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ABSTRACT: We use path integral molecular dynamics simulations
and theory to elucidate the interactions between charge carriers, as
mediated by a lead halide perovskite lattice. We find that the charge—
lattice coupling of MAPDI; results in a repulsive interaction between
electrons and holes at intermediate distances. The -effective
interaction is understood using a Gaussian field theory, whereby
the underlying soft, polar lattice contributes a nonlocal screening
between quasiparticles. Path integral calculations of this nonlocal
screening model are used to rationalize the small exciton binding
energy and low radiative recombination rate observed experimentally
and are compared to traditional Wannier—Mott and Frohlich models,
which fail to do so. These results clarify the origin of the high power R
conversion efficiencies in lead halide perovskites. Emergent repulsive

electron—hole interactions provide a design principle for optimizing soft, polar semiconductors.
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Lead halide perovskites are a class of materials that have
unique photophysical properties resulting from their soft,
polar lattices. They have vanishingly small exciton binding
energies and despite modest mobilities, have large free carrier
diffusion lengths resulting from exceptionally long carrier
lifetimes.' ™ These properties make lead halide perovskites
ideal materials for photovoltaic devices.*”® Many of their
optoelectronic properties have been thought to arise from
electron—phonon coupling, as the largely ionic bonding of the
lead halides admit strong Coulomb interactions between free
charges and the lattice.” It has been conjectured that polaronic
effects in particular®™ ' act to protect free charges from
recombination and screen their interactions, reducing exciton
binding energies.” However, the significant anharmonicity of
the perovskite lattice has made uncovering the molecular origin
of these properties difficult."'~"*

Here, we apply path integral molecular dynamics to
study an atomistic model of quasiparticles embedded in a
MAPDbI, lattice, in order to understand how a fluctuating lattice
affects its electronic properties. Much recent effort has gone
into understanding the effects of the lattice on the excitonic
properties of perovskites computationally'’~** and analyti-
cally.lg’21 However, unlike traditional polar semiconductors
where lattice fluctuations can be described by a harmonic
approximation, the tilting and rocking motions of the inorganic
octahedra'* and nearly free motions of the A-site cations'*'”
render the lattice highly anharmonic. This complicates the
simplification to traditional model Hamiltonians like the
Frohlich model or its generalizations.””** Attempts to include
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lattice effects into ab initio based approaches have been
developed, but these are difficult to extend to the time and
length scales necessary to explain the nature of how
photogenerated electrons and holes bind, dissociate, and
recombine.”® Using an explicit atomistic representation of the
lattice surrounding the quasiparticles allows us to go beyond
simplified models. Employing path integral calculations allows
us to consider finite temperature effects directly on diffusive
time and length scales. These simulations motivate a field
theory to describe the effective electron—hole interactions that
dictate the emergent optical properties of the perovskites. With
these simulations and theory, we are able to elucidate the
origin of low exciton binding energies and recombination rates
as a consequence of a nonlocal screening from the lattice.

We consider a system of an electron—hole pair, interacting
with a MAPDbI; perovskite in its cubic phase employing a fully
atomistic description of the lattice. The full system
Hamiltonian, H, consists of electronic, lattice, and interaction
pieces, H = H, + H; + H,,,. The highly dispersive bands of
MAPDI; allow us to make an effective mass approximation, so
that the electronic Hamiltonian is defined as
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where the subscripts e and h indicate electron and hole, p and T
are the momentum and position operators, m./m = my/m
0.2 are the band masses of the quasiparticles taken from recent
GW calculations in units of the bare electron mass m,** &, is
the vacuum permittivity, and &, is the optical dielectric
constant for charge e. For the lattice, we use an atomistic
model developed by Mattoni et al. that has been demonstrated
to reproduce the structural and dielectric properties of lead
halide perovskites.”>*° Its Hamiltonian is decomposable as

N 132
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where p,, T, and m; are the momentum, position, and mass of
ith atom, N is the total number of atoms in the lattice, and
U,(tV) is the pairwise interaction potential between atoms with
configuration ™ = {f|, T, .., Ty}. The potential includes
electrostatic and excluded volume interactions. The charge—
lattice interaction term 1is given by
H.. = e,l(f'er f'N) + Uh‘l(f'h, f'N) where U, and Uy, denote
sums of pseudopotentials. Consistent with the largely ionic
nature of MAPDI;, we employ pseudopotentials of the form of
short-ranged truncated Coulomb potentials, with a cutoff radii
chosen as the ionic radii of each species.”’ >’

As the atoms are heavy and we are largely interested in room
temperature behavior, we adopt a classical description of the
MAPDI; lattice. We discuss below corrections to this classical
approximation in the harmonic lattice limit. For the two light
quasiparticles, however, we employ a path integral description
to account for quantum mechanical effects important even at
room temperature. Such a quasiparticle path integral approach
has been employed previously to study lattice effects in the
lead halides and trapping in other semiconductors.’’~* The
partition function, Z, for the composite system can be written
as

N-
Z= /Z)[re; n, 1 ]eStmr/h 3)

The corre-

S

with the action S[r, 1, r] = S, + S, + S,
sponding imaginary time path action for the electronic part

becomes
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where the imaginary time 7 is defined over the interval 0 to f7,
p! = kgT, T is temperature, kg is Boltzmann’s constant, and 7
is Planck’s constant. The velocity and position of electron/hole
are denoted 1, ; and r,;, .. Under the assumption of a classical
lattice, the contributions to the path action from MAPbI; and
its interaction with the quasiparticles become S, = phH, and

St = / Ue,l(re,r’ rN) + Uh,l(rh,rf rN) (s)
T

an integral over the pseudopotentials. When the path action is
discretized into a finite number of imaginary time slices, the
classical counterpart of each quantum particle becomes a rin§
polymer consisting of beads connected by harmonic springs.’
We perform molecular dynamics (MD) simulations of two
ring polymers with 1000 beads representing the electron and
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hole and an MAPDI, lattice with 40 X 15 X 15 unit cells at 300
K. The large system size is necessary in order to ensure that
self-interaction errors between the quasiparticles are mini-
mized. This atomistic description allows us to capture all
orders of interaction between the quasiparticles and the
MAPDI; lattice, free of low temperature harmonic approx-
imations. The simulation details including pseudopotentials
and the force field of the lattice can be found in Supporting
Information (SI section I).

To analyze the emergent exciton interaction resulting from
the collective motions in MAPbI;, we compute the free energy
between electron and hole using Umbrella sampling with the
Weighted Histogram Analysis Method.” We compute the
reversible work to move two charge centers relative to each
other

PE(R) = ~In(a(R — Ie% — £51)) (®)
where R is the distance between the electron and hole centroid
Sy, 6(x) is Dirac’s delta function, and (..) represents an
ensemble average. Simulation snapshots are shown in Figure
la,b, where spatially delocalized charges extend with a radius of
gyration between 1.5 and 3 nm. Figure 1c shows F(R), which is
nonmonotonic. The free energy exhibits a minima at R = 0
reflecting the binding of the electron—hole pair into an exciton,
a plateau at large R, and a barrier at intermediate R & 8 nm.
The binding energy is large due to the neglect of polarizability
in this description of the lattice. Considering the bare
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Figure 1. Quasiparticle path integral molecular dynamics simulations.
Representative snapshots of the simulation of electron (red) and hole
(blue) with the MAPbI, lattice where the electron and hole are (a)
close to and (b) far from each other. Zoomed in structure in (a)
represents the MAPbI; lattice where gray, yellow, and blue atoms
represent Pb?*, I, and MA, respectively. (c) Free energy between
electron and hole as a function of the distance between quasiparticle
centroids from molecular dynamics simulation (black circles) and an
effective exciton interaction from eq 13 (red solid line) with
parameters as €* = S, [, = 2.47 nm, and [, = 1.26 nm.
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Coulomb potential is a monotonic function, the repulsive
interaction found in Figure lc at intermediate electron—hole
distances must arise from the lattice. An effective electron—
hole repulsion has been speculated in lead halide perovskites
previously”®™* but had defied direct observation or theoretical
validation.

In order to understand the emergent lattice effects on the
electron—hole interaction and surprising intermediate repul-
sion, we assume that the fluctuations of the lattice are well
described by a Gaussian field. Such Gaussian field theories
underpin a number of standard effective interactions including
dielectric continuum theory and the Casimir effect.’”™*' A
Gaussian approximation in this context is analogous to the
quasi-harmonic approach*” where it is assumed that while the
lattice is anharmonic, it responds linearly.””** We consider
approximating the lattice by an effective polar displacement
field, uy ,, which is expected to be correlated with local bending
and rocking motions of the octahedra.”> Within the Gaussian
field approximation, the path action for the lattice becomes

S [
— u Ay
2 Jr JoJk krf)(k'f_r ke (7)

where ;. = (W u_; ) is the susceptibility at wave vector k
and imaginary time displacement 7 — 7’. The susceptibility is
determined by a phonon dispersion relationship only in the
limit of zero temperature, and generally reflects the
correlations within the effective polar displacement field.*’
Consistent with the Coulombic pseudopotentials used in the
MD simulations, we take the coupling between the charges and
the lattice to be linear

/ / oA (8)

and described by a Frohlich-like interaction,*” where 1 is a
Frohlich coupling constant. The lattice variables can be
integrated out, leaving a Gaussian approximation to the
partition function, Z,

1k Ty

‘ZG = /D[l'e, Iy, uk]e_sall[fyl'}.ﬂlk]/h

=2 /D[re, r e ©)

where | is the partition function for a displacement field
without couplings to the charges. This integration results in an
effective path action of the form (see the SI for details)

=3[ L .

where i, j € {¢, h} and T'; takes the value of I';; = 1 if i = j and
[y=-1ifi#j

The susceptibility y . is proportional to a dielectric function
evaluated in the absence of the quasiparticles. Different
functional forms of its imaginary time and wavevector
dependence imply different ways in which the lattice can
screen the quasiparticles. In the classical limit,** e = 00(7),
eqs 4, 10, and 12, imply an effective interaction between the
electron and hole,
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which is a sum of the bare interaction, here screened by ¢, =
4.5," and the contribution from the lattice proportional to y.
In the zero wavevector limit, this is a constant, and if taken as
AP = é/ey)(1/e, — 1/€,), we recover the Wannier—Mott
model of a exciton. With an effective dielectric constant ¢, =
6.1,>* this local, static screening is manifestly insufficient to
produce the repulsive interaction observed from the free
energy calculations. Rather an explicit k dependence to y is
required.

Using explicit MD simulations of the bulk classical MAPbI;
lattice, we find y, is well approximated by

X
1 -1k +

X 12128 (12)
characterized by three positive real parameters, y,, I, and I.
This functional form includes a single resonant peak and is
assumed isotropic on length scales greater than the lattice
spacing. The resonant peak results from the negative second-
order coefficient and manifests the double well potential of the
optical mode.'® Performing the inverse Fourier transform gives
an effective potential

¢? 1

4regr| €y

Y -5 .
e " sin[ry — 0]
45¢* v

+ 4
€>l<

eff(r) - =

(13)
where r is the distance between two charges. Details of the
derivation with analytic expressions for 1/&*, rizxV2 1, 51

~ 2l /1 —1/2], and 0 = arctan[25/y] are shown in the SI

section IL. This form is plotted in Figure 1c and provides an
excellent fit at large r to the free energy from the MD
simulation. We refer to this effective electron—hole interaction
arising from spatially dependent screening from the MAPbI;
lattice as nonlocal screening.’® The theory clarifies that the
nonmonotonic interaction potential results from deformations
generated within the lattice due to the charges. At specific
characteristic distances these deformations are sufficiently
unfavorable that the electron and hole are effectively repelled
from each other.

This effective interaction in eq 13 is distinct from what has
been considered previously by Pollmann and Buttner,”" and by
Gerlach and Luczak® in which coupling to a single
dispersionless optical phonon results in a excitonic polaron
that screens the bare Coulomb potential. In their approx-
imation, the polar displacement field is treated quantum
mechanically by including a 7 dependence of the susceptibility.
In Pollmann and Buttner’s work, this is taken as the bare
susceptibility,

|
—e

Zk‘: =

’ 2w (14)

where the phonon mode is characterized by a single
longitudinal optical frequency w. Plugging eq 14 into eq 10,
we obtain the effective path action

w3

ZZ\/S"’T"//“ (1)

where we have written |AI? in the traditional Frohlich form,
introducing « as the dimensionless coupling constant.
Pollmann and Buttner further approximate this dynamic
screening approach in order to obtain a closed form effective
potential. Their potential is an exponentially screened

—wlt—7'|
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Coulomb potential in the classical limit with a screening length
given by the polaron radus.”’ While for certain parameters it is
possible that the Pollmann—Buttner potential is repulsive,*®
employin% known values for @ = 1.72 and @ = 40 cm™ for
MAPDL;, ™ the resultant effective potential is monotonic and
inconsistent with our MD result. Analogous approaches
including sums of two or three dispersionless phonons
similarly fail to describe a repulsive interaction. Treating the
susceptibility variationally, Gerlach and Luczak*® provided a
more flexible description of the lattice, but the lack of a
wavevector dependence to y still prohibits an intermediate
length scale repulsion.

To investigate the implication of a nonlocal screening on the
observable properties of MAPbI,, we simulated an electron and
hole pair using our quasiparticle path integral approach under
(i) static, (ii) dynamic, and (iii) nonlocal screenings. In each
case, we employed known experimental parameters for the
dielectric constants, optical frequencies, and effective masses
and thus expect our results to be quantitatively accurate. To
our knowledge the k-dependent dielectric susceptibility has not
been reported for MAPbI;, so we parametrized the nonlocal
screening interaction using our MD results. For each case, we
extract the exciton binding energies and bimolecular
recombination rates as both have been difficult to reconcile
theoretically.”

The exciton binding energy, AEy is definable within our
path integral framework as

AEg = lim min AF(R)
T—0 R

(16)

and to evaluate it we computed the free energy AF(R) = F(R)
— F(o0) at a variety of temperatures ranging from 100 to 400
K and extrapolate its value to 0 K (SI Figure S2).
Representative free energies at T = 300 K are shown in Figure
2a. As anticipated from the theory, we find that both dynamic
and nonlocal screening reduce the effective attraction between
the electron and hole, but only the nonlocal screening results
in a barrier to recombination.

The extrapolated binding energies are summarized in Table
1. Within the static screening approach, the exciton is
hydrogenic, and the binding energy is given by AE} = pe/
2(4reye,)*h* where p is a reduced mass of the electron and
hole. The large decrease in binding energy under dynamic
screening reflects the polaronic effect. Since the experimentally
derived value of a is relatively small,*” we find the change to
the binding energy is well approximated by first-order
perturbation theogy, yielding the known Fréhlich result, AE§
= AE} — 2ahw.”” This reduction in the binding energy is
consistent with recent Bethe—Salpeter calculations with
perturbative electron—phonon interactions,” but higher than
experimental estimates.”* The reduction in the binding energy
from the nonlocal screening is 12 meV, which is close to a
prediction assuming hydrogenic 1s orbits, 17 meV.

In the low temperature limit, the classical lattice
approximation employed to construct the nonlocal screening
model is no longer valid. In this limit, quantization of the
phonons can lead to hybridization and polaron formation. To
estimate the quantum mechanical effect of phonons in this
model, we have adopted a hybrid approach where we have
added a single optical phonon as done in the dynamical
approximation, to the effective potential description deduced
form the classical lattice simulations. The dynamical mode is
treated analogously as eq 15, while the effective potential is

2401

a
0+
o~ -204
%
-40+
S
~ -604
—~~~ . .
@ -s0- oooggo --o-- Static screening
L _100- Gé --o-- Dynamic screening
-1204 02‘5 --0-- Nonlocal screening
o
T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
R (nm)
b 0.03 ] i
Static screening
Dynamic screening
— 0.021 Nonlocal screening
= 8
N—
% o] @
0.014 &
o
o o
% "ii::::""'vthq T
0dé B —
T T T T T LS
0 10 15 20 25
r (nm)

Figure 2. Implications of different screening models from explicit path
integral simulations with electron and hole quasiparticles. (a) Free
energy as a function of the distance between quasiparticle centroids at
300 K under static (blue), dynamic (green), and nonlocal (red)
screening models. (b) Radial probability distribution for electron and
hole, with the same color scheme as in (a).

Table 1. Exciton Binding Energy AEg and Carrier Lifetime
7, Estimated Using Different Screening Models

screenings static dynamic nonlocal
AE; (meV) 50.4 369 38.1
7, (ns) 13.5 35.5 78.1

assumed to be constant at low temperatures and reflective of
dynamic disorder. Treating both of these effects yields a
binding energy of 20.8 meV in very good agreement with
experiment.%55

The bimolecular recombination rate, k, is defined as the rate
of change of the concentration of free charges,

dn
dt (17)

through the reaction e~ + h* — #w, where p, is the
concentration of free electrons/holes. At typical working
excitation densities for MAPbI; based photovoltaics, radiative
recombination is the limiting factor determining the charge
carrier lifetime.”” We can evaluate k, using Fermi’s golden rule
for spontaneous emission, with an effective mass approx-
imation.***° Within our quasiparticle path integral framework,
the rate is given by a constant times a ratio of path partition
functions,®

ez V €oo EgaPZ 'Zc
e hu Z (18)
where E,,, = 1.64 eV is the band gap energy for MAPbI; and ¢
is the speed of light. The subscript ¢ on Z_  stands for

combined path integral in which the two separate imaginary
time paths are placed together to form a single, radiating path

= —k.pp,
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by linking same imaginary time slices. The ratio of path
partition functions can be evaluated as

Z. = an de R2<eAS/h>Re—ﬁAF(R)

(19)

where we replace the ratio of partition functions by an
exponential average at fixed R of the difference in path action
AS =8 — S, (SI eq S13).

The change in action is a reporter on the overlap between
the electron and hole wave functions. The electron and hole
radial probability distribution is described in Figure 2b,
illustrating that the nonlocal screening effect increases the
average distance between electron and hole. This is distinct
from the effect of the dynamic screening, which is consistent
with the small value of a, leaves the electronic distribution
largely unaltered from the simple Wannier, static screening
model. The decrease in electron hole overlap results in a nearly
order of magnitude decrease in k, using the nonlocal screening
theory relative to the static screening theory. For the nonlocal
screening theory, we find k, = 1.3 X 107" cm?/s, in excellent
agreement with photoluminescence lifetime measurements.>”

Assuming the only loss mechanism is due to bimolecular
recombination, the lifetime of an electron hole pair is
computable from 7, = 1/k,p.. Summarized in Table 1 for p,
=10"7/cm? are lifetime estimates using the different screening
models. Both standard polaronic effects incorporated into the
dynamic screening model as well as the nonlocal screening
model increase the lifetimes of free charge carriers; however,
the contribution of a nonlocal screening obtained from the
MAPDbI; lattice is much more significant. The details on the
bimolecular recombination rate calculations are in the SI
section IIL

By comparing these different simplified models that account
for charge—lattice interactions, we find that the ability of the
MAPDbI, lattice to nonlocally screen quasiparticles is sufficient
to explain the particularly low exciton binding energy and
recombination rate. Only this screening kernel in our unified
Gaussian field theory formalism can suppress the electron—
hole overlap enough to explain the anomalously long free
carrier lifetime with weak lattice coupling strength. The
particular nonlocal screening adopted here was deduced
directly from explicit atomistic molecular dynamics simulations
using a quasiparticle path integral framework. This framework
is uniquely able to study the thermodynamics of this
quasiparticle—lattice system at finite temperature.

The adoption of a spatially dependent screening is
consistent with a growing literature pointing to the importance
of dynamic disorder in lead halide perovskites.”' ™ As it is the
wave-vector-dependent dielectric susceptibility of the bulk
ground state lattice that enters into the theory presented
above, experimental measurements of such properties could
afford a means of assessing potential materials with similarly
long radiative lifetimes. Further, the barrier to bringing
electrons and holes together we have discovered here
undoubtedly has implications apart from offering an
explanation of the particular high power conversion efficiencies
of MAPbI;. For example, this repulsion may help explain
observations of antibinding of biexcitons.””** The identifica-
tion of a repulsive electron—hole interaction generated from
the soft, polar modes of the perovskite lattice offers a key new
design principle for photovoltaic materials. Searching for other
systems that admit this type of interaction represents a
promising new direction for materials discovery.
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