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ABSTRACT: We report on the implementation of a versatile projection-
operator diabatization approach to calculate electronic coupling integrals in
layered periodic systems. The approach is applied to model charge transport
across the saturated organic spacers in two-dimensional (2D) lead halide
perovskites. The calculations yield out-of-plane charge transfer rates that decay
exponentially with the increasing length of the alkyl chain, range from a few
nanoseconds to milliseconds, and are supportive of a hopping mechanism. Most
importantly, we show that the charge carriers strongly couple to distortions of the
Pb−I framework and that accounting for the associated nonlocal dynamic
disorder increases the thermally averaged interlayer rates by a few orders of
magnitude compared to the frozen-ion 0 K-optimized structure. Our formalism
provides the first comprehensive insight into the role of the organic spacer cation
on vertical transport in 2D lead halide perovskites and can be readily extended to
functional π-conjugated spacers, where we expect the improved energy alignment with the inorganic layout to speed up the charge
transfer between the semiconducting layers.

1. INTRODUCTION
Simulating charge transport in two-dimensional (2D) materials
is both a scientifically relevant and challenging task.1−3 The
rapid emergence of dimensionally confined materials in
strategic technological fields calls for the development of
appropriate simulation tools. Their anisotropic structure,
however, inherently entails the coexistence of different
transport regimes, as related to in-plane versus out-of-plane
transport. A striking example is represented by 2D organic−
inorganic hybrid perovskites, which have attracted much
attention over the past decade as promising semiconducting
materials for efficient and stable photovoltaic and light-
emitting applications.4−7 2D lead halide perovskites consist
of electronically inert organic cations sandwiched between
inorganic layers of corner-sharing [PbI6]4− octahedra. The
structural formula of the 2D perovskites is (A′)m(A)n−1BnX3n+1,
where A′ is a monovalent (m = 2) or divalent (m = 1) cation
spacer corresponding to the Ruddlesden−Popper (RP) or
Dion-Jacobson (DJ) families, respectively.8 A is a small
monovalent cation (methylammonium and formammidinium
at the forefront) or an alkali metal (Cs), B is lead, and X is a
halogen (iodine here). The integer n refers to the thickness of
the inorganic layer. Despite significant progress, the power
conversion efficiency (PCE) of solar cells based on 2D
perovskites9 is still lagging behind their three-dimensional
(3D) counterparts,10 in part because of their unpaired in-plane
versus out-of-plane charge transport properties.11−14 It is now
widely recognized that charge transport is less efficient along
the out-of-plane direction of 2D perovskites compared to the

in-plane direction, owing to the mostly insulating nature of the
organic spacer cations.14−17 This results in the confinement of
charges in the inorganic layers, which can seriously affect the
device performance.18 Significant effort has been devoted to
the development of suitable spacer cations,19,20 namely by
reducing the energy mismatch between the organic cations’
frontier molecular orbitals and the inorganic layout crystalline
orbitals. While we expect the size and nature of the organic
cation to strongly impact interlayer transport, to the best of our
knowledge this has not been comprehensively investigated. In
particular, organic cations bring their own vibrational degrees
of freedom and, irrespective of the actual organic−inorganic
energy level alignment,21 it is not clear whether the increased
dynamical disorder associated with the organic cations
perturbs out-of-plane charge transport.
In general, the presence of saturated spacer cations entails a

combined spatial and dielectric quantum confinement of the
carriers.12,17,22−24 Several reports have demonstrated that the
use of shorter-chain cations can enhance the probability of
charge tunneling and, thereby, benefit interlayer charge
transport because of the reduced barrier width.25 For example,
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replacing the n-butylammonium (n-BA) spacer with shorter-
branched iso-butylammonium (iso-BA) in 2D perovskites has
been shown to boost the out-of-plane carrier mobility from less
than 0.01 to 1.35 cm2 V−1 s−1.13 Iso-BA produces interlayer
charge transfer twice as fast as n-BA, with both time scales in
the few hundreds ps range,26 which agrees with previous
reports.6,27,28 Zhu and co-workers reported an enhanced out-
of-plane charge transport in 2D perovskites via the fluorination
of the phenethylammonium (PEA) spacer.29 Fluorine
substitution of the PEA spacer cation likely enhances the
intermolecular H-bonding and π−π stacking, decreases the
interlayer spacing, and strengthens the interlayer interactions,
in turn leading to increased vertical charge carrier mobility.29

All of these observations point to the influence of the organic
cation length and nature on the interlayer charge transport in
2D perovskites.
From a theoretical perspective, vertical charge transport in

2D perovskites is still a relatively unexplored area. Several
computational works have screened potential 2D perovskite
candidates by estimating the carrier effective mass along the
out-of-plane direction.30,31 Other groups have investigated the
chemical interactions between spacer cations and the inorganic
layer in 2D perovskites using first-principles calculations.32−34

The Rothlisberger group proposed a simple barrier model to
quantify the interlayer tunneling probability of 2D perov-
skites.35 The insulating nature of the spacer cation is reflected
by the rather small tunneling probability in the out-of-plane
direction. Zhang and co-workers further investigated the out-
of-plane carrier transport in a series of ideal 2D lead halide
perovskites (LHPs) via first-principles calculations.36 They
found that interlayer reduction associated with the substitution
of bulky spacers (butylammonium or phenethylammonium)
with small cations (methylammonium and formamidinium)
led to an increase of the interlayer carrier tunneling probability
by about 2 orders of magnitude. Very recently, Scholes and co-
workers carried out combined experimental and theoretical
investigations on 2D layered perovskites and concluded that
interlayer exciton transfer is much faster than free carrier
charge transfer.37 The above works have provided timely
insights into the interlayer charge transport in 2D perovskites.
Nevertheless, a comprehensive understanding of the out-of-
plane charge transport dynamics in 2D layered perovskites still
needs to be achieved, in part due to the lack of an appropriate
computational framework.
In this work, we studied interlayer charge transfer in 2D

halide perovskites from analytic rate constants using both

Marcus and semiclassical Landau−Zener theories.38 As we
discuss below, employing well-established Marcus equations
offers an especially effective framework for examining the
charge transfer rates between layers that can be regarded as
distinct localized (quasi-diabatic) states. These states consist of
an initial configuration with the charge located at the first layer
and a final configuration with the charge positioned at the
second layer (Figure 1). Broadly speaking, this depiction holds
true when the electronic interactions (referred to as electronic
couplings) between these layers are significantly smaller than
the reorganization energy (the energy expense required to
transition the neutral configuration of the final state to match
that of the initial state while maintaining the same electronic
configuration). The core of this work is to extract the necessary
parameters, namely the interplane electronic couplings, by
adopting the projection-operator diabatization (POD) ap-
proach39,40 in conjunction with electronic structure calcu-
lations and ab initio molecular dynamics (MD) to take into
account the important effect of thermal fluctuations. To ease
the definition of localized states, we resort to periodic density
functional theory (DFT) within numerically atomic orbital
(AO) formalism, as implemented in the OpenMX code.41,42

This allows us to bypass alternative nontrivial procedures for
the definition of a localized wave function. In principle,
however, a similar procedure could be carried out using non-
atom-centered bases, for instance, by exploiting the Wannie-
rization of the initial Bloch states.
We apply our procedure to investigate the out-of-plane

charge transport in 2D perovskites with variable alkyl chain
lengths. Specifically, we focus on 2D RP perovskites with A′
being C4H9NH3 (butylaminium), C8H17NH3 (octylaminium),
and C12H25NH3 (dodecylaminium), as shown in Figure 1. For
simplicity, we abbreviate these compounds as C4PbI, C8PbI,
and C12PbI, respectively, and the corresponding spacer
cations are C4, C8, and C12, respectively. The simulations
indicate that the organic cation length influences the relative
rotation and tilting of the [PbI6]4− octahedra in the inorganic
layers, which in turn influence the orbital hybridization
between the Pb 6s and I 5p states. The use of a longer alkyl
chain spacer cation translates into an increased interlayer
spacing and, thus, a reduced interlayer coupling, leading to a
wider tunneling barrier and slower out-of-plane charge
transport. Very interestingly, we found that while simulations
on static X-ray diffraction (XRD) structures predict infinitely
slow interlayer charge transfer, while the inclusion of thermally
induced nuclear motion via molecular dynamics (MD)

Figure 1. (left) Schematic illustration of the orthorhombic crystal structures of C4PbI, C8PbI, and C12PbI. All crystalline models contain two
inorganic Pb−I layers, 1 and 2, indicated in red and green, respectively. (right) Schematic diagram for the charge transfer between different
inorganic Pb−I layers in 2D perovskites. The interlayer charge transfer corresponds to the transfer of a photoexcited electron (or hole) from the
LUCO (or HOCO) of layer 1 to the LUCO (or HOCO) of layer 2. Charge transfer can also occur from layer 2 to layer 1 following a similar
mechanism.
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simulations yields a large (2−3 orders of magnitude) increase
in thermalized hopping rates. In addition to bringing theory in
closer agreement with available experiments, the present
findings pinpoint the central role of finite temperature effects
in the interlayer charge transfer mechanism in 2D halide
perovskites.

2. METHODS
2.1. Interlayer Electron Couplings from Projection-

Operator Diabatization (POD). We give here a brief
overview of the salient features of the POD approach for the
estimation of the interlayer couplings (full details can be found
in ref 40). We start by expressing the Kohn−Sham matrix (H)
for a periodic system in an atomic-centered basis representa-
tion:

H Hk r r R( ) e ( ) ( )
n

i
i j n

kR n= | |
(1)

where k is a given crystal momentum, Rn is a real space
translation vector of the crystal, and ϕi denotes the atomic
orbitals. The Kohn−Sham matrix H is determined here self-
consistently by using the OpenMX code. Non-orthogonality of
the atomic-centered basis function is generally not a problem,
as one can invoke the Löwdin transformation to transform the
initial basis (B = {ϕi}) into a new basis (B̃ = {ϕ̃i}):

Si
j

ji j
1/2| = |

(2)

where Sij denotes the AO overlap through the matrix elements
⟨ϕi|ϕj⟩. Such a transformation preserves the localization
features for the new basis functions. The Kohn−Sham matrix
in the Löwdin orthogonal basis becomes

H S HS1/2 1/2= (3)

For a donor (D)−acceptor (A) system, the Kohn−Sham
matrix in eq 1 can be block partitioned based on the spatial
location of the basis functions. In the case of the 2D
perovskites, we cast down the reference cell sketched in Figure
1 into two fragments, each consisting of an inorganic layer and
the monovalent spacer cations required to guarantee charge
neutrality. With reference to crystal structures from Billing and
Lemmerer,43−45 each layer within the unit cell is composed of
two [PbI6]4− octahedra and four spacer cations, the two
fragments being equivalent due to the space group symmetry.
The partition of the total basis B̃ into donor and acceptor
subsystems produces the subsets B̃D and B̃A, satisfying

B B B B B; ØD A D A= = (4)

The subsets B̃D and B̃A consist of ND and NA basis functions,
respectively (in this case, ND and NA are the same for the two
layers). It is convenient to order the basis function, ϕ̃i,
according to their assignment to the subsystems. This leads to
the following definitions of the subsets:

B i N: 1;iD D= { [ ]} (5)

B i N N: 1;iA D A= { [ + ]} (6)

Let TD and TA be the transformations that diagonalize
respectively the sub-blocks H̃DD and H̃AA associated with the
donor and acceptor subsystems. The application of the
following unitary transformation T to the full Kohn−Sham
matrix
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(7)

leads to a Hamiltonian H′ in the form

The diagonal blocks of H′ consist of diagonal matrices
containing elements defined as

T H T T H T;DD D DD D AA A AA A= =+ + (9)

These correspond to the energies εD and εA of the diabatic
states associated with the donor and the acceptor, respectively.
The off-diagonal blocks instead contain elements defined as

V T H T V T H T;DA D DA A AD A AD D= =+ + (10)

corresponding to the coupling between the diabatic states of
the donor and acceptor.
In principle, the off-diagonal elements of the Hamiltonian

should be dependent on the momentum k-space (eq 1), and
we can extend the calculation of electronic coupling into
arbitrary k-points. However, here we focus exclusively on the Γ
point, where the top of the valence band and the bottom of the
conduction band are located; see the band structure in Figure
S1. Then, the phase factor term eikRn = 1. The off-diagonal
elements of the Hamiltonian not calculated in Γ would no
longer be informative of the frontier states, which are more
interesting for the interlayer charge transport mechanism in the
studied systems.
The above procedure that was used to obtain electronic

coupling can be applied to a wide range of systems, including
molecular crystals, periodic solids, infinite periodic surfaces,
etc.39,40 The POD procedure is suitable for obtaining couplings
between diabatic states in different situations schemes, such as,
for instance, in connection with MD simulations. See section
2.3 for details about the ab initio MD simulations performed in
this work. The super-exchange mechanism, which is the key
mechanism for long-range charge transfer across organic
spacers that have no energy levels close to the energies of
the donor and acceptor states,46 is also accounted for in the
current POD approach. The donor and acceptor are coupled
through the spacer bridge states. The performed POD method
considers layer 1 and layer 2 (as shown in Figure 1), in which
the spacers are included, thus providing an intermediate and
the most practical representation compared to both the
adiabatic representation and an alternative possible donor/
bridge/acceptor diabatization representation. In particular, the
nonadiabatic coupling arising from the adiabatic representation
is hard to compute for numerical reasons (it can rapidly
diverge when adiabatic states become quasi-degenerate). The
donor/bridge/acceptor diabatization is more complex and less
rigorously defined than the layer 1/layer 2 POD.

2.2. Analytic Rate Constants. Marcus Theory. Coupling
from the POD method can be used in connection with Marcus
theory,47 which has been widely applied to model electron
transfer in the condensed phase.48 In weak coupling and the
high-temperature classical limit (ℏω ≪ kBT), which applies to
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the current systems (as confirmed below), the rate constant
(kMarcus) for nonadiabatic charge transfer can be written as

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzzk

V
k T

A
k T

exp
( )

4
kl

Marcus

2

B

2

B
= +

(11)

Here, Vkl is the electronic coupling between the diabatic states
k and l. This is estimated using the POD method on
geometries taken from XRD measurements as well as on
snapshots extracted from an ab initio MD simulation to
incorporate the effect of thermal fluctuations. In the latter case,
the coupling in eq 11 is substituted by its thermal average by
considering the variance of the coupling fluctuations (σV

2):

V Vkl kl
2 2

V
2= + (12)

In eq 11, ΔA is the electron transfer barrier height. In this
work, this quantity is set to zero, as the two layers in C4PbI,
C8PbI, and C12PbI are equivalent, as indicated by the
symmetry of the Pbca space group. Finally, λ is the
reorganization energy related to the local electron−phonon
coupling, namely the modulation of the site (i.e., layer)
energies due to electron−vibrational interactions. Different
strategies can be used to calculate this quantity.49−51 An
insightful approach relies on calculating the spectral density
(J(ω)) of the vertical energy gap fluctuations in real time:
δΔE(t) = ΔE(t) − ⟨ΔE⟩M (where the bracket denotes thermal
averaging in a given state M), as obtained, for instance, here
from ab initio MD simulations. In this work, we approximate
the vertical energy gap by using the orbital energy difference
associated with the highest occupied/lowest unoccupied
crystalline orbitals (HOCO/LUCO) of each layer. This allows
us to determine the energetic disorder, σE

2 = ⟨(δΔE)2⟩M.52 In
the classical limit, the reorganization energy is

J
k T

2 ( )
d

20

E
2

B
= =

(13)

where J(ω) is obtained by a cosine transform of the site energy
fluctuations:

J
k T

t E E t t
( ) 1

2
d (0) ( ) cosM

B 0
=

(14)

Equation 14 is very useful because it allows one to understand
the reorganization energy property in terms of the contribu-
tions from different frequencies, ideally ascribable to specific
phonons/normal modes more strongly coupled to energy
variations. The Marcus theory expression discussed above is
justified when the electronic coupling is much smaller than the
reorganization energy. A more general semiclassical (SC) rate
expression can be derived by combining the transition state
theory in the harmonic approximation and the Landau−Zener
theory for electron transfer from an initial diabatic state to a
final state as discussed in SI, Section S1.
2.3. Electronic Structure Calculations. For all of the

investigated systems, we used the unit cell of the orthorhombic
phase model (Pbca, space group 61) reported by Billing in refs
43−45 and 53. The unit cell of these models have been
successfully used in previous theory works for either static
calculations33 or ab initio nonadiabatic molecular dynamics
simulations.54,55 The use of a larger cell size would require the
diagonalization of a large fragment Hamiltonian, and repeated
full-dimensional Hamiltonian diagonalization would be pro-
hibitive. Geometry optimization at 0 K and adiabatic Born−

Oppenheimer MD simulation at finite temperature were
carried out using the VASP code,56 employing the projector-
augmented wave pseudopotentials. The plane-wave energy
cutoff was set to 400 eV. A Monkhorst−Pack k-point mesh of
5 × 5 × 1 was used for both the geometry optimization and
MD simulations, the anisotropic sampling of the reciprocal
space reflecting the larger lattice parameter associated with the
plane stacking direction. The van der Waals interactions were
described by the DFT-D2 method proposed by Grimme.57 We
first relaxed both atomic positions and lattice parameters of the
C4PbI, C8PbI, and C12PbI compounds at 0 K. Atomic
positions were considered fully relaxed when all forces were
below 0.01 eV/Å. We then performed MD simulations in the
canonical ensemble (NVT) for 10 ps with the target
temperature maintained by a Nose−́Hoover chain thermostat
applied at 300 K, corresponding to the operating conditions of
perovskite solar cells. A time step of 1 fs was used, which
allowed us to sample high-frequency modes (N−H). The first
7 ps of the trajectory of each system are considered as the
thermalization and disregarded, while the last 3 ps are used to
extract electronic couplings in real time, following the POD
procedure (eqs 7−10), and the relaxation energy (eqs 13 and
14). To this aim, we used the OpenMX software package
(version 3.9)41,42 to extract the Kohn−Sham matrix and the
overlap matrix at the Γ k-point. Calculations were performed
with the Perdew−Burke−Ernzerhorf (PBE) exchange-correla-
tion functional.58 H6.0-s2p1, C6.0-s2p2d1, N6.0-s2p2d1, I7.0-
s3p2d2f1, and Pb8.0-s3p2d2f1 pseudoatomic orbitals were
used. A Monkhorst−Pack k-point mesh of 2 × 2 × 1 was
adopted for the following POD procedure.
The accurate estimate of the band gap of 2D halide

perovskites requires both the inclusion of spin−orbit coupling
and a proper description of many-body interactions, as from
the GW approximation or hybrid DFT.33,59,60 Conversely, such
level of theory is unaffordable in the present case due to the
need of repeatedly performing thousands of electronic
structure calculations to estimate the electronic couplings
and site energies along the MD trajectory.61 Still, it is worth
stressing that this work focuses on the interlayer charge
transfer process in 2D halide perovskites. This is more sensitive
to the energy level alignment between the states of the organic
and inorganic components and the related energy offset than
to the absolute band gap of these compounds. A previous work
confirmed that standard PBE calculations correctly predicts
type-I energy level alignment at the organic/inorganic
interface,21 as is also confirmed in Figure S1. Therefore, all
calculations in this work were performed with the PBE
functional.

3. RESULTS AND DISCUSSION
3.1. Preliminary Analyses. The PBE-D2-optimized lattice

parameters from our simulations nicely parallel the exper-
imental data (Table S1),43−45,53 with slight discrepancies that
should be considered in light of the fact that, while static DFT
refers to 0 K, the experimental data were recorded at a finite
temperature. Figure S2 shows the optimized unit cells of
C4PbI, C8PbI, and C12PbI. The dependence of the lattice
constants on the organic cation is as follows: the values of a
and c increase gradually from C4PbI to C8PbI to C12PbI,
whereas b shows the reverse trend. The change in parameter c
is more profound and directly reflects the increasing length of
the organic cation chain. We also note that the distortion
related to the octahedral rotation, as probed from the Pb−I−
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Pb valence bond, evolves non-monotonically with the spacer
length (see Table S2) with C12/C8 being the most/less
distorted system. The penetration depth of the organic cation
into the inorganic network can be qualitatively revealed by the
degree of distortion of the inorganic octahedra. The data
presented in Table S2 show that the spacer cation with the
longest organic chain length, C12, induces the largest
distortion of the in-plane Pb−I−Pb angles. This is explained
in ref 33 in terms of the competitive interactions between the
inorganic and organic lattice, with the latter becoming
dominant for longer chains.
In the presence of fully saturated or small aromatic spacers,

the valence and conduction bands of 2D halide perovskites are
governed by the inorganic sublattice, with the organic spacer
only playing an indirect influence through induced structural
distortions and electrostatic effects.17 This is once more
confirmed here for C4PbI; see Figure S1. The band gap
increases nonmonotonically with chain length from C4/C8
(2.13/2.11 eV) to C12 (2.34 eV), which is in line with the
experimental investigations.23,62 It roughly follows the
increasing structural distortion of the inorganic frame (see
the Supporting Information (SI)), as measured by the Pb−I−
Pb angle,63 when going to longer spacers. The highest
occupied crystalline orbital (HOCO) is primarily composed
of the antibonding hybridization of the Pb 6s/I 5p orbitals. In
contrast, the lowest unoccupied crystalline orbital (LUCO) is

mainly made up of the nonbonding Pb 6p orbitals with a minor
contribution from the I 5p orbitals in antibonding hybrid-
ization.64,65

Additional analyses of the MD trajectories at 300 K are
reported in the SI. These refer to the interaction between the
organic and inorganic components of the 2D perovskites, as
analyzed following the rotational autocorrelation function of
the C−N vector and the vibrational power spectrum (Figure
S3). The autocorrelation function of C−N points out the more
rapid reorientation of the methyl group for the spacer from
C4PbI4 compared to the other compounds. In all cases, the
rotations of the C−N vector are constrained within a cone of
10° due to the steric hindrance imposed by the dense packing
of the spacers in 2D perovskites. The vibrational power spectra
confirm the fact that the inorganic frame vibrates at a low
frequency, specifically <120 cm−1 (Figure S4).66−74

3.2. Hamiltonian Parameters: Interlayer Couplings.
We now turn our attention to the electronic coupling between
layers, as provided by the POD formalism. Couplings are
represented in Figure 2 as 2D maps, indicating the interaction
of the diabatic state i of layer 1 with the state j of layer 2,
considering the crystalline orbitals in close to the band edge.
Couplings are shown for both the static 0 K case and the finite
temperature case, in which the latter couplings are estimated as
ensemble-averaged values from the 3 ps MD trajectory at 300
K (eq 12). Note that only the absolute values are reported.

Figure 2. 2D maps of the absolute valued electronic coupling (in units of meV) for the (top) 0 K structure and (bottom) canonical averaged at 300
K. We represent the coupling between different orbitals, taking as a reference the LUCO of the three investigated systems, as indicated.

Table 1. Parameters for Interlayer Charge Transfer Computed for the Investigated 2D Layered Perovskites and Corresponding
Transition Rates and Mobilitiesa

Vkl (meV) ⟨Vkl
2⟩1/2 (meV) σV (meV) λ (eV) τMarcus μhop (cm2 V−1 s−1)

C4PbI L 8.7 × 10−2 1.10 1.08 0.83 137.6 ns 4.46 × 10−6

H 0.36 7.44 7.41 1.08 38.5 ns 1.59 × 10−5

C8PbI L 1.38 × 10−4 1.73 × 10−2 1.72 × 10−2 0.97 2.3 ms 6 × 10−10

H 1.98 × 10−3 0.73 0.65 0.54 18.8 ns 7.35 × 10−5

C12PbI L 4.34 × 10−5 3.2 × 10−3 3 × 10−3 1.18 572.0 ms 3.99 × 10−12

H 3.95 × 10−3 6.46 × 10−2 6.43 × 10−2 1.11 690.2 μs 3.31 × 10−9

aHOCO−HOCO (H) and LUCO−LUCO (L) electronic couplings for the 0 K structures (Vkl) and canonically averaged electronic couplings
from the MD simulations (⟨Vkl

2⟩1/2), along with its standard deviation (σV); the averaged reorganization energy (λ); the hole and electron hopping
time obtained from Marcus theory (τMarcus); and the carrier mobility calculated based on the Marcus hopping rate (μhop).
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The couplings are generally small, typically on the order of
10−2 to 10−5 eV, and increase from 10−5 to 10−3 and 10−2 eV
when going from the longer C12 spacer to the shorter C8 and
finally to C4. Longer organic cations decrease the electronic
coupling by several orders of magnitude, as the amplitude of a
quantum mechanical wave function vanishes exponentially
with increasing distance. For comparison, typical values for
molecular organic semiconductors are usually on the order of
several tens of meV or even larger.75

For the 0 K structure, the 2D maps are symmetric because
the two inorganic Pb−I layers are equivalent for equivalent
space groups. In contrast, the 2D maps are not symmetric for
the electronic couplings calculated at 300 K because of thermal
fluctuations.76−78 We also observe that the hole transfer
coupling is 1−2 orders of magnitude larger than the electron
transfer coupling, as shown in Table 1. This is explained from a
symmetry analysis in terms of different contributions from the
apical iodines in the atomic hybridization of the HOCO and
LUCO states. Assuming a D4h point group symmetry,
terminaliodines contribute to the HOCO via the out-of-
plane polarized p orbitals, while they contribute to the LUCO
only via the in-plane polarized p orbitals, whose orientation
does not allow an effective hybridization of the Bloch states of
adjacent inorganic sheets (see Figure S5).65 The present
argument is clearly no longer rigorous in the presence of
octahedral-tilting, ubiquitous in 2D halide perovskites, but
deviation from D4h symmetry may be regarded as a
perturbation. Therefore, in layered perovskites, the interplanar
charge transfer should be more favorable for holes than for
electrons. We note in passing that, such geometrical
considerations influencing the charge density distribution of
band edge states do not hold for 3D halide perovskites, as
there are no such terminating halogen atoms as in the
interlayer region of 2D perovskites.65

Remarkably, thermal fluctuations are found to enhance the
electronic coupling values (see Table S3) by roughly 2−3
orders of magnitude over those of the static structures at 0 K.
This suggests that thermal fluctuations play an important role
in the interlayer charge transfer mechanism in 2D layered
perovskites and that an accurate simulation scheme must take
them into account. The interlayer HOCO−HOCO and
LUCO−LUCO couplings, as estimated from the MD
simulations at room temperature (300 K), show exponential
decay with the distance between the donor and acceptor
moieties, d (taken as the center-of-mass distance between the
two layers): V ∝ e−βd (see Figure 3). A linear regression of the
data gives the falloff parameter (β) in the range of 0.4−0.5 Å−1;
these values are of the same order of magnitude as the falloff
parameter estimated for donor−acceptor systems such as DNA
bridges (i.e., 0.4−1.2 Å−1 based on conjugated linkers)79,80 and
molecular wires (i.e., 0.28−0.37 Å−1 in cyclic polyenes).81,82

Figure 4 reports the distributions of the squared electronic
couplings calculated between the HOCOs/LUCOs at 300 K.
The hole transfer coupling shows stronger fluctuations than
the electron transfer coupling because HOCOs have more
antibonding interlayer hybridizations of Pb 6s/I 5p orbitals
than LUCOs. Thus, HOCOs are more sensitive to changes in
orbital shapes and fluctuations in the inorganic lattice. A
further examination of the standard deviation of the electronic
coupling distribution (σV) (see Table 1) allows us to assess the
role of nonlocal electron−phonon (e−ph) interactions on
charge transport. The smaller σV that was found for the longer
chains evidences a weaker interlayer interaction.

Typically, e−ph interactions can be separated in terms of
local and nonlocal contributions. The two terms represent
different physical pictures. Local e−ph coupling describes the
modulation produced by the nuclear vibrations on the site
energies (in this work, the sites are the individual layers),
whereas nonlocal e−ph coupling stems from the modulation of
the electronic couplings between different layers. The local and
nonlocal e−ph couplings are associated with intralayer and
interlayer vibrations (lattice phonons) that respectively couple
to the electronic states which are involved in the charge
transport. As a result, the local electron−phonon interaction
induces the localization of the charge carrier on one layer,
whereas the nonlocal e−ph interaction is modulated by
considerable lattice disorder at a finite temperature. Standard
deviations of the fluctuations of site energies and electronic
coupling provide a measurement of the individual contribution
of local and nonlocal e−ph coupling. Thus, the term “nonlocal
dynamical disorder” means the lattice dynamical disorder
induced by nonlocal e−ph interactions through the modu-
lation of lattice phonons. Accounting for thermal fluctuations
on local and nonlocal disorder has important consequences on
the magnitude of the charge carrier mobility. For instance, this
contribution has been studied in systems featuring both
covalent and noncovalent interactions, i.e., molecular crystal/
polymers.83,84 In this work, we discuss the impact on thermal
fluctuations also for 2D layered systems. We note that such
analysis is not readily possible for 3D bulk perovskites, as there
is no clear definition of the building blocks, namely, the
fragments with both covalent/noncovalent interactions.

3.3. Real-Time Fluctuation of the HOCO/LUCO Site
Energies. Site energies associated with the orbitals of the
individual layers are crucial to define both relaxation energies
needed for the Marcus rate equation (eq 11) and semiclassical
theory (eq S1). The energy level diagrams of the static
structures from DFT optimization of the C4PbI, C8PbI, and
C12PbI unit cells, as obtained via the POD procedure, are
shown in Figure S6. The diabatic energies of layer 1 and layer 2
are denoted as dia1 and dia2, respectively. The adiabatic
energies of the total system as well as the eigenvalues obtained
by diagonalizing H′ of eq 8 are also shown for comparison. We
first stress that diagonalizing H′ fully recovers the adiabatic
energies of the total system, demonstrating the reliability of the

Figure 3. Dependence of interlayer HOCO−HOCO (blue squares)
and LUCO−LUCO (red squares) interactions (representing hole and
electron transfer couplings, respectively) of C4PbI, C8PbI, and
C12PbI, as computed at 300 K, with respect to the interlayer distance.
The solid lines correspond to an exponential length dependence with
the falloff parameter β.
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POD procedure implemented in this work. We further find
that the diabatic energies of both layers are degenerate at 0 K,
which is consistent with the fact that the two inorganic layers
are equivalent for space group symmetry. This degeneracy is
expected to break at finite temperature MD simulations due to
random structural fluctuations.85 Generally, the diabatic
HOCO of each layer from POD lies at a higher energy than
the adiabatic HOCO state for the whole system. We attribute
this to the fact that the diabatized states of one layer still
interact with the other layer via the off-diagonal blocks VDA in
eq 8. Therefore, to avoid potential artifacts associated with the
POD procedure on the estimate of the site energies and their
corresponding real-time fluctuations, we recomputed the
orbital site energies by performing independent self-consistent
DFT calculations on the individual layers, as extracted from the
crystalline cell. To investigate the charge transport, we mainly
focused on crystalline orbitals that mediate charge transfer, that
is, the HOCO for hole transfer and the LUCO for electron
transfer (see Figure 1).
Figure 5 shows the real-time diabatic HOCO and LUCO

site energies during the MD simulation at 300 K. The orbital

energies of the two layers fluctuate continuously, which hinders
a favorable energy alignment between the donor and acceptor
states. As a result, quantum coherence is lost, and charge
transfer is slowed down, hence leading to an interlayer charge
transfer process occurring in the hopping regime. As explained
in some detail when considering charge hopping along linear
stacks of sites, the charge initially resides on one layer and has

only a favorable time window to hop to another layer when the
energy alignment of the two sites is within the resonance
window imposed by twice the electronic coupling value.86

Figure 6 depicts the energy distributions for the diabatic
HOCO and LUCO states during the MD simulation, which
roughly follow Gaussian distributions. The energetic disorder
measured by the standard deviation of the orbital energy
difference of the two layers, σE, is an important parameter that
determines the reorganization energy (Table 1) according to
the classical linear response relation (eq 13).49 A large
energetic disorder translates to a large reorganization energy
and the formation of energetic barriers among adjacent
hopping sites, limiting charge diffusion. σE is estimated for
the studied layered perovskites falls in the range of 160−240
meV, with C12 showing the largest reorganization energies.
This is roughly in line with the wider distribution of the values
assumed by the Pb−I−Pb angles during the MD trajectories
(Figure S7). The corresponding reorganization energies (λ) for
the electron transfer in the investigated perovskite systems are
reported in Table 1. They are 5−7 times larger than the λ
values of some of the best molecular organic semiconductors
(e.g., rubrene87 and pentacene).88 Such large reorganization
energies suggest the appearance of polarons that are
delocalized within the layers, yet almost completely localized
between the layers of these perovskite materials. We note in
passing that the λ values calculated in this work are in line with
previous investigations50,89 performed on very well-studied
methylammonium lead iodide (MAPbI3) and other organic−
inorganic hybrid perovskite systems.
The fluctuations of the diabatic energy difference in Figure 5

can be analyzed in terms of the frequency resolved
contributions, J(ω), by estimating the spectral density function
(eq 13). This leads to the results in Figure 7. The running
integral of the spectral density function yields the cumulative
disorder, σE(ω), including all frequencies up to ω, and
provides the relative contribution of each frequency interval:90
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where J(ω) is the spectral density function (eq 13). An
important condition from this analysis is that the integration of
eq 15 over the full range of frequencies (ω → ∞) must return
the standard deviation of the time series, which we verified
here. Figure 7 shows that the majority of the frequencies
contributing to the energetic disorder lie in the low-frequency
range (<200 cm−1), which is associated with the inorganic
frame (see Figure S4).91 In contrast, contributions from modes

Figure 4. Histograms of the distributions of the squared electronic couplings for LUCO and HOCO.

Figure 5. Time evolution of diabatic HOCO and LUCO energies for
layer 1 (red) and layer 2 (blue) of the C4PbI, C8PbI, and C12PbI
compounds.
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>200 cm−1 are negligible. This indicates that the relaxation
energy is associated with distortions of the inorganic lattice,
which is consistent with the quantum well electronic structures
of these compounds. The key contributing frequency signals
are similar for all three systems with C12PbI featuring the
lowest frequency phonons contributing to the disorder. It can
be concluded that the major phonons that contribute to the
local electron−phonon coupling remain largely unchanged
regardless of the alkyl chain length. We note in passing that the
phonons that have been identified in our calculations are
consistent with those obtained from larger simulation cells.92

3.4. Hole and Electron Interlayer Transfers Rates. The
couplings from the POD procedure (Figures 2 and 3) and
relaxation energies (Figures 5 and 6) allow one to estimate the
interlayer charge transfer rate via the Marcus rate equation (eq

11). We used the reorganization energies (eq 13) along with
the mean-square electronic coupling ⟨Vkl

2⟩ (eq 12). It is
important to note that small electronic couplings compared to
the reorganization energy imply electron transfer occurring in
the nonadiabatic regime. For the systems studied here, the
maximum ratio between the electronic coupling at 300 K and
the reorganization energy (2V/λ = 0.054) is so small that
charge transport should predominantly occur by hopping.93,94

Moreover, the prevalence of low-frequency vibrations con-
tributing to the local electron−phonon interaction, as reported
in Figure 7, justifies the use of the classical high-temperature
Marcus theory to calculate the charge transfer rates. The
calculated time scales are reported in Table 1. Interlayer charge
transfer rate estimates from semiclassical Landau−Zener
theory (eq S1 in the SI) are given in Table S4. In principle,
the Landau−Zener theory extends the regime of validity of the
nonadiabatic Marcus theory to the adiabatic regime, as
discussed in the SI, Section S1. Thus, this theory could be
used for systems where the coupling between layers is stronger.
In the systems analyzed in this work, we obtain a close
agreement between the Landau−Zener rates and the rates
from Marcus theory because of the small value of 2V/λ. This
confirms that the charge transfer in the investigated systems
occurs in the nonadiabatic regime (see the SI, Section S1 for
further discussion). Hole transfer is generally faster than
electron transfer, owing to larger electronic coupling.
Interestingly, the reorganization energies do not show sizable
variation with alkyl chain length compared to the change of
electronic coupling, thus making the electronic interaction
between layers the dominating factor for the difference in the
charge transfer rates. For C4PbI, the interlayer charge transfer
time is about 38.5 ns for hole transfer and 137.6 ns for electron
transfer. The charge carrier mobility (μhop) is related to the
charge diffusion coefficient (D) in a one-dimensional chain by
the Einstein relation:95
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where e is the unit charge, L is the distance between the center
of mass of layer 1 and layer 2, and kMarcus is the Marcus

Figure 6. Histograms of the HOCO (red) and LUCO (blue) energy distributions for the energy of layer 1 (top) and layer 2 (bottom). Gaussian
fits are shown with dashed lines, and the corresponding average is indicated by ⟨EH/L⟩ (in eV).

Figure 7. Spectral density functions and cumulative disorder, σE (ω),
for time-dependent HOCO and LUCO energy fluctuations.
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hopping rate. As shown in Table 1, the simulated out-of-plane
charge carrier mobilities at room temperature span a wide
range from ∼10−5 to ∼10−12 cm2 V−1 s−1, which is much
smaller than the in-plane mobilities reported in experiments
(∼1 cm2 V−1 s−1).96 Most notably, the out-of-plane hole
mobility estimated for C4PbI is on the same order of
magnitude as the experimentally reported value for this spacer
(<0.01 cm2 V−1 s−1),13 suggesting that out-of-plane transport
in this material is essentially due to this carrier with limited
contribution from electrons. We note, however, that from
these calculations we cannot univocally deduce that hole
transport is the predominant charge transport channel. In fact,
although we found that electron transport is much lower when
out-of-plane transport is considered, it might instead dominate
when looking at intralayer charge transport.
The interlayer mobilities decrease as the interlayer distance

increases, which is also in good agreement with previous
experimental studies.18 This indicates that the organic
component has no direct influence on the vertical transport
properties other than the tuning of the width of the potential
barrier for charge carriers, at least in the presence of alkyl-
based spacers. We emphasize that spacer cation may modulate
the interlayer charge transport indirectly through perturbating
the vibration of Pb−I lattice via electrostatic interaction.
Importantly, our calculations show that the inclusion of

thermal fluctuations in the couplings enhances the charge
carrier mobilities by 1−2 orders of magnitude compared to the
hypothetical case of the frozen coupling values at 0 K. This
effect has already been observed in the case of systems subject
to sizable thermal disorder, where the transport of charges
occurs via a hopping mechanism from one site to the next (e.g.,
organic molecular semiconductors and polymers).83,86,97

Thermal fluctuations in the electronic couplings can help the
charge transition from the initial to the final state by effectively
enhancing the mean coupling value and the chances for the
charge to be in the resonant transition state. It is worth noting
that this observation is not in contrast with the charge
transport mechanism in 3D bulk perovskites, where the
disorder actually hinders the carrier mobility.98,99 In fact, in
these systems, the transport occurs in a different band-like
regime where delocalized charges are actually scattered by
electron−phonon interactions. Such scattering yields a
mobility that decreases with increasing temperature in 3D
bulk perovskites. However, a similar negative temperature
dependence exponent has also been observed in 2D perov-
skites,100,101 which at first seems incompatible with the
hopping-like motion occurring in this system when considering
out-of-plane interlayer transport. Such a contradiction can be
resolved by considering the fact that in experiments, it is
difficult to discern interlayer versus intralayer transport. The
negative temperature dependence might be a consequence of
band-like transport within a single layer dominating the
experimental signal.
Our analysis shows that interlayer hole transfer proceeds

much faster than electron transfer. The observed order of
magnitude difference between the hole and electron transfer
times is primarily explained in terms of the electronic couplings
that describe the interaction between diabatic states. Jin and
co-workers demonstrated that the 2D multilayered perovskites
(BA)2(MA)n−1PbnI3n+1 are a mixture of multiple perovskite
phases, with n = 1, 2, 3, 4, and ≈ ∞.27 Using ultrafast transient
absorption (TA) and time-resolved photoluminescence (PL)
spectroscopy, the same authors proposed that photoinduced

charge transfer happens from small n to large n phases due to
favorable type-I band alignment, characterized by a time scale
with fast components of several hundred picoseconds and slow
components of nanoseconds.27 However, the interlayer charge
transfer between same phases (i.e., n = 1) is also possible,
considering that the thermal fluctuation of electronic energy
levels creates favorable energy alignments for charge transfer.
Recent experimental work by Stupp and co-workers demon-
strated that n = 1 layered perovskites exhibit improved out-of-
plane charge transport through organic cation design.18

Another work by Scholes and co-workers reported a time
scale of 1−100 ps for free carrier charge transfer between
multiple perovskite phases (PEA)2(MA)n−1PbnI3n+1.

37 We
note that it is hard to differentiate the time scale of the
electron or hole transfer process from an experimental
viewpoint. In this regard, our reported time scales of the
interlayer hole and electron transfer processes for C4PbI (n =
1) are in qualitative agreement with the available experimental
data.27,37 The estimated time scales for C8PbI and C12PbI are
much longer (except in the case of the hole transfer in C8PbI);
however, we are not aware of any relevant experimental time
scale study reported for these two systems. It is important to
point out that the reorganization energy and electronic
coupling are independent parameters; therefore, they can be
ideally tuned individually by the choice of the spacer and fine-
tuning of the interlayer distance to optimize the interlayer
charge transport properties in 2D perovskites. For example,
Nazarenko et al., exploited mixed guanidinium/Cs spacers to
obtain an apical iodine-to-apical iodine distance of ∼4.4 Å.102

In turn, Sourisseau successfully demonstrated the possibility of
reducing the octahedral distortion in the inorganic frame,
which is expected to impact the reorganization energy.103

4. CONCLUSIONS
We have implemented the POD approach for the calculation
of electronic couplings in periodic crystals by interfacing it with
the OpenMX program package. The method was used here to
calculate the coupling for weakly interacting inorganic layers in
2D lead iodide perovskites, incorporating a fully saturated
spacer with variable length (butyl-, octyl-, and dodecylammo-
nium), and to estimate the out-of-plane hole and electron
charge transfer rates, in connection with the Marcus theory and
a semiclassical rate expression. Our results show that the
interlayer charge transfer time is in the range of nanoseconds
to milliseconds, which is in agreement with previous
experimental work,27,37 demonstrating the reliability of the
developed protocol. A shorter alkyl chain length facilitates
interlayer charge transport, as expected from the smaller
extension of the potential barrier imposed by the spacer itself.
In turn, a longer chain decreases the charge transfer by several
orders of magnitude due to the weaker interlayer interactions
and smaller electronic couplings. Our simulations indicate that
hole transfer is faster than electron transfer, owing to the larger
coupling integral. We also observed that low-frequency phonon
modes associated with the Pb−I inorganic lattice dominate the
charge transfer process. Interestingly, room-temperature
thermal fluctuations greatly enhance the electronic coupling
value by 2−3 orders of magnitude compared to those for the
static geometry corresponding to 0 K, bringing the time scale
in better agreement with experimental data. Overall, our
detailed comprehensive investigation elucidates how organic
spacer cations can be used to tailor the electronic and
vibrational coupling between the organic and inorganic
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components in 2D perovskite materials for improved interlayer
charge transport properties. The mechanistic understanding of
the chain length-dependent interlayer charge transport in 2D
perovskites provided in this study will be useful for future
rational design. The computational protocol can be applied to
study charge and energy transfer in other complex periodic
systems, such as 2D layered structures and molecular
semiconductor interfaces, in which the separation of the total
system into donor and acceptor regions can be made naturally.
Moreover, additional investigations on novel technologically
interesting multilayered 2D perovskites9,104,105 could be
performed in the future using a similar computational
framework.
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