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Interfacial Electromechanics Predicts Phase
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ABSTRACT: Quasi-two-dimensional (2D) mixed-cation hy-
brid halide perovskites (A’,Ay_;MyXsy,1; A’ = large organic
molecule with cationic group, A = [Cs’, CH;NH;", HC-
(NH,),"], M = [Pb, Sn, Ge], X = [I", Br, CI7]) have rapidly
emerged as candidates to improve the structural stability and
device lifetime of 3D perovskite semiconductor devices under
operating conditions. The addition of the large A’ cation to the
traditional AMXj structure introduces several synthetic degrees
of freedom and breaks M—X bonds, giving rise to peculiar
critical phase behavior in the phase space of these complex
materials. In this work, we propose a thermodynamic model
parametrized by first-principles calculations to generate the
phase diagram of 2D and quasi-2D perovskites (q-2DPKs)
based on the mechanics and electrostatics of the interface between the A’ cations and the metal halide octahedral network.
Focusing on the most commonly studied methylammonium lead iodide system where A’ is n-butylammonium (BA;
CH,(CH,);NH,"), we find that the apparent difficulty in synthesizing phase-pure samples with a stoichiometric index N > §
can be attributed to the energetic competition between repulsion of opposing interfacial dipole layers and mechanical
relaxation induced by interfacial stress. Our model shows quantitative agreement with experimental observations of the
maximum phase-pure stoichiometric index (N_;) and explains the nonmonotonic evolution of the lattice parameters with
increasing stoichiometric index (N). This model is generalizable to the entire family of q-2DPKs and can guide the design of
photovoltaic and optical materials that combine the structural stability of the q-2DPKs while retaining the charge carrier
properties of their 3D counterparts.
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ybrid organic—inorganic lead halide perovskites magnitude of quantum and dielectric confinement effects on
(AMX;; A = small organic or large alkali cation, M the electronic and optical properties.'”~>* This makes these
= Pb, Sn, Ge, X = I, Br, Cl) have been extensively materials an ideal optoelectronics platform even beyond their
studied as ideal solution-processable semiconductors with enhanced stability.”*
excellent visible-range optical properties, but they have been The compositional phase space of these materials is vast due
crippled by their thermodynamic instability to water erosion in to the chemical degrees of freedom at each site in the structure,
ambient conditions.' > Replacing a portion of the A cations particularly at the organic A and A’ sites. Most studies have
with hydrophobic large organic molecules (A’) can lead to focused on the A’ = n-butylammonium (BA;
layered perovskite structures where the intercalated large CH;(CH,);NH;"), A = methylammonium (MA; CH;NH;"),
molecules interrupt the MX; octahedral network, resulting in a M = Pb, X = I system; this was one of the first 2D perovskites
self-assembled organic—inorganic lamellar composite material synthesized,” and its 3D analogue MAPbI, is the most widely
that resists moisture degradation.’”'% Synthetic advances such studied member of the 3D hybrid perovskites. In pure phases,
as hot-casting have led to increased control over the growth this material has been frequently reported and studied in the
orientation and stoichiometric ratio of these A’,An_MnXsnii
compounds (A’ = large organic molecule), where the Received: November 17, 2019
stoichiometric index N corresponds to the ratio of hydro- Accepted: February 19, 2020
phobic cations to perovskite semiconductor.®*!71¢ In single- Published: February 19, 2020

phase materials, manipulation of the chemical composition
(N) controls the thickness of the perovskite layer and thus the
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Figure 1. (a) Atomistic overview of the parent perovskite phase (MAPbI;) in low- and room-temperature structures; replacing some MA
with an A’ cation (n-butylammonium) leads to the layered structures in (b). (b) Quasi-unit cells of the 2D layered perovskites. N counts the
number of Pbl; octahedra between large organic layers; phases with N > 5 (N;,) are not synthesized in phase-pure form. (c) Macroscopic
thermodynamic outcomes of the two-component A’ (cyan) + bulk (gray) perovskite composite material. For uniform electronic properties, a

single N-phase (red box) morphology is ideal.

low-N phases (N < 5)%%'>!'%1925732 and reported only twice
for N > 5.3*3* In these recent studies, Soe ef al. found it more
difficult to isolate single crystals of the higher N phases, finding
impurity phases in the XRD spectra at stoichiometric ratios
corresponding to N = 6, 7, and 9 with the amount of
multiphase mixing increasing with N. Mao et al. reported
similar results for their Ruddlesden-Popper N = 7 synthesis
and suggested that the growth environment is kinetically
constrained. Recently expanding synthetic efforts have focused
primarily on varyinsg the A’ cation; examples include
guanidinium (GA),” phenylethylammonium (PEA),**™*’
fluoro-PEA (f-PEA),** N,N-dimethylphenylene-p-diammo-
nium (DPDA),*" n-propylammonium (PrA),* n-pentylammo-
nium (PA),* n-hexylammonium (HA),* and 3(4)-
(aminomethyl) piperidinium (3-(4-)AMP)**** (full chemical
formulas can be found in Table S1). These compounds have all
been synthesized exclusively in the low-N phase regime (N <
S) except for PEA and 4-AMP. PEA has been reported as
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synthesized with an average stoichiometry (N) = (10, 20, 40,
60) phases consisting of a mix of competing phases, and 4-
AMP has been synthesized in the N = 7 pure phase.'”**
The gap in the single-phase behavior at the critical N value
of § for BA and other linear-chain A’ cations is surprising since
both the low N < S and very high N = oo (bulk) phases are
readily synthesized. Single-phase intermediate N compounds
would improve carrier transport by reducing exciton binding
energies while retaining the highly ordered layered structure
and creating opportunities for favorable band alignment in
heterostructures. However, it is difficult to draw general
physical insights about this phase behavior from the synthetic
efforts discussed above due to the multitude of thermodynamic
and kinetic factors varying between studies. In this work, we
develop a continuum thermodynamic model parametrized by
atomistic first-principles density functional theory (DFT)
calculations to map the phase space and study the critical
phase behavior of the quasi-2D layered perovskites (q-2DPKs).
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Figure 2. (a) Zoomed view of the periodic layered perovskite structure. The dashed line shows the slab unit cell used to parametrize the
continuum model. (b) Schematic for the basis of the continuum model. The interfaces are denoted by the undercoordinated iodine atoms
(red outline) where the BA cation has broken the Pb—I bond. The key interactions are shown in green (interfacial energy: surface energy +
adsorption energy), pink (interfacial stress of the perovskite), orange (interdigitation energy of the BA molecules), and gray (perovskite
layer with bulk elastic energy). The elastic degrees of freedom are the in-plane strain €;, and out-of-plane strain &,,.

Focusing on the A’ = BA system as a representative example,
we find that the critical N value of 5 arises from electro-
mechanical competition between the interfacial stress of the
MZX; octahedral network and the interfacial dipole interactions
across the inorganic layer. We show that this competition also
drives nonmonotonic evolution of the lattice parameters with
N, which is relevant to the electronic properties of each phase.
We find that the N critical value can be tuned through the
interfacial dipole moment, which can be constructed as a sum
of the surface dipole moment of the bulk perovskite and the
intrinsic dipole moment of the A’ cation. This means that the
choice of A’ cation can have an equal or greater impact on the
structural phase space than the choice of the specific perovskite
network. These results will enable engineering of phase-pure g-
2DPKs in intermediate composition ranges with long-term
thermodynamic stability for enhanced electronic and optical
properties.

RESULTS

Atomistic Overview and Model Approach. We first
map the family of q-2DPK to a two-component mixture of A’
cations and bulk 3D perovskite (PK) that forms a composite
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system of layers (Figure 1a,c), focusing on the system where A’
= BA and PK = MAPbI;. At 300 K, MAPbI; forms in a
tetragonal phase with nearly isotropic rotational disorder of the
MA cations.”” The Pb** and MA* cations are caged in an
electron-accepting iodine network, which forms corner-sharing
octahedra around the lead ions. To replicate this, we fix the
lattice parameters in the tetragonal configuration and use green
spheres to represent the MA" cations; the orientation of the
MA cations has been shown to negligibly impact the electronic
properties.'"*® Further details can be found in the Methods
and Supporting Information. The BA A’ cation is composed of
a four-carbon backbone with an NH;* ammonium group at
one end. When substituted for MA in the bulk perovskite, the
long carbon chains interrupt the halide network, leading to
alternating layers of A’ cation (BA,)*" and perovskite
(An_iPbyLin,1)®” with a thickness corresponding to the A/
A’ stoichiometric ratio. The quasi-unit cells of these structures
are shown in Figure lc. The full unit cell includes two A’
cation layers and two perovskite layers due to the
Ruddlesden—Popper stacking, with experimentally character-
ized space groups of C2¢b for odd-N phases and Cc2m for
even-N phases.”*>*” With such a large number of atoms in the
unit cell for N > 1 structures, it is practically impossible to

https://dx.doi.org/10.1021/acsnano.9b09105
ACS Nano 2020, 14, 3353—-3364


http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09105/suppl_file/nn9b09105_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09105?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09105?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09105?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09105?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.9b09105?ref=pdf

ACS Nano

www.acsnano.org

perform wide-ranging ab initio calculations on the family of g-
2DPKs, and the few existing modeling reports are based on
semiempirical approaches.'"”* This greatly emphasizes the
need for a continuum model to describe the thermodynamics
of these materials. The layered structures undergo a small
(<2%) orthorhombic distortion from the tetragonal MAPbI,
parent phase at 300 K, which we ignore in the model for
simplicity.""

The stoichiometric index N corresponds to the amount of
BA cation incorporated into the structure and can be visualized
as the number of Pbl; octahedra spanning the inorganic layer
in the b lattice direction. We also define the perovskite atom
fraction x4, as the fraction of atoms in the sample that do not
belong to the BA cation. Figure 1b outlines how x4, N, and
the critical N value (N_,) are related; for a composition Xpvsk OF
bulk perovskite and BA cations corresponding to a single phase
N value < N, single-phase crystals are observed. For ux,
compositions corresponding to N > N, two-phase or
multiphase mixtures of low-N (N < N_;) phases and bulk
perovskite (N o) are observed. The homogeneous
morphologies highlighted in red are desirable for well-defined
optical and electronic properties. Recent results have indicated
that N, is dependent on the A’ cation chosen in the system,34
and different choices of A and A’ cations may prevent layered
composite formation altogether. In our model, we propose that
N is not a spurious kinetic effect but emerges as a result of
thermodynamic competition between the mechanics of the
composite interface and the electrostatic repulsion of adjacent
interfaces across the perovskite layer.

Strain-Dependent Free Energy of the Composite A’/
Perovskite System. To develop general insights about the
composite layered organic—inorganic system, we map the
atomistic structure into a continuum model of interacting slabs
with two BA-adsorbed interfaces, as shown by the black dashed
box in Figure 2a. As in Figure 1, we color-code the “bulk”
perovskite regions gray and the all-organic BA regions cyan
and identify the critical chemical and mechanical variables
contributing to the thermodynamics of the mixture. The
overall chemical reaction forming the layered structure is

2BAL) + PbIZ(S) + (N - l)MAPbI3(S)

— BA,MAy_ \PbyLiy, () (1)
We begin by writing the total free energy of the system as
Giot = G, + AG,ix, where

G, = xBAIGéaAI + xMAPbISG(I)WAP oL 4 belngbIZ gives the com-
position-weighted free energy of formation of the q-2DPK
components and AG,, captures the free energy of mixing the
constituents. nglz is necessary to describe the N = 1
compound where the A’ cation has replaced all of the A
cation, but since this is the lower limit of the stoichiometric
range we are interested in, it can be added into Gg/[Ath as a
constant, which is done from here on. Since the layered phases
are all highly ordered and the entropy of crystallization for BAI
is small,” we take S, ~ 0 and AS,, ~ 0. With these
simplifications, we can use the composition fraction Xpysk
introduced earlier so that

BAI MAPbI
Gy=(1- acPvSk)H0 + x4ty ° and AG AH,;.

pvs| mix —
Mpvsk .

—=, where 1, is the number of
n

tot

As an atom fraction, Xpusk =

atoms belonging to the perovskite layer and n, is the total
number of atoms in one formula unit of BA,MAy_,PbyI;y,;-
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Based on the atom counts in each component, x4 and N are
27 + Txpyg

12(1 = xp9) "
bulk components are calculated from atomic reference states
using DFT according to the following reactions:

related through N = The formation energies of the

1 1
Hy™ = AHg: 4C( + TN+ DL + 6H,

— CH,(CH,),NH,I )

MAPbDIL
HyA™

Pb(, + I, = Pbl, N=1

1
= AHg: \2Pb,) + %12 + N+ C +3H, N>1
— MAPbL, + Pbl,
®3)

where MA = CH;NH,.

Next, we develop the mixing enthalpy AH_; of the BA
cations and bulk perovskite, which describes the 2D interfaces
formed on each side of the perovskite slab (Figure 2b). The
interfacial energy (green) is a combination of the energy cost
of cleaving the perovskite by breaking the Pb—I bonds y, and
the adsorption energy 7,4, of the large organic cations onto the
cleaved perovskite surface. The sum of ¥, and y,4 gives the
mechanically uncoupled interfacial energy; these and other
material parameters described below are calculated using DFT,
as detailed in the Methods and Supporting Information (Table
$3). Based on experimental evidence,”* the lattice parameters
of the layered structure evolve with N, so we introduce two
elastic degrees of freedom within the gray perovskite domain
only: the in-plane strain parallel to the interface &, and the out-
of-plane strain perpendicular to the interface &,, which are
taken relative to the PK experimental lattice constants at room
temperature measured by Whitfield et al.*> These strain
degrees of freedom contribute through the interfacial stress
f, = %Eip (Figure 2b, pink) and the bulk elastic energy for a
unit cell

+2C138i}2,), where C;

tetragonal

Ey = %(ZCHS; + C22802p + 4C1E0E
are the elastic stiffness constants in Voigt notation. These
two terms compete due to the different bonding environments
at the organic—inorganic interface and the interior of the
perovskite slab.*”*° £,  is parametrized by calculating the linear
change of the free perovskite surface energy y, with in-plane
strain &, (Figure S2), while Ey is calculated using the elastic
constants of bulk MAPbI;.>"** The corresponding elastic
energy of the soft organic layer and organic contributions to f
are verified to be small in comparison and ignored, but the van
der Waals (vdW) interactions between the BA molecules
belonging to adjacent interfaces are captured by Ujerdigic
(Figure 2b, orange). This is calculated as the energetic
difference between isolated symmetric BA-adsorbed perovskite
slabs (Figure Slc) and the fully periodic layered structure
(Figure S1d). Normalized to energy per atom, the strain-
dependent energy of forming the individual A’/perovskite
interfaces is

https://dx.doi.org/10.1021/acsnano.9b09105
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Figure 3. (a) Atomistic schematic for the formation and alignment of interfacial dipoles. The dipole moment of the BA cation aligns with the
I-terminated surface dipole of the perovskite surface (left), which we sum to an effective interfacial dipole (green) perpendicular to the
interface. (b) Bonding electronic charge density of the BA-perovskite adsorbed surface projected along the (001) direction showing
significant out-of-plane polarization; units in e/A%. (c) Schematic of the dipole lattice model and the N-dependent electrostatic interaction.
The cross-interface distance and the dipole planar lattice constant are coupled to £,, and &;,, respectively.

AO aJ/0
= }/0 + 7/ads + ljinterdigit + P) €
tot eip

Einterface ip

+ VO‘xpvskEB(EipJ 8op) (4)
where A, is the unstrained surface area, Vj is the unstrained
volume of the bulk perovskite unit cell, and n,, is the total
number of atoms in one composite formula unit. After
parametrization by DFT calculations (details in SI), we find
that the interface formation governed by the above expression
is thermodynamically favorable (E; e < 0) at all reasonable
strains and compositions due to the strongly negative y,4.. This
is not surprising since the low-N layered compounds with high
interfacial area are readily synthesized, but it does not explain
the critical N behavior.

Electrostatic Interactions of Adjacent Interfacial
Dipole Layers. Since we are interested in the relative energies
between phases with varying perovskite thickness N, this
picture of the enthalpy of mixing is incomplete. Along with the
overall composition and frequency of interfaces, the main
structural feature that varies with N is the distance between
two interfaces across the perovskite layer. The formation of
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surface dipole layers has been studied extensively in ionic
perovskites, but less so in hybrid halide perovskites due to the
mixed ionic/covalent nature of the bonds and variable
stoichiometry at free surfaces.”> ° Due to the broken Pb—I
bonds and the change in the organic cation at the interface,
interfacial dipole layers can form and provide a mechanism for
the interfaces to interact electrostatically across the perovskite
slab. Figure 3a gives a schematic view of how the combination
of the NH;" cation and the undercoordinated I atoms at the
organic—inorganic interface can be mapped to a 2D lattice of
effective interfacial dipoles with the in-plane periodicity of the
BA cations. Figure 3b shows the bonding charge density,
defined as the difference between the electronic density of the
interface and the isolated neutral component atoms, projected
along the (001) direction. Red regions indicating localization
of electronic density (negative charge) and blue regions
indicating absence of electron density relative to isolated
neutral atoms provide a first-principles justification of the out-
of-plane polarization localized around the BA molecule. We
focus on the interfacial interaction across the perovskite layer
since this distance is N-dependent; while adjacent interfaces
are closer together across the organic layer, this interaction
length is essentially invariant with N. Furthermore, this

https://dx.doi.org/10.1021/acsnano.9b09105
ACS Nano 2020, 14, 3353—-3364
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Figure 4. (a) Strain dependence of the electrostatic dipole energy as a function of N, normalized in terms of the max dipole energy value over
the strain window. A 10% strain window corresponds to a ~20% energy change at N = 1 and a ~35% change at N = 5. (b) Experimental
versus model strain as a function of N. The model qualitatively captures the nonmonotonic behavior of the strain and the switch from N = 1
to 2 from out-of-plane positive (in-plane negative) to out-of-plane negative (in-plane positive) strain.

interfacial interaction across the organic layer is already
incorporated into the vdW interaction energy U;
discussed above.

While the electric potential between equally and uniformly
charged sheets is zero by superposition, inhomogeneities in the
charge density due to the ionic nature of the BA cation groups
and the I” atoms lead to corrugations in the potential and a
finite contribution to the electrostatic energy.”””® To capture
the point charge lattice physics, we construct two opposing
dipole arrays consisting of 2D square lattices of charged
Gaussian disks (Figure 3c) and map the relevant parameters
(N, &, €,) from the A’ cation/perovskite mixture model in
Figure 2. We also introduce two parameters, Qgpole and Dgipoler
which represent the magnitude and distance of the charge
separation for each dipole in the lattice; the dipole moment is
equal to Quipole* Daipole- The electrostatic energy U, of a stack of
2D point charge lattices with equal periodicity and overall
charge neutrality is given by

SEDID)

& Keego i<j

nterdigit

&(k,, k)* (K, k.)

exp(—ly — y/_uED

©)

where the area of each 2D unit cell A and the in-plane
reciprocal lattice vectors k depend on &, and the perpendicular
distance between sheets ly; — y|l depends on &, (relationship
shown in Figure 3c; parameter values and details of the
derivation in the SI). & is the static permittivity of the
medium,”">” & are the Fourier coefficients of the real-space
charge distribution, and i are the integer indexes of the sheets
in the stack (Figure S4). The static dielectric constant &, in
MAPDI, is difficult to measure or calculate but depends on the
presence of surfaces and the slab thickness; for simplicity, we
choose a global average value of 12 between N = 1 and bulk
and ignore any thickness (y) dependence.’” Explicitly, for the
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three interactions we consider between the dipole sheets i, j €
{1, 2,3, 4}

by, —xl= Nby(1 + eop) + Dijpole

ly, — 3] = Nby(1 + &)

|y1 - y4| = I\HJO(1 + {;‘OP) + 2‘l)clipole

where b, is the unstrained lattice constant of the bulk
perovskite perpendicular to the (010) surface. Equation §
shows that the electrostatic energy decays exponentially with
the distance between the charge sheets with a characteristic
length that depends on the in-plane lattice constant through
the reciprocal vector k. The asymptotic behavior interpolates
between the limiting cases of uniformly charged sheets (Ug =
0) and a single dipole—dipole interaction at long-range (U =~
1/ rs), consistent with the construction of an infinite series of
screened dipole—dipole interactions. The appearance of ¢;, and
€, in the exponential couples the energy of electrostatic
interfacial interactions with the energy of mechanical interface
relaxation described in Figure 2b. The relative strain
dependence of the electrostatic energy is shown in Figure 4a
over several different reference ly; — y| corresponding to
different N-phases from N = 1 to N = 5. A crucial point that
emerges is that the direction of the strain dependence opposes
that of the interfacial stress relaxation f,; while the electrostatic
cross-interface interaction energy Up is minimized with
compressive in-plane strain and tensile out-of-plane strain,
the individual interfacial energy E ... is lowered through
tensile in-plane strain and an elastically induced compressive
out-of-plane strain.

Minimization of the Free Energy and Determination
of N The value and strain dependence of the electrostatic
term suggests that it will compete with the interfacial
mechanical relaxation, but quantifying this competition
requires minimizing the free energy. Combining all the
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energetic contributions to the formation of 2D perovskites
listed above, we can write down the complete expression for
AH,,. and the total free energy (using the atom fraction
27 + 7%
psk

conversion N = ————):
12(1 = xp9)

Gtot(xpvsk’ eipl & )

MAPbIL BAI
pvskHO '+ (1 - xpvsk)HO
+ AHmix(‘xpvsk’ eipf 8op) (6)
oy,
AHmix = 70 + }/ + Unterdlglt —Sip
Mot ip
Ux(e,,, €, N)
p’ —op
+ %xpvskEB(gip’ gop) +
Bot (7)

At each composition ., Gy, can be minimized with
respect to the internal degrees of freedom ¢;, and ¢, to find
the minimum free energy at each composition Gmm(N) and
construct the phase diagram. Due to the discrete sums in Uy,
we minimize this expression numerically, but we note that the

primary scaling of the free energy at the minimum strain occurs

with composition, as each term of AH,;, in eq 7 scales as %,
Xpyslo and w, respectively. In Figure 4b, we use the strain
values which minimize the free energy at each composition to
compare the equilibrium structures predicted by our model
with experimental lattice constants measured at room temper-
ature.””***° Both the experimental and model strains are
calculated as deviations from the bulk tetragonal MAPbI,
structure determined by Whitfield et al.*> We find that the
model semiquantitatively captures the nonmonotonic trend of
the lattice parameters from N = 1 to N = 5. The in-plane strain
is determined as the change in area of the (010) plane of the
layered structure from the equivalent (101) plane in the bulk
reference structure. At N = 1, the interfacial electrostatic
interaction dominates the single-interface mechanics, and the
perovskite lattice experiences in-plane compression and out-of-
plane tension. Increasing to N = 2 reverses this effect, and the
increased distance between the interfaces allows the interfacial
mechanics to dictate the structure. The disagreement in the
magnitude of the structural distortion for the N = 1 phase
stems from an increase of the elastic moduli of the perovskite
layer (nanoscale hardening) at N = 1 and a breakdown of the
continuum approximation that the single octahedral layer of
the N = 1 structure can be accurately modeled by two
independent interfaces. This raises the point that while the
leading order contributions of the interface elastic energy are
captured by j/T“, a higher order strain term of the form %A_Ese2
p

could also be included, where A is the area, Eg are the surface
elastic constants, and ¢ is the strain tensor.”’ This term is
second order in strain and therefore small relative to the energy
differences between ordered phases at small N; we have
dropped this term from the model to simplify the parameter
space. Despite this, the dielectric approximation, and the
tetragonal symmetry approximation, the salient features of the
structural evolution are captured. This has 1mportant effects on
the trends of band gap evolution in these materials.”

Having benchmarked the mechanical results of the model
with experiment, we now plot the minimum free energy curve
as a function of composition to examine the thermodynamic
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Figure 5. (a) Component curves for the free energy minimized
with respect to strain. The independent bulk formation energy G,
(black), interfacial energy E;erce (blue), and electrostatic energy
Ug (red) combined to give the minimized energy of the ordered
phases G,,;, (green). (b) Determination of N using tie lines with
the bulk formation energy. Blue region indicates compositions
where single ordered phases (green dots) are stable with respect to
phase mixing; red region indicates compositions where two-phase
separation is thermodynamically preferred.

competition between ordered phases at different compositions.
Figure Sa shows how the different components of G,;, (green)
scale with composition x,,y and N, up to N = 10. Immediately,
we see that the repulsive electrostatlc energy (red) between the
interfaces competes with the energetically favorable surface
relaxation (blue) of low-N structures. The nature of this
competition is determined by the magnitude of the surface
energy and interfacial stress, the elasticity of the octahedral
network, and the magnitude of the interfacial dipoles. At low-N
compositions, the proximity of the interfaces increases the
energy of the system, while at high-N compositions, the
electrostatic interaction decays to zero and the reduction of the
interfacial energy through mechanical relaxation takes over.
Without the electrostatic terms, the two-phase mixture of
highly strained thin (N = 1) phase and nonstrained excess bulk
(N = o) is preferred at all compositions (Figure S3) since this
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Figure 6. (a) Determination of the surface dipole moment of MAPbI; and BA. The local maxima in the dipole moment indicates that the
symmetric slab is divided into charge-neutral portions, leading to a physically meaningful dipole value. We take the converged value from the
interior of the slab. (b) N;, (green) mapped over the interfacial dipole lattice parameters Quipole and Dy, With all other parameters held
equal. The sum of the surface moment and cation moment fall in the N = S range for BA,MAy_,Pb,I;y,,. The N, changes follow the iso-
moment QxD contours in black, and sensitive changes in the moment induce changes in the N value.

two-phase configuration maximizes the number of thermody-
namically favorable interfaces while reducing the total bulk
elastic energy of the perovskite. The electrostatic repulsion of
the interfaces incurs an energy penalty at low N and leads to an
inflection point in G, that corresponds to N_;. The strain
coupling of these competing mechanisms is necessary to
accurately locate this inflection point, which is quite sensitive
to the relative magnitudes of the two effects. In Figure 5b, we
zoom in on the total energy curve (green) to extract N,
which is the ordered phase nearest the inflection point of
AH, ;. Specifically, the N_; point is the minimum N
composition corresponding to an ordered N phase which is
not thermodynamically stable with respect to a two-phase
mixture satisfying the composition constraint:

Gmin (I\Ic

+X,G

min

+ 1) > X,Gpyin (N < Ng)

Tit min

crit

(N > lvcrit); KXot = xpvsk

(8)
where X, and X, are phase fractions that satisfy the total
composition constraint x,. Graphically, this is visualized by
drawing tie lines between different phases on the minimum
free energy composition curve; the highest single-phase
composition that is not superseded by a tie line between
other phases corresponds to N This superseding tie line is
drawn in red and originates at N = 5 in Figure Sb, indicating
that the model predicts an N of S in BA;MAy_,Pbylsy,,, in
agreement with general experimental observations (Table S2).
While the energy differences are small between the different
ordered phases on a per-atom basis, over several formula units
the thermodynamic driving force becomes significant. The
shallow curvature of G, in the region of the inflection point
means that the N = 4 and N = 6 phases are close in energy over
a range of compositions. This is supported by the synthesis
trend in the literature, as observing N = 5 and N > 5 phases is
less frequent and less phase-pure over N = 4 compounds
(Table S2). This indicates that kinetic freedom (such as hot-
casting) during synthesis also glays a significant role in
differentiating these compounds.”®

Interfacial Dipoles Enable Synthetic Control of N_.
The energetic competition between interface formation and
cross-interface interaction can lead to critical phase behavior,
but we seek to develop a deeper connection between the
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schematic dipole lattice in Figure 3, which is constructed of
equal and opposite point charges and parametrized by Qg
and Dyy,g and the continuous charge distribution of the
atomistic interface. Dipole moments of continuous charge
distributions are only well-defined in the presence of a finite
surface.”> The dipole moment of a charge distribution
perpendicular to a (010) surface can be calculated as

hO
Pyo =/y (v = y)p(y = 3) dy, where y, is a coordinate

reference point inside the charge distribution and b, is the
length of the supercell perpendicular to the surface.®* Figure 6a
plots this surface dipole value as a function of the reference
point y, for the bulk perovskite surface that corresponds
crystallographically to the interface that forms in the q-2DPK
compounds. The local maxima correspond to the points where
yo divides p(y) into two charge-neutral halves, so that the
dipole value at these reference points is both physically
meaningful and far enough from the surface that it is
converged. From this analysis, we find that the surface dipole
moment for the perovskite is 1.0 eA. Since the BA cation is an
overall neutral single molecule with a finite charge distribution
in all dimensions, the dipole moment can be easily found by

P = /?-p(?) d7, which we calculate to be 0.75 eA.

The wide array of possible A’ cationic molecules indicates
that an ideal strategy to tune the phase behavior of the q-2DPK
is through the induced interfacial dipole moment as opposed
to the perovskite elasticity. Figure 6b shows the evolution of
N as a function of the electrostatic lattice parameters Qg
and  Dygjpole (Figure 3c), with the iso-moment contours P =
Quipote* Dipote Shown in black. All other model parameters, such
as the interfacial energy and interfacial stress, are held constant.
First, we find that N evolves along the iso-moment contours
over independent variations of Qgpoe and Dygpele Which
presents a qualitative affirmation that the dipolar interactions
can modify the critical phase behavior. Second, we note that by
taking the interfacial dipole moment as a sum of the perovskite
surface dipole and the dipole moment of an isolated n-BA
cation, we match the dipole moment of ~1.75 eA required in
the model to observe N_; = S. This simple relation allows for
prediction of the N_; value based on the properties of the
individual A’ cation molecules, which is otherwise difficult to
calculate using first-principles calculations due to the numerous
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degrees of freedom and the difficulty of describing long-range
electrostatic interactions using pseudopotential DFT. The
ability to obtain the interfacial dipole as a sum of the
independent components can be attributed to the hydrogenic
bonding between the organic cations and the lead halide
network; if the A’ molecule forms covalent bonds with the
iodine-rich perovskite surface and significant charge transfer
occurs at the interface, this simple design rule may not hold.
However, since the interfacial dipole moment is notoriously
difficult to calculate or measure directly, this decomposition
into readily calculable dipole moments has significant
predictive power.

The sensitivity of the N, value to the interfacial dipole
moment shows that tuning the interfacial composition can
have a substantial impact on the thermodynamically accessible
synthesis space of quasi-2D hybrid perovskites. Recently,
successful synthesis of an N = 7 q-2DPK with greater phase
purity than BA was achieved using 4-AMP (Table S1) as the
A’ cation, an organic molecule with two different cationic
groups on each end.’ Returning to the derivation of Uy, we
note that the nonlattice average charge density contributions to
the interior electric field from each interface caused a
cancellation in the contributions of the electric field scaling
as + with interfacial separation. As characterized, the 4-AMP

0
compound aligns with its neighbors to maximize conjugate ring
interactions, breaking the symmetry between the perovskite
interfaces and introducing another contribution to the interior
electric field. Since our model predicts that increasing the
electrostatic energy will shift the critical point to higher N,
these molecules with asymmetric cationic groups are highly
promising for tunably expanding the g-2DPK into the quasi-
bulk, nonexcitonic regime. Altering the small A cation may also
enable engineering of the critical phase boundary. For example,
formamidinium (FA) in place of MA increases the lattice
constant of the lead iodide octahedra,® increasing the dipole
lattice spacing and the internal electrostatic energy. Competing
changes may occur to other parameters such as the dielectric
constant, so a complete parameter study using our model is
warranted to predict the outcome of these chemical
substitutions.

CONCLUSIONS

Surveying the synthetic efforts in the fast-growing field of 2D
and quasi-2D organic—inorganic halide perovskites, we set out
to identify the governing thermodynamic mechanisms of the
compositional phase space by considering the free energy of
formation of the composite structures. We found that
thermodynamically favorable adsorption of large organic
molecules onto the I-terminated perovskite surface and
interfacial mechanical relaxation drive the formation of internal
interfaces to maximize the interfacial area while minimizing the
elastic energy penalty. This effect competes with the
unfavorable electrostatic interaction between the two opposing
perovskite interfacial dipole lattices associated with the
adsorbed large organic molecules. The interfacial mechanical
relaxation and the electrostatic energy are coupled through the
in-plane and out-of-plane strain, which is found to evolve
nonmonotonically from low-N to high-N phases matching
experimental trends. Together, these effects lead to a finite
Ny which corresponds to the minimum loading of A’ cations
in the A,AN_ MpyXsn, compositional formula to obtain

thermodynamically stable single phases. At N > N, the
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system will preferentially phase separate into a mixture of bulk
perovskite (N = o0) and N < N_;. We find that N can be
tuned by reasonable modifications of the interfacial dipole
value and that this complicated quantity can be sufficiently
approximated by the sum of the perovskite surface dipole and
the dipole moment of the isolated A’ cation. Our multiscale,
first-principles informed continuum model provides a mech-
anistic understanding and synthetic guidance in the large
compositional phase space of quasi-2D perovskites.

METHODS

DFT Calculations. First-principles DFT simulations were carried
out using the Vienna ab initio simulation package (VASP).*>%
Projector-augmented wave pseudopotentials®® are used with a cutoff
energy of 520 eV for plane-wave expansions.”” The exchange—
correlation is treated using the Perdew—Burke—Ernzerhof (PBE)
generalized gradient approximations. The atomistic structures of
isolated, symmetric perovskite slabs were relaxed using I'-centered k-
point meshes of 7 X 1 X 7, while fully periodic structures were
sampled at 7 X 3 X 7. Bulk structures are relaxed using similar meshes
of 7 X 5 X 7. For structural relaxations, the atomic positions of all unit
and supercells are optimized until the force components on each atom
are less than 0.005 eV/A, and the electronic energy is converged
within 107* eV. Tight convergence criteria are required due to the
shallow nature of the perovskite potential energy surface. A vacuum
spacing of 20 A was added to slab calculations to prevent interactions
between periodic images, as well as dipole corrections to the energy
and potential in the case of isolated molecules or asymmetric slabs.
Long-range van der Waals dispersion interactions between organic
and inorganic components were treated using the DFT-D3 method
developed by Grimme et al.”®”" Following previous studies,'’ the
lattice parameters were fixed in a tetragonal configuration for atomic
relaxations to simulate the room-temperature phase of MAPbI;, and
Cs atoms were used instead of MA cations to increase the rotational
symmetry of the A cation site and reduce computational cost (Figure
Sla, S1b). All calculated properties were verified to be minimally
affected by the cation switch.
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