate the possibility to
explain the conductivity profile by impurity induced acceptor
doping in the perovskite. Thus, our work will allow to develop a
more fundamental understanding about the electrical proper-
ties of halide perovskites.

efficiency losses and degradation,” so that efforts were made
to prevent these adverse effects.”

It was found that, e.g. stoichiometry, grain orientation,
processing conditions, additives, or changing the dimension-
ality of the perovskite impact the ionic conductivity.® Further-
more, for the model halide perovskite Methylammonium Lead
lodide (MAPbI;), ion migration can account for a large fraction
of the total electrical conductivity both in the dark and under
illumination.”'”

In MAPbI;, the presence of iodide vacancies allows for the
migration of iodide, thus also iodide vacancies migrate.""'? The
latter are caused, for example, when an iodide ion at a regular
lattice site moves to an interstitial site, leaving an iodide
vacancy at the original iodide lattice site (referred to as (anion-)
Frenkel defect)." Alternatively, the formation of Schottky
defects, which is the formation of a MA vacancy and an iodide
vacancy, is well possible in MAPbI; and also results in the
formation of iodide vacancies."*'

lodide interstitials, iodide- or MA vacancies, all represent
classical point defects that can widely determine the electrical
transport behavior of halide perovskites.” Accordingly, defect
chemical modeling combined with appropriate characterization
methods, offers a powerful way to gain in-depth understanding
of the electrical conductivity in halide perovskites."*'>'® Based
on the defect chemical reactions that occur in the material, and
by considering mass action laws, it is possible to derive so-
called Kréger-Vink diagrams.'” They depict how the concen-
tration of different defect species depends on the surrounding
partial pressure of its chemical constituents. In the past, defect
chemical modelling approaches were successfully used to
understand and to design electrical properties of oxides for
many electrical applications."®'¥ The concentrations of the
individual ionic- and electronic defects also correspond to the
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density of mobile charge carriers. This allows to access the
defect density experimentally by determining the electrical
conductivity of the investigated sample.”” Maier and coworkers
investigated the electrical conductivity of MAPbI; as a function
of Na- or oxygen-doping, or by varying the iodine partial
pressure p(l,).?'*¥ They found increasing electronic conductivity
and concomitantly, slightly decreasing ionic conductivity with
p(l,), both trends matching qualitatively with the expectation
from the corresponding Kréger-Vink diagram.”? However,
quantitatively, the conductivity changes with p(l,) deviated
from the precise expectations from defect chemistry, suggest-
ing that the perovskite was in a transition region between an
intrinsic ionic and a p-type regime.”? Even though the previous
studies demonstrated that investigating halide perovskites in
the framework of defect chemistry allows for an understanding
of different contributions to the electrical conductivity, it has
not yet been shown that the experimentally determined
conductivities precisely follow the expectations from defect
chemical models across different distinct regimes in the Kréger-
Vink diagrams.

Here, we measure the electrical conductivity of MAPbI; by
impedance spectroscopy (IS) over a wide p(l,) range from
1.2-10"bar to 3.2-10"*bar. This allows to experimentally
identify different iodine partial pressure ranges, where the
electrical conductivity exhibits different distinct slopes. Based
on relatively simple defect chemical modeling, we derive
Kréger-Vink diagrams and show how the iodine partial pressure
dependent profiles of the defect concentrations correspond to
the measured conductivity in a double-logarithmic representa-
tion. We further explain how conductivity vs. p(l,) curves can
change depending on the ratio of the mobilities of the ionic
and electronic defects. This finally allows to fully explain the
measured conductivity profiles by means of defect chemical

models. Thus, our work demonstrates how defect chemistry can
be used to thoroughly understand the conductivity properties
of halide perovskites.

Results and Discussion

Figure 1 shows the scheme of the measurement setup, which is
based on a carrier gas flow method.

The setup consists of a sublimation chamber (SC) connected
with the measurement chamber (MC) via a tube. In the SC, dry
nitrogen carrier gas flows through solid iodine crystals at a low
flow rate of 0-0.2 I/min controlled by a mass flow controller
(MFQ). lodine sublimates in the SC leading to a temperature
dependent vapor pressure of iodine, p(l,). Assuming that the
partial pressure of iodine in the sublimation chamber corre-
sponds to its equilibrium vapor pressure at a specific temper-
ature, the iodine vapor pressure can be calculated as given in
literature (see equation 51).24

Temperatures Ty in the sublimation chamber ranging from
—60 to 25°C are achieved by surrounding cooling media, such
as dry ice, ice and silicone oil. With that, vapor pressures from
1.5-10"® to 3.2-10~* bar can be realized in the SC. The tube that
connects the SC and the MC is held at elevated temperatures to
prevent iodine sublimation. Thus, it is possible to assume that
the iodine partial pressure in the MC equals to the one in the
SC. The MC and thus the MAPbI; sample are held at around
65°C by using silicone oil as a heating media. To achieve an
iodine partial pressure below 1.5-1078 bar, an additional nitro-
gen flow (0.2 to 10I/min) is injected after the sublimation
chamber to dilute the iodine saturated gas flow from the SC. To
prevent uncontrolled cooling of the MC, the additional nitrogen
flow is preheated to match the temperature of the (low flow

Tsc = -60 °C t0 25 °C

t@:pq
. T>Tsc  suplimation measurement titration
0.2-10 l/min chamber chamber bottle
ainll
. iodine : —
crystals .
MFC [ \ _
carrier .
gas 0-0.2 /min
—
heating medium aqueous
Na,S,0,
solution

Tuc =65 °C

Figure 1. Schematic illustration of the setup used in this study to determine the electrical conductivity in a wide iodine partial pressure range between
1.6-10"° bar and 3.2-10"* bar at a sample temperature of T,,c =65 °C. The setup consists of a sublimation chamber (SC), cooled by different cooling media
(blue) and a sample measurement chamber (MC), heated by a heating medium (yellow). A nitrogen carrier gas (0-0.2 |/min), controlled by a mass flow
controller (MFC), is passed through iodine crystals (purple) in the SC. Part of the iodine sublimizes and forms a vapor, entering the MC in which the MAPblI,
sample is located. For lower p(l,), a nitrogen flow for dilution (0.2-10 I/min) can be added between the SC and the MC. The iodine is neutralized afterwards
with thiosulfate ions in an aqueous solution (grey), allowing for titration and thus quantitative validation of the p(l,).
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rate) gas flow and the temperature of the MC. With that, it was
possible to set the iodine partial pressure in the MC to values
between 1.2-107'° bar and 3.2-107* bar.

To validate the partial pressure of iodine, the outlet gas
downstream of the measurement chamber was led into an
aqueous Na,S,0; solution, where the iodine was dissolved. The
total amount of iodine that has been flown through the setup
was then determined by titration, allowing to calculate the
iodine partial pressure retrospectively (see SI and Figure S1 for
details).

The investigated MAPbI; sample consists of an AlO,
substrate with interdigitated carbon electrodes on which the
MAPbI; layer is processed (Figure S2). The electrodes have a
height of ~15 um. Due to the lateral electrode arrangement, a
MAPbI; layer thickness in the same range as the electrode
height is desired, to reduce the measured resistance values and
thus improve the overall signal to noise ratio.

Therefore, we used the dry Powder Aerosol Deposition
Method (PADM) to produce polycrystalline MAPbI; layers with
suitable thickness in the range of the carbon electrode height.
PADM has been used in the past in the field of ceramics and
perovskites to produce dense and thick, polycrystalline layers
based on dry source powders at room temperature.” As source
powders we used mechanochemically synthesized MAPbDI;
powder (see the experimental section and Ref. [26] for details
about the synthesis route). Flowing N, gas through the MAPblI;
powder created a dry aerosol that was fed into the deposition
chamber via a nozzle. Driven by a pressure gradient between
the nozzle and the evacuated deposition chamber, the aerosol
accelerated toward the AlL,O; substrate. Upon impacting on the
substrate with high kinetic energy, the MAPbI; powder particles
adhere to the substrate. With that it was possible to produce a
30 um thick MAPDbI; layer (see Figure S3 for details). PADM
processed halide perovskite layers typically exhibit a relatively
large surface roughness, which potentially accelerates the
equilibration with the surrounding iodine atmosphere. This
reduces the measurement time, which in turn is beneficial in
terms of sample degradation and reproducibility. The tetragonal
crystal structure of the MAPbI; powder is maintained in the
PAD-film as evidenced from XRD (Figure S4). Furthermore, the
absence of additional signals in the diffractogram of the PADM-
processed sample compared to the powder XRD indicates that
the MAPDI; layers are phase-pure. Besides that, the reflexes in
the XRD pattern of the layer are slightly broader compared to
the corresponding reflexes of the powder, suggesting a
reduction of the crystallite size due to the PADM.

The electrical conductivity of the MAPbI; samples was
determined by impedance spectroscopy (IS) between 1 Hz and
10 MHz. The IS spectra were fitted with an equivalent circuit,
consisting of two RC parallel elements and a Warburg element.
The electrical conductivity, o, was calculated by taking into
account the dominating resistor, the geometry of the electrodes
and the layer thickness (see Figures S2 and S5 for details). Since
exposing halide perovskites to light and air can have a
significant influence on their conductivity,?” all measurements
were conducted in darkness and in a dry and oxygen-free
nitrogen atmosphere.
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Figure 2 shows the electrical conductivity as a function of
the iodine partial pressure in the range of 1.2:107'° to
3.2-10* bar, plotted in a double logarithmic representation.
Beside the conductivity values from a first series of measure-
ments (dark grey squares), also the values from a second series
of measurements (red dots), which was carried out two weeks
later, are plotted. There are no significant differences between
the data from the two measurement-series, demonstrating the
high reproducibility of the measurement conditions, and the
good reversibility of the iodine incorporation and removal. This
is in line with results from literature, where no permanent
change in conductivity was observed upon exposing MAPbI; to
iodine partial pressures < 10~° bar.”>* In Figure 2, three ranges
can be identified in which the change of conductivity with
iodine partial pressure exhibits different slopes. From 107" to
approx. 1077 bar iodine partial pressure, the electrical conduc-
tivity is constant at approximately 2-107%S/cm. When p(l,)
increases to 6.4-107° bar, the electrical conductivity increases
significantly to about 5.3-1077 S/cm. In the double logarithmic
representation, this corresponds to an increase in conductivity
with a slope of about '/,. When the iodine partial pressure
further increases to 3.2-107 bar, the conductivity increases to
7.8-107 S/cm corresponding to a slope of about '/,. However,
the accuracy of this slope value is limited here due to the small
number of data points.

In the following, we derive how the dependence of the
conductivity on the iodine partial pressure observed in Figure 2
can be understood using simple defect chemical modelling. For
this purpose, we use the Kréger-Vink notation,”® where V; and
Vi denote positively charged iodide vacancies or negatively
charged MA vacancies, respectively. Square brackets in the
mass action laws indicate the concentration of the respective
defect species. As mentioned earlier, ionic defects in MAPbI;
can in principle result from Schottky or Frenkel disorder.'>'¥
However, at the moment no clear consensus regarding the
dominant disorder type in MAPbI, has evolved yet.[*'314162930
Nevertheless, as Schottky disorder in MAPbI; was suggested to
have a relatively low formation enthalpy of ~0.1 eV, we
consider Schottky disorder in the following defect chemical
considerations (see Sl for defect chemical modelling consider-
ing Frenkel disorder).

B first measurement ,
= ® second measurement i
E o .
a +% -
= /. $
3 7k u .
% 0
- { ]
n® g = *
_8 1 1 L 1 L 1 L 1
-0 9 8 -7 -6 5 -4 -3
log (p(1,) / bar)

Figure 2. Electrical conductivity as a function of iodine partial pressure of
powder aerosol deposited MAPbI; films calculated from impedance spectra.
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In the case of Schottky disorder, the associated defect
chemical reaction and the associated mass action law with the
equilibrium constant K read:

MAY, + B =V, + V7 + MAl, "
K= [Viaa) - V1] 2)

This means, MA* and I~ leave their regular lattice sites,
creating negatively charged MA vacancies and positively
charged iodide vacancies and forming an additional MAI
molecule. A change in the iodine partial pressure shifts the
chemical equilibrium between the perovskite and the gas phase
and thus the point defect concentrations in the perovskite.
With increasing iodine partial pressure, iodide vacancies are
filled, also leading to the formation of defect electrons (holes)
h* to maintain the overall charge balance. This corresponds to
acceptor (p-type) doping at high iodine partial pressures.®"

1
E|2(g) +Vr=1+h (3)

The associated mass action law determines the equilibrium
concentrations of iodine sites and of holes, depending on the
iodine partial pressure p(l,). The concentration of the holes [h®]
is abbreviated with p and it follows:

Ko =p-p() - [V]' (4)

In addition, the intrinsic electronic disorder (generation and
recombination of electron-hole pairs) and the associated mass
action law must be considered, where the concentration of
electrons [e] is abbreviated as n:

nil =e+h (5)
Ki=n-p (6)

From the outside, the perovskite is neutral, and accordingly
the electroneutrality condition must be fulfilled, i.e., the sum of
the concentrations of all negative charge carriers must be equal
to the sum of concentrations of all positive charge carriers:

n+ Ny =p+ V] 7)

Figure 3a shows the Krdger-Vink diagram depicting the
dependencies of the concentrations of the different defect
species on the iodine partial pressure derived from equa-
tions 1-7 (see Sl for more details). In passing, we note that the
defect chemical considerations can also be carried out analo-
gously for an anion-Frenkel disorder (I~ leaves its regular lattice
site, goes to an interstitial site, while leaving an |~ vacancy; see
S| for details). Depending on whether a Schottky disorder or an
anion-Frenkel disorder is assumed, the dashed blue line in
Figure 3 represents either the concentration profile of meth-
ylammonium vacancies V,,, (Schottky) or iodine interstitials I
(Frenkel). However, regardless which of the two types of

Eur. J. Inorg. Chem. 2021, 2882-2889  www.eurjic.org
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Figure 3. (a) Kroger-Vink diagram illustrating the dependence of defect
concentration on the iodine partial pressure in the intrinsic and p-
conducting regime. The dash-dotted blue line corresponds to V;,, or [;
depending on whether intrinsic Schottky or Anion-Frenkel disorder is
assumed. The slopes for the different defect concentrations are indicated.
(b), (c) Dependence of the conductivity of each species on the iodine partial
pressure for (b) uy. < e and (¢) uye < o The solid lines show the
dominant contribution to the total conductivity.

disorder is considered, the change of defect concentrations
with iodine partial pressure remains the same. As it was
suggested in literature to be the dominant effect responsible
for the intrinsic disorder in halide perovskites,™** we consider
Schottky disorder in the following.

In Figure 3a, an iodine partial pressure range is shown, in
which the intrinsic ionic defects V; and V,,, dominate the
overall defect density (referred to as intrinsic regime |), i.e., in
equation 7, n and p can be neglected. Accordingly, the electro-
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neutrality condition in the I-regime simplifies to [V,,] ~ [V!].
From equation 2 follows:

1

[Vi] = Vi) = Ks? (8)

As long as [V,,,] ~ [V{] holds, the ionic defect concentrations
are approximately independent of the iodine partial pressure
within the I-regime. Substituting equation 8 into equation 4,
then gives

p =Koy - Ks% -p(l,)? (9)

Thus, within the I- regime, p increases with iodine partial
pressure, exhibiting a slope of '/, in the double logarithmic
representation. Complementary (equation 6), n decreases with a
slope of —/,.

At higher iodine partial pressure, the increasing concen-
tration of holes reaches the same order of magnitude as the
ionic defects. Then, changes in the ionic defect concentration
due to filling of V; (also resulting in the formation of V,,,
(equation 2)) can no longer be neglected. As a result, a new
regime starts where Vj,, and holes exhibit the highest defect
concentrations. Then, the electroneutrality condition (equa-
tion 7) simplifies to p =~ [V},,] in the corresponding iodine
partial pressure range (referred to as p-regime). Using p ~ [V’MA],
equations 2-6 allow to derive the changes of individual defect
concentrations as a function of iodine partial pressure in the p-
regime. Here, the concentration of V},, increases with a slope of
'/, and complementary to this (equation 2), [V” decreases. At
the same time, p increases with a slope of '/,, while n decreases
with a slope of —'/, (see Sl for details).

Based on the defect chemical considerations as described
above, at very low partial pressures, we would expect MAPDI; to
become n-conducting (referred to as n-regime) due to the
dominant contribution of electrons to the total defect density.
In this n-regime, a higher total conductivity would be expected
in comparison to the |-regime. A change from p- to n-doping
and an increase in total conductivity indeed could be observed
by Maier etal, when immersing a MAPbI; layer in toluene,
leading to a partial removal of iodine from the perovskite."” In
our experiments, we do not observe any increase of the
conductivity towards the smallest iodine partial pressure of
1.2-107" bar. Therefore, we conclude that for our MAPblI, layer,
the |-regime and the beginning of the p-regime from the
Kroger-Vink diagram are accessible experimentally within the
iodine partial pressure range realized in this work.

Next, we focus on deriving the expected electrical con-
ductivity behavior as a function of the iodine partial pressure,
based on the Kréger-Vink diagram in Figure 3a. In general, the
total electrical conductivity o, of a semiconductor is the sum
of all electronic contributions o, and ionic contributions o,
i.e., Owt = Oq + Oion- The electronic conductivity is determined
by the product of the charge carrier density, the mobility u for
electrons and holes, respectively, and the elementary charge e,
i.e, 0g =U.-n-e+ u,-p-e. Inionic conduction, ions i with a
concentration [i] move via hopping across interstitials or
vacancies. To calculate the ionic conductivity of a particular ion
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species, its valence |z| and its mobility 4; must be considered.
The total ionic conductivity is obtained as the sum of the
contributions from each individual ion species i to
Oion = 2_ilZi|ew; - [i] - e. Assuming that the charge carriers do not
interact with each other, the concentrations of the various
electronic and ionic charge carriers for each partial pressure can
be obtained from the Kréger-Vink diagram. We further assume
that the mobilities of the different carrier species are constant
over the investigated iodine partial pressure range. Then, the
qualitative characteristics (i.e., the slopes) of the individual
defect concentrations as a function of iodine partial pressure
directly lead to the qualitative characteristics of corresponding
conductivities. Compared to the positions in the Kroger-Vink
diagram, the positions of the individual conductivities in the
o(p(ly))-diagram are shifted vertically, depending on the
mobilities of the different charge carrier species.

In the case of MAPbI; the mobilities of electrons and holes
are typically found to exhibit values in the same range,®? so
that we can assume u =u.=u,. When it comes to the
conductivities of the ions, it was found that uy is about three
orders of magnitude lower than /tv‘-.m] Therefore, the contribu-
tion of V), to the conductivity is shifted towards lower values
than the contribution of V; by a certain amount, depending on
the exact difference between uy, and uy.. In the following we
assume that the magnitude of the shift between oy, and oy, is
always the same and that uy is always significantly lower than
Uel-

If the V; (and all the more V,,) are nearly immobile
compared to the electrical defects, i.e., tye K Uels the con-
ductivity of the ions is significantly lower than the conductivity
of the electrons and holes (Figure 3b), even though the
concentrations of the ionic defects in the Krdéger-Vink diagram
(Figure 3a) were higher than or equal to the concentrations of
the electronic charge carriers (Figure 3a). For uy. < pg, the
electronic defects are the dominant contribution to the
electrical conduction oy, throughout the entire iodine partial
pressure range investigated (see solid lines in Figure 3b). A
typical so-called intrinsic conductivity minimum appears, a
behavior that can be seen in many oxide ceramics when the
oxygen partial pressure is varied.'®*!

An increase in the ionic mobility relative to the electronic
mobility shifts the contributions of the V; and V,,, to higher
values in the conductivity diagram. Figure 3c shows a con-
ductivity diagram with u;,, higher than the one in Figure 3b,
but still tye < to- At low partial pressures, electrons are the
dominant contribution to the total conduction, where n
decreases with increasing iodine partial pressure with a slope of
—'/, analogous to Figure 3b. However, due to the increased
conductivities of the ionic species, the V] become the dominant
contribution to the total conductivity above a certain iodine
partial pressure (point “a” in Figure 3c). Accordingly, the total
conductivity remains constant over a certain iodine partial
pressure range, before the increasing hole conductivity
becomes the dominant contribution to the total conductivity
(referred to as point ‘b’ in Figure 3c). From point ‘b’ onwards,
the total conductivity increases with a slope of '/, and increases
with a slope of '/, at even higher iodine partial pressures,
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analogous to the case shown in Figure 3b. Even though in
reality the cases Mye R ey OF €VEN fhye > [Le @re NOt expected for
MAPDbI,,%**? for completeness the corresponding conductivity
diagrams are shown in the Sl (Figure S6).

In Figure 2, we observed that for increasing iodine partial
pressures the total conductivity of our sample was first
constant, then increased with a slope of '/, and thereafter with
a slope of '/,. This experimentally determined conductivity
profile agrees with the profile derived on the basis of defect
chemistry modeling, for sy < e (Figure 3c). This is in line with
the fact that in MAPbI,, the mobilities of the ionic defects V}
and V), are found to be significantly lower (uy,
~5:10°cm?V's™" and py ~8-10"cm?V s at 70°C)%
than the corresponding electronic  mobilities  (0.4-
35 cm?V~'s7").52 Accordingly, we conclude that in the range in
Figure 2, where the conductivity is constant, the electrical
conductivity is dominated by the iodide vacancies, and in the
range with slope '/, and '/, it is dominated by the holes. In
general, the intrinsic value of [V;] in MAPbI; at a certain
temperature T, can be estimated by™”

V] = [ exuo(— ,ii}) (10)

with Eye being the defect formation energy of a charged iodide
vacancy, and [If] corresponding to the concentration of iodine
in MAPDI,. As three iodine are present per MAPbI; unit cell, and
the latter has a volume V of ~252 A% in the cubic crystal
structure,®? we estimate [II]= 3/V =1.2-102 cm™*. The
reported defect formation energies of iodide vacancies in
MAPbI; spread between 0.08 and 0.8 eV,"**3%3 resulting in a
wide range of values for [V;] from 1.4-10 to 7.7-10% cm>.

The measured conductivity in the I-regime in Figure 2 yields
a value of Ot =0ion=2-1078Scm™". Using
Oion = 2ilzi| - i - [i] - € and =5-10"%cm?V~'s7,*? a concen-
tration of iodide vacancies [V;]=2.5-10""cm™* follows. This
value agrees well with the range of literature-based values
calculated using equation 10, nicely demonstrating that the
relatively simple defect chemical model derived above is
capable of explaining the electrical properties of the halide
perovskite. Furthermore, the relatively high iodide vacancy
concentration in the range of 10" cm™ suggests that ion
migration might also occur in the MAPbI; powder that we used
to process the PADM samples. Indeed, in pressed pellets based
on mechanochemically synthesized perovskite powders, which
should closely resemble the neat powder properties, the
presence of ion migration has already been demonstrated in
the past.26

However, it is also clear that due to the wide range of [V;]
derived from the Ep; values, it might be also possible that the
intrinsic concentration of the iodide vacancies is below
10'® cm~? in MAPbI,. Then, our measured values of oy, could no
longer be fully explained with the help of the simple defect
chemical model developed above. Instead, in the iodine partial
pressure range, which was referred to as |-regime before, an
additional acceptor doping A’ of the perovskite with [Al=
25-10" cm™3, would need to be considered. Acceptors are
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impurities that have a lower valence than the replaced ion in
the host lattice, so that negative charge is introduced into the
perovskite. However, the charge neutrality condition still
applies, now reading:

N+ Ny + A1=p+ V] (11)

Thus, the concentration of iodide vacancies and/or holes
must increase to compensate for the additional charge of the
acceptor. Since in MAPDbI; the ionic defects outnumber the
electronic defects in the intrinsic regime,®” it can be assumed
that the charge of the acceptors is compensated by the
formation of additional iodide vacancies.

Accordingly, following equation 2, the concentration of V,,,
decreases and equation 11 becomes [A] = [V;]. Since the
concentration of the acceptors is independent of the iodine
partial pressure, also the concentration of the iodide vacancies
remains constant within this regime. Analogous to the
approach above, the concentration of the holes in the iodine
partial pressure range in which [A'] ~ [V;] holds, is obtained by
substituting the simplified electroneutrality condition into
equation 4 resulting in

p =Ko [A] - p(l): (12)

This means that even if an acceptor concentration that is
higher than the intrinsic ionic defect concentration is present in
the perovskite, the total conductivity again exhibits an iodine
partial pressure dependent profile which at first is constant, and
then increases with a slope of '/, in the case of Uye < He. With
increasing iodine partial pressure, the concentration of the
holes increases further until it reaches the same order of
magnitude as the concentration of the iodide vacancies and the
simplification of the electroneutrality condition of [A7] ~ [V/]
no longer applies.

Rather, the holes then represent the defect species with the
highest concentration, which counterbalance the charge of the
acceptors. Consequently, equation 11 simplifies to [A'] ~p. In
the iodine partial pressure regime where the latter assumption
holds, it follows from the independence of [A] from the iodine
partial pressure that the slope of total conductivity is 0. The
flattening of the slope of the measured conductivity toward the
highest iodine partial pressures investigated in Figure 2, would
then indicate reaching the transition region from [A'] ~ [V;] to
[A] ~ p. Overall, it becomes clear that in the case of [V}] well
below 10" cm™3, the conductivity profile measured in Figure 2
can also be fully explained by the presence of acceptor
impurities with [A71=2.5-10"®cm™. In this case, one would
expect a conductivity that increases linearly with the acceptor
concentration in the range where the conductivity is constant.
This should be evaluated in future studies. Based on the results
about the dependence of the electrical properties on defects
presented here, it will be also interesting in the future to
investigate the influence of the iodine partial pressure on the
optoelectronic properties of halide perovskites.

© 2021 The Authors. European Journal of Inorganic Chemistry published
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Conclusion

In this work, we investigated the electrical conductivity o of
MAPDbI; films fabricated by PADM over a wide p(l,) range from
1.2-107"° bar to 3.2-107* bar. We identified three iodine partial
pressure ranges where the change of conductivity with iodine
partial pressure subsequently exhibits slopes of 0, '/, and '/, in
the double logarithmic representation of the o(p(l,))-diagram.
To understand the conductivity profile, we derived Kroger-Vink
diagrams based on relatively simple defect chemical models.
Depending on the ratio of the mobilities of the ionic and
electronic defects we showed, how the iodine partial pressure
dependent profiles of the defect concentrations translate to the
corresponding profile of the measured conductivity. In the
framework of our defect chemical considerations, we find that
in the range with constant conductivity, iodide vacancies are
the dominant charge carriers with a concentration of [V]] =
2.5-10" cm 3. They can be caused by an intrinsic Schottky- or
Frenkel-disorder or by an impurity induced acceptor doping. At
higher iodine partial pressures, holes dominate the conductivity
with slopes of '/, and /. Our work demonstrates how defect
chemical considerations can be used to better understand the
conductivity properties of halide perovskites.

Experimental Section

Setup for lodine Partial Pressure Control: Mainly PTFE and
borosilicate glass are used, as the setup needs to be gas-tight and
corrosion-resistant to iodine even at elevated temperatures. It also
ensures that no iodine is lost, especially at low iodine partial
pressures, by chemical reactions with the apparatus. To prevent
accidental doping with the carrier gas, nitrogen with a purity of
99.999% was used. The iodine crystals in the sublimation chamber
had a purity of 99.8% (Carl Roth). The sample temperature was
65 °C during the conductivity measurements.

Powder Synthesis: For synthesis of the MAPbI; powder, 1.9g
methylammonium iodide (CH;NH;l) and 5.509 g lead iodide (Pbl,
TCl) were weighed under ambient conditions into zirconia milling
jars containing 25 zirconia milling balls (10 mm diameter). 5 ml
cyclohexane was added as a milling agent. For milling, a Fritsch
“Pulverisette 5/4” planetary ball mill at a rotational speed of
400 rpm was used. The total milling time was 25 min with pauses
every 5 min for 20 min to cool down the jar. After evaporating the
cyclohexane in air, the powder was sieved (mesh size 63 pm).

Powder Aerosol Deposition Method: The samples were produced
via powder aerosol deposition method (PADM), where nitrogen
was used as a carrier gas (8.5 I/min). Before deposition, the powder
was dried at 120°C for 1 h. For deposition, 1 g of powder, a scan
rate of 1 mm/s and a substrate-to-nozzle distance of 3 mm was
used. The total area of 10x13 mm? was scanned 60 times. The
processing parameters are summarized in Table S1 and Figure S3
shows a scheme of the apparatus for the Powder Aerosol
Deposition of thick MAPbI,-films.

Sample Geometry: Alumina (96% purity) with a screen-printed
interdigitated carbon electrode with 29 fingers of 4 mm length,
107 um width and 100 um spacing was used as the substrate. The
area of charge carrier transport A of the interdigital electrode (IDE)
was calculated via equation S3 and the geometry with typical
metrics of the electrode is visualized in Figure S2.
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XRD: The structural and phase characterization of the perovskite
powders and films was carried out by reflection mode XRD using a
Bruker “D8 Discover A25" with Cu-K,-radiation (A=0.15406 nm).
The K,-rays are removed by a Ge-K,-monochromator and the
device is operated at 40 kV and 40 mA. The diffractograms were
recorded in the 20 range from 10 to 45° with a 20 step size of
0.016°.

Impedance Spectroscopy: The electric behavior of MAPbI; was
observed by impedance spectroscopy. For the two-wire measure-
ments an Alpha-A High Performance Frequency Analyzer from the
manufacturer Novocontrol Technologies was used. To avoid timely
drifts a DC voltage of 0.5V was applied for 15 minutes. For the
subsequent measurements, an AC voltage with an amplitude of
30 mV was added to the DC bias of 0.5 V. The frequency was varied
from 10 MHz to 1 Hz.
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