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ABSTRACT: Hysteresis in current—voltage curves has
been an important issue for conversion efliciency
evaluation and development of perovskite solar cells
(PSCs). In this study, we explored the ion diffusion
effects in tetragonal CH;NH,;Pbl; (MAPbL;) and trigonal
(NH,),CHPbI, (FAPbL;) by first-principles calculations.
The calculated activation energies of the anionic and
cationic vacancy migrations clearly show that I” anions in
both MAPbI; and FAPDI; can easily diffuse with low
barriers of ca. 0.45 eV, comparable to that observed in ion-
conducting materials. More interestingly, typical MA"
cations and larger FA® cations both have rather low
barriers as well, indicating that the cation molecules can
migrate in the perovskite sensitizers when a bias voltage is
applied. These results can explain the ion displacement
scenario recently proposed by experiments. With the dilute
diffusion theory, we discuss that smaller vacancy
concentrations (higher crystallinity) and replacement of
MA" with larger cation molecules will be essential for
suppressing hysteresis as well as preventing aging behavior
of PSC photosensitizers.

P erovskite solar cells (PSCs) based on organometal halide
materials have attracted considerable attention because the
power conversion efficiencies (PCEs) have increased from 3.8%
to 20.1% in the last 5 years." "' This rapid increase is attributed
to the remarkable properties of lead halide perovskite for solar
cell applications: high optical absorption coefficients,'> long
diffusion lengths of both electrons and holes,"*™" and high
mobility of charge carriers.'® These characteristics are theoret-
ically elucidated by the electronic structures,'” including a
suitable band gap, strong transition dipole moment,'® low
effective masses of the carriers,"” ™' and shallow defect
7% Especially, the absence of additional midgap states
leads to few carrier traps and nonradiative recombination centers
even in the presence of defects, which results in the long diffusion
length.'*>?

Despite these outstanding properties of perovskite sensitizers,
one concern has recently arisen: anomalous hysteresis in the
PSC’s current—voltage (J—V) curves, as reported by Dualeh and
Snaith.”**” The dependence of J—V curves on the voltage scan
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direction and speed makes it more difficult to evaluate the PCE.
Understanding and resolving the hysteretic behavior is thus
essential for the improvement of PCE. Some experiments
indicate that crystal size and low-frequency response are related
to the hysteresis,”* > whereas the origin remains unclear. Many
researchers have proposed various types of explanations such as
ferroelectricity’" or structural changes.”” In particular, Tress et al.
recently suggested ion displacement in the perovskite sensitizer
for the origin.”® They showed that the rate-dependent hysteresis
seen in J—V scans is related to a slow field-induced process that
tends to cancel the electric field in the device at each applied bias
voltage. Their mechanism, built-up potential induced by ion
displacement to screen the applied bias and decrease of the open-
circuit voltage or the steady-state photocurrent, well explains the
observed J—V curve behaviors. They also pointed out aging of
PSCs due to the presence of mobile ions. Thus, understanding
ion behavior in the perovskite materials is essential not only for
suppressing hysteresis but also for preventing aging of PSCs.

In this study, we focused on ion migration behavior in
perovskite sensitizers to elucidate possible mechanisms of the
hysteresis. We carried out first-principles density functional
theory (DFT) calculations of the activation energies AE, of
vacancy/impurity migrations, which seem most dominant ion
diffusion processes, in typical tetragonal CH;NH;PbI;
(MAPbI3) and trigonal (NH,),CHPbl; (FAPblL;) with larger
cations.” Here we considered vacancy migrations of Vi/V[*, Vy,/
Vma~, and Vga/Vea™, which we expected to be fast-diffusing
species because they represent vacancies of low-valence ions. We
excluded Pb*" migration because high-charged ions are likely to
require high activation energies. In addition, taking into account
the MAPDI;_,Cl, phase, we examined migrations of Cl impurity
with vacancy (I/Ig"). Comparing with other ion-conducting
materials, we demonstrate that not only anions but also cation
molecules can diffuse in the perovskite sensitizers. The present
results enable us to discuss suppression of both hysteresis and
aging phenomena.

DEFT calculations were carried out within the plane wave basis,
pseudopotential, and spin-unpolarized framework as imple-
mented in the QUANTUM-ESPRESSO package.”* The vdW—
DF2-B86R functional including van der Waals interaction® were
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used. The optimized parameters of the perfect crystals are in
good agreement with the experimental values and previous DFT
calculations.**™* Detailed computational conditions are de-
scribed in the Supporting Information (SI).

Figure 1 shows four paths of vacancy migration calculated in
this study. The arrows P1 and P2 represent V| migration in the
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Figure 1. Vacancy migration paths of (a) MAPbI; and (b) FAPbIL,.
Arrows P1, P2 and P3, P4 represent V; and Vy, (or Vg,) paths,
respectively. The H, C, N, I, and Pb atoms are depicted as white, brown,
light blue, purple, and black spheres, respectively.

(100) and (111) directions, respectively, while V4 (or Vg,)
migration along the (110) and (001) directions are indicated by
arrows P3 and P4, respectively. These indices are based on the
tetragonal cell. Since the four paths represent elemental
processes of the vacancy migration, an overall ion-diffusion
mechanism can be understood by combining these migrations.
Interstitial-defect migrations are also a possible microscopic
process and should be investigated in future studies; here we
focused on vacancy-mediated diffusion as a first step because
lower barriers are expected for this type of diffusion.

Figure 2 illustrates the energy profiles along the vacancy
migration paths of P1 and P3. The configuration of the start point
(x=0) is defined such that the migrating vacancy is placed at the
end of the arrow as illustrated in Figure 1. In the same manner,
the end point (x = 1) is defined as the vacancy located at the start
of the arrow. In Figure 2a, the higher energy at the start point
than the end is attributed to the inequivalency induced by the
surrounding MA orientations (see Figure S3 and discussions in
SI). We take the larger activation energy from the end point
throughout this study. The V" curve exhibits almost the same
energy profile as that of V| because the excess hole finally goes to
a delocalized state owing to the buried transition level between
V,/V;" in the conduction band.'”** These results show that the
activation barrier of V| migration in the (100) direction is ca. 0.3
eV. This can be understood in terms of a covalent-bond aspect as
well. Since the valence band of MAPDI; has strong Pb-s and I-p
antibonding character,'”** Pb—I bonds are weak enough for I~
migration. We emphasize that a barrier of 0.3 eV is very small and
comparable to that of fast ion-conducting materials (e.g., Li-ion
conductors). These results clearly indicate intense V; diffusion in
the MAPDI; crystal.

On the other hand, the energy along the P3 path, depicted in
Figure 2b, indicates a slightly higher activation barrier. Yet, the
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Figure 2. Energy profiles along the migration paths of (a) P1 and (b) P3
in MAPbI,. The path of V; (V) corresponds to the neutral system,
whereas that of V;* (Vy,”) reflects a system in which one electron is
removed from (or added to) the calculation supercell. The insets show
the structures of the NEB images at the initial, transition, and final states.

calculated barrier of Vi, (0.57 eV) suggests that MA cations can
diffuse easily in contrast to the expectation based on the
molecular size. It is likely that ionic interaction between MA*
cation and the Pbl;™ lattice is rather weak because of their low
ionic charges, and MA" can easily rotate. Consequently, the
activation barrier of Vi, migration is small enough. The present
results provide significant insight by showing that both anion and
cation diffusions can concurrently take place while maintaining
charge neutrality. This is likely to be the detailed atomistic
mechanism of ion displacement proposed for the rate-dependent
hysteresis of the J—V curves. These ion diffusions may inhibit the
charge carrier (electron and hole) transport. We also suggest that
the cation migration is undesirable for the aging of perovskite
sensitizers, because the cations play a role in maintaining the Pbl
octahedron framework and their diffusions will seriously induce
the lattice distortion and contraction, leading to irreversible
change of the structure. All the calculated energy profiles and the
corresponding configurations of I and MA are depicted in
Figures S4 and SS.

The activation barriers of the examined vacancy migrations in
MAPDI; are summarized in Table 1. The values of AE,
corresponding to V; migrations show slight difference between
the (100) and (111) directions, while the major activation barrier

Table 1. Calculated Activation Energies AE, of Vacancy and
Cl Impurity Migrations in MAPbI; and FAPbI; (eV)”

path MAPbI; FAPbI; defect direction
P1 0.32/0.33 0.55/0.50 Vi/ Vit (100)
P2 0.44/0.45 0.48/0.42 (111)
P3 0.57/0.55 0.61/0.57 Vaa/Va™ or Vs /Ves~ (110)
P4 0.89/0.89  0.61/0.59 (001)
P1 0.32/0.32 —-/- Io/la* (100)

“The corresponding diffusion directions are also listed.
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in MAPD]; is 0.44 eV. In contrast, the AE, values of Vy,
migrations largely depend on the diffusion direction, indicating
anisotropic diffusion. The origin of the difference comes from the
tetragonal MAPDI; crystal structure. For example, the config-
uration of the MA molecule along P3 should pass through
MAPbIL, (110) plane constructed by Pbl, lattice (see Figure SS).
Comparison of the (110) and (001) planes shows that the latter
shows a large distortion (or constriction). As a result, the AE,
increases when MA passes through the (001) plane.

Since inclusion of Cl anions (MAPbI;_,Cl, phase) was
reported to improve the conversion efficiency of PSC," we
examined the Cl impurity migrations (I/I¢,") as well. The AE,
of I, migration was found to be 0.32 V. This value similar to the
V| migration indicates that MAPDI; lattice is large enough for
migration of halogen ions. Therefore, we predict that halide
anions can quickly diffuse in MAPbX; (X = Cl, Br, I) crystals.
This insight is consistent with recent experimental observation,
rapid halide exchange in MAPbX;.*" In addition, the Cl diffusion
can explain the fact that Cl anions easily escape from
MAPDI;_,CI, crystal during the fabrication of perovskite
sensitizer."

Table 1 also shows the activation energies of the vacancy
migrations in FAPbI, (the energy profiles and configurations of I
and FA migrations are shown in Figures S6 and S7). The value of
AE, = 0.55 eV corresponding to V| migrations along the (100)
direction in FAPDI; shows a higher activation barrier than that in
MAPbI,. However, (111) migration can occur with a rather low
barrier (0.48 eV). This means that the V| migrations in FAPbI,
are comparable with MAPbI; because the (111) migrations can
result in hopping along various directions including (100).
Similarly, the AE, values of Vg, migrations show slightly higher
values (0.61 eV) than those of the Vy;, migrations. Though the
activation barrier difference between MA and FA is small, we can
expect that the cation diffusion depends on the cation size.
Namely, the diffusion of larger cation molecules is more
suppressed in the perovskite crystals. This result on the ion
diffusion is consistent with the experimental observation that
PSCs consisting of FAPbI; exhibit smaller hysteresis than
MAPDI,.” In contrast to MAPbI,, the anisotropic character of Vi,
migrations was not obtained here. This is attributed to more
symmetric lattice structure of FAPbL,, i.e., the FAPbI, lattice is
closer to a cubic structure than MAPbL,.*"**

Here we discuss the origin and suppression of the ion diffusion
in MAPbI;. In comparison with ABO;-type gerovskites, some of
which are known as oxide-ion conductors,*> MAPbI, consists of
low-valence ions. As a result, weak ion bonds in MAPbI, induce
intense ion diffusion. In addition, ABO; can work as oxide-ion
conductor because A and B site cations exhibit no diffusive
property. However, MA cations in MAPbI, crystal easily diffuse
and trigger the crystal distortion and contraction. All of these ion
diffusion aspects should be avoided to reduce the aging of PSCs.

When the diffusion species are assumed to be at a low
concentration, dilute diffusion theory is valid and the diffusivity
can be written as

D « xp, exp(—AE,/kyT)

where kg and T are the Boltzmann constant and a temperature,
respectively, and xp is the concentration of the diffusion-
mediating defect.* Based on the expression, reducing the defect
concentration is a straightforward way for suppressing the
diffusions of anions and molecular cations. This suggests that
fabrication of high quality crystal is crucial for low J—V hysteresis
and antiaging. Recently, some experiments exhibited hysteresis-

free devices.”*® Especially, Nie’s study implies a relationship

between hysteresis and defect concentrations.*® Thus, the large-
scale crystalline grains are surely effective for reducing defect
concentrations. An alternative way is replacement of the cation
molecules with larger ones, because they are expected to show
slow migration. Highly stable perovskite devices reported by Mei
et al. provide one possible example of the effect of large cations.”’
In contrast, the substitution of the halide component will not
prevent I" diffusion because Br~ and Cl” can migrate easier.
Thus, the suppression of halide ion migration is a problem that
remains to be solved.

In conclusion, we investigated anion and cation diffusion
effects in tetragonal MAPbI; and trigonal FAPbI; by first-
principles activation energy calculations of the vacancy and
impurity migrations. Our results show that I” anions in both
MAPbDI; and FAPbI; easily diffuse with low barriers of ca. 0.44
and 0.48 eV, respectively, which is consistent with the
experimental observations, and comparable to ion-conducting
materials. More importantly, we found that MA" and FA" cations
also have rather low barriers for the migrations (0.57 and 0.61 eV,
respectively). These results clearly indicate that the cation
molecules in the perovskite materials can migrate when a bias
voltage is applied. These accounts for the ion displacement
concept proposed for the rate-dependent hysteresis of the J—V
curves recently reported.”> The cation migrations also induce
large lattice distortion and contraction, leading to aging of PSC
sensitizers. Based on the dilute diffusion theory, we suggest that
small defect concentrations in large crystalline grains and
replacement of MA™ with larger cation molecules are promising
ways to suppress hysteresis as well as to prevent aging of PSC
photosensitizers.
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