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2 Abstract

3 Many experiments have indicated that large polaron may be formed in hybrid per-
4 ovskite, and its existence is proposed to screen the carrier-carrier and carrier-defect
5 scattering, thus contributing to the long lifetime for the carriers. However, detailed
6 theoretical study of the large polaron and its effect on carrier transport at the atomic
7 level is still lacking. In particular, how strong is the large polaron binding energy,
8 how does its effect compare with the effect of dynamic disorder caused by the A-site
9 molecular rotation, and how does the inorganic sublattice vibration impact the mo-
10 tion of the large polaron, all these questions are largely unanswered. In this work,
1 using CH3NH3PblI3 as an example, we implement tight-binding model fitted from the
12 density-functional theory to describe the electron large polaron ground state and to
13 understand the large polaron formation and transport at its strong-coupling limit. We
14 find that the formation energy of the large polaron is around -12 meV for the case
15 without dynamic disorder, and -55 meV by including dynamic disorder. By perform-
16 ing the explicit time-dependent wavefunction evolution of the polaron state, together
7 with the rotations of CH3NH3 and vibrations of Pbl3 sublattice, we studied the diffu-
18 sion constant and mobility of the large polaron state driven by the dynamic disorder



19

20

21

22

23

24

25

26

Energy & Environmental Science

and the sublattice vibration. Two effects of the inorganic sublattice vibration are
found: on one hand, the vibration of the sublattice provides additional driving force
for carrier mobility, on the other hand, the large polaron polarization further localizes
the electron, reducing its mobility. Overall, the effect of the large polaron is to slow
down the electron mobility by roughly a factor of two. We believe that both dynamic
disorder due to rotation of the organic molecule, and large polaron effects induced by
the polarization and vibration of the inorganic sublattice, play important roles for the

electronic structure and carrier dynamics of the system.

Page 2 of 35



Page 3 of 35

Energy & Environmental Science

Broader Context

Hybrid perovskite has attracted a great deal of research interest, not only because of
its high power conversion efficiency for solar cells, but also because the intrinsic new
physics exists in the system. In particular, the interplays between the A-site molecular
reorientation, soft lattice vibration and electron localization have produced novel phys-
ical phenomena different from conventional semiconductors. Many investigations have
demonstrated the localization of the excited carriers caused by the fast rotation of A-site
molecules (dynamic disorder). Meanwhile, other works have shown the strong electron-
phonon coupling, hypothesizing the formation of large polaron. However, an ab initio
treatment including both dynamic disorder and large polaron is difficult, and the role of
the large polaron in such localized electron system is still unclear. In this work, by using
large-scale ab initio derived tight-binding model, we have directly simulated the effect
of the large polaron and the resulting electron diffusion. We have included both lattice
screening and dynamic disorder at equal footing. In addition to the screening, the lattice
vibrational contribution to the electron diffusion is also incorporated. Such model offers
a clear understanding of the contributions to the carrier motion due to different effects,
and lays the groundwork to study the general large polaron formation and transport in

hybrid perovskites.




27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Energy & Environmental Science

Introduction. The outstanding performance of hybrid perovskites (HPs) as the solar cell
has attracted a great number of studies to understand its fundamental physical principles.
In addition to its high tolerence for defects,’ the exceptionally long carrier lifetime and
diffusion length despite the modest mobility for the excited carriers, have become the mostly
focused research topic.®® Many mechanisms have been proposed to explain such long carrier
lifetime and diffusion length. For example, owing to the dipole moment of the molecules such
as CH3NH} (MA), it has been hypothesized that the polar nature of the molecule introduces
the ferroelectricity and polar potential in HPs.10 It has also been proposed that ferroelectric
domain and domain walls contribute to the fast electron-hole separation and slow recombi-
nation. 14 Besides, the broken inversion symmetry can also lead to the so-called Rashba
effect under the strong spin-orbit coupling introduced by heavy atoms such as Pb and I. The
different spin chiralities and the momentum vectors of the band edge states with spin and
momentum mismatch forbid the carrier-recombination in & space,'®'® prolonging the life-
time of the excited carriers. However, the ferroelectricity of HPs has been under debate,9:20
as many works show that this material could be centrosymmetric at room temperature ow-
ing to the fast reorientation of the molecules. In addition, pure inorganic halide perovskite
CsPbX3 also shows similar carrier behavior to the hybrid case.?!?2 Instead of forming ferro-
electric domain, another explanation based on the dipole moment of the MA is the dynamic
disorder, where the disordered orientation of the molecules exhibit random potential on in-
organic sublattice such as Pbl. Such variating potential modulates the band edge states
of the electrons and holes, and produces spatially localized wavefunctions at different loca-
tions on a nano-size scale in real space,?3726 which suppresses their recombination. Recently,
more has been found that both the fast-rotating molecules and the soft inorganic sublattice
can affect the carrier transport via the strong electron-phonon coupling. 152729 Compared to
conventional direct-band-gap semiconductors such as GaAs, the modest carrier mobility of
MAPDI; indicates the contribution to the carrier scattering by optical phonon modes.?:30:31

It is believed that with the relatively strong electron-phonon coupling, the large polaron can
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be formed to develop the pseudo-free dressed carriers, and it can screen them from other
carriers and defects to avoid recombination and trapping, which leads to long lifetime and
long diffusion length.32-36

Large polaron refers to the shallow bound state due to Coulomb interaction between the
charge carrier and the polarizable lattice. The so-called small polaron has been studied in
this material, where the wavefunction is strongly localized within chemical bonds.3>37 It
is believed that the A-site molecules play a significant role in forming the small polarons,
and such small polaron is crucial to explain the formation and annihilation of the trap
states. However, different from the small polarons, large polaron often spreads over hun-
dreds of unit cells owing to the relatively weak long-range Coulomb interaction and small
lattice distortion by the longitudinal optical (LO) phonon mode.?® It is suggested that the
long time decay of more than 100 ps for the hot carrier relaxation in the experiments for
various HPs, 73941 could be owing to the large polaron screening394%42 (at low excitation
density) or the “phonon bottleneck” (at high excitation density caused by the large polaron
overlapping). 274344 The Frohlich model further reveals the size of the large polaron and its
transport estimated from model Hamiltonian.?” Using the time-resolved optical Kerr effect
spectroscopy, the large polaron formation time is estimated to be around 0.3ps to 0.7ps
in MAPbBr; and CsPbBr3.4°> A pioneer first-principle’s calculation with hybrid exchange-
correlation functional has shown the possible formations of large polarons in CsPbBr3 and
MAPDBr; along one direction, and has estimated their formation energies to be 140 and
60 meV, respectively.46 In this calculation, it is observed that PbBrj lattice deforms under
the charge of an electron or hole.%6 Due to the large computational cost, the first-principle
calculation was only done for one dimensional polaron, instead of the real three dimensional
case. Owing to the possibility of overestimation of wavefunction delocalization with LDA
or GGA semi-local functional, direct density function theory (DFT) total energy calculation
must be dealt with carefully to avoid self-interaction errors. Furthermore, the previous ab

initio works only considered the static large polaron effect, without its coupling to the MA
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molecular rotation, or sublattice vibration. As mentioned earlier, it has been experimentally
confirmed that the MA molecules are randomly re-orientating in a sub-picosecond time scale.
In our previous work,?* we have shown that the random orientation of MA cause random
potentials, which can localize the electrons and holes at different locations in real space and
reduce their recombination. The rotation of MA also induces a dynamic disorder changing
with time, providing a driving force for the carrier motion. Time-dependent Schrodinger’s
equation following the fluctuating potentials yields a carrier mobility, which agrees with the
experimental value within its uncertainty range. However, in our previous work, the effects
of the PbI; inorganic sublattice has not been included. This sublattice has two additional
potential effects, one is the large polaron bound polarization potential which further localizes
the carrier wavefunction, another is the fluctuation of the lattice which provides additional
driving force for the carrier movement.

In this work, we include the large polaron effect together with the dynamic disorder
provided by the MA rotations and the vibrations of the Pbl; sublattice. Since the large
polaron effect is caused by Coulomb interaction between the charge carrier and the lattice
optical phonons, we construct a tight-binding (TB) model of MAPDbI3 ! following from DFT
calculations. As shown previously,?* such TB model can describe the carrier localization
accurately, reproducing the large-scale DFT calculation results for tens of thousands of
atoms. The formation of the polaron as well as its dynamics under the influence of the
MA rotation and Pbl; sublattice vibration is simulated directly with a 48x48x48 supercell
system with more than 1 million atoms. Our directly calculated formation energy agrees
with the Frohlich model within the strong coupling approximation. Since the temperature
directly influences the rate of the molecular rotation, we compute the diffusion constant of
the electron at different molecular re-orientation rates and with different PbI; sublattice
vibrations at different temperatures. The effect of Pbl; sublattice vibration is modeled with
the molecular dynamics of the sublattice, which alters the TB model coupling parameters

and on-site potentials. Our calculation suggests that the mobility of the electron is reduced

Page 6 of 35



Page 7 of 35

108

110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

132

134

Energy & Environmental Science

by a factor of 2 by including the polaron and sublattice vibrational effects. However, adding
vibrational effect of the Pbl; sublattice tends to enhance the carrier diffusion more at high
temperature than at low temperature. The resulting mobility are within the experimental
uncertainty when compared with experimental values. By assuming a small activation energy
for the molecular reorientation rate, we obtain the same trend of the mobility with respect
to the temperature dependence as the experimental results.

Large Polaron Formation. A large polaron in a polarizable crystal is a result of two
competing factors. On one hand, the localization of a carrier wavefunction causes a posi-
tive kinetic energy scaling as 1/L? where L is the size of the localized state. On the other
hand, such localized charge will induce the screening of the polarizable crystal lattice, result-
ing in a negative energy due to charge-polarization interaction scaling as —1/L. Note that
it is important to avoid the erroneous self-interaction possibly exist in DFT total energy
calculation which also scales as 1/L. In DFT, the exact-exchange shall be used to cancel
the self-interaction error originated from Coulomb energy. An incomplete cancellation (if
using GGA or LDA) tends to yield a more extended polaron state. However, TB model
used here does not have Coulomb interaction term, thus no self-interaction error. Without
this self-interaction error, for sufficiently large L, the negative polarization energy will win
and the total energy could be lowered compared to the delocalized Bloch state. Therefore,
a large polaron can always be formed in a polarizable crystal, although its binding energy
may be smaller than the room temperature thermal energy, making it hard to observe. The
most popular large polaron Hamiltonian is proposed by Frohlich, where the LO phonon
model is assumed to couple to the electron wavefunction.*” The exact Frohlich model is diffi-
cult to solve due to correlation effect.3® However, under the strong-coupling approximation,
the large polaron wavefunction can be written as a product of the “electron” part and the
“lonic” part under the Born-Oppenheimer (BO) approximation. Under this approximation,
the total energy of the polaron is obtained by minimizing Eq.1 through variation of electron

wavefunction :
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E = (| Ho i) - BY

2= [ v @) 1)

where Hy is the Hamiltonian of the electron without polaron effect, p(r) = |i)(r)|? is the
charge density for state ¥(r), EY indicates the screening energy, and V¥ is the polarization
potential of the lattice in response to the Coulomb potential of p(r). The screening caused
by electron-phonon coupling consisting of the ionic contribution of the dielectric constant is

=L L ¢ and ¢ are the electronic and static dielectric constants.

1
€ €co €0

represented by é:
Using DFT linear response theory,#3 we have calculated €., as 4.5, and ¢, as 21. When
the electron wavefunction is self-trapped in real space, it induces a distortion of the lattice to
provide a polarization potential, which self-consistently localizes the electron wavefunction.
Here, by expressing the electron energy with ()| Hy[1)), we avoid the self-interaction energy
error. On the other hand, the screening of ¢ due to other electron is represented by the
€ IN the expression of €. By minimizing the total energy of Eq. 1 with respect to the

wavefunction, we obtain the Hamiltonian:

H 1) = (Ho~ Vo)) ) = elo) )

1p(x")
[r-x'|"

where VP depends on the charge density p as VP(r) = [ dr

To achieve self-consistency,
an iterative scheme is used to solve the Hamiltonian by updating the wavefunction and
polarization potential for every iteration. Since the electron charge density p is localized in a
relatively large area (e.g. 50 A), a macroscopic dielectric constant € can be used to describe
its screening effect.

Due to the large size of large polarons, we use a supercell of 48x48x48 (corresponding

to more than 300 A lattice), which is large enough to model polaron and its transport.
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Apparently, such large system is beyond the reach of DFT. Since we are only interested in
the conduction band edge for the electron, a tight-binding (TB) model with nearest-neighbor
hopping is used to construct a Hamiltonian (see Supplementary Information (SI)).! In this
TB model, the onsite energy and hopping magnitude are fitted to the DFT calculated band
structures. The TB parameters are listed in SI. These fitted parameters are also consistent
with the Hamiltonian obtained using the maximally-localized Wannier function represen-
tation.%* Here, owing to its significance to the electronic structure,!6:556 the spin-orbit
coupling (SOC) is also included in the TB model®” and the DFT calculations. As one can
see in Fig.S1 of SI, the TB model reproduces well the DF'T band edge electronic structures.
Due to the sparse nature of the TB Hamiltonian, the parallelized ARPACK?5® math library
is used to solve the eigen states. The ARPACK packages also allows us to solve the interior
eigen states of the Hamiltonian. To solve Eq. 2 self-consistently, we start with a localized
wavefunction ¢ (for example, with an Gaussian-shape initial potential), iterate through the
self-consistent equation until both kinetic energy ((¢)| Hy |¢0)) and potential energy (EY) are
converged.

Fig. 1a shows the charge density of the large polaron state and its polarization potential
VP /e (Fig. 1b) when we ignore the dynamic disorder potential due to the random orientation
of MA molecules. By comparing the energies with and without the large polaron effect, our
TB calculation reveals the formation energy of the large polarons in such a crystal is about
-12 meV. In Frohlich model, a dimensionless coupling constant « is often used to quantify

the electron-phonon coupling strength:

e 1 (i_l) m* 3)

Oé:gél_ﬂe € €0 2hwr,o

where wro is the LO phonon frequency, and m* = 0.25 is the effective mass of the electrons

(or m* = 0.55 for holes), fitted from the DFT band structure. Particularly, our phonon cal-
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Figure 1: a) The conduction band minimum (CBM) state (charge density) with the large
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polaron effect (for clearness, all the atoms in this big supercell are not shown)

. b) The screened polaron polarization potential V'¥/é along the diagonal line of the cubic
supercell (the diagonal line is shown in the inset diagram) for the case with and without
dynamic disorder (DD) effect. ¢) The localized CBM state (charge density) induced by the
DD without large polaron effect. d) The CBM state (charge density) under large polaron
effect and DD. These states are plotted so that more than 85% charge is enclosed in the
isosurface. The charge near the boundary of the supercell is negligible, showing that the

size of the supercell is large enough.
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culation and other work?®?6! show that there exist low energy LO phonons, corresponding to
PbI; sublattice vibrations. We average the phonon frequencies weighed by their contribution
to the low-frequency dielectric constant, and acquire wro = 2.39 THz (SI). This value is con-
sistent to both experimental?® and theoretical2%3 work. Using this phonon frequency, the
« is estimated as 3.24, which is in line with other halide ionic crystals such as Csl («=3.67),
RbCl (=3.81) or oxide perovskite SiTiO3 (a=3.77).5465 The large o of MAPDI; falls in the
low end region of the strong coupling. This picture is further supported by the recent exper-
iment report the formation of strong-coupling polaron in HP.% Within the strong-coupling
approximation, the polaron formation energy can be computed as E = —0.106chAwr,o = —11
meV, 4767 which agrees well with our direct TB modeling result. Here, the specific value of
wro does not influence the Frohlich calculated binding energy, since it has been canceled
in the above formula and Eq. 3. Meanwhile, the polaron state (charge density) can be
fitted to a Gaussian function. Thus, if defining the size of the polaron as the deviation of
the Gaussian function (7 = ), the radius of the polaron states obtained from TB model is
estimated to be 28A. This is also consistent to 32A computed based on the Frohlich model
at strong-coupling limit with the Gaussian approximation.6”

As demonstrated in Ref. 24, the disordered MA molecular orientation produces potential
variations on Pb and I atoms due to their dipole moments. Such random molecular potentials
lead to the localized conduction band minimum (CBM) and valence band maximum (VBM)
in the real space with nano-size scale as shown in Fig. 1c. This is a localized state before
considering the large polaron effect, where the random potential is described inside Hy. By
adding the large polaron effect as the second term in Eq.1, it further localizes the charge
shown in Fig. 1d. A polaron size around 50 A has been obtained. Compared to the large
polaron without dynamic disorder (Fig. 1a), the charge density is much more localized. It
is also more localized compared to the case of dynamic disorder without large polaron effect
(Fig. 1c). The solid line in Fig. 1b indicates the converged polarization potential along the

diagonal line of the super cell for the large polaron state under the dynamic disorder. The

11
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maximum amplitude of this potential is 0.15 eV, which is similar to the dynamic disorder
potential fluctuation which is around 0.2 eV as shown in Fig. S4.2* However, this potential
is more narrow compared with the dynamic disorder potential fluctuation. The additional
large polaron binding energy is about -55 meV. This binding energy is much larger than the
-12 meV binding energy in the case without dynamic disorder. This is because the dynamic
disorder already pre-localizes the electron wavefunction. Using this polarization potential,
the spatial displacements of ions in generating such polarization could be estimated based
on their Born-effective charge (SI). We estimate that such displacement is in average on the
order of 0.001 A, which is smaller than the thermal fluctuations around 0.01~0.1 A.
Polaron Transport. In our previous work,?? it is suggested that the transport of the
excited electron is mainly driven by the molecular rotation induced dynamic disorder. When
a molecule changes its orientation, its electric static potential on the neighboring Pb and I
atoms is altered. The aforementioned localized CBM state can “hop” to a new state once
its energy crosses with the energy of another state. In this work, in order to model such
dynamical process with large polaron effect (i.e. the polarization screening effect due to the
Pbl; sublattice), the Monte-Carlo (MC) simulation of the MA rotation is performed with
a rotation rate taken from experimental measurement. For each MC step, the total energy
difference is computed by summing over the screened dipole-dipole interactions between the
molecules. This energy difference is used to accept or reject trial rotations. In our model,
molecular dipoles are interacting with each other via the screened dipole-dipole interaction
with the screening coming from the inorganic Pbl; sublattice. The total energy by summing

over dipole d at site-m is expressed as:

Etot = de : Em

1 1

1
— E,.(n") +

B =LY En(n)+ é S E(i) +

6’I’L’I’L

> En(n”) (4)

Enl/ GTL"’ n!

12
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where E,, is the screened electric field from other dipoles applied to the dipole at site m.
Here, we believe that dipoles at different distances will have different screening effect from
the PbI; sublattice in order to mimic the reciprocal-vector dependent screening. Therefore,
we partition the spatial summation into four different layers (n: nearest neighbor; n’: next-
nearest neighbor; n”: third-nearest neighbor; n/’: others) with different dielectric constants.
€nr is known as 21, corresponding to the low frequency dielectric constant e,. Besides
electric field, the average potential at MA molecule sites (V;, = = %, Vin(n) + i Yo Vin(n') +
E—%{ Yo Vin(n'") + e’%{’ Y Vin(n'")) is screened with the same set of dielectric constants. The
dielectric constants (e, €,, and €,) are obtained by fitting the potentials computed from the
above screened dipole-dipole model to the averaged potentials of a molecule extracted from
DFT calculations (SI) with many random configurations of the MA molecules. For a given
MA orientation configuration, the PbI; sublattice is fully relaxed. Thus, the DFT potential
contains the screening effect of the Pbl; sublattice, as described in Eq. 4. Fig. 2 shows the
comparison of the potential obtained between the above model and DFT potential, which
demonstrates the validity of our screening model.

After each MC step, their potentials on each Pb and I atoms are re-evaluated. Between
two MC steps, the potential change is interpolated linearly into small time steps (~0.048fs)
in order to carry out the evolution of the wavefunction. The time-dependent wavefunction
evolution are solved following the Schrodinger’s equation by applying the evolution operator

to the wavefunction directly:

Y(t +dt) = e HOMy(t)

=e

1 ' 1
~ [1 —iH (t)dt - 5H?(t)clt? + %H?’(t)dti‘" + ﬂH4(t)dt4] »(t) (5)
The evolution operator is expanded up to the forth order of dt to ensure the convergence of

the evolution regarding to dt. Here, H is defined in Eq. 2.

13
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Figure 2: The comparison between the potentials calculated from DFT and the fitted layer-
dependent dipole-dipole screening potential.

With the setup of Eq. 5, now we can consider the effects of the large polaron. Two effects
are associated with the Pbl; sublattice. The first is the change of polarization following the
change of charge density p(r), the second is the thermal fluctuation of the Pbl; sublattice.
We first consider the polarization change. The Pbl; sublattice polarization will follow the
movement of p(r) = |¢(r)[>. However, such polarization by lattice distortion is not instanta-
neous, instead, some sub-piecosecond is needed to form a large polaron as discussed before.
Thus, when the electron hops from one location to a new location, the change of the lattice
screening owing to the new charge density shall also be retarded. To represent this effect,
we mix the old polarization potential and the new potential with a ratio weighted by the

evolution time and the polaron formation time as:

dt

oisson _dt _dt
Vir = Vo o ] (L= 7% ) + Ve (6)

where VPoisson ig the instantaneous polarization potential calculated from Poisson solver with

14
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charge density py, .1, 7 is the large polaron formation/annihilation time, and dt = ¢,,,1 — t,.
The resulting th:“ is used for the second term in H of Eq. 2. In the experiment, the polaron
formation time has been estimated to be around 0.3 and 0.7 ps for MAPbBr3 and CsPbBrs
respectively. There is no estimation of 7 for MAPbI3. In our simulation, we have tested
7 =0 fs, 80 fs, 150 fs and 300 fs, and large 7 only slightly reduce the diffusion constant
(SI). However, the reduction is quite small compared to other factors discussed below. Thus,
we have used 7 = 80 fs for our calculations. Such retarded potential is then added to the

Hamiltonian and the wavefunction evolution.

a) 30 | b)
DD

Q
251 —— DD + polaron | ((\
<

o

?20; P"‘
m i "% |
o .'??’:‘W’ g
T 10- ‘ |
s ©

DD + polaron

e ‘ | ‘ | ‘ | ‘ | ‘
0 500 1000 1500 2000 2500 3000
Times (fs)

Figure 3: a) R%(t) of 20 independent trajectories for the case (orange line) with dynamic
disorder only (DD) and the case (blue line) with both dynamic disorder and large polaron.
The molecular rotation time used in this graph is 6 ps. b) Snapshot of the wavefunction
(charge density) for the case with dynamic disorder only at time ¢ = 900 fs. This state is
picked up from the trajectory with orange dot in a). ¢) Snapshot of the wavefunction (charge
density) for the case with dynamic disorder and large polaron effect at time ¢ = 900 fs. This
state is picked up from the trajectory with blue dot in a).

With this in place, now we can study the effects of polaron on the carrier diffusion. In our
dynamical simulation, the time step dt for the wavefunction evolution is 2 a.u. (around 0.048
fs) to ensure its stability. For every ten dt steps, a MC step is applied to rotate the molecules.
To capture the change of the polaron polarization potential, the Poisson equation is re-solved

based on the charge density for every 5 fs. To quantify the diffusion process, R?(¢) has been

15
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calculated as shown by Fig. 3a, where R%(t) = (¢¥(t)|(r — ro)?[1(t)) is evaluated for the
localized wavefunctions. rg is the center of mass of the charge density at ¢t = 0. The initial
wavefunction square |77ZJ|2 (t =0) is shown as Fig. 1d. To illustrate the wavefunction evolution,
we show the states at ¢ = 900 fs for a given trajectory shown in Fig.3a with and without the
large polaron effect in Fig. 3b and c, respectively. We can see that the originally localized
CBM state in the center of the box starts to diffuse off center in the case with dynamic
disorder and large polaron. For the case with dynamic disorder only, the wavefunction has
been broken down into a few pieces. In order to further quantify the diffusion of the large
polaron, we perform 20 independent trajectories starting from the same initial state with
different random MC seeds, with and without the large polaron effect. The R?(t) of all the
20 trajectories are shown in Fig. 3a. For the case without polaron, the carrier can quickly
escape from the center after 200 fs from the initial state. Moreover, once the carrier is hopped
away, its R? value oscillates strongly, indicating a strong spatial variation of the wavefunction
in real space. However, by including polaron effect, some of the trajectories have very small
increments even after a long time. This corresponds to the situation that these localized
states are still in the center and do not get a chance to hop. In general, the carrier needs
to spend more than 1ps before it can accumulate enough potential variations in order to
overcome the initial polarization potential and hop to a different place. Once the carrier
is moved, it tends to stay in a new place for a while before jumping to another location,
showing a step-like R%. But the important conclusion is that the polarization potential does
not completely trap the carrier in a location permanently. The carrier can still move and hop
to a new place, albeit such hopping rate is smaller than the case without the large polaron
effect. By averaging R?(t) for all the trajectories, we compute the diffusion coefficient D as
R2(t) = (R2(t)) = 6Dt.2* The averaged R2(t) forms a straight line as we expected (Fig. 4a),
and the slope of this straight line yields the diffusion constant D. By doing so for each
rotation rate, we obtain Fig. 4b, where the diffusion constants are compared for the case

with dynamic disorder only and case with dynamic disorder and large polaron polarization
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(but without yet the thermal fluctuation of the PbI; sublattice). The diffusion constants
without the large polaron effect agree with our previous results in Ref. 24, although some
modifications have been made both for the TB model and the screening model of Eq. 4. The
large polaron reduces the diffusion coefficient by a factor of 2. This is because the additional
polaron polarization potential further localizes wavefunction and deepens the localization

potential, thus makes the hopping more difficult.

a) 30 ; ‘ ‘ b) Temperature (K)
85 102 174 263 320

251 1 02r

L ) ] L L 0 L L L I I
0 1000 2000 3000 0.1 0.15 0..2 0.25 03
Time (fs) Rotation rate (ps?)

Figure 4: a) The R?(t) evolution along time for 20 independent trajectories (grey lines) under
rotation time at 6 ps. The thick black line indicate the averaged value of the 20 trajectories
R2(t). b) The diffusion constant D obtained for different rotation rates for the three cases:
dynamic disorder (DD) only, DD + large polaron, DD + PbI; sublattice vibration + large
polaron. The temperature 7" used in the lattice vibration and MC simulation of DD is
correlated with the rotation rate as: rate oc e~ (10meV/kT) 24

Up to now, we have discussed the effects of the large polaron and A-site molecular
orientation flipping induced dynamic disorder to the carrier dynamics. Besides forming the
polarization potential in response to the carrier charge density, the thermal vibrations of
PbI3 sublattice can also exert a driving force to induce the carrier motion in addition to the
dynamic disorder potential fluctuation. Such thermal vibrational effect can be represented
by the variation of Pb and I onsite potentials and the change of the TB coupling strength
between two neighboring Pb and I atoms. Unfortunately, there is no easy realistic calculation
to capture both effects at the same time. Instead, we have used a model dynamics to describe

the onsite energy fluctuation, and a classical MD to simulate structural distortion which
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results in the change of TB coupling strength. Note that here, the Pb and I onsite potential
fluctuation refers to the fluctuation caused by the thermal movement of Pb and I atoms, not
the fluctuation caused by the MA molecular rotations, which has been already included in
the dynamic disorder model. This statistic feature of the onsite potential fluctuation can be
collected from a small supercell ab initio MD while fixing the MA molecules. Fig. 5 shows the
averaged Pb-, I- onsite auto-correlation function and nearest neighboring Pb—I pair potential
correlation functions, obtained from a DFT trajectory (SI) with fixed MA molecules. The
relatively simple oscillations of the DFT onsite potential auto-correlation functions allow us
to fit it with an onsite Langevin dynamics model comprising of simple oscillators. In this
model dynamics, the equation of motion for one Pb or I is expressed as & = —cZ—kx + Flandom,
x is the variable to describe the dynamics of the potential, parameters ¢ and %k control
the damping rate and oscillation frequency respectively, and F.ngom is the random force
applied to each Langevin step. These dynamic models are carried out independently for
each atom with different parameters for Pb and I sites, denoting their results as 2F"(¢) and
zi(t), and 7 indicates the lattice site. To yield the correct nearest-neighbor Pb-I correlation
function, we also mix the dynamics of neighboring Pb and I as following: V:FP(t) = ayat® () +
B1 eign T5(1), V(1) = i (t) + Pa Lpeign 25 (1), here VPP (t) and V]'(t) are the final Pb and
I onsite potential to be added in Hy with o and S as fitting parameters. All the parameters
used in the model and the mixing weights are tuned so that both the onsite auto-correlation
function and neighboring-pair correlation functions of V;PP(¢) and V(¢) match DFT as
shown in Fig. 5. Using this model dynamics, the full onsite potential time evolution profiles
of all the Pb and I atoms in the 48x48x48 supercell can be obtained. Meanwhile, in order
to simulate the PbI; sublattice vibration thus its effects on TB coupling, we performed
the classical MD with LAMMPS® using force field designed for MAPbI3 for the 48x48x48
supercell at different temperatures % (SI). Our tight-binding model is capable to evaluate
the change of the hopping strength based on the Pb—I bond-length deviation with the general

form h = hge *(®=0) where hy and by are the equilibrium hopping strength and bond length,
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s respectively. Here, A of different bond types are given from Ref. 70, where they are fitted

s2 by the Wannierization of large number of structures with different bond distortions.
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0.02 Pb-I pair n
— — DFT Pb auto
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DFT Pb-I pair
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Figure 5: a) The Pb autocorrelation, I autocorrelation, neighboring Pb-I pair correlation
functions computed from Langevin model dynamics and DFT ab initio MD.

343 With the onsite potential and the local TB coupling parameter time evolution profiles
ss  for the 48x48x48 supercell, the PbI; sublattice thermal vibration effect is added to the
us  time-evolution of the wavefunctions described by Eq. 5. All these effects are included in
us  Hy of Eq. 2. Owing to the relatively slow change of the onsite potential and bond length
s by phonons, we update the Pbl; structure and the corresponding parameters for every 5
us fs. During the 5 fs; the onsite energies and the hoppings are interpolated linearly to small
a9 dt to evolve the wavefunction. To investigate the sublattice vibrational effects at different
0 temperatures, we have calculated the diffusion constants at different temperatures including
;1 the effects of dynamic disorder, large polaron and sublattice vibration as shown in Fig. 4.
32 In Fig. 4,we have used the MA molecular rotation rate as the horizontal axis while using a
w3 rate vy oc e”Fa/FT by assuming the MA rotation activation energy E, = 10 meV to correlate
;s between different MA rotation rate and temperature 7'.2* Intuitively, the sublattice vibration

15 should enhance the carrier diffusion for all the temperatures, because the onsite potential
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variation and TB coupling strength change tend to offer additional random driving force for
the carrier movement in addition to the dynamic disorder caused by molecular re-orientation.
However, our simulation shows such effect is not homogeneous at different rotation rates. At
high rotation rate (also high temperature), the enhancement of carrier mobility is obvious.
While, at the low rotation rate (low temperature), the increase is less pronounced. We think
this is because there are actually two possible effects of the Pbl; sublattice vibration, similar
to the that of the MA molecule re-orientation. The fluctuation caused by Pbl; sublattice
vibration can also further localize the carrier, in addition to providing the movement driving
force. Such enhanced localization introduces deeper polaron polarization potential, and
tend to slow down the carrier motion. This is illustrated in Fig. S6, where the lowest
polaron potentials are extracted. By rotating exactly same molecular dipoles every MC
step for the two cases with and without Pbl; sublattice vibrational effect, the polarization
potential difference is purely caused by the sublattice vibrations, and such effect deepens
the polarization potential. It seems that the two effects of Pbl; vibration are competing
with each other. Perhaps at higher temperature, the driving force effect dominates, hence it
increases the carrier diffusion, while in lower temperature, there two effects cancel out each
other.

After the diffusion constant is obtained, the mobility can be evaluated by u = D/kgT.
However, the carrier mobilities vary widely from different experiments3® (Fig.6). Even for the
mobilities measured with the same method, their values could be quite different. Therefore,
it is very difficult to compare with the experiments directly. Our calculated mobility is
found to be close to the experimental value. By adding the polaron effect, the mobility of
the carriers is reduced by half. However, the effect of the PbI; sublattice vibration tends
to shift up the mobility, into the range of 3 to 5 ecm?V~1s~! at the molecular rotation rate
between 3ps to 10ps. Overall, our results agree with the experiments as we have shown
for comparison, ™72 especially for the trend. If we fit the temperature-mobility dependence

to the relation p oc T* for full temperature range, k=-0.523 (DD), -0.448 (DD+Polaron),
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Figure 6: The calculated mobility with respect to the temperature considering different
effects: dynamic disorder (DD) only, DD+large polaron, DD+large polaron+Pbl; phonon.
The experimental values are from Ref. 71 for expt. 1 and Ref. 72 for expt. 2. Other
experimental measured mobilities are also listed, »x: Ref. 73 (u.), v: Ref. 74 (u.), O: Ref.

75 (e + pn), ¢: Ref. 76 (pe + pn)-

and -0.318 (DD+Polaron+vib) are obtained. Similar to the measured mobilities, values of k
could be quite different. Many experiments have yielded k »-1.5717%7778 fitted for tetragonal
phase only or together with orthogonal phases, but other values k=-2.8(e”) and -2.0(h*) are
also obtained. ™ However, the dynamic disorder effect caused by the molecules becomes more
prominent at high temperature. At low temperature, the rotation of the molecules is further
constrained by the Pbls sublattice, and their orientation becomes more ordered,8® which may
suppress the carrier localization. Meanwhile, ¢y could have strong temperature dependence
at low temperature, which alters polaron polarization screening. Therefore, if we fit k£ only in
high temperature range (for example >290K), we obtain k=-0.65 (DD), -0.63 (DD+Polaron),
and -0.55 (DD+Polaron+vib). This result is in line with k=-0.42, fitted from the measured
mobilities of experiment 272 at high temperature range (>290K). Recent theoretical work 2
also achieve k value around -0.46, consistent to what we get. Considering the differences

of experiment 1 and 2, in experiment 1,”" they used PL and THz conductivity spectra to
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study the temperature dependent mobility. In experiment 2,7 the time-resolved microwave
conductivity technique was used to explore effect of A-site cation to the carrier dynamics.
The reason for the large difference between the two experiments could be complicated, it
might depend on the sample condition due to different synthesize conditions etc. If we
assume the sample conditions are the same, then the better agreement with experiment 2
could be because the electric field used in microwave probe is weak,” which is consistent
with the weak field limit in our calculation. The strong electric field in THz measurement
may introduce non-linear mobility effect, as the potential drop caused by each hopping is in
the same order as the potential barrier for the wavefunction localization. Furthermore, the
THz frequency time is similar to the phonon frequency, which in some degree might freeze
the lattice polarization in its measurement. As a result, its measured mobility might be
more close to our previous study without large polaron effects, as shown in Fig.6. In our
current simulation, the A-site is occupied by the polar molecules. For pure inorganic halide
perovskite such as CsPb.X3, the displacement of Cs* atom will contribute to the formation
of the large polarons. However, without the slow rotational degree of freedom of the A-site
molecule, the large polaron may be hard to form, and it will have a much smaller binding
energy. This may explain the higher mobility observed in CsPbBr3.26:728! In this work, the
large polaron of the hole is not discussed. However, as shown in our previous work,?3 the
electron and hole are localized at different locations due to the potential fluctuation caused
by the random orientation of the MA molecule. Large polaron tends to further localize them,
thus their reduced spatial overlap may lower the radiative recombination and enhance the
lifetime.

In the end, we want to justify the hopping picture and the BO approximation we have used
throughout this work. There have been continuous efforts to understand the large polaron
in hybrid perovskites, e.g. using Bloch state as the starting point to include the scattering of
optical phonon modes.3! For a conventional perfect crystal structure such as GaAs with weak

electron-phonon coupling, the Boltzmann equation is more appropriate to describe the large
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polaron transport with the Bloch state as a starting point,®? although there are also attempts
to use hopping picture for large polaron transport even in perfect crystal,® However, hybrid
perovskite including MAPDI3 is not a usual “perfect crystal”. Recent experiments and
theoretical work have shown the strong electron-phonon coupling and indicated that the
carrier could be localized under the random orientation of A-site molecules, which is also
why these materials are unusual and fascinating. Under this circumstance, the charge is
already localized before any additional large polaron induced localization. Thus, the hopping
picture of such localized charge is more appropriate to study its transport. This is different
from the hopping picture used for small polarons, where the localized states hops between
nearby bonds within a unit cell. In this work, the hopping distance is typically comparable
to the localization size, thus much larger than the nearest neighbor atomic distance. As for
the BO approximation, when electron-phonon coupling is small (weak-coupling limit, such
as GaAs), the phonon affects the electronic structure in a perturbed way. The electron and
phonon are correlated dynamically, and the BO approximation is unsuitable. However, when
electron-phonon interaction is strong (strong-coupling limit), the phonon cannot respond to
the fast electron movement to necessitate the correlated perturbation treatment. Therefore,
the adiabatic BO approximation can be used, as discussed in this work. Another important
reason for the BO approximation is that, as discussed above, the wavefunciton is already
localized under dynamic disorder before any polaron effect, which will significantly reduce
the correlation effect. As we show in our paper, the polaron binding energy for a localized
electron becomes much larger. Under our adiabatic approximation, these two localizations
(caused by large polaron and dynamic disorder) are treated on equal footing, there is no
approximation between them (not treating one as an perturbation to another). Of course,
the perfect method to solve the large polaron at any coupling is to use Feynman’s path
integral. But this is still hard to apply to a realistic system at the atomic level.

Summary. In summary, by using the tight-binding model fitted to the first-principles

DFT calculations, we studied the large polaron formation and its effects on carrier transport
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in MAPbI3. We provide an atomic and quantitative picture to understand the large polaron
effect in MAPbI;. We studied two effects of the PbI; sublattice to the carrier mobility.
The first is the large polaron polarization effect, which tends to further localize the carrier
wavefunction on top of the dynamic disorder caused by MA molecule rotation. The second
is the thermal vibration of the PbI; sublattice which provides randomness to further localize
the wavefunction, but also a driving force for carrier movement. Our calculation shows a
large polaron with formation energy around 12 meV for one electron carrier when there
is no molecular disorder, which is consistent with the Frohlich model at strong coupling
limit. By adding dynamic disorder, the large polaron binding energy is increased to 55 meV.
This polaron state is accomplished by a lattice polarization potential around 0.14 eV, only
slightly smaller than the 0.2 eV potential fluctuation caused by the MA molecular random
orientation. By solving the time-dependent Schrodinger’s equation and performing MC
simulation, we study how the electron state evolves under the driving force of the molecular
re-orientation and the lattice vibration. We find that the polaron effect slows down the
mobility of the electrons by a factor of 2. On the other hand, the Pbl; sublattice vibration
enhances the electron mobility particularly at high temperature. Overall, the computed
mobility is in line with the experimental measurements. Our calculation reveals how the

large polaron state is formed and its role in carrier movement in the MAPDbI; system.
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