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Both electronic and ionic transport properties are key issues in the performance of perovskite solar cells. In order
to understand the electrical behavior of organic-inorganic halide perovskites, and the possibilities to influence
them, the elucidation of their equilibrium charge carrier chemistry as a function of stoichiometry and dopant
concentration is a necessary and fundamental prerequisite. We provide here insight into the point defect
chemistry of methylammonium lead iodide, whereby the decisive carriers are identified and their concentrations
discussed as a function of stoichiometry (iodine partial pressure) and dopant content (oxygen partial pressure or

Na addition). The experimental results indicate how ionic conductivity, which can be attributed to iodine va-
cancies, and electronic conductivity, which can be attributed to electron holes (or conduction electrons under
reducing conditions), can be significantly and systematically altered by such treatments. Experimental results are
discussed in the context of simple defect chemical models.

1. Introduction

The discovery of the extraordinary performance of methylammo-
nium lead halides (in particular of the iodide, here abbreviated as
MAPDI;) as photo-absorbers in all-solid-state dye-sensitized solar cells
has led to intensive worldwide activities [1,2]. Since then, the elec-
tronic properties of these materials, that are of unquestionable im-
portance for the solar function, have been extensively explored [3-5],
while their ionic conductivity has been investigated only recently in a
systematic manner [6-8]. These experiments, in agreement with some
recent reports, show iodine to be very mobile [9-15]. As far as iodine
defects are concerned, despite some computational studies [5,16]
having reported low formation energies for interstitial defects, major
emphasis should be given to vacancies (Schottky defect pairs) [17], due
to the ease of formation that such defects commonly have in the dense
perovskite structure. Mobility of the methylammonium cation has also
been referred to in studies applying illumination and high bias and
focusing on surface effects [15,18,19]. In agreement with NMR [8] and
electrochemical [6] studies published earlier, as well as theoretical
modeling [9], the effects of iodine partial pressure on the ionic con-
ductivity (shown below) clearly indicate that methylammonium va-
cancies cannot be the predominant charge carrier shouldering the bulk
conduction process at least under dark conditions. All this is not sur-
prising and conforms with the well-known result that similar
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compounds such as CsPbBrs, CsPbCl;, KMnCl; [20] and MAGeCl;
[21,22] are all halide conductors with comparable absolute values for
conductivity and activation energies [6,20-22]. Independently of its
nature, such a mixed ionic-electronic conductivity leads to bulk stoi-
chiometry polarization whenever the perovskite is electrically biased
while sandwiched between neighboring phases which are blocking for
the ions, as it is the case in solar cell devices. This effect provides a
straightforward explanation for the long time/low frequency “anoma-
lies” reported in devices under operation, such as high “dielectric
constant” [23] and hysteresis in i-V sweep experiments [24]. The bulk
nature of these polarization phenomena has been supported by several
studies, which reported on the formation of p-i-n junctions under load
seizing the entire sample [18,19,25]. In contrast, other works dis-
cussing the consequence of ion conductivity in halide perovskites
considered only the occurrence of a space charge polarization at the
contacts [14,26-28]. While this process will surely also occur [29,30] -
and may be relevant for charge carrier separation - space charge re-
laxation times are typically much smaller owing to the smaller capa-
citances involved and cannot explain the low frequency anomalies, at
least not in thicker films [6,7]. Furthermore, ion transport is a crucial
issue as far as the degradation kinetics of these rather unstable mate-
rials is concerned. The aim of the present paper is to elucidate the
charge carrier chemistry (point defect chemistry) in methylammonium
lead iodide, where this does not only address the nature of the point
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defects involved but also their dependence on the degrees of freedom dependence via the mass action constants K, of reaction r, a power law
(such as temperature, stoichiometry, impurity and doping content). behavior as regards Py and a power law behavior as regards the doping
Through purposeful tuning of these degrees of freedom we will show content C. For the oxide perovskite A"B™VQ; it is well established that,
that both ionic and electronic conductivities, respectively attributed to owing to the dense lattice, the major disorder reaction is the partial
iodine vacancies and electron holes, can be severely modified. Here we Schottky reaction leading to AO deficiency and hence to A and O va-
want to stress once again that these considerations refer to equilibrium cancies (VA",Vo™) as majority defects. As oxygen vacancies are suffi-
conditions and hence to the situation in the dark. ciently mobile, the decisive partial pressure that can induce stoichio-

metry variations is the oxygen partial pressure (Po,). At sufficiently low
Py, the perovskite is n-type (excess electrons in B orbitals, forming
B®*) and at sufficiently high P, p-type (holes in oxygen orbitals,
yielding O ™), providing the stability limit is not exceeded. Similarly in
MAPDI;, valence and conduction bands are formed by I and Pb orbitals
respectively [4,5], whereupon at low Py, presumably extremely low Py,
we expect the material to be n-type (excess electrons predominantly in
Pb orbitals, forming Pb™) and at sufficiently high P;, p-type (holes
predominantly in I orbitals, forming I°). MA-interstitials and Pb-defects
may also occur, but can be treated as frozen dopants (entering the C
factor of Eq. (1)). Their effect on the defect chemistry can be neglected
as long as their concentrations are not in the range of the majority
carriers. Moreover, their mobilities are expected to be too low to in-
fluence the overall ion transports [9,10]. As mentioned, in MAPDI; io-
dine mobility is significant, while the mobility of MA™ ions appears to
be minor but possibly not negligible [6,9,19]. Hence the major control

2. Results and discussion

A mixed conductor can exchange matter with the surrounding gas
phase, therefore its charge carrier concentrations (and thus electronic
and ionic transport properties) will depend not only on the tempera-
ture, but also on the outer partial pressure of every exchangeable
component. Furthermore, its charge carrier chemistry is crucially in-
fluenced by impurities or dopants, if these concentrations are on the
order of magnitude of the majority carriers. The impact of these para-
meters is not only critical for a detailed understanding of the material
properties, but also reveals suitable adjusting screws to tune the elec-
trical transport properties. To be precise, for a dilute, simple charge
carrier chemistry one can show that the equilibrium concentration of
any electronic and ionic charge carrier (j) can be given as

¢(T,P,C) = o (Hr K,;’j (T)HcMi (Hk P,iv ) o) parameter in terms of electric transport is P;, together with tempera-
ture and dopant content. The latter comprises frozen-in native defects

where the P;’s are the partial pressures of the reversibly exchangeable as well as intentional or non-intentional impurities, all summing up

components (k = I, Oy, etc.), T is temperature and C is the effective (positively or negatively) in C.

dopant concentration [31,32]. The parameters a, y, M, N are simple Regarding the I, effect, this consists in decreasing the iodine defi-

rational numbers and follow from solving the defect-chemical mass ciency (we ignore here the possible occurrence of I-excess) according

action problem [33,34]. These numbers change if the nature of the to:

majority carriers changes and are hence characteristic for the specific 1
defect regimes (highlighted by different capital letters in the defect —L+Vi=F+h K
diagrams of Figs. 1 and 2). Eq. (1) predicts an exponential T- 2
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Fig. 1. Kroger-Vink diagrams of undoped MAPbDI; as a function of (a) I, (b) O, partial pressures (also given in Ref. [35]), (¢) doping content. The capital letters on
the abscissas indicate different transport regimes depending on the majority mobile carriers dominating: excess electron holes (P), intrinsic (I), excess electrons (N),
oxygen-dominated (O), acceptor doped (A), donor doped (D). The slopes for the various defect concentration are given directly on the figure.
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Fig. 2. Kroger-Vink diagrams calculated as a function of I, and O, partial pressure for (a), (c) acceptor- and (b), (d) donor-doped MAPbI; The slopes for the various

defect concentration are given directly on the figure.

Also oxygen incorporation needs to be taken into account, since
oxygen can replace iodine leading to a Oy defect [35]. Therefore, on a
time scale on which

[][of]P?

1 . . _
EOZ+VI = O; + 2h Ko = Pg)gz

3

is reversible, oxygen has to be considered as an exchangeable compo-
nent and Py, enters the Pi-term, otherwise [O;'] can be treated as an
impurity and enters the C-term as a constant (see Eq. (1)). From the
mass action laws of the defect equations previously presented, together
with the electroneutrality equation, we can derive the relevant defect
diagrams (known as Kroger-Vink diagrams) for MAPbI;, as shown in
Fig. 1. For simplicity, we do not consider lead defects, nor iodine and
methylammonium interstitials in the model. However, we note that
they would not change the picture as long as they are not predominant,
and even in the case in which they would intrinsically compensate io-
dine vacancies, this would not change the major operative conclusions
(see Supporting Information for a detailed discussion). Fig. 1a shows
the concentrations of iodine vacancies, methylammonium vacancies,
excess electrons and electron holes as a function of iodine partial
pressure. This diagram has been plotted considering a fixed O, partial
pressure and it also allows for a small concentration of equilibrium
substitutional oxygen defects (only relevant at very low Pp). Qualita-
tively one recognizes that the hole concentration [h] = p is expected to
increase with Py, while the opposite holds for [e'] = n. The iodine va-
cancy concentration is predicted to decrease with P;, (at constant T,
Po,), while an opposite trend is expected from Vy'. Considering oxygen
exposure, Fig. 1b presents the defect diagram of MAPbI; as a function of
Po,, calculated for conditions under which Eq. (3) is reversible and
under constant P;,. Here, both the electron hole concentration and the
iodine vacancy concentration are expected to increase with Po,, while
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[e'l, [Vma'l will behave oppositely. We note that for the majority car-
riers dominating the electroneutrality equation, such changes are gen-
erally small and negligible (relatively speaking, on log scale), but they
are significant (again, on log scale) for the minority species.

Accordingly, in both defect diagrams obtained as a function of P,
and Po,, in the intrinsic (I) region the majority carriers show flat pro-
files (slope = 0), while the slopes of the minority carriers are significant
(given as labels in the figures). As far as the doping effect is concerned,
the relevant defect diagram is shown in Fig. 1c; here, acceptor addition
is expected to increase [h'], [V{], (and to decrease [e'], [Vma'l), while
the opposite will naturally occur on donor doping. As for a pure sample,
it is possible to calculate defect diagram as a function of P;, and Py, also
for acceptor- and donor-doped MAPDI;. These are given in Fig. 2.

We have now obtained a clear picture of how the point defect
(charge carrier) concentrations in MAPbI; are expected to behave as a
function of several parameters. We can thus confirm these predictions
by measuring the ionic and electronic conductivities of MAPbI; as a
function of the aforementioned control parameters. The conductivity
measurements are carried out by means of DC-galvanostatic polariza-
tion using ion-blocking electrodes (that allows us to separate the elec-
tronic and ionic contributions) [36] as a function of iodine partial
pressure, oxygen partial pressures and dopant content. By assuming
mobility values to be constant with respect to Py, Po, or doping, we can
relate defect concentrations with conductivity values and therefore
directly compare defect chemical considerations and experiments.

Firstly, we consider the conductivity variation as a function of io-
dine partial pressure (Fig. 3a) for an undoped MAPbI; sample. The
increase of 0., indicates p-type electronic conductivity, in agreement
with our previous report [6,8]. The decrease of oj,, indicates ion con-
ductivity via iodine vacancies as predicted by Fig. la. Note that a
conductivity process due to methylammonium vacancies would behave
oppositely. The measured slopes are found between the values expected
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for I and P regimes of the related Kroger-Vink diagram (Fig. 1a) and
indicate transition from intrinsic disorder to the iodine excess regime.
The true error margins for the slopes might be perceptible due to the
ambiguity in the determination of the true iodine partial pressure (as
reported in Supporting Information), but this would not change our
semi-quantitative conclusions. The occurrence of a P regime is not in
contradiction with our previous report of overwhelming ionic defect
concentrations as they referred to conditions of very low P;, [6]. It
should also be noted that the boundaries of the defect chemical regimes
depend also on the intrinsic level of MAI-deficiency and hence on the
synthesis procedure and thermal history. Nevertheless, we recognize
that, in MAPbI3, the defect situation is expected to be dominated by
ionic defects [17], in agreement with electrical measurements in the
dark showing comparable o;,, and 0e,, (normally one expects
Ujon < Ueon). Even though the variation of log(oi,,) with log(Pr) is
small, it still shows a noticeable decrease that indicates that the ratio of
ionic and electronic carrier concentration is not as large as anticipated
(corresponding to the transition between I- and P-regimes). If this is
indeed the case, then the ratio Uen/Ujon, must be smaller than expected.
One possibility is a rather low ue,, in the dark, notwithstanding the fact

log (P(O,) / bar)
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P, =10">3bar), both at 70°C (solid sym-
bols, ll eon, ¥ ion) and 110 °C (open symbols,
¢ eon <« ion).

oFf

-1

that under illumination, Ue,, (10-100cm?V~'s™1) [37,38] is sig-
nificantly larger than e, (1077102 ecm®>V ™~ 's™1) [8,15]. The second
possibility is a severe underestimation of the reported ionic carrier
mobility.

Let us now refer to the doping experiments (defect diagram in
Fig. 1¢). By inserting Na into the structure, a substitutional defect of Na
on the Pb-site is generated (Napyp), which is effectively negatively
charged (acceptor doping). Thus, the dopant must be compensated by
an increase in the concentration of positive defects, and a decrease of
negative ones. Generally, this compensation occurs both electronically
and ionically, with the individual changes being determined by the
mass action laws. For MAPbI3, we expect an increase of both ionic (Vi)
and electronic (h") conductivity, and this is indeed observed as reported
in Fig. 3c. In addition, the conductivity slopes as a function of P,
(Fig. 3b) are in agreement with the expected Kroger-Vink diagram of
Fig. 2a (section A;).

The Py, behavior is very intriguing as well. Fig. 4a displays an in-
crease of the electronic conductivity as qualitatively expected for O-
incorporation, but an ionic behavior that is fairly constant (or slightly
decreasing), in contrast with what is expected from Fig. 1b. Rather the
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Fig. 5. Conductivity equilibration of undoped MAPbI; after changing (a) Py, from 107 to 10~ ® (carrier gas = Ar, Po, = 10~ **bar, T = 70 °C), (b) Po, from 10~>"
to 10~ 3bar (T = 70 °C, carrier gas = Ar, P;, unknown) and (c) Po, (reverse) from 1073 to 10> bar (T = 70 °C, carrier gas = Ar, P;, unknown), Solid lines represent
exponential fits of the equilibration times. The extracted time scales (t®) are given on the figure.

situation is qualitatively similar to the I»-effect. Let us stress again that
all the 0jo, and 0o, variations upon changes in Py, or Po, show a sa-
tisfactory reversibility.

Interestingly, as shown in Fig. 5a, upon exposing a sample to I,
partial pressure we observe a rather long equilibration time (t®
(I;) = 28 h) for the conductivity, while the apparent equilibrium on P,
increase is much faster (Fig. 5b, 7% (0,) = 0.75h). Also, the time con-
stant upon reversing Po, is again distinctly longer (Fig. 5c). All this
speaks for a surface effect in which O, oxidizes the sample surface,
providing an enhancement of the iodine activity. Indeed, if P;, is con-
stant (10~ %2 bar), one observes invariant i, and Oeo, values (Fig. 4b).
Increasing the temperature to 110 °C does not influence the situation,
ruling out the possibility that slow kinetics might prevent conductivity
changes to be observed during the time scale of the measurements
(even though we wait for several days between any two subsequent
points). In view of the rapid O,-effect, it appears that O, treatment
leads to a kinetically determined variation of the iodine activity more
rapidly than the I, interaction itself. This is not unexpected, since at
room temperature it is frequently the surface reaction (here I, —
Liurface), and not the bulk diffusion step, that is rate determining in a
chemical exchange [39]. This interesting phenomenon will be analyzed
in more detail elsewhere [35]. There, it is also shown how in MAPbI;
the oxygen incorporation can be quickly enhanced by illumination,
whereupon it results in an expected doping effect if the oxygen partial
pressure is taken sufficiently high (Fig. 1b, section O). Thermo-
dynamically, this feature corresponds to the oxygen content changing
its role from an in-situ to an ex-situ parameter, as discussed in Ref. [40].

3. Conclusions

In summary, the present contribution provides a defect chemical
interpretation of conductivity results obtained on MAPbI; as a function
of different control parameters such as iodine and oxygen partial
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pressures, and dopant content. As expected, the relation between ca-
tionic, anionic and electronic defects (as well as their dependence on
the surrounding atmosphere) is rather similar to the situation in other
better known perovskites. MAPbI; is evidently a pronounced mixed
conductor under equilibrium conditions, as proven by the severe stoi-
chiometric bulk polarization observed under load. Analogously to oxide
perovskites, ion migration appears to be dominated by anion vacancies.
Furthermore, this work shows how electric transport properties can be
significantly tuned by varying several control parameters. The effects
are found to be at least in semi-quantitative agreement with the idea-
lized defect chemical predictions. Interestingly, exposing MAPbDI; to
oxygen under equilibrium seems to trigger a higher I-activity, which is
suggestive of rather complex surface reaction. These findings are re-
levant for a full understanding of the seemingly elusive charge carrier
chemistry in MAPbI;, which is an indispensable prerequisite for pre-
cisely defining the electrical behavior of the material and, most im-
portantly, its photovoltaic performance.

4. Experimental details
4.1. Synthesis

MAI was obtained using the reported procedure by Im et al. [41]
The synthesis of MAPbI; samples was carried out according to the
procedure by Saidaminov et al. [42] Single crystals were obtained by
heating to 125 °C a 1 M solution of Pbl, (Alfa Aesar, 99.9985%, metals
basis) and MAI (1:1) for 3-4 h, with no stirring. In the case of Na-doped
samples, Nal was added to the solution in order to obtain PbI,:Nal:MAI
ratio as 0.99: 0.01: 1. After heating, the remaining solution was re-
moved and the crystal dried under rough vacuum (around 10 mbar) at
room temperature for several hours. The synthesis step was carried out
in normal laboratory atmosphere. Phase purity was assessed with XRD
(Fig. S1).
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4.2. Pellet preparation

The as-obtained crystal (0.1-1 mm size) were subsequently trans-
ferred into a glovebox, ground in a mortar and cold pressed at 5-7 kN in
a 5-mm diameter pellet (final thickness of 0.6-0.7 mm). Graphite foil
(Alfa Aesar, 99%, 0.4 mm thickness) was placed below and above the
powders prior to the pressing step, in order to create graphite elec-
trodes. Relative density of the pellets was around 95%.

4.3. DC-galvanostatic polarization

DC polarization experiments were conducted by using a current
source (Keithley model 220) and by monitoring the potential change
with an electrometer (Keithley model 6514). Measurements were car-
ried out in the dark and in a gas-tight quartz tube placed in a tube
furnace. Details on atmosphere control are reported in the Supporting
Information.
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Appendix A. Supplementary data
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