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Size effects on polaron formation in lead chloride perovskite thin films
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Department of Chemistry and Biochemistry, North Dakota State University, Fargo, ND, USA

ABSTRACT
Lead halide perovskites (LHP) are of interest for light-emitting applications due to the tunability
of their bandgap across the visible and near-infrared spectrum (IR) coupled with efficient photo-
luminescence quantum yields (PLQY). It is widely speculated that photoexcited electrons and holes
spatially separate into large negative (electron) and positive (hole) polarons. Polarons are expected
to be optically active. With the observed optoelectronic signatures expecting to show potential
excited states within the polaronic potential well. From the polaron excited-state we predict that
large polarons should be capable of spontaneous emission, photoluminescence, in themid-IR to far-
IR regime based on the concept of inverse occupations within the polaron potential well. Here we
use density functional theory (DFT), including spin–orbit coupling interactions, for calculations on a
two-dimensional Dion-Jacobson (DJ) lead chloride perovskite atomistic model of various sizes as a
hostmaterial for either negative or positive polarons to examine the effects of size on polaron forma-
tion. This work provides computational evidence that polaron formation through selective charge
injection does not show the same level of localisation for positive and negative polarons.
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1. Introduction

Factors such as ground-state electronic structure, inter-
actions between interfaces of layers, light–matter inter-
actions, and the radiative and nonradiative dynamics of
charge-carriers in the excited-state determine the per-
formance of solid-state optoelectronic devices, such as
light-emitting diodes (LEDs), lasers, and photovoltaic
cells a!ect the performance of devices. Engineering the
performance of optoelectronic devices requires knowl-
edge onhow to tune features of electronic structures, such
as enhancing radiative recombination kinetics of charge-
carriers using con"nement for LEDs andmaximising the
absorbance power density in photovoltaics.

APbX3 (A = methylammonium (MA), formamidi
nium (FA), Cs; X = Cl, Br, I) lead halide perovskites

CONTACT Dmitri S. Kilin dmitri.kilin@ndsu.edu Department of Chemistry and Biochemistry, North Dakota State University, Fargo, ND 58108, USA

(LHPs) are a type ofmaterial that have shown promise for
photovoltaics [1–3] and LEDs [4–6]. The reasons LHPs
show promise for next generation optoelectronic devices
is due to their high quantum yields [7], high colour purity
[8], tuneable emission over the visible spectrum [9], and
low cost [10]. Three-dimensional (3D) LHP bulk mate-
rials show poor stability when exposed to moisture or
photoirradiation [11,12]; this has led to the examina-
tion of two-dimensional (2D) inorganic–organic hybrid
perovskites which o!er increased stability [13]. 2D The
Ruddlesden-Popper (RP) phase [14] and Dion-Jacobson
(DJ) phase [15,16] being commonly studied structures of
LHPs. The thickness of the perovskite layer (n perovskite
octahedra) and relative stacking of the perovskite layers
is used to categorise 2D LHPs with the DJ perovskites
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Figure 1. Schematic representation of polaron formation on band structure.

exhibiting an o!set of (0,0) between perovskite layers due
to the divalent organic spacers while the RP perovskites
show an o!set of (1/2,1/2) [17].

Polarons are quasi-particles formed due to the static
coupling of nuclear and electronic degrees of freedom
that are typically observed in polar crystals [18]. The
Fröhlich Hamiltonian [19] is used to describe polarons.
Polarons have an electronic structure with the low-
est polaron energy state being the polaron ground-
state (PGS) and the next highest energy state being
the polaron excited- state (PES), as illustrated in the
schematic in Figure 1. Polarons are also expected to be
optically active [20] with transient absorption experi-
ments observing infrared absorption characteristics [21].
There are two mechanisms for the creation of pola-
ronic states: a selective charge injection producing sin-
gle polarons, or bipolarons with the same charge, or
a photoexcitation producing a simultaneous electron
(negative) and hole (positive). Once the charges are
introduced to the lattice, polaron formation can be
described by the static coupling of electronic and nuclear
degrees of freedomwithin the Born−Oppenheimer (BO)
approximation (diagonal matrix elements of the BO
Hamiltonian). Here we use density functional theory
(DFT) based computational methodology [22–24] to
model polaron formation on n = 1 DJ lead chloride
perovskites of varying sizes to determine the model
size that shows properties that could indicate that
polaron may be a potential infrared photoluminescence
source.

2. Methods

2.1. Ground-State electronic structure calculations

Noncollinear spin DFT [25,26] is used as the electronic
basis, and we include the spin–orbit coupling (SOC)
interaction due to the large angular momentum of con-
duction band Pb2+ 6p orbitals. A self-consistent non-
collinear spin DFT uses four densities ρσσ ′(#r) and rests

on the Kohn–Sham (KS) equation.
∑

i,σ ′=α,β
(−δσσ ′∇2 + ve!σσ ′[ρσσ ′(#r)])ϕiσ (#r) = εi ϕiσ ′(#r)

(1)
In eq. 1, ve!σσ ′[ρσσ ′(#r)] is the 2× 2 matrix opera-
tor of e!ective potential and α and β are orthogo-
nal spin indices. In accordance with the self-consistent
Kohn–Sham theorem, the 2× 2 e!ective potential is
a functional of the electronic density for an N elec-

tron system ve!σσ ′ = δETOT [ρN
σσ ′ ]

δρN
σσ ′

.The forces acting on the
nuclei changes as the total number of electrons,N ± (N,
change due to having a new electronic density ρN±(N

σσ ′ .
Solutions of eq. 1 produce spinor Kohn–Sham orbitals

(SKSOs), which are two component wavefunctions com-
posed of a superposition of |α〉 and |β〉 spin components.

ϕSKSO
i (#r) =

{
ϕiα(#r)
ϕiβ(#r)

}
= ϕiα(#r)|α + ϕiβ(#r)|β (2)

Within the noncollinear spin DFT framework, relativis-
tic e!ects can be incorporated using second-order scalar
relativistic corrections.

Hrelativistic = HSR + HSOC (3)

HSRis the scalar relativistic term and HSOC is the SOC
term. The HSR term describes relativistic kinetic energy
corrections and HSOC describes energy shifts of spin
occupations.Up to the second-order,HSOC is represented
as

HSOC = !
4m2c2

1
r
∂νKSsphere

∂r
#L · #S (4)

where #L is the angular momentum operator and #S is
composed of Pauli spin matrices.

The optimised geometry of the charge neutral model
was determined within the self-consistent DFT with
N number of electrons as a starting point. This cor-
responds to transforming the Fröhlich Hamiltonian
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[27], Hpolaron = He + Hph + He−ph, terms to a mixed
quantum-classical methodology.

HN
e (#r) + Hph(#R) + Hstatic

e−ph(#r, #R) = HN
SKSO(#r, #R) (5)

HN
SKSO(#r, #R) describes the nuclear and electronic degrees

of freedom where the total energy depends parametri-
cally on the nuclear coordinates.

Polaronic states were described by adding or remov-
ing a charge (N from the N electron system to give
N±(N electrons. The ions are not allowed to reorgan-
ise around the new charge density ρN±(N

σσ ′ , keeping the
nuclear coordinates from the N electron system.

HN±(N
e (#r) + Hph(#R) + Hstatic

e−ph(#r, #R) = HN±(N
SKSO (#r, #R)

(6)
This is analogous to a Franck-Condon transition from
the ground-state potential energy surface to the lowest-
excited state potential energy surface. Then the nuclei are
allowed to reorganise around the charge density ρN±(N

σσ ′ ,

HN±(N
e (#r) + Hph(#R) + Hstatic

e−ph(#r, #R)

= HN±(N
SKSO (#r, #R + δ#R) (7)

with δR being the change in nuclear coordinates. This
corresponds to "nding the minima of the lowest-excited
state potential energy surface. The electron – phonon
interaction of the Fröhlich Hamiltonian is approximated
by subtracting eq 6 from eq 7.

HN±(N
e−ph (#r, #R) = HN±(N

SKSO (#r, #R + δ#R) − HN±(N
SKSO (#r, #R)

(8)
This describes the reorganisation energy form the
Franck-Condon states to the minima on the excited-state
potential energy surface.

2.2. Ground-State observables

The binding energy was calculated for each model using
eq. 9,

Ebinding = EN±(N
polaron − EN±(N

FC (9)

where EN±(N
FC is the total energy of the charged sys-

tem where the nuclei were not allowed to reorganise and
EN±(N
polaron is the total energy of the charged system where

the nuclei were allowed to reorganise.
For eachmodel, we computed the electronic density of

states DOS as.

DOSSKSO =
∑

i
δ(ε − εSKSOi − εFermi) (10)

where εSKSOi is the band eigenenergy and εfermi =
εSKSO,HOMO
i +εSKSO,LUMO

i
2 is the Fermi level.

We use the independent orbital approximation (IOA)
[28,29] in which excited states are described as a pair of
orbitals, as opposed to a superposition of orbitals com-
monly used in Bethe-Saltpeter or time dependent DFT
(TDDFT) approaches. Optical transitions between SKSO
i and j can be found through transition dipole matrix
elements, eq. 11,

#Dij = e ∫ d#r
{
ϕ∗
iα ϕ∗

iβ

}
#r
{
ϕjα
ϕjβ

}
(11)

which can be used to compute oscillator strengths, eq. 12.

fij = |#Dij|2
4πmevij
3!e2 (12)

where νij represents the transition frequency between
SKSO i and j. The transition frequency νij is related to the
transition energy(Eij by hνij = (Eij. With known oscil-
lator strengths, an absorption spectrum can be computed
through eq. 13.

αSKSO(ε) =
∑

i<j
fijδ(!ω − !ωij){ρ

eq
ii − ρ

eq
jj } (13)

The orbitals calculated by eq. 1 are visualised in the
form of 3D iso-surfaces of partial charge density or as
one-dimensional distributions by eq. 14.

ρi(z) =
∫∫

dxdy|ϕSKSO
i (x, y, z)|2 (14)

2.3. Computational and atomistic details

DFT in a plane-wave basis set along with projec-
tor augmented-wave (PAW) pseudopotentials [30,31]
with the generalised gradient approximation (GGA)
Perdew–Burke–Ernzerhof (PBE) functional [32] in
Vienna Ab initio Simulation Package (VASP) [33] soft-
ware was used to calculate the ground-state electronic
structure of our atomistic model. Observables were com-
puted using subsequent single point calculations per-
formed using noncollinear spin DFT including the SOC
interaction for all systems. While it is known that PBE-
SOC calculations can underestimate the bandgap in
LHPs, it is important to consider due to the large angular
momentum of the Pb 6p orbitals [34,35]. All calculations
were performed at the . point.

The periodic model is created from the bulk CsPbCl3
crystal structure, n′xn′x1 unit cells was carved out,
n′ = 3,5,6,7,8,9, giving three Cl/Cs terminated surfaces
and three Pb/Cl terminated surfaces providing a com-
position of Csn′2Pbn′2Cl3n′2 . The Cs atoms are removed
from the perovskite structure and replaced with 1,4-
butanediammonium (BdA)molecules. Cl atoms are then



4 D. R. GRAUPNER AND D. S. KILIN

added on the opposite end of the BdA molecules in
line with the octahedral Pb/Cl structures from the ini-
tial crystal structure [36]. Overall, this gives a structure
of BdAn′2Pbn′2Cl4n′2 . Atomistic models for the pristine
models can be observed in Figure 2 and Figure S1 and for
the polaronicmodels in Figures S4-S9, all atomisticmod-
els shown here are viewed along the y-axis as indicated in
Figure 2. A view of how the BdA molecules are attached
to the LHP is shown Figure S2 for the pristinemodels. An
odd n′ will lead to a defected state due to the mismatch of
the octahedral splitting [37], but we are including these
values in a systemic search of target models.

The charge neutral ground-state structure is optimised
using a N electron system. To model polaron formation,
we replace a Pb ion with either a Tl or Bi ion and reop-
timize the structure. The Tl/Bi ion is replaced with a
Pb ion and (N electrons are added/removed from the
system and reoptimize the structure using the charge
density from the dopedmodel. The spurious electrostatic
interactions between replicas of charged species [38] are
avoided with the use of a background charge concept
[39].

Constrained DFT was implemented to explore the
electronic and optical properties of various spin multi-
plicity polaronic states. Within spin-polarised DFT, we
specify the number of α and β electrons from the spin-
dependent electronic density ρσ to have Nα = ∫ ραdr3
and Nβ = ∫ ρβdr3. The spin state s = δN

2 and multiplic-
itym = 2s + 1 is de"ned by their di!erence δN = Nα −
Nβ . We explored singlet (m = 1), doublet (m = 2), and
triplet (m = 3) spin multiplicities. Note that Nα + Nβ

de"nes the total number of electrons and is di!erent for
positive and negative polarons. The noncollinear spin
DFT charge density was constrained to have a speci"ed
multiplicity from the spin- polarised charge density.

3. Results

Figure 3 shows the ground-state density of states (DOS)
for the valence band of the pristine and positive polaron
models. The energy axis has been normalised to the
Fermi energy of the pristinemodel. TheDOS for the pris-
tinemodels valence band shows a similar peak pattern for
the 7× 7 and 8× 8model while the smaller models show
an additional peak and the 9× 9 model shows one less
peak. The loss of the shoulder near −1.5 eV in the DOS
for the 9× 9 model is attributed to mismatch of the octa-
hedral tilting due to odd n′ [37]. This mismatch leads to
an arti"cial breaking of the octahedral tilting across the
periodic boundary which alters the electronic properties
of the LHP. The polaronicmodels, as a result of hole injec-
tion, exhibit the valence band maximum having a higher
energy than in the models without hole injection. This

Figure 2. Atomistic models for the pristine (a) 7× 7 and (b)
8× 8 lead chloride perovskites viewed along the y-axis. White,
cyan, blue, brown, and green spheres represent hydrogen, car-
bon, nitrogen, lead, and chlorine atoms respectively. Note that the
octahedral tilting in the 7× 7 model is disrupted by the periodic
boundary, with the tilting in the octahedra along the upper and
right periodic boundaries being flatter than in the 8× 8 model.
Atomistic models for other examined pristine unit cell sizes can
be seen in Figure S1.

is most noticeable in the 3× 3 and the 8× 8 models as
there is little change in the shape of the DOS for all mod-
els except the 3× 3; we attribute this to the lack coverage
of the Brillouin zone in the . point calculation.

The conduction band DOS for the pristine and nega-
tive polarons, shown in Figure 4, exhibit similar results to
the valence band DOS. The pristine model DOS exhibits
a similar peak pattern for all models except the 3× 3 size.
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Figure 3. Valence band density of states for pristine perovskite (purple, solid), singlet positive polaron (green, dot), doublet positive
polaron (blue, dash-dot), and triplet positive polaron (yellow, dot-dash-dot) with model sizes of (a) 3× 3, (b) 5× 5, (c) 6× 6, (d) 7× 7,
(e) 8× 8, and (f ) 9× 9. The energy has been normalised to the Fermi energy of the pristine model. It is observed that for all sizes, the
polaronic models exhibit bands that are within the pristine bandgap. Qualitatively, the shape of the density of state is consistent for all
models larger than 3× 3.

Figure 4. Conduction band density of states for pristine (purple, solid), singlet negative polaron (red, dot), doublet negative polaron
(blue, dash-dot), and triplet negative polaron (black, dot-dash-dot) with model sizes of (a) 3× 3, (b) 5× 5, (c) 6× 6, (d) 7× 7, (e) 8× 8,
and (f ) 9× 9. The energy has been normalised to the Fermi energy of the pristine model. It is observed that for all sizes, the polaronic
models exhibit bands that are within the pristine bandgap.

The di!erence between the DOS for the 3× 3 model and
the other models is attributed to the lack coverage of the
Brillouin zone in the. point calculation. The conduction
bandminimum for the polaronic models, due to electron
injection, is lower in energy than for the pristine model.
Additionally, the polaronic states show a distinct peak in

the conduction band DOS, unlike the valence band DOS
for the positive polarons.

Figure 5 shows the computed absorption spectra for
the models studied. The polaronic models show good
agreement for absorption arising from transitions that do
not involve polaronic states to the pristine absorption.



6 D. R. GRAUPNER AND D. S. KILIN

Figure 5. Computed absorption spectra for pristine perovskite (purple), singlet positive polaron (green), doublet positive polaron (light
blue), triplet positive polaron (yellow), singlet negative polaron (red), doublet negative polaron (dark blue), and triplet negative polaron
(black) with model sizes of (a) 3× 3, (b) 5× 5, (c) 6× 6, (d) 7× 7, (e) 8× 8, and (f ) 9× 9.

Figure 6. SKSOs for the singlet negative polaron (a) 3× 3, (b) 5× 5, (c) 6× 6, (d) 7× 7, (e) 8× 8, and (f ) 9× 9 lead chloride perovskites.
The PGS is represented in red and PES in purple. The left figure in each panel shows the 3D iso-surfaces of partial charge density for the
PGS while the right figure in each panel shows the one-dimensional distributions for the PGS and PES. The PGS is seen to be localised to
an area of two octahedra in radius for the negative polaron models.

Absorption lower in energy than the pristine results from
the charge injection forming polaronic states. Absorp-
tion involving positive polaronic states occurs at less than
0.5 eV for models larger than 5× 5. While absorption
involving negative polaronic states occurs between 0.5
and 1.5 eV formodels larger than 5× 5. For smallermod-
els the absorption due to polaronic states occurs across a
wider energy range.

Another factor to consider for the formation of
polarons is the localisation of the SKSOwithin themodel.
SKSOs for the singlet negative polaronmodels are shown
in Figure 6. The left "gure in each panel shows the three-
dimensional (3D) iso-surfaces of partial charge density
for the PGS while the right "gure in each panel shows
the one-dimensional (1D) distributions for the PGS and
PES. The PGS is represented in red and PES in purple.



MOLECULAR PHYSICS 7

Figure 7. SKSOs for the singlet positive polaron (a) 3× 3, (b) 5× 5, (c) 6× 6, (d) 7× 7, (e) 8× 8, and (f ) 9× 9 lead chloride perovskites.
The PGS is represented in blue and PES in orange. The left figure in each panel shows the 3D iso-surfaces of partial charge density for
the PGS while the right figure in each panel shows the one-dimensional distributions for the PGS and PES. The PGS does not localise in a
specific region of the perovskite layer for the positive polaron models.

Table 1. Polaronic binding energy calculated using eq. 9.

Negative singlet Negative doublet Negative triplet Positive singlet Positive doublet Positive triplet

3× 3 −1.042 eV −0.304 eV −0.625 eV −0.343 eV −0.100 eV −0.387 eV
5× 5 −1.007 eV −0.388 eV −0.457 eV −0.301 eV −0.090 eV −0.299 eV
6× 6 −0.598 eV −0.333 eV −0.598 eV −0.416 eV −0.336 eV −0.398 eV
7× 7 −0.370 eV 0.007 eV −0.465 eV −0.433 eV −0.241 eV −0.490 eV
8× 8 −2.300 eV −1.842 eV −1.919 eV −1.741 eV −1.578 eV −1.514 eV
9× 9 −0.318 eV −0.263 eV −0.404 eV −0.093 eV −0.024 eV −0.083 eV

For all negative polaron models, the PGS is seen to be
localised to an area two perovskite octahedra in radius
for the negative polaron models. The 1D distributions of
the SKSO exhibit a similar trend for the PGS, with the
charge density being localised to a small region of the
model. The SKSOs for the singlet positive polaron mod-
els are shown in Figure 7. The PGS is represented in blue
and PES in orange while the rest of the format is the same
as for Figure 6. Unlike for the negative polaronmodels, in
the positive polaronmodels the PGS does not localise in a
speci"c region of the perovskite layer. the SKSOs and 1D
distributions for the doublet and tripletmultiplicitymod-
els exhibit the same trends as for the singlet multiplicities
as seen in Figures S9-S12.

Table 1 shows the polaron binding energy calcu-
lated by eq. 9. The 8× 8 unit cell size shows the
most favourable binding energy for all multiplicities and
charge injections studied. The doublet multiplicity tends
to be the least stable multiplicity for each size and charge.
For the negative polaron models the singlet multiplicity
tends to bemore stable than the triplet multiplicity, while
for the positive polarons the singlet and triplet multiplic-
ities tend to have similar values for binding energy. The

negative polaron doublet 7× 7 model is the only model
to show an unfavourable binding energy.

4. Discussion

While it known the PBE-SOC can underestimate band
gap which can be improved by using a hybrid functional,
such as HSE06. This is however expected to provide a
similar electronic structure and band alignment while
greatly increasing the computational cost of the calcula-
tions [40]. Due to the large size of the models that are
being used here we use PBE to reduce computational
cost, further Forde et al. showed that PBE-SOC can have
favourable cancellation of errors for bandgap in LHP
models [28].

Examining the SKSOs, we can see that for the nega-
tive polaron models there is charge density localisation.
This is indicating the successful formation of polarons in
the electron injected models. However, for the positive
polaron models the SKSOs show that the charge density
is delocalised over the perovskite structure in a manner
that is reminiscent of 2D particle in a box state. This may
indicate that polarons are not forming when using the
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hole injected models. The formation of polarons requires
the static coupling of vibrational modes to free charges.
The main contribution to polaron formation in APbX3
perovskites will come from the reorientation of the A+

cations and the reorganisation of the PbX6
2− octahedra,

with one experiment indicating that the polaron reor-
ganisation energy are more dependent on the A+ cation
composition than halide composition [37]. The use of the
DJ linkermolecule as theA+ cationmay inhibit the lattice
reorganisation due to the charge injection.

The 8× 8 unit cells shows the most favourable bind-
ing energies for all system sizes due to the even values of
primitive unit cells allowing for the model to exhibit the
octahedral tilting that is expected for an orthorhombic
perovskite thin "lm [37,41]. The greater favorability of
the 8× 8 model over the 6× 6 model is attributed to the
increased coverage of the Brillouin zone in the . point
calculation. While the unfavourability of the negative
polaron with doublet multiplicity for the 7× 7 model is
attributed to the less favourable formation of the doublet
multiplicity [22] and the poor overlap of the octahedral
tilting across the periodic boundary. In general, the pos-
itive polaron models exhibit binding energies that are
favourable to recent results for lead bromide perovskites
which occur on the order of 100meV [37].

5. Conclusion

Examining the formation of polarons in 2D lead chlo-
ride perovskites is one of the major goals in this work.
To this end, we use density functional theory to explore
the e!ects of the size of perovskite layer on the localisa-
tion and binding energy of positive and negative polarons
and show that electrons tend to bind more strongly than
holes in the LHP lattice. The charge density localisation
and radial distribution function indicate that polarons
are forming when elections are injected into the n = 1
Dion-Jacobson lead chloride perovskite. This indicates
that the negative polaron models are good choices to
use for continued work with excited-state dynamics to
determine nonradiative and radiative rates of recombina-
tion. These additional calculations will indicate whether
polarons in two-dimensional lead chloride perovskites
may have potential as infrared emission sources. How-
ever, it is seen that polaron formation due to hole injec-
tion into n = 1 Dion-Jacobson lead chloride perovskite
does not lead to the expected charge localisation for a
polaronic state. Additional studies must be performed
to determine the reason that the positive polaron is not
forming in these models.

The binding energies calculated for polaron formation
indicate that the models with an n′xn′ unit cell where
n is even show a decreased energy when compared to

the unit cells where n′ is odd. The di!erence in bind-
ing energy due to the even or oddness of the sides of the
unit cell is attributed to a mismatch of the atomic posi-
tions across the periodic boundary of the model due to
the octahedral tilting in orthorhombic perovskites. This
is indicating that for future studies of this material, com-
putations should be performed on a model with a unit
cell that is n′xn′ where n′ is even with n′ = 8 showing
the greatest potential for further study.
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