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ABSTRACT: Perovskite solar cell devices, composed of solution-
processed perovskite layers with thicknesses of a few hundred
angstroms, represent a leading technology in thin-film photo-
voltaics. Here, we performed a theoretical investigation based on ab
initio calculations to explore the role of perovskite thin film
thickness, with the general formula FPEA2(MAn−1)PbnI3n+1, where
FPEA represents 4-fluorophenylethylammonium cations and n
ranges from 1 to 4 layers. Our findings reveal that increasing the
thickness of the inorganic layer significantly influences the
structural, energetic, and optoelectronic properties. Enhanced
charge transfer within the inorganic framework and stronger
organic−inorganic interactions are observed as the effective charge
distribution shifts with increasing thickness. Exothermic trends in adsorption and interaction energies highlight the stabilizing effects
of van der Waals forces and hydrogen bonding. The PbI6-octahedra play a critical role in determining the optical activity and the
formation of valence and conduction bands. Thicker films exhibit more intense absorption, emphasizing the importance of PbI6-
octahedra in driving optical properties. Moreover, the work function (ϕ) decreases with increasing thickness due to reduced
quantum confinement effects, while the nature of polar FPEA molecules induces deviations in ϕ, underscoring the interaction
between molecular composition and thickness. Band alignment further reveals strong spin−orbit coupling effects on the conduction
band minimum (CBM), influenced by charge-transfer variability from FPEA to halides. These findings provide insights into
thickness-dependent properties that are essential for optimizing perovskite-based devices.
KEYWORDS: perovskites thin films, quantum-size effects, MAPbI3-based layers, 2D materials, DFT

1. INTRODUCTION
Perovskite thin films have gained considerable attention in the
past 15 years due to their easy and cost-effective synthesis and
significant advancements in power conversion efficiency
(PCE).1,2 These materials, represented by the chemical
formula ABX3, crystallize in the perovskite structure, which
consists of BX6-octahedra, with divalent cations such as lead
(Pb2+)3 or tin (Sn2+)4 at the B-site, and halide anions such as
iodide (I-)5 or bromide (Br−)6 at the X-site. The A-site
typically hosts monovalent cations, including methylammo-
nium (MA+),7 formamidinium (FA+),8 cesium (Cs+),9 or a
mixture of these.10

However, surface defects compromise the structural and
electronic stability of the thin film, posing significant challenges
for their large-scale application in perovskite-based solar cells
(PSCs) devices.11 In this context, passivation using long alkyl
chain organic cations (P-cations), containing amines or
aromatic ring substituted amines, has demonstrated significant
effectiveness in enhancing the structural stability of perovskites,

primarily due to the hydrophobic nature of these mole-
cules.12,13 During the passivation process with long-chain
organic cations, low-dimensional structures can form beneath
the perovskite surface. This results in films with varying
thicknesses, such as two-dimensional (2D) perovskites.14,15

The morphology of these films depends on the specific organic
cation used. If monovalent P-cation type is present, these
structures can adopt the Ruddlesden−Popper phase,16 with the
general chemical formula of P2(An−1)BnXn+1, where the n
represents the number of inorganic layers (BX6-octahedra).
The thickness of perovskite thin films plays a crucial role in

their optoelectronic properties. For example, when n is 2 or
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less, the exciton binding energy in these layered perovskites
exceeds several hundred meV, preventing the efficient
separation of charge carriers.17 As n increases, a multilayered
quasi-2D perovskite emerges, eventually transitioning to a
three-dimensional (3D) structure when n approaches a very
large number of layers. In this scenario, the exciton binding
energy decreases as a function of increasing n. Thermodynamic
and chemical constraints limit the achievable value n to obtain
a pure quasi-2D phase, which typically results in structures
with 3 to 7 BX6-octahedra layers. In these cases, large organic
cations fragment the 3D perovskite into isolated layers of
corner-sharing BX6-octahedra.

18,19

Furthermore, Quan et al.20 demonstrated through their
experimental and theoretical investigations that perovskite thin
films based on phenylethylammonium (PEA, C8H9NH3)
cations with low values of n exhibit greater stability in optical
properties compared to those with higher values of n.
However, devices with low thickness suffer from weak
absorption and a larger bandgap, which negatively impacts
performance. In contrast, at a higher number of layers, reduced
charge-carrier mobility becomes the primary limitation, leading
to significant radiative recombination losses. This suggests that
2D perovskite films with higher n values have the potential to
achieve performance levels similar to those of 3D materials
while also offering improved stability.
Therefore, investigations on the influence of the number of

inorganic layers on the optoelectronic and structural properties
are fundamental for the potential application of perovskite thin
films in PSCs. Given this context, in this work, we report a
theoretical investigation based on ab initio density functional
theory (DFT) calculations21,22 on FPEA2(MAn−1)PbnI3n+1
perovskite films with different thicknesses, exploring n from
1 to 4.
For P-cations, we have selected the 4-fluorophenylethylam-

monium (FPEA, C8H11FN) molecules. FPEAI, a fluorinated
derivative of PEAI (the most widely used organic cation in the
literature), builds on its properties by offering enhanced charge
delocalization, reduced interlayer spacing, greater hydro-
phobicity, and increased polarization as a result of fluorination.
These features improve charge separation, transport in PSCs,
and strengthen interactions within the perovskite film,
contributing to overall device stability.23,24

Our investigation demonstrates that the influence of
thickness changes the characteristics of thin film perovskites,
thereby providing a mechanism to modulate their properties.
In particular, changes in the FPEA conformation correspond-
ing to varying values of n have a pronounced impact on
energetic stability, highlighting the complex interplay of
structural factors within the inorganic framework. We found
a trend in the energetic stability of the FPEA passivation as a
function of thickness, with the adsorption and interaction
energies of the organic cation decreasing as n increases.
Furthermore, quantum confinement effects significantly impact
the charge transfer dynamics from FPEA to PbI6-octahedra,
with larger slab thicknesses correlated with increased charge
transfer. The crucial role of PbI6-octahedra in optical activity
highlights the importance of thoroughly understanding the
impact of the number of inorganic layers in perovskites to fully
grasp their optoelectronic performance.

2. THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

2.1. Total Energy Calculations. Our calculations were
based on the DFT21,22 framework within the semilocal
Perdew−Burke−Ernzerhof25 (PBE) formulation for the
exchange-correlation (XC) energy functional. Plain DFT-PBE
can not provide an accurate description of long-range nonlocal
van der Waals (vdW) interactions, which under estimates the
interlayer binding energies among monolayers in 2D
materials,26 adsorption of molecular species on surfaces,27

interactions of organic monovalent cations in the inorganic
framework within hybrid perovskite,28 etc. Thus, to minimize
this problem, we used the semiempirical D3 vdW correction,29

which provides an improved description at a lower computa-
tional cost. To describe the interactions among core−valence
electrons, we used the frozen core projector augmented wave
(PAW) method,30,31 as implemented in the Vienna Ab initio
Simulation Package (VASP),32,33 version 5.4.4, where the KS
orbitals are expanded in plane waves.
The chosen organic FPEA-cation for the passivation

potentially influences the in-plane (xy) equilibrium lattice
parameters (a0, b0). Consequently, to accommodate these
variations, all equilibrium structures underwent optimization of
the in-plane stress tensor and atomic forces,34 using a plane
wave cutoff energy of 1.50 × ENMAXmax, where ENMAXmax
represents the maximum recommended cutoff energy within
PAW projectors specific to each atomic specie, for instance,
731.547 eV. During stress-tensor calculations, the magnitude
of the stress tensor along the z-direction remained unchanged
(maintained slab geometry). However, all atomic forces were
optimized without constraints.
For the remaining properties, including adsorption and

interaction energies, density of states (DOS), band structures,
work function, absorption coefficient, net atomic charges
computed by the density-derived electrostatic and chemical
(DDEC) method35,36 and so on, we used a plane wave cutoff
energy of 548.660 eV in all systems, which is higher than the
maximum recommended plane wave cutoff energy by 12.5%,
taking into account all chosen PAW projectors. To sample the
Brillouin zone (BZ), we employed a k-mesh of 2 × 2 × 1 for
structure optimization and 4 × 4 × 1 for the remaining
properties. The equilibrium structures were reached once the
atomic forces in each atom fell below 2.50 × 10−2 eVÅ−1 and
using a total energy convergence criterion of 10−5 eV.

2.2. Two-Dimensional Perovskite Thin Films. The
passivation with long alkyl chain organic cations (P-cations) on
perovskite surfaces induces the formation of low-dimensional
structures, e.g., 2D perovskite thin films, in which due to the
presence of a single NH3

+ group, we have structures with
general chemical formulas corresponding to the 2D Rud-
dlesden−Popper phase.16 Here, our model can be visualized by
envisioning a typical 3D perovskite crystal in the (100)
direction, adopting a general formula of FPEA2(MAn−1)-
PbnI3n+1. The FPEA-cations serve as a passivating agent for
ultrathin inorganic layers composed of PbI6-octahedra, and the
thickness of the slab is controlled by n layers, from 1 to 4
layers.
Thus, a 3D orthorhombic (2 × 2 × 2) supercell is employed

to generate a (100) 2D surface slab with a vacuum thickness
measuring 15 Å. Consequently, adhering to the electron
counting rule, each side of the slab (top and bottom)
necessitates 4 P-cations to achieve full surface passivation.
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These configurations are denoted as P8Pb4I16 (n = 1, 1L),
P8(MA)4Pb8I28 (n = 2, 2L), P8(MA)8Pb12I40 (n = 3, 3L), and
P8(MA)12Pb16I52 (n = 4, 4L).

2.3. FPEA Adsorption on Perovskites Layers. The
FPEA-cations have demonstrated high performance in
reducing possible structural defects when used as a passivating
agent in perovskite thin films.37,38 For the FPEA adsorption,
we considered the NH3

+ oriented in the vertical (v), horizontal
(h), and slant (s) relative to the plane PbI2 to examine the
interface dipole effects of the orientations of the headgroup, as
illustrated in Figure 1.

The choice of systems with 1 to 4 layers was primarily driven
by the computational challenge of performing DFT-PBE + D3
calculations with structural optimization using stress tensor
and atomic forces, as demonstrated for thin films with 1 and 2
layers and different types of organic cations. In this way, a

specific computational methodology was developed to reduce
the optimization costs of these systems, which can be found
elsewhere.39

In summary, the optimization process was initiated by
keeping the in-plane lattice parameters (a0, b0) constant and
fixing c0, with selective dynamics allowing only the FPEA-
cations to relax while constraining the inorganic slab.
Calculations were performed using the Γ-point and a plane
wave cutoff energy set to 426.736 eV. The system was
subjected to an average of 300 ionic steps. Subsequent steps
involved the refinement of force for all atoms, adjustments to
the stress tensor, and increasing the cutoff energy to 731.547
eV. A final optimization step used a 2 × 2 × 1 k-mesh, yielding
equilibrium lattice parameters. Further insights into geometric
optimization methodologies are available in our previous
publications.39,40

3. RESULTS AND DISCUSSION
In order to improve our understanding of the passivation
effects induced by FPEA organic cations, referred to as P-
cation, we conducted several characterizations that encompass
structural, energetic, electronic and optical properties using
various descriptors (physicochemical properties). In the
following sections, we will underscore the key discoveries,
while the supplementary data and analyses are available in the
Supporting Information (SI) file.

3.1. Lowest Energy Configurations in Function of
FPEA-Cation Orientation. To begin, we perform multiple
stress tensor optimizations for the FPEA2(MAn−1)PbnI3n+1
perovskite thin films, applying different conformations to the
FPEA molecule, Figure 1. For physicochemical character-
izations, we focused on the structures with the lowest total
energy, as shown in Figure 2.
To determine the structures with the lowest energy, we

performed a relative energy (ΔEtot) analysis. The results of
ΔEtot are shown in Figure 3, and we found, with the exception
of the 1L system, that there is a convergence toward the h
conformation as the lowest energy structure. The conforma-
tion of the FPEA molecule can induce large differences in the
values of ΔEtot, as seen for the structural s conformations for
the 3L and 4L structures, since the FPEA···I interactions can
be affected and thus reduce the stability of the system.
Intermolecular interactions such as hydrogen bonds (H-

bonds) or dipole moments, as well as distortions along the

Figure 1. Top and side views of trial configurations for the vertical
(v), horizontal (h), and slant (s) orientation of the NH3

+ group to the
PbI2 plane, considering the 3L structure as example. The dashed line
represents the unit cell.

Figure 2. Side views for the lowest energy FPEA2(MAn−1)PbnI3n+1 perovskites thin films (n = 1 to 4 layers), considering an angle rotation of 8° on
a0 lattice parameter for better visualization. The dashed line represents the unit cell.
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inorganic framework, have an impact on the energetic stability
of 2D perovskite thin films.41−43 The latter directly depends on
the conformation of the organic cation. For example, FPEA
molecules in the s conformation can induce a strong energy of
repulsion between aromatic rings and thus contribute to an
increase in the total energy.

The conformations of the organic cation FPEA might be
affected by the dipole generated by the interlayer molecules
(methylammonium (MA), CH6N), such that the structural v
conformation is favored in the 1L system. However, the
inclusion of the MA cation results in a deviation of the NH3

+

group from the FPEA conformation relative to the PbI2 plane.
3.2. Role of n-Layers on Slab Lattice Deformations.

To examine the influence of FPEA-cations on the slab lattice,
we opted for two structural descriptors: (i) the equilibrium
lattice parameters (a0, b0) and (ii) surface area (Acell), in which
the latter is defined as the product of the lattice parameters,
that is, a0 × b0. The findings are depicted in Figure 4.
The results indicate a significant influence of the number of

layers on the values of b0. Considering the lowest energy
configurations, we found a deviation of 5.35% from 1L to 3L,
with a nearly linear increase in b0 corresponding to the increase
in layers. Hence, primarily due to b0, the quantity of inorganic
layers impacts Acell. Essentially, increasing the thickness of the
FPEA-based perovskite thin films in a quantum well structure
will decrease the quantum confinement, thus increasing
Acell.

44,45

The lattice parameter a0 alternately decreases in layers with
odd numbers (1L and 3L) and increases in even-numbered
ones (2L and 4L); this may be closely associated with the
distinct symmetry effects between these systems. As shown in
Figure 5, odd-numbered layers exhibit a pseudoinversion

Figure 3. Relative total energy (ΔEtot) for all configurations (v, h, and
s) for the FPEA2(MAn−1)PbnI3n+1 perovskites thin films, with n = 1 to
4 layers. Here, the h orientations are at ΔEtot = 0.

Figure 4. Equilibrium structural parameters for all initial configurations h, v and s for the FPEA2(MAn−1)PbnI3n+1 perovskites thin films, n = 1 to 4
layers, where the lowest energy conformations are represented by empty points: lattice parameters (a0, b0), surface unit cell area (Acell), the average
hydrogen bond distance with the iodine (davH···I), average bond distance of the short (S-davPb−I) and long (L-davPb−I) bonds, average angles for the I−
Pb−I (θavIPbI) and Pb−I−Pb (θavPbIPb) combinations, the effective coordination number for the Pb (ECNav

Pb) and the average volume of the PbI6-
octahedra (VavOct).
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symmetry characterized by a glide plane passing through the
central layer, which could lead to a more compact structure,
resulting in a lower value a0.
Conversely, even-numbered layers, which lack inversion

symmetry and are related by a mirror plane bisecting the layers,
may adopt a more expanded structure, leading to an increase in
a0. These symmetry-related effects play a significant role in
defining the structural and lattice properties, contributing to
the systematic variation in the lattice parameter observed in
these perovskite systems and in other examples of 2D
perovskites with different organic cations.18

3.3. PbI6−Octahedra Distortions. To improve structural
analysis, the following local geometric parameters were chosen:
(i) mean lengths of bonds and angles within PbI6-octahedra,
(ii) average effective coordination numbers for Pb (ECNav

Pb),
and (iii) average volume of PbI6-octahedra (Vavoct). The results
are depicted in Figure 4, with further elaboration provided in
the subsequent discussion of the data.
The results reveal minimal deviations in the Pb−I chemical

bonds contingent on the number of layers, manifesting both
short (S-davPb−I) and long (L-davPb−I) bonds. However, there is no
discernible evidence of Jahn−Teller-type distortions;46 i.e.,
there is no presence of bond lengthening and shortening. An
almost linear increase in L-davPb−I bonds is evident, attributable
to the cumulative effect of Pb−I bonds along the c0 direction,
which tends to increase with the layer count.
The distortions of PbI6-octahedra are determined to be out-

of-phase,47 and can be characterized by the bond angles for the
I−Pb−I (θavIPbI) and Pb−I−Pb (θavPbIPb), Figure 4. The 1L
system exhibits the highest θavIPbI value, approximately 180°,
indicative of the internal bond angles within the PbI6-
octahedra. With an increase in the number of inorganic layers,
the θavIPbI angles decrease, reflecting greater distortion effects
along the z-axis due to increased interactions between layers.
Specifically, noticeable distortions manifest at the θavPbIPb angles
in the 1L system, showcasing pronounced out-of-phase

distortions compared to systems with higher n. This
observation underscores the significant impact of quantum
confinement in 1L systems, which results in increased
distortions. Moreover, as the thickness increases, the θavPbIPb
values tend to approach those observed in the 3D bulk
MAPbI3, demonstrating a convergence toward the bulk
behavior.
The characterizations of the effective coordination number

for Pb (ECNav
Pb) align with observations of internal distortions

within the PbI6-octahedra. Small deviations in ECNav
Pb are

contingent upon the thickness of the system, indicating
minimal deformations along the Pb−I bonds. However, the
observed trend in the L-davPb−I values reveals a progressive
expansion in the volume of the PbI6-octahedra (VavOct) relative
to the number of inorganic layers, ultimately converging
toward values similar to those identified in the 3D bulk
MAPbI3.
To delve deeper into the physical implications of the

multilayer structure, we now examine it from a different
perspective. If periodic boundary conditions could be applied
in the direction of the c0, the z dependence of the wave
functions would be subject to Bloch’s theorem, and the local
physical properties would be spatially periodic in that
direction. The thin film geometry is, of course, compatible
with open boundary conditions only, a restriction that
invalidates the theorem. However, certain consequences of
Bloch’s statement are expected to survive in a modified form.
To verify this reasoning, consider the displacements Δz

along the c0 of the equatorial iodine ions in the thin films from
their ideal positions in the three-dimensional compound. The
Table S4 on SI file lists the displacements of positions Ij and Ij′
(j = 1, ···, Nl) in the unit cell for the Nl = 2, 3, and 4 layers,
where Ij′ corresponds to the adjacent iodine.
Inspection of Table S4 shows that, both at positions Ij and Ij′,

the displacements are (approximately) antisymmetric with
respect to the mirror plane for an even number of layers (2L

Figure 5. (a) Displacements of the equatorial iodine ions as a function of the distance from the glide (odd layers) or mirror (even layers) symmetry
plane. The red circles show the displacements extracted from Table S4 in SI, and the solid blue lines represent eq 1 (2L and 4L) or eq 2 (3L). (b)
In odd-numbered layers, a glide plane intersects the central layer, while in even-numbered layers, a mirror plane exists between the two middle
perovskite networks, relating them to each other.
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and 4L), and symmetric with respect to the glide plane for
three layers (3L), see Figure 5. The displacement is therefore
an odd eigenvector of the z-inversion operator for two or four
layers, while it is an even eigenvector for three layers. The
results also show that the displacements of each Ij ion and the
corresponding Ij′ ion have opposite signs. In the 2L and 4L
systems, the said displacements are moreover antisymmetric; it
suffices to study the Ij ions. In the 3L films, there is no
antisymmetry, and the Ij and Ij′ should be considered
separately. For brevity, we will discuss the displacement of Ij′
ions, which poses a more difficult challenge.
Given the loose connection with Bloch’s theorem, we now

attempt to describe the displacements as periodic functions of
the ideal ionic positions along the c0, measured from the plane
of symmetry. In the four-layer film, the ideal positions,
measured from the mirror plane, are

z j j
2

( 1, 3)j
4= = ± ±

(1)

where 4 is the separation between neighboring layers. For the
two-layer film, an analogous equality is maintained, with 2
substituted for 4, and j ranging from −1 to 1.
Since the parity eigenvectors are odd for two or four layers,

the odd trigonometric function is appropriate

z
z

nsin
2

( 2, 4)j
j

n
= =

i
k
jjjjj

y
{
zzzzz (2)

Although an amplitude might be introduced as an adjustable
parameter, simplicity recommends a unitary amplitude, given
that the displacements in Table S4 are of the order of 1 Å. This
leaves a single adjustable parameter, the wavelength λn,
measured in units of the interlayer separation n (n = 2 or
4). For the three-layer film, eq 1 becomes

z j j( 0, 1)j 3= = ± (3)

where 3 denotes the interlayer splitting.
In this case, the parity eigenvector is even with respect to the

j ↔ −j inversion. The eigenfunctions may therefore be
constant or even functions of zj. This considered, notice taken
that Δz ≈ 0 for the Ij=2 ion, we rely on the following equality to
describe the displacement of the Ij ions

z
z

jsin
2

( 0, 1)j
j2

3
= = ±

i
k
jjjjj

y
{
zzzzz (4)

with a negative sign because the pertinent displacements in
Table S4 are negative. The sign is arbitrary, since it reflects the
orientation of the z-axis.
The solid blue curves in Figure 5 represent the best fit to the

red circles, which correspond to the displacements listed in
Table S4, with fitting parameters 1.12 2= for 2L,

2.23 3= for 3L and 1.14 4= for 4L. Although the
quality of the fit, achieved using a single adjustable parameter
for each case, is notable, the key insight lies in the conclusions
drawn from these plots. Equations 2 and 4 describe
displacement waves that lock onto the film structure, with
wavelengths that approximately match the spacing between
even-numbered layers or the outermost layers in odd-
numbered. These waves, likely driven by the repulsion between
iodine ions, introduce a periodicity that reduces the electronic
energy and impacts the physical properties of the perovskite

films. Further examples and implications will be discussed in
the following sections.
The observed displacements of iodine ions in multilayer

perovskite films reveal an intricate interplay between the
octahedral tilting and structural periodicity as a function of the
layer thickness. For instance, in two- and four-layer systems,
antisymmetric displacement patterns reflect a strong coupling
between adjacent octahedra, where alternating shifts in
opposite directions reduce strain and optimize packing, thus
minimizing electronic repulsion.
This behavior suggests that octahedral tilts play a significant

role in stabilizing the lattice and modulating its electronic
properties, particularly through symmetry breaking effects that
influence the band structure and charge transport.18,47

3.4. Adsorption and Interaction Energies. To explore
the energetic stability of the FPEA-cation in relation to the
thickness of the lowest energy configurations, we performed
comprehensive analyzes focusing on adsorption (Ead) and
interaction energies (Eint). In this way, for Ead we used the
following equation

E E E E( 8 )/8ad tot
2D perovskite

tot
slab relaxed

tot
FPEA cation free= ×

(5)

where Etot2D perovskite is the total energy of the FPEA2(MAn−1)-
PbnI3n+1 perovskite thin films, in which n = 1 to 4, while Etotslabrelaxed

is the total energy of the optimized perovskite slabs through
the stress-tensor without the 8 FPEA-cations adsorbates, the
EtotFPEA−cation free is the total energy of the free FPEA-cation and 8
is the number of FPEA removed from the slab.
For Eint, we computed by using the following equation,

E E E E( )/8int tot
2D perovskite

tot
slab frozen

tot
FPEA cation frozen=

(6)

where Etotslab frozen and EtotFPEA−cation frozen are, respectively, the total
energies of the frozen perovskite slab and the 8 FPEA
molecules frozen in their optimized geometric positions. The
results Ead and Eint are shown in Figure 6.

The results for both Ead and Eint in all systems, n = 1 to 4,
indicate that the reactions are energetically favorable
(exothermic), as evidenced by the negative values. However,
there are more significant differences in the values of Ead
between the systems compared to Eint. This variance can be
attributed to the inherent energies of the inorganic slabs, which
were optimized in the absence of FPEA molecules. As a result,
these optimized slabs exhibit higher energy levels, indicating

Figure 6. Adsorption (Ead) and interaction (Eint) energies for FPEA-
cations on perovskites thin films.
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greater instability. This instability contributes to the higher
values Ead observed in the systems, demonstrating a depend-
ence on the parameter n.
As the thickness of the 2D system increases, we observe a

notable decrease in both Ead and Eint. Consequently, higher
values of n generally correspond to more stable systems when
FPEA serves as passivator cations. This finding is in good
agreement with the experimental evidence. For example, Quan
et al.20 demonstrated that an increase in n leads to systems
characterized by lower formation energies, particularly evident
when considering the phenylethylammonium (PEA) molecule
as the P-cation.
The robust bulky organic cations resulting from the FPEA

molecules play a key role in enhancing the energetic stability of
the compounds, a fact well supported by the Eint data.
Consequently, intermolecular interactions such as van der
Waals forces, H-bonds, and others emerge as crucial catalysts
to augment the stability of 2D perovskites thin films.20,48

3.5. Effective Charge Transfer. Here we calculated the
average effective charge of specific local sites from thin films
using the electrostatic and chemical (DDEC) method,35,36 the
results are shown in Figure 7 at the right panel. The local sites
chosen for the average effective charge analysis were: (i) the
axial (Qeff

I (ax)) and equatorial (Qeff
I(eq)) surface iodides and then

the inner iodides (Qeff
I(inner)), (ii) lead (Qeff

Pb), (iii) nitrogen from
the FPEA molecule (Qeff

N(FPEA)) and the MA molecule
(Qeff

N(MA)), (iv) the hydrogens from NH3
+ group, for both the

FPEA molecule (Qeff
H(FPEA)) and the MA molecule (Qeff

H(MA)),
and finally the charge from the FPEA molecules (Qeff

FPEA). The
representative model of the local charge sites is demonstrated
in Figure 7 at the left panel.
Quantum confinement effects influence the interactions of

FPEA-cations with the inorganic framework, thereby affecting
the charge-transfer dynamics between the organic part
(positive charge) and the inorganic part (negative charge).
According to the results, the percentage deviations between
Qeff
I(ax) and Qeff

I(eq) tend to decrease due to the increase in the
number of inorganic layers. For example, we observed
deviations of 42.4% for 1L and 2.0% for 4L.
Interestingly, for 1L there is a higher concentration of charge

on the equatorial iodides compared to the axial ones, precisely
due to the position of the NH3

+ group in relation to the PbI2
plane, being more horizontal than other systems. Thus, we did

not find greater deviations between Qeff
I(eq) and Qeff

I(ax) from 2L to
4L.
The effective charge on the inner iodides becomes more

negative as n increases; for example, we find a difference of
0.26 e between 4L and 2L. The Qeff

I(inner) tends to approach the
values found for Qeff

I(eq) and Qeff
I(ax) as the thickness of the slab

increases, which could corroborate greater electronic stability
for systems with larger n.
We also found that the effective charges of the monovalent

(FPEA) and divalent (Pb) cations show an almost linear
increase as n increases. In the case of Qeff

Pb, there is a linear
increase followed by a constant behavior after 3L. When
analyzing the general average of the effective charges of the
iodides, regardless of position, a consistent behavior is
observed; that is, there are not many deviations on average
Qeff
I regardless of n. This leads to the hypothesis that the ionic

character of the inner PbI6-octahedra tends to increase
precisely due to the difference between the average charges
of Pb and I as n increases.
The role of slab thickness affects the effective charge of

FPEA cations, which corresponds to a linear increase as a
function of the increase in n. A more positive charge indicates
more effective charge transfer through cation−anion inter-
actions, i.e., FPEA-iodides. Furthermore, the increase in Qeff

FPEA

may be related to the greater stability of the binding energy
between the organic bulky and the inorganic framework.
To have a more precise interpretation of the charge transfer

behavior via FPEA cations, we investigated the effective charge
of the atoms in the NH3

+ group for both FPEA and MA
molecules. The results show that Qeff

N(FPEA) for purely 2D
structures (1L) has a higher concentration of negative charge,
demonstrating small charge transfer to the inorganic frame-
work. However, in quasi-2D systems (n = 2 to 4), we find a
more constant character.
In fact, we have an increase in the effective charge of average

hydrogen, bounded to N, as n increases. This indicates that the
acidic character of the FPEA cation increases as the thickness
of the slab increases, making the transfer of this hydrogen to
the inorganic framework, via Brønsted−Lowry acid−base
interactions, more likely.

3.6. Electron Density Difference Analysis. We con-
ducted the electron density difference analyses to corroborate
the occurrence of the charge transfer process, this validation
was carried out by using the following equation

Figure 7. Effective DDEC charges for local sites: the axial (Qeff
I(ax)) and equatorial (Qeff

I(eq)) surface iodides and then the inner iodides (Qeff
I(inner)), lead

(Qeff
Pb), nitrogen from the FPEA molecule (Qeff

N(FPEA)) and the MA molecule (Qeff
N(MA)), the hydrogens from NH3

+ group, for both the FPEA molecule
(Qeff

H(FPEA)) and the MA molecule (Qeff
H(MA)), and the charge from the FPEA molecules (Qeff

FPEA).
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2Dperovskite FPEA cation slab= (7)

where ρ2Dperovskite is the total electron density of 2D
perovskites, ρFPEA−cation is the electron density of the isolated
bulky FPEA molecules and ρslab is the electron density of the
frozen 2D slab, i.e., both are fragments obtained from the
FPEA-cation/slab systems in their optimized geometric
positions. The results are shown in Figure 8.
In general, we observed a large accumulation of electron

charges in the neighboring I- ion sites. Although there are
charge depletions in the FPEA cations, especially in the atoms
of the NH3

+ group, this shows that the charge transfer process
occurs mainly due to these chemical groups, FPEA atoms and
halides. More precisely, we found charge depletions close to
the H atoms of the NH3

+ groups in both the FPEA and MA
cations. We observed that there are charge depletions close to
certain C atoms present in FPEA cations, especially those
bounded to the aromatic ring. These depletions result from the
interaction of delocalized electrons in the ring, which can be
part of the charge transfer, contributing to the interaction
strength between the organic and inorganic components.

3.7. Local Density of States Characterizations. To
thoroughly examine the band gap energy window region,
which plays a vital role in the application of perovskite
materials in photovoltaic devices,8,49 we analyzed the local
density of states (LDOS). The results are illustrated in Figure
9.
LDOS analyzes were normalized in relation to the number

of PbI6-octahedra of each system, to facilitate comparison of
densities as a function of n-layers. The results confirm the
majority contributions of the PbI6-octahedra to the formation
of the valence band maximum (VBM) and the conduction
band minimum (CBM) of the FPEA2(MAn−1)PbnI3n+1 perov-
skite thin films. Specifically, we have the largest contribution
coming from the iodine states, which indicates their
importance for the optical properties of the systems.50 Then
we have contributions from the lead states. Thus, we have the
orbital overlap of I and Pb for the formation of molecular
orbitals for each hexacoordinated complex (PbI6-octahedra),
therefore forming the VBM and CBM of the materials.
We found small contributions of s-lead states, but significant

contributions from p-iodine states to the formation of the
VBM, and its formation comes from an antibonding
combination of Pb ns and I p-orbitals. The VBM exhibits a
high ionic character, with halides making the predominant

contributions. This finding is consistent with previous
literature.51,52 However, the CBM shows a higher covalent
character due to the increased involvement of the p states of
lead and iodine.

3.8. Fundamental Electronic Band Gap. The electronic
band structure for FPEA-based perovskites was calculated and
is illustrated in Figure 10, here we consider calculations with
and without spin−orbital coupling (SOC) effects. Due to
quantum-size effects, when the thickness decreases, the CBM
becomes shallower; in addition, for two- to four-layer 2D
perovskite systems, we observed a break in degeneracy in the
CBM region while the VBM shows smaller variations. It is
noted that in the CBM for n > 2 there are greater dispersions

Figure 8. Electron density difference isosurfaces (0.0015 bohr−3) for FPEA2(MAn−1)PbnI3n+1 perovskites thin films, n = 1 to 4 layers. The blue and
yellow regions indicate the accumulation and depletion of charge, respectively.

Figure 9. Local density of states for FPEA2(MAn−1)PbnI3n+1
perovskites thin films, n = 1 to 4 layers, the valence band maximum
(VBM) was set at 0 eV (vertical dashed line) and energy range
considered spans from 0 to 20 eV for all plots.
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of bands that are also probably formed by the contributions of
the states of the MA molecules between layers.
The energy difference between the VBM and CBM states

delineates the fundamental band gap, (Eg). We found a direct
band gap for all systems at the Γ-point. The observed values Eg
consistently show a decreasing trend with increasing layer
thickness, as shown in Figure 11. This phenomenon is a direct

consequence of quantum-size effects, in agreement with the
literature.53,54 For instance, we found a percentage deviation of
around 30% for PBE + D3 calculations, which reached 44%
when considering the effects of SOC.

3.9. Work Function and Band Offset Analysis.
3.9.1. Work Function. The work function (ϕ) is defined as
the minimum energy required to remove an electron from the
surface of a 2D material to the vacuum region. In this work, we
calculated it as the energy difference between the highest
occupied state (VBM) and the electrostatic potential value in
the vacuum region.55 The ϕ outcomes are given by Figure 11.
In our previous work, we pointed out that the presence of

alkaline cations with smaller ionic radii (Li, Na),40 and also
select aliphatic organic molecules such as methylammonium
and propan-1-aminium,39 can lead to a remarkable phenom-
enon, thickness independence ϕ. However, when molecular
structures with significant polarity disparities are introduced,
such as FPEA, they tend to induce pronounced deviations in
the ϕ values.56 This insight underscores the intricate interplay

between molecular composition and the resulting thickness
variations in ϕ.
We observed a consistent trend in the values of ϕ depending

on the number of inorganic layers, n. As the number of layers
increases, there is a corresponding decrease in the values of ϕ.
Specifically, our results demonstrate a small deviation of 0.62
eV for the 1L compared to the 4L system. This behavior can be
understood by considering that electrons in ultrathin finite
materials have considerable freedom of movement along the
material surface in directions a0 and b0, while their motion
perpendicular to the material surface (c0) is constrained and
quantized, resembling a particle-in-a-box due to the presence
of vacuum.57 Thus, it becomes more energetically costly to
remove electrons in systems with greater quantum-size effects,
decreasing as the thickness of thin films increases.
Furthermore, the incorporation of SOC exerts discernible

effects on the values of ϕ in all systems examined within this
study, notably leading to a significant reduction in ϕ. For
example, in the case of 3L, the effects of SOC resulted in a
decrease of ϕ by approximately 4.16% from the values
observed without SOC.

3.9.2. Band Offset. For a better description of the electronic
structure of perovskite thin films as a function of increasing n,
we analyze the band offset by aligning the VBM and CBM for
all four 2D compounds by adjusting their eigenvalues with
respect to the vacuum level. The band offset is shown in Figure
12. Here, we refer to the band offset considering also the SOC

Figure 10. Electronic band structure for FPEA2(MAn−1)PbnI3n+1 perovskites thin films, n = 1 to 4 layers, obtained with PBE+D3 (black lines) and
PBE + D3 + SOC (red lines) for the same equilibrium volume (V0) obtained by PBE+D3 calculations. For all plots, the top of the valence band is
set at 0 eV.

Figure 11. Electronic band gap (Eg) and the work function (ϕ)
obtained by different approximations, PBE+D3 and PBE+D3+SOC,
as a function of the number of n-layers for FPEA2(MAn−1)PbnI3n+1
perovskites thin films.

Figure 12. PBE + D3 in red VBM and green CBM for
FPEA2(MAn−1)PbnI3n+1 perovskites thin films, n = 1 to 4 layers, in
equilibrium lattice parameters with respect to vacuum level (zero
energy). The red dashed line and values represent the effect of PBE +
D3 + SOC calculations on VBM and CBM. All energy data here is in
ev.
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effects. According to the results, we observed a greater effect of
SOC on CBM for all compounds studied, shifting the bands to
lower energy levels with a tendency to decrease levels from 1L
to 4L. However, the CBM energy values did not exhibit any
discernible trend, which can be attributed to the varied charge
transfer observed from the FPEA molecules to the halides.
The most pronounced SOC effects in the CBM arise

because the formation of these bands is significantly influenced
by the lead−metal states, which are more susceptible to
relativistic effects. In our analysis on VBM, we observed a
consistent increase from the 1L to 4L systems, increasing 1.64
eV, in agreement with the expected trend of the system. This
discrepancy may be attributed to the manifestation of
quantum-size effects within the systems. Furthermore, our
findings indicate that the increase in the VBM relative to the
vacuum level demonstrates a diminishing trend as the layer
count increases. This result is consistent with the data from ϕ.

3.10. Optical Properties. Understanding the intrinsic
optical properties of 2D perovskite thin films is crucial for their
potential applications in photonic and optoelectronic devices.
Linear optical properties can be derived from the complex
dielectric function as a function of frequency.58,59 Here, we
obtain the absorption spectra and refractive index of all
evaluated FPEA-based perovskites.
Figure 13 (top panel) illustrates the optical absorption

coefficient of FPEA2(MAn−1)PbnI3n+1 thin films, showing how

absorption evolves with increasing film thickness. A clear
redshift is observed in the optical absorption edge as the
number of inorganic layers increases. This trend is directly
correlated with the reduction of the optical bandgap (Egoptic), as
indicated by the dashed lines in the figure.
The optical bandgap decreases from n = 1 to n = 4 layers,

reflecting the quantum confinement effect in these materials.
For thinner films with fewer inorganic layers, quantum

confinement leads to an increase in the bandgap due to spatial
restrictions on electronic wave functions. As the number of
layers grows, the confinement effect diminishes, and the
electronic states delocalize, resulting in a narrower bandgap.
This is consistent with the enhanced contribution of PbI6-
octahedra to the electronic structure, as the density of states
near the band edges increases with thicker layers.
These trends highlight the tunability of the optical bandgap

through film thickness, which is a critical property for
optimizing 2D perovskites for specific applications. For
instance, a higher bandgap in thinner films makes them
suitable for light-emitting applications in the blue-UV region,
while lower bandgap values in thicker films are ideal for
photovoltaic applications, where absorption of a broader
portion of the solar spectrum is essential.
The refractive index results, shown in Figure 13 (bottom

panel), further elucidate the relationship between thickness
and optical properties. In the infrared region (below
approximately 1.5 eV), the refractive index increases with the
number of layers, which can be attributed to enhanced atomic,
molecular, and bond polarizabilities. This range falls within the
bandgap region, where contributions to the dielectric response
are dominated by lattice vibrations and bond polarization
rather than electronic excitations. The thicker films exhibit a
higher dielectric response due to the increased contribution of
PbI6-octahedra, as well as the enhanced overlap of electronic
orbitals. These results are consistent with experimental data,
confirming the strong correlation between structural thickness
and optical response.58,60,61

4. INSIGHTS INTO PEROVSKITES THIN FILMS
THICKNESS

Quantum-size effects in perovskite thin films play a pivotal role
in optimizing the performance of optoelectronic devices.17,41

By varying the slab thickness of FPEA2(MAn−1)PbnI3n+1 with n-
layers, we can capture these effects and gain critical insights
that can assist experimentalists in fine-tuning perovskite thin
films. In the following, we summarize the key findings that are
particularly relevant for guiding future experimental work.

4.1. Structural Properties. Our results show that the out-
of-phase distortions of PbI6-octahedra tend to stabilize as the
number of layers increases. Distortions within the inorganic
framework can contribute to a reduction in charge transport.
According to Chen and Choi,62 due to the insulating nature of
organic molecules, charge transport is significantly more
efficient along the inorganic plane than through the organic
cations. Thus, the dimensionality of the surface capping layer
must be carefully adjusted, as the preferential growth of 2D
perovskite crystals parallel to the substrate is not ideal for
vertical charge transport in the 3D/2D perovskite film.24

Distortions in the PbI6octahedra can also induce exciton−
phonon coupling and generate gap states, leading to a
broadening of the photoluminescence spectrum.63,64

4.2. Energetic Stability. Ead and Eint energies indicate
greater energetic stability of the thin films as the number of n-
layers increases. In fact, studies indicate that the formation
energy of perovskite thin films, similar to the models evaluated,
increases as the thickness decreases,20 meaning that as the
dimensionality is reduced, the energy required to form the
material increases. This implies that perovskites with lower n
values are less stable compared to those with higher n values.
In situ methods can track 2D growth, affecting the composition
of the 2D/3D interface. A higher ratio of quasi-2D phases

Figure 13. (top panel) Optical absorption coefficient and (bottom
panel) refractive index, both obtained from PBE + D3, for
FPEA2(MAn−1)PbnI3n+1 perovskites thin films, n = 1 to 4 layers. Egoptic
values are in indicated by dashed lines.
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improves device performance, while pure 2D layers may hinder
current extraction.65 It is known that as the value of n
increases, the films tend to align vertically rather than parallel
to the substrate.66 Vertically oriented inorganic slabs provide a
direct pathway for charge transport between layers, while bulky
organic separators act as electrical insulators, hindering out-of-
plane charge conduction.67

4.3. Charge Transfer. As the thickness of the slab
increases, the acidic nature of the NH3

+ groups is enhanced,
which facilitates hydrogen transfer to the inorganic framework
through Brønsted−Lowry acid−base interactions. This charge
transfer plays a critical role in the electronic properties of the
films, indicating that doping strategies or surface passivation
could be used to manipulate the charge distribution and
improve the electronic characteristics of the films. The doping
of the organic spacers might reduce the potential barriers,
thereby enhancing the charge-transport efficiency. For
example, hydrogen and ionic bonding, π-π interactions, or
van der Waals forces in the interlayer spaces between organic
components and halogens could significantly influence the
material conduction properties.68,69

4.4. Optoelectronic Properties. FPEA-based perovskites
models act as natural quantum wells, where the PbI6-octahedra
layers are the wells and the organic cations are the barriers.18

The barrier width is fixed by the FPEA-cation length, while the
well width varies with the thickness of the inorganic layer.
Therefore, as the number of inorganic layers increases, the
quantum-size effects decrease and the energy gap between the
valence states of the compounds (VBM and CBM) decreases.
The valence states have direct contributions from PbI6-
octahedra, with larger contributions coming from the halide
states and then from the divalent metal, demonstrating an ionic
and antibonding character in the band gap region.
The ionic character in 2D thin films tends to decrease as the

number of n-layers increases, which means that the vacancy
defects created by the removal of an ion are smaller in such 2D
systems, thus presenting a lower defect density.70 The optical
band gap and absorption spectra correlate with slab thickness,
highlighting the role of PbI6-octahedra in optical activity.
Quantum-size effects modulate the optical properties, with
absorption spectra correlating absorption intensity with
inorganic layer addition. PbI6-octahedra, especially iodides,
directly influence the formation of the band gap and optical
activity in 2D perovskite films. Future studies could investigate
the surface defects to fully understand optoelectronic perform-
ance.
These findings underscore the importance of slab thickness

and quantum-size effects on the stability, charge transfer, and
optical properties of quasi-2D perovskites, offering insights into
strategies for enhancing the performance of these materials.

5. CONCLUSIONS
Our DFT investigation reveals that the thickness of inorganic
layers in FPEA2(MAn−1)PbnI3n+1 perovskite thin films signifi-
cantly influences their structural, energetic, and optoelectronic
properties, with quantum-size effects playing a central role. We
observed that as the layer thickness increases, from 1L to 4L,
the effective charge distribution between the FPEA-cations and
iodides changes, enhancing charge transfer within the inorganic
framework and suggesting stronger organic−inorganic inter-
actions. This is further supported by exothermic trends in Ead
and Eint, highlighting the stabilizing impact of van der Waals
forces and hydrogen bonding.

The electronic properties showed that PbI6-octahedra
dominate the valence and conduction band formation, and
the optical properties of the films are closely related to these
inorganic components. The absorption spectra demonstrated
that the PbI6-octahedra, particularly the iodides, are pivotal in
determining the optical activity, and thicker films exhibit more
intense absorption. The decreasing trend in ϕ with increasing
layers underscores the influence of quantum confinement,
while the effects of SOC further modulate these properties,
particularly reducing ϕ. Furthermore, our findings on Egoptic
emphasize the critical role of PbI6-octahedra in driving optical
activity. This behavior suggests that fine-tuning the number of
inorganic layers can strategically manipulate the optical and
electronic characteristics of 2D perovskite films, making them
highly adaptable for various optoelectronic applications.
For experimentalists, our study offers practical guidelines for

optimizing quasi-2D perovskite thin films. Ensuring the vertical
alignment of inorganic slabs can enhance charge transport by
mitigating the insulating effects of organic cations. Surface
passivation and doping strategies can further improve charge
transfer and reduce defect densities. Additionally, precise
control of slab thickness enables the tuning of optical
properties, such as absorption edge and intensity, for targeted
applications in photovoltaics and light-emitting devices.
These insights not only deepen our understanding of the

role of thickness in 2D perovskite films but also highlight the
importance of considering quantum-size effects and surface
phenomena in designing such materials for optoelectronic
applications.
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