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ABSTRACT: Organic—inorganic hybrid perovskites with a prototype formula MAPDI,
(MA = CH;NH;) have shown great promise in next-generation solar cells, yet a full under-
standing of their high power conversion efficiency relative to their inorganic counterparts
has not been achieved. One of the most plausible arguments for their high efficiency is the
ability of organic cations to form ferroelectric (FE) domains. By using first-principles
calculations to examine the rotational behavior of MA cations in MAPbL;, here we show a
relationship between the lattice structures and the FE dipole ordering of MA cations. It is
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found that the MA cations could form a spontaneous FE dipole ordering in tetragonal

MAPDI; at room temperature. The tendency of the FE formation is strongly related to the ratio of lattice parameters of MAPDI,.
On the basis of the developed structure—ferroelectric-property relationship, we propose that a biaxial or uniaxial compressive
strain and an anion doping with small halogen ions can further enhance the FE dipole ordering. These findings are in good
agreement with the experimental discoveries that high-performance solar cells always incorporate mixed halide hybrid perovskites
involving Br or Cl ions. This work may provide some guidelines for rational designs of highly efficient hybrid perovskite solar cells.

B INTRODUCTION

Organic—inorganic hybrid perovskites have gained considerable
attention in recent years because of their exceptional properties
for next-generation photovoltaic applications.”” Solar cells
employing hybrid perovskites have shown an unprecedented
rise in power conversion efficiency and have reached a recent
record efficiency of 22.1%.° The high power conversion
efficiency is largely attributed to the intrinsic optoelectronic
properties of hybrid perovskites,*™® such as an appropriate
band gap matched with the visible-light solar spectrum,”'” high
optical absorption,'" small electron and hole effective masses, ~
long carrier diffusion length,"”™"” and the possible existence of
ferroelectric (FE) domains.'® In addition, their low-temperature
solution processability makes them substantially cost-effective
for large-scale applications.'”*’

In spite of promising photovoltaic applications of hybrid
perovskites, the origin of the high power conversion efficiency,
particularly the role of organic cations, is still an open
question.”' ~** Recent studies have indicated that the superior
performance of hybrid perovskites with respect to that of
their inorganic counterparts is derived from the organic
cations.”>*~*’ One of the most prevalent arguments is that
intrinsic dipoles of the organic cations are likely to form nano-
scale FE domains, which are thought to play a critical role in the
efficient separation of photoinduced electron—hole Fairs that
leads to the high power conversion efficiency.”* >%*%*’
Nevertheless, the movement and ordering of organic cations
are still controversial in both theoretical”***~** and experimental
studies,"*****7* and far from a complete understanding,

From a theoretical perspective, the polarization intensity contri-
buted from the organic cations is particularly controversial.
Walsh et al.’s first-principles calculations indicate a spontaneous
formation of FE domains in MAPbI; and a large polarization
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value of 38 uC/cm2** A later first-principles computational
study showed that MA cations in tetragonal MAPbI; have a
preferential alignment along the c-axis, and the polarization
intensity is estimated to be 4.42 uC/cm? which is mainly
contributed by the MA dipole.”® The authors also explained
that the large discrepancy from Walsh’s study was possibly
due to the neglect of the relaxations or the possible inclusion
of polarization quanta. Rappe et al. reported that the bulk
polarization contribution solely from the organic molecular
dipole moment is less than 2.5 C/cm? and the Pbl; inorganic
lattice has a major contribution to the polarization.31 Moreover,
their calculations showed that the antiferroelectric (AFE) tetra-
gonal structure with nearly zero net polarization is more stable
than its FE counterpart by 21 meV, implying that the FE
domains cannot form spontaneously at room temperature.
On the other hand, Wang et al. used first-principles electronic
structure calculations to reveal an FE tetragonal structure with a
polarization of about 8 uC/cm? primarily contributed by the
organic cations.”

From an experimental perspective, there has been a direct
observation of FE domains in hi%h-quality P-MAPbDI; perov-
skites using piezoforce microscopy. ° A later experimental study
reported the FE polarization behavior in the MAPbI; perov-
skite crystal and confirmed the formation of spontaneous
polarization even without the presence of an electric field.*””
A ferroelectric hysteresis and polar domains in tetragonal
MAPDI; were also observed through dielectric response and
chemical etching, respectively.”® On the contrary, Weller et al.
investigated the full structure of MAPDI; using neutron powder
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diffraction and found that the cations were disordered in the
tetragonal phase,” implying no polarization. Sharada et al.
claimed a nonpolar or centrosymmetric structure of MAPbI,
using a time-resolved pump—probe measurement of the
second-harmonic generation efficiency.” Similarly, in the case
of MAPbBr;, it was found that the compound is centrosym-
metric and nonpolar and thus could not be ferroelectric by
using a second-harmonic generation spectroscopy.*® All these
irreconcilable experimental results indicate that a more
comprehensive computational and theoretical study is essential
to understand whether the organic cations can form a ferro-
electric dipole ordering and to further elucidate the roles of
organic cations in the hybrid perovskite solar cells.

In this work, we explore ferroelectric dipole ordering in
MAPDbI, using first-principles calculations. This article is organized
as follows. First, we discuss two types of rotation modes of MA
cations: in-phase rotation and out-of-phase rotation. Next, we
explore the possibility of spontaneous formation of FE dipole
ordering in tetragonal MAPbI;. Finally, we propose two nano-
engineering approaches to further enhance the FE dipole
ordering, i.e, strain engineering and doping engineering.

B COMPUTATIONAL DETAILS

First-principles density functional theory (DFT) calculations
were performed using the Vienna ab Initio Simulation Package
(VASP).””** The Projector Augmented Wave (PAW) pseudo-
potential was used for describing electron—ion interactions,
and the Generalized Gradient Approximation (GGA) para-
metrized by Perdew—Burke—Ernzerhof (PBE) was used for
treating electron—electron exchange-correlation functional.*’
A cutoff energy of 400 eV for the plane-wave basis set was used,
and I'-centered 6 X 6 X 6 and 4 X 4 X 2 k-point meshes
were used for cubic and tetragonal structures, respectively.
Lattice parameters and atomic positions were optimized until all
components of the residual forces were smaller than 0.01 eV/A,
and the convergence threshold for self-consistent-field iteration
was set at 107> eV.

B RESULTS AND DISCUSSION

In-Phase Rotation. We begin by studying the in-phase
rotational behavior of MA cations in cubic and tetragonal
MAPDbI; phases, respectively. Here, an in-phase rotation refers
to a rotation of all the MA cations in synchrony. In this work,
the e:;perimental lattice parameters of a = 6.31 A for the cubic
phase™ and a = 8.80 A, ¢ = 12.99 A for the tetragonal phase®”
were used. The calculated dipole moment of a single MA cation
is about 2.38 D, with a direction from N to C, which is con-
sistent with previously reported values of 2.29 D.** It is noted
that, in principle, there are numerous in-phase rotation modes
for the MA cations in MAPbI;. To simplify the computational
models, we consider two types of in-phase rotation modes:
(i) MA cations rotate around their C—N axes and keep their
dipole direction fixed (nonflipping mode), and (ii) MA cations
rotate around their centers and flip their dipole direction
(flipping mode). To explore the MA rotational behaviors, we
calculated the total energy changes (AE) as a function of the
rotation angles of MA cations (Figure 1). For the nonflipping
mode, considering the C;, symmetry of the MA cation, we
performed total energy calculations for each structure with MA
rotation in discrete steps ranging from 0 to 120° (see Figure la
for cubic phase and Figure lc for tetragonal phase). For the
flipping mode, the rotation range of the MA is from 0 to 180°
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(Figure 1b and Figure 1d). Our calculations reveal the follow-
ing two conclusions:

(1) For the nonflipping rotation mode (Figure la and 1c),
AE shows similar dependence on € in the cubic and
tetragonal phases. In each case, the rotation energy
barrier is smaller than S meV (Figure la’ and 1c¢'),
indicating that the nonflipping rotation mode is accessible
in both phases. The energy barrier in the cubic phase is
slightly lower than that in the tetragonal phase (2 versus
4 meV), which is due to a more spacious framework
around the MA cation in the cubic phase structure.
Interestingly, the rotation has a period of 90° in both
the cubic and tetragonal phases, which is due to the
quadrangle environment of the inorganic frameworks.
For the flipping rotation mode (Figure 1b and 1d), the
rotation energy barrier is about 6 meV in the cubic phase
and 160 meV in the tetragonal phase (Figure 1b’ and 1d’),
indicating that the flipping rotation mode is accessible in
the cubic phase but energetically prohibited in the tetra-
gonal phase. Moreover, the calculated value of AE versus
0 for the tetragonal phase shows a deep trough around
50°, indicating that MA cations tend to stay at an orien-
tation of around 50° with respect to the c-axis in the
tetragonal phase.

@

Next, we analyze the origin of the different energy barriers of
flipping rotation in cubic (Figure 1b) and tetragonal (Figure 1d)
phases from the perspective of cell geometry. The tetragonal
MAPDI; unit cell can be considered as consisting of four
subunit cells, each of which contains one MA cation (Figure 1d).
The lattice parameters of each subunit cell can be calculated
from those of the MAPDI; unit cell using the equations: a’ =
a/A/2 = 8.80/1/2 =622 Aand ¢’ = ¢/2 = 12.99/2 = 6.50 A.
This subunit cell is more slender than the cubic unit cell with
lattice constant a = 6.31 A (Figure 1b). In other words, each
subunit cell in the tetragonal phase has a shorter bottom edge
(a’) but longer vertical edge (c’) than the cubic unit cell, like
experiencing a compressive strain in the bottom plane. As a
result, as the C—N bond of the MA cation rotates closer to an
orientation parallel to the bottom plane, the MA cation tends to
undergo greater steric repulsive forces from the inorganic
framework, thus leading to the higher energy barrier. On the
basis of this analysis, we can infer a general rule regarding
the flipping rotation of MA cations: the larger the cell aspect
ratio (c/a) is, the less likely MA flipping rotation becomes.
As discussed later, this general rule will be applied to enhance
the ferroelectric dipole ordering of MA cations.

Out-of-Phase Rotation. In the tetragonal MAPbI; unit
cell, in addition to the in-phase flipping rotation, there is also
out-of-phase flipping rotation that refers to a rotation of MA
cations out of synchrony. For a dipole ordering study, an out-
of-phase rotation model can be simplified such that only two
out of the total four MA cations rotate. In other words, a pair of
MA cations in the MAPDI; unit cell rotate, while the other pair
of MA cations are fixed. The difference between in-phase and
out-of-phase rotations can be explained as below. For in-phase
rotation, dipoles of all MA cations are always in alignment and
form an FE state. For out-of-phase rotation, the relative angle
between rotating and fixed MA cations is dynamic. When the
angle reaches 180°, the dipoles of the rotating MA pair and
the fixed MA pair completely cancel out and yield an AFE state
with zero net polarization. A rotation process with the angle
changing from 0° to 180° represents an FE-to-AFE transition.
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Figure 1. Scheme of the rotation modes for the MA cations (a—d) and corresponding total energy change (AE) as a function of the rotation angle
(0) (a'—d’). (a—d) show the MA rotation in (a) cubic (001) rotation plane, (b) cubic (100) rotation plane, (c) tetragonal (001) rotation plane, and
(d) tetragonal (110) rotation plane. The blue shadows and the black arrows in the blue shadows illustrate the rotation planes and rotation directions
of MA cations, respectively. The unit cells are shown in standard orientations of crystal shape using VESTA.*
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Figure 2. Calculated total energy change, AE(total), as a function of MA out-of-phase rotation angle, 6, in the tetragonal MAPbL;: (a) FE to AFE],
(b) FE to AFE2, and (c) FE to AFE3. The initial state of the four MA cations is set as FE ordering, and as 6 increases up to 180°, the final state
becomes AFE (three AFE states are considered here, labeled as AFE1, AFE2, and AFE3, respectively). Black curves show the total energy change,
labeled as AE(total). Red curves show the total energy change induced by interaction between rotating and fixed MA cations, labeled as

AE(MA,oMAgyeq)- Gray curves show the total energy change induced by interaction between rotating MA cations and the Pbl; inorganic framework,
labeled as AE(MA,+-Pbl;).

The two rotating MA cations can be in the same column AFE2, and AFE3, respectively. To study whether these FE-to-
(Figure 2a), in the same row (Figure 2b), or in the same dia- AFE transitions are energetically accessible, we calculated total
gonal (Figure 2c), and their (110) rotation plane is highlighted energy changes for out-of-phase rotation models, from the FE
in blue. Their corresponding AFE states are labeled as AFE], state to the three AFE states. In our calculations, to clearly
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show the pure contribution of MA rotation to the total energy
change, the Pbl; inorganic framework is unrelaxed. The total
energy changes during these FE-to-AFE transitions are shown
in Figures 2a’, 2b’, and 2¢’. Notably, the total energy change,
AE(total), in an out-of-phase rotation model comes from two
parts: (1) the interaction between rotating MA cations and Pbl,
inorganic framework and (2) the interaction between rotat-
ing and fixed MA cations. The total energy changes induced
by these two interactions are labeled as AE(MA,,---Pbl;) and
AE(MA, ~-MAg,.q), respectively. As a result, we have the fol-

lowing equation.

AE(total) = AE(MA,, - PbL,) + AE(MA -~ MAg,)

(1)
The total energy change in the out-of-phase rotations is different
from that in the in-phase rotations because the latter comes
exclusively from the interaction between the rotating MA cations
and Pbl; inorganic framework. To clearly show the contribution
of interaction between rotating and fixed MA cations in the
FE-to-AFE transitions, we calculated AE(MA, -~MAg,.4) from
eq 1. In this equation, AE(MA,+Pbl;) is half the value of
the energy change in the in-phase rotation mode (Figure 1d).
This is because the AE(MA,+-Pbl;) here is induced by the
interaction between Pbl; and only two rotating MA cations,
instead of four rotating MA cations in the in-phase rotation
mode. The calculated AE(total), AE(MA,, +-Pbl;), and
AE(MA,o*MAg,.q) are plotted in Figure 2 as black, gray,
and red curves, respectively. From these results, we can get the
following conclusions.

(1) AE(total) (black curves in Figure 2), has barriers of about
120, 320, and 80 meV for transitions from the FE state to
AFE1, AFE2, and AFES3 states, respectively. These barriers
are far above kT at room temperature (26 meV), indi-
cating that all the three FE-to-AFE transitions are
energetically prohibited. For each case, there is an energy
trough around 50° and an energy peak around 110°.
This trough—peak pattern is similar to that of
AE(MA,,Pbl;) (gray curves in Figure 2), indicating
that the pattern is mainly caused by interaction between
rotating MA cations and the Pbl; inorganic framework.
AE(MA,o-*MAgy.q) has energy barriers of about 60, 300,
and 30 meV for transitions from the FE state to AFEI,
AFE2, and AFE3 states, respectively (red curves in
Figure 2). These barriers are above kT as well, although
they are solely induced by the interaction between
rotating and fixed MA cations. This provides more direct
evidence that the FE-to-AFE transitions are inaccessible
at room temperature. The trough—peak pattern of
AE(total) and AE(MA,,+-Pbly) is absent in AE(MA,
MAgy;q), indicating that this pattern is irrelevant to the
interaction between rotating and fixed MA cations.
Specifically, for the FE-to-AFEl and FE-to-AFE3
transitions, they have a shallow trough around 60°
(Figure 2a’) and 85° (Figure 2¢’), respectively. Each of
these angles represents an energetically favored direc-
tion of the corresponding rotating MA pair. This indi-
cates that, in these two out-of-phase rotations, the rotat-
ing and fixed MA pairs are not in a perfect alignment at
their ground states, but they can still yield a nonzero net
FE polarization. For the FE-to-AFE2 transition, the red
curve shows a monotonic increase in energy from 0° to
180° (Figure 2b’). This indicates that, in this out-of-
phase rotation, the rotating MA pair tends to stay at 0°,

)
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forming a FE dipole ordering with the still MA pair.
In short, the out-of-phase MA rotations which result in
an FE-to-AFE transition are energetically prohibited.
For all the three out-of-phase rotations, MA cations in
tetragonal MAPbI; tend to form the FE state with nonzero
net polarization.

Spontaneous Ferroelectric Dipole Ordering. The pre-
ceding results based on the unrelaxed tetragonal MAPDI, lattice
show that the MA cations tend to form an FE state. In reality,
however, the structural distortion of Pbl; could significantly
affect the total energy of this material and the MA orienta-
tions. Hence, to accurately determine MA orientation, cell geo-
metry, and energetic advantage of the FE state, we also carried
out total energy calculations for fully relaxed structures with
MA cations in all the FE and AFE states. This procedure
involves two steps. First, on the basis of a relaxed FE struc-
ture, we produced three AFE structures by exchanging C and N
atoms in the two corresponding MA cations and then fully
relaxed all these structures. Their optimized lattice param-
eters are listed in Table 1, along with the experimental values.

Table 1. Relaxed Lattice Parameters of the MAPbI; with
Different MA Ordering Configurations and Their
Discrepancies (§) with the Experimental Values

phase  a(A) b(A) c(A) a(deg) p(deg) 7 (deg) & (%)
expr® 885 885 1264 9000 9000  90.00 -

FE 878 879 1304 8920  89.09 8956 117
AFEl 880 880 1304 8862 8855  89.82 127
AFE2 876 898 1285 8792 8718 8996 161
AFE3 893 891 1270 8699  87.09 8923 158

To determine which structure among the four states is closest
to the experiment, we define lattice discrepancy (8) using fol-
lowing equation

s_ Lo~ Pyl
6 @
in which p represents the six lattice parameters. The calculated
0 values of the four states are listed in Table 1. Our results show
that the optimized lattice parameters of the FE state have the
smallest 6 of 1.17%, indicating that this set of lattice parameters
is closest to the experimental values.

Next, we took the lattice parameters of the FE state as a
standard for best simulating actual case. The three AFE states
were modeled again by manually exchanging corresponding C
and N atoms in the fully relaxed FE structure. All the atomic
positions of the FE and three AFE structures were relaxed with
their lattice parameters fixed. This procedure ensures us to
accurately produce the energy difference between AFE and FE
states. All the optimized structures are shown in Figure 3.

After structural optimization, the MA cations tend to keep
their original configurations in all the FE and AFE structures.
MA cations with their dipoles pointing up are highlighted in
blue, while those with their dipoles pointing down are highlighted
in green (Figure 3). In the FE structure, all four MA cations point
up along the [111] direction (Figure 3a). In the AFE structures,
two MA cations point up and the other two point down, yielding
a polarization of zero (Figure 3b, 3c, and 3d). It is also found that
there is a distortion in the Pbl; inorganic framework for all
four optimized structures and that AFE3 has the most severe
distortion. Our results show that FE is the most stable state and is
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Figure 3. Relaxed structures with different MA ordering configurations: (a) FE, (b) AFE1, (c) AFE2, and (d) AFE3. Blue arrows show MA dipoles

pointing up, and green arrows show MA dipoles pointing down.

energetically more favorable than the three AFE states by 40, 36,
and 65 meV, respectively. These results indicate that tetragonal
MAPDL; is inclined to form the FE state and has a net
polarization from ferroelectric dipole ordering. However, the
energy difference between the most stable AFE state and the FE
state is only about 36 meV, close to kT (26 meV) at room
temperature. This indicates that the FE state’s energetic
advantage is relatively small and thus that AFE states might be
accessible with slight thermal fluctuations at ambient conditions.
In other words, the weak inclination of FE state can be readily
eliminated, and the FE characteristics can fall below the experi-
mental detection limit. This could be a reason why some
previous experimental studies showed no ferroelectricity.*”””

It is noted that the structures in our calculations repre-
sent ideal configurations with MA either completely in phase
(FE) or completely out of phase (AFE) with respect to their
neighbors. In reality, a wide range of possible structures exists
between these two extreme cases, although these ideal FE and
AFE models can give a direct indication of ferroelectric dipole
ordering. Our results are consistent with a previous theoretical
study’’ in which they proved a preferential MA alignment
in tetragonal MAPbI; through comparing the energy of three
intermediate configurations. In addition, by using the calcu-
lated dipole moment of 2.38 D for a single MA cation, we cal-
culated the polarization value of tetragonal MAPDI; contrib-
uted by MA’s intrinsic dipole moment and determined a value
of 3.15 uC/cm? This value is close to previous results of
4.42 uC/cm* and 8 §C/cm>.** Both of these results show that
the main contribution to the overall polarization is the dipole
alignment of MA cations rather than the distortion of the Pbl;
inorganic framework.

Strain Engineering. As discussed earlier, the MA flipping
rotation is strongly related to cell aspect ratio (c/a) of MAPbIL,.
As c/a becomes larger, the MA flipping rotation becomes
energetically less likely, implying a larger energy difference
between an AFE state and FE state (this energy difference is
defined as AE,pp_pg). On the basis of this finding, one might
expect that a compressive biaxial or uniaxial strain can enlarge
¢/a of tetragonal MAPbL;*** and enhance the FE state’s
energetic advantage over the AFE states. To verify this
hypothesis, we calculated AE,pz_g; and c/a with respect to
biaxial strain and uniaxial strain from —3% to +3%, with
negative (positive) values defined as compressive (tensile)
strain. As discussed earlier, the AFE3 configuration has a very
high energy and severe distortion, and we therefore exclude this
configuration in our following discussion. In our calculations,
lattice parameters in ab-plane are fixed, while ¢ and all the
atomic positions are fully relaxed.

The calculated energy difference between AFE1 (AFE2) and
the FE state is shown in green (red) in Figure 4, labeled as
AEsppi—pg (AEspg,_pp). The calculated c/a is shown in black
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Figure 4. Energy difference between each AFE structure and the FE
structure (AEaps_pp) and cell aspect ratio (c/a) versus (a) biaxial
strain and (b) uniaxial strain.

for structural analysis. Note that the c¢/a values are extracted
from the FE state, because FE and AFE states under the same
strain have negligible differences in ¢ after optimization. Our
calculations reveal the following conclusions.

(1) For both biaxial strain and uniaxial strain cases, AE,pp_pg
generally decreases from compressive strain to tensile
strain, and AE,pp,_pp decreases faster than AE,pp; _gg.
Under compressive strains (from —3% to 0%), the AFEI
state is energetically more favorable than the AFE2 state,
and AE,pg;_pg can be as large as 81 meV (for biaxial
strain) or 56 meV (for uniaxial strain), implying robust
ferroelectric dipole orderings. Under tensile strains (from
0% to +3%), the AFE2 state has a lower total energy, and
AE gp,_pg can be lower than —15 meV for biaxial strain
or close to zero for uniaxial strain, implying paraelectric
dipole orderings.

The aspect ratio c¢/a also decreases from compressive
strain to tensile strain, showing a strong correlation with
AE ppp_pg, for both biaxial strain and uniaxial strain cases.
As a and b decrease under biaxial compressive strain
(as a decreases under uniaxial compressive strain), ¢ and
c/a always increase. The consequent larger c¢/a, as
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indicated earlier, makes MA flipping rotation more difficult.
As expected, the FE state’s energetic advantage over the
AFE states is enhanced based on the change of ¢/a.

In short, compressive biaxial or uniaxial strain increases the
energetic advantage of the FE state over the AFE states, while
tensile strain decreases it. Hence, strain engineering is one way
to enhance the tendency of ferroelectric dipole ordering in
tetragonal MAPbI;.

Doping Engineering. In addition to strain engineering,
herein we propose another way to enhance ferroelectric dipole
ordering through doping engineering. That is, to substitute
I with smaller halogen anions, such as Br or Cl. This hypothesis
is based on the argument that substitutional doping with
smaller ions exerts natural compressive strain on unit cells.**”
Moreover, doping can also induce lattice strains, which is much
easier to achieve than through the application of external
forces.* There are two kinds of I sites in tetragonal MAPbI,:
one on the Pbl, layers, and the other on the MAI layers. Br
(Cl) doping on the Pbl, layers shortens Pb—halogen bonds in
the ab-plane and reduces the a and b lattice parameters; while
the doping on the MAI layers shortens Pb—halogen bonds along
the c-axis and reduces the c lattice parameter. Therefore, in order
to increase c/a, the ideal doping should be on the Pbl, layers
rather than the MAI layers. In fact, our calculations show that Br
doping on the Pbl, layers is energetically more favorable than
that on the MAI layers by 16 meV. Additionally, there are eight I
anions on the Pbl, layers per unit cell while four on the MAI
layers, implying that there is a higher probability for the doping
to substitute I on the Pbl, layers. These findings indicate that
substitutional Br (Cl) anions prefer to go to the Pbl, layers and
are able to increase c/a. By taking Br-doped MAPbI; as an
example, we calculated AE,pg;_pp, AEppgs—pp and c/a. These
values are plotted with respect to doping concentration (cg,) in
Figure Sa. Our results indicate the following conclusions.

(1) The energy differences, AEupg;_pg and AExpg,_pp, first
increase and then decrease as ¢y, increases, and they have
a maximum value at ¢z, & 60%. At the peak, the AFE1
state has a lower total energy than the AFE2 state. The
corresponding AE,gg;_gg is as large as 75 meV, which
means that the FE state can be stabilized at room tem-
perature. At cg, > 60%, AE,pg_pg decreases. At cg, = 100%,
the compound becomes MAPbBr;, and AE,gz_pg has a
minimum value of 4.88 meV, indicating that there is no
spontaneous dipole alignment in pristine MAPbBr;.
In fact, a prior experimental study on MAPbBr; showed
that MAPDBr; is centrosymmetric and nonpolar,*® which
is in excellent agreement with our results. Overall, in the
wide doping concentration range, 30% < ¢y, < 80%, the
FE state has a larger energetic advantage than the AFE
states relative to the undoped MAPbIL;.

The cell aspect ratio, c¢/a, has a similar trend as AEpp_gg
and has a maximum value at ¢y, = 67%. This pheno-
menon can be explained as follows. The Br anions were
first doped in the PbI, layers at 0% < cp, < 67%, which is
similar to the case of ab-plane compressive strain. The Br
doping in the Pbl, layers leads to a reduction of the
lattice parameters a and b and thus increases c/a. The
increase in c¢/a enhances the relative stability of the FE
state. At cg, > 67%, Br anions begin to substitute I anions
in the MAI layers. The shortened Pb—halogen bonds
along the c-axis decrease c/a. As ¢y, increases up to 100%,
¢/a is eventually close to the value of pristine MAPbBTr;.

©)

182

AE,rp;-rg
AE)y s 1.6
100 .
%
g 30 1.55
N
2 60 N
) 15
X~ 40
<
E 145
20
0 1.4
0 20 4 60 80 100
g, (%)
AEAFE]*FE
(b z g
200 :
% L)
g 150 1.55
p—
i Q)
& 100 3
L,I_] (] ° 15 Q
=~ 50
<
Lé] 1.45
0
14
0 20 4 60 80 100
ccy (%)

Figure S. Energy difference between each AFE structure and the
FE structure (AE,pg_pg) and cell aspect ratio (c/a) versus (a) Br and
(b) Cl doping concentrations, cg, and cg.

In other words, the similar trend of ¢/a and AEjpp_gg
implies that the doping engineering has a similar effect as
the strain engineering.

Besides Br doping, we also calculated AE,gr_gg and c¢/a for
Cl doping with respect to doping concentration, cc), as shown
in Figure Sb. AE,gg; pg and c¢/a show a similar trend as in the
case of Br doping. However, one notable difference from Br
doping is that Cl doping induces more significant changes in
¢/a and AE,pp_pg, which is attributed to the smaller size of Cl
ions compared to Br ions. Moreover, because Cl ions are
substantially smaller than I ions, Cl-doped MAPDI; structures
exhibit severe structural distortion, particularly for the AFE2
configuration, which leads to unreasonably high AE,gg, g
Therefore, when evaluating the energetic preference of the FE
state, only the AE,pg;_gg is considered. In addition, it is noted
that spin—orbit-coupling (SOC) plays an important role in
determining the electronic structure in the Pb-based com-
pounds.* To study whether the SOC will influence the energetic
preference of ferroelectric dipole ordering, we have compared
the AEpp_pg with SOC and without SOC and found that they
exhibit nearly the same trend, indicating that the SOC has little
effect on the dipole ordering.

In short, substitutional anion doping with smaller anions
effectively enhances the tendency of FE dipole ordering in
tetragonal MAPDI;. In fact, prior studies have shown that CI
doping reduces charge recombination in lead iodide hybrid
perovskites,**” which supports our doping engineering results.
Moreover, we expect that, by substitutional cation doping such
as partially replacing MA with larger FA cations, the c-axis and
¢/a will also increase, and a similar effect of FE dipole ordering
enhancement can also be achieved. Interestingly, this conclusion
of dopant-mediated FE enhancement shows good agreement
with the fact that high-performance solar cells always incorporate

DOI: 10.1021/acs jpcc.7b10413
J. Phys. Chem. C 2018, 122, 177184


http://dx.doi.org/10.1021/acs.jpcc.7b10413

The Journal of Physical Chemistry C

mixed-halide hybrid perovskites such as MAPbI;_.Cl,,
MAPbI,_ Br,, and MA,_,FA Pbl,>'~*

B CONCLUSION

In summary, ferroelectric dipole ordering of MA cations in
MAPbI; was studied from first-principles calculations. First,
we investigated two types of MA cation rotations, including
in-phase and out-of-phase rotations, and calculated their energy
barriers. Second, the energetic advantage of the FE state relative
to the AFE states was determined. Last, we explored means
to further enhance the FE dipole ordering. The results can be
summarized as below:

(1) The in-phase nonflipping rotation of MA cations is
accessible in both cubic and tetragonal phases, while the
in-phase flipping rotation is energetically prohibited in
the tetragonal phase. The larger the cell aspect ratio ¢/a
is, the less likely MA flipping rotation becomes.

The out-of-phase flipping rotation of MA cations in
tetragonal MAPDI; tends to form FE dipole ordering.
The FE dipole ordering state is energetically more
favorable than the AFE states, with a small energetic
advantage of 36 meV. Polarization contributed by FE
dipole ordering in tetragonal MAPbI; was calculated to
be 3.15 uC/cm?

Based on the change of ¢/a, compressive strain and substi-
tutional doping with smaller anions can both enhance the
energetic advantage of the FE dipole ordering state in
tetragonal MAPDI;.

In short, this work reveals the rotational behavior of MA
cations and their spontaneous formation of FE dipole ordering
in tetragonal MAPbI; and proposes strain engineering and doping
engineering as two approaches to enhancing the tendency of the
FE state formation. We feel that this work provides some key
insights into design principles of high-efficiency solar cells based
on hybrid halide perovskites.
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