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Two-dimensional organic—inorganic perovskites have garnered extensive interest owing to their unique
structure and optoelectronic performance. However, their loose structures complicate the elucidation of
mechanisms and tend to cause uncertainty and variations in experimental and calculated results. This can
generally be rooted in dynamically swinging spacer molecules through two mechanisms: one is the intrinsic
geometric steric effect, and the other is related to the electronic effect via orbital overlapping and electronic
screening. Herein, we design three types of spacer molecules, phenyl methyl ammonium (PMA), thiophene
methyl ammonium (THMA), and furan methyl ammonium (FUMA), that adopt different aromatic units. We
examine the influence of different aromatic spacers on the structural properties of the inorganic layer of the
perovskite based on first-principles calculations and find that a marginal change in the aromatic ending
group in the spacer ligand would trigger significant changes in the octahedral inorganic layer. We predict
that using THMA and FUMA can improve the stability and increase the size of crystal domains because of
enhanced binding between the organic and inorganic layers. Compared to the prototype phenyl-based
perovskite (PMA),Pbl,, the thiophene-based perovskite (THMA),Pbl, exhibits states closer to the band edge,
thus boosting carrier transport across inorganic and organic layers. Compared with the perovskite using
PMA as a spacer cation, the THMA-based perovskite demonstrates a higher dielectric constant and smaller
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exciton binding energy, suggesting that THMA is more suitable as an organic spacer and a good passivation
agent in 3D perovskites. The difference in the screening ability of the molecules induces varying interlayer
excitonic binding energy. Our work provides theoretical grounds for the engineering of spacer molecules

rsc.li/nanoscale toward high-efficiency light conversion of mixed perovskites.

host of three-dimensional (3D) HOIPs with the general

1. Introduction
formula AMX; (A = Cs*, CH;NH;" (MA), and HC(NH,)*" (FA);

Halide perovskites have garnered extensive interest consider-
ing their high light absorption coefficient," high mobility,>
long carrier lifetime and diffusion length,® defect-tolerant
nature,” and tunable composition.” Their appealing opto-
electronic properties make them promising candidates for a
host of applications, such as solar cells,® light-emitting
diodes,” field-effect transistors,® lasers,” and detectors.’® In
2009, Miyasaka et al.'' reported construction of solar cells
based on hybrid organic-inorganic perovskites (HOIPs) for the
first time, showing a power conversion efficiency (PCE) of
3.8%. By improving growth conditions for enhancing the crys-
talline quality of the material, record-breaking PCE values have
been continuously reported, up to 26.1%, in recent years.'” A
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M = Pb*>", Sn**, and Ge**; X = CI7, Br™, and I") has been discov-
ered and demonstrated various potential optoelectronic and
energy-conversion applications.*"**®

Thus far, considerable efforts have been devoted to the fol-
lowing aspects of research on halide perovskites: optimized
compositions for improving PCE,"” measures for promoting
stability'® and up-scaling synthesis of materials with satisfac-
tory quality.”®*® Mixed perovskites comprising several
different types of cations and having a wide solar-adsorbing
spectrum and high stability are particularly appealing. An
ideal combination of different cations for synthesizing mixed
perovskites has been proposed according to the charge trans-
fer to its precursor Pbl, using density functional theory.”"*?
Selectively adding long-chain organic cations into 3D perovs-
kites is also effective in promoting the stability by triggering
the formation of two-dimensional (2D) halide perovskites,
with cleavage along specific crystal planes (100), (110), or
(111) of bulk perovskites to form 2D perovskites or quasi 2D
perovskites.>® These molecules, acting as the spacer molecules,
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effectively passivate and separate the cleaved Pb-I 2D layers
while imposing significant quantum confinement for a
tunable band gap. Importantly, by introducing different
charged end groups in these spacer molecules, various inter-
layer stacking registries, such as Ruddlesden-Popper (RP)**
Dion-Jacobson®® and alternating cation interlayer (ACI
phases, can be obtained, further extending the regulation of
perovskite polymorphs.

Compared with 3D parent perovskites, 2D perovskites are
believed to be more robust against moisture and oxygen and
accordingly have high stability for the following reasons.?” First,
structural instability and phase transition in 3D perovskites
driven by lattice strain and causing a strict restriction of ion
radii, dictated by the tolerance factor, can be principally relieved
and allow more phase freedom in 2D perovskites.*® Second, the
large organic cations can pin the lattice and decrease phase
instability as steric hindrances.?® Third, ion migration, resulting
in a large number of defects in 3D perovskites and eventually
the destruction of the perovskite skeleton and decomposition,
can be inhibited by using large organic cations as barriers to
isolate the octahedral layer in 2D perovskites.*® Fourth, exces-
sive layered PbI, in 3D perovskites can be reacted with large
cations as a passivation agent, forming a 2D perovskite layer.**
The MA/FA/I vacancies on the perovskite surface can also be
filled with methylamine from a large organic cation, reducing
the harmful defective states and nonradiative recombination.>

Moreover, 2D perovskites have excellent structural diversity,
and their properties can be tailored by controlling the spacing
cations,* cage cations,*® and inorganic layer thickness.*®
However, the transport of charge carriers tends to be hindered
by adding large cations.*® The 7 value, the number of inorganic
cationic (i.e., Pb) sublayers forming a quantum well for carriers,
dictates the width of the quantum well, while the length of
organic cations determines the thickness of the quantum well
barrier. Both of them can directly affect the transport process of
charge carriers.’” Since the dielectric constant of organic
materials is significantly smaller than that of the inorganic Pb-I
layer, a significant quantum confinement effect is expected in
2D perovskites.*® This allows the generation of spatially con-
fined excitons in the inorganic layer with the surrounding
organic layer as a shielding layer of excitons.*® Therefore, 2D
perovskites inherent with a natural quantum well generally have
a large exciton binding energy (E,).** In principle, the E, can be
adjusted by modulating the dielectric constant of the spacer
cations. Designing the spacer layer with a higher dielectric con-
stant can reduce the dielectric mismatch between the organic
and inorganic layers, thereby reducing E,.*' Therefore, large
hydrophobic cations with high conductivity and dielectric
screening are helpful in maintaining stability while ensuring a
good transport performance of perovskites.

Aromatic organic ligands have a conjugated electronic struc-
ture, allowing relatively high dielectric constants and ideally act
as spacer molecules to reduce the dielectric mismatch.**> Due to
its appropriate volume and easy modification, the aromatic
benzene ring unit has become the most commonly used group
in the spacer molecules.*® In 2016, Kamminga et al. studied the
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effect of phenylamine cations with different lengths of fatty
chains on the crystal structure of 2D perovskite.** Phenyl
methyl ammonium (PMA) and phenylethylamine (PEA) mole-
cules are found to be suitable as spacer cations for 2D perovs-
kites. Yan et al. prepared and studied thin films, including PMA
and its derivatives as spacer cations,*® obtaining a dense perovs-
kite film with a PCE of 17.12% and long-term stability. On the
other hand, the thiophene organic ligand with an S atom in the
aromatic ring exhibits a unique interaction with Pb,*® and this
interaction facilitates the amalgamation of adjacent grains and
the passivation of I vacancies. Due to the high polarizability of
sulfur atoms, valence = electrons are more loosely bound to the
aromatic ring, resulting in higher charge mobility. In 2018, Liu
et al."’” prepared 2D perovskite films based on thiophene methyl
ammonium (THMA) and methyl ammonium chloride (MACI) as
additives, achieving significantly increased grain size and
improved charge transfer. The 2D perovskite device has a per-
ovskite solar cell (PSC) efficiency of 15.42% and exhibits
superior long-term stability. Liu et al.*® used THMA as an
organic ligand and prepared the FA-based 2D perovskite. The
optimized (THMA),(FA),Pbsl;s-based device has a record
efficiency of 19.06%. Ni et al.*® compared thiophene-based and
phenyl-based 2D perovskites and found that introducing THMA
improved the charge transfer between the inorganic layer and
the organic ligand, resulting in better photoelectric perform-
ance. Besides the spacer molecules featured with benzene ring
and thiophene groups, furan molecules have also been adopted.
Zheng et al.”® used furan methylamine hydro (FUMA) iodate to
prepare 2D PSCs and achieved a PCE of 15.24%. Liu et al.”'
reported that the 2D perovskite with FUMA ligand has an ultra-
long carrier lifetime and a PCE of 18.00% due to its lower
exciton binding energy and electron-phonon coupling coeffi-
cient. Although many studies have focused on the inorganic
layer, the role of spacer molecules in determining the electronic
and excitonic properties of the whole 2D perovskites has
received little attention. However, recent studies have high-
lighted the role of spacer molecules in influencing the struc-
tural, electronic, and optical properties of 2D perovskites. For
instance, Marchenko et al>* constructed a database of two-
dimensional hybrid perovskite materials, systematically analyz-
ing their crystal structures and properties. Lu et al.>® systemati-
cally explored the impact of metal off-centering distortion in
halide perovskites by combining high-pressure experiments and
first-principles calculations. Lyu et al.>* developed a machine-
learning-assisted approach to predict the dimensionality of lead
iodide-based perovskites by analyzing the structure of an
organic cation. Forde et al’® demonstrated that introducing
organic spacer molecules with hole-acceptor states, such as
naphthylethylammonium (NEA), can significantly reduce
exciton binding energies in lead bromide perovskites.
Understanding the scale of varying degrees of screening
induced by different spacer molecules is critical to the modu-
lation of optoelectronic properties of 2D perovskites.

Here, using the first-principles method, we attempt to
reveal the dielectric screening effect of the spacer molecules
on the optical properties and excitonic binding energy. Based
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on the RP-type 2D perovskite, three typical spacer molecules,
PMA, THMA and FUMA, are selected as representatives with
different aromatic rings and dipoles. We find that, even with a
simple modification in the aromatic organic ligands, for
instance, the substitution of benzene in the PMA molecule
with thiophene (THMA) and furan (FUMA), the interlayer coup-
ling varies appreciably, inducing considerable Pb-I octahedral
distortions. By calculating the formation energy and binding
energy of perovskites, we reveal that the thiophene-based per-
ovskite tends to have good stability. Through the calculation of
local density of states (LDOS), thiophene is shown to have
states closer to the band edge of perovskites, which is condu-
cive to the migration of charge carriers. Moreover, by compar-
ing the effective mass of charge carriers, dielectric constant
and exciton binding energy from PSCs containing benzene
ring ligands and furan ligands, we predict that perovskites
with thiophene-based ligands have superior optoelectronic
properties.

2. Computational methods
2.1. Density functional theory (DFT) calculations

We use the Vienna Ab Initio Simulation Package (VASP) code>
for all calculations based on density functional theory.’®*” The
projector augmented wave (PAW)*® was employed to describe
the interaction between valence electrons and ion cores.
Geometry optimization is using  the
DFT-D2 method for the vdW-dispersion energy-correction
term and Perdew-Burke-Ernzerhof (PBE) functional®® under
the generalized gradient approximation (GGA). Due to an
underestimation of bandgaps by the PBE functional®® and to
capture self-interaction errors of electrons, the Heyd-Scuseria—
Ernzerhof (HSE06) hybrid functional is used to calculate the
electronic and optical properties, including the band structure,
density of states, light absorption spectra, dielectric constants,
and exciton binding energy. The geometric optimization and
self-consistent field calculations are performed using the 3 x 3
x 1 and 4 x 4 x 1 k-mesh, respectively. The cutoff energy of the
all plane wave basis set in the calculation is selected to be 400
eV. The atomic positions and lattice constants are fully relaxed
until the maximum force is converged to 0.01 eV A",

carried out

2.2. Binding energy

Organic cations couple with adjacent inorganic layers through
hydrogen-bonding interactions.®® For the RP-type PSC, the in-
organic octahedral layers and organic spacers are stabilized via
electrostatic interactions between the charged A" ligands and
octahedral PbI,>~ units.®> The electrostatic interactions of
A,PDbI, can be evaluated based on the binding energy (Eg),
which is derived as*

_ Ep,pv1, — Eay2+ — Eppr,>- (1)

E,
B N

where Ej4 pp1,, Ear and Eppp- are the total energies of AyPbly,
A,*" and PbL,>". N refers to the total atom number of the RP
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perovskite in the supercell. Here, Ey reflects the degree of
cohesive interaction between the different charged com-
ponents in the A,Pbl,.

2.3. Formation energy

The formation energy has been widely used to characterize the
chemical and thermodynamic stability of materials. Here, the
stability of the perovskite is evaluated by the average formation
energy (AHgom) per unit cell derived by comparing the ener-
getics of the product (A,Pbl,) and the reactants (AI and
PbL,):*

_ Ea,pb1, — 2Ea1 — Eppy,

A-[_-lform - N (2)

where Ej pp1,, Ear, Epbi, represent the total energies of A,Pbly,
Al, PbI, per unit cell, respectively. N refers to the total atom
number of the RP perovskite in the supercell.

2.4. Optical property

The light absorption coefficient « is defined as:

a= Vo Ve + e - o) " 3)

where w, €, and ¢, refer to the frequency of incident light and
real and imaginary parts of dielectric functions, respectively.
The real (¢;) and imaginary (&,) parts of the dielectric function
were calculated using the frequency-dependent linear response
method, as implemented in the VASP code.

2.5. Effective mass

The effective mass m, s is derived from the following equation:

2 -1
where &(k) is the energy band close to VBM or CBM, and k is the
wave vector along the transport direction. The effective mass of
charge carriers can be obtained through parabolic fitting. m; is
the converted mass of charge carriers, which is the average of
the converted masses of the electron effective mass and hole
effective mass in both the XX and YY directions.**

* *

M 1xx) M, [xx] m,, [vy] mh [vY]

L Mg m, o + My
m: = ey T Pn oy . efvy] T M fvy) (5)

3. Results and discussion
3.1. Effects of spacer molecules on lattice parameters

The chemical formula of the layered RP-phase perovskite is
AA' M Xantq (1= 1, 2, 3...), and A(A') is an organic cation
spacer molecule, such as butylammonium (BA') or 2-phenyl-
ethylammonium (PEA*).°® To examine the thickness effect of
these materials, we have constructed monolayer and bilayer 2D
RP perovskite models and added a vacuum layer with a thick-

This journal is © The Royal Society of Chemistry 2025
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ness of 15 A along the c-axis to avoid the interaction between
adjacent slabs. The crystal structures were modeled based on
(PMA),PbI,*® and the experimental structure  of
(THMA),Pbl,.** The (FUMA),Pbl, model was derived by substi-
tuting the sulfur (S) in THMA with oxygen (O). The atomic
structure of the RP perovskite is shown in Fig. 1; each Pb atom
is bonded with six iodine atoms, forming an octahedron. The
octahedra consisting of [Pbl¢]'~ groups are corner connected
to form the 2D backbone layer. Negative charges in the lead-
iodine layer are compensated by the organic cations, which are
normally composed of methylamine cations (MA" =
-CH,NH;") and benzene (-C¢H;), thiophene (-C,H;S), or furan
(-C4H30) groups. Each monovalent organic cation forms a
bond with each inorganic layer, and two adjacent inorganic
layers are connected by vdW forces via the other end of the
organic spacer molecules.

We first examine the effects of different organic cations on
the lattice constants of monolayer and bilayer hybrid systems,
which are listed in Table S1.f For (PMA),Pbl, and
(THMA),Pbl,, the lattice constant of the optimized bilayer
HOIPs increases compared to that of the monolayer due to the
interlayer interactions between adjacent organic layers.

The average Pb-I bond lengths of perovskites with different
organic spacer molecules in both monolayer and bilayer struc-
tures are calculated and listed in Table S2.T Due to intra-mole-
cular interactions amongst sizable cations in bilayer phases,
stress arises, which induces lattice expansion, slightly elonga-
ting the horizontal Pb-I bonds in the bilayer system compared
to the monolayer system. The choice of organic cations (e.g.,
PMA, THMA, FUMA) influences the lattice constants and Pb-I

0000000

IZO0O00nm —

Fig. 1 (a) Three different organic spacer molecules differing from each
other in the aromatic ring unit with a simple modification: phenyl
methyl ammonium (PMA), thiophene methyl ammonium (THMA), and
furan methyl ammonium (FUMA). (b) Atomic structure model of mono-
layer (THMA),Pbl, as viewed along the c-axis. (c) Atomic structure
model of (THMA),Pbl, viewed along the side direction.
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bond lengths due to differences in molecular interactions.
Changes in these parameters reflect alterations in the in-
organic-organic layer coupling. Notably, a tiny substitution of
the amine in the spacer molecule triggers an appreciable effect
on the whole mixed compound, mainly attributable to the
modulated spacer-inorganic layer interactions in the variant.
For instance, due to the polarization effect of sulfur atoms, the
methylamine group in THMA carries more positive charges
than that of PMA, thus inducing a stronger affinity of the
former with the iodine atoms of the inorganic octahedron.
This leads to longer Pb-I bonds on the vertical equatorial
plane for (THMA),Pbl, compared to (PMA),Pbl,. Longer Pb-I
bonds suggest stronger interactions between the organic
cation and the inorganic framework, which can further modu-
late the lattice and stability. However, due to the larger electro-
negativity of oxygen atoms than sulfur atoms, FUMA exhibits
stronger hydrogen bonding interactions with inorganic octahe-
dra. This elongates the Pb-I bond perpendicular to the equa-
torial plane of the octahedron while shortening the Pb-I bond
within the equatorial plane. Therefore, the bilayer
(FUMA),Pbl, lattice undergoes mild shrinkage compared to
the backbone lattice of the monolayer. Overall, the structural
changes induced by different organic cations, such as lattice
expansion, lattice shrinkage, or bond elongation, could signifi-
cantly influence material stability, optical properties, and
quantum well effects. These variations modulate bandgaps
and dielectric properties, ultimately impacting the material’s
performance in optoelectronic applications.

3.2. Adhesion energetics of spacer molecules with the
inorganic layer

Our next attempt is to derive a quantitative estimation of the
interaction between the various types of spacer molecules and
lead iodide lattice. The formation energy AHs,m and binding
energy Ep for the monolayer and bilayer RP perovskites are
examined. The AHp,,, of monolayer (THMA),Pbl,,
(FUMA),Pbl,, and (PMA),Pbl, is —0.052, —0.048, and —0.045
eV, respectively. The more negative value of AHg,, of
(THMA),Pbl, suggests it is more energetically favorable and
accordingly has a higher chance for good crystalline quality
with respect to grain size and defect density than (PMA),Pbl,
and (FUMA),Pbl,. Larger domains and denser thin films are
easier to obtain under lower values of AHg, . Experimental
work confirmed that perovskites with unfavorable high AH¢,m
are prone to defect formation.®”” Compounds with high AHgom,
are usually accompanied by disordered crystal structures,
small crystal domains and random orientations, thus degrad-
ing the performance of perovskite devices. As compared in
Fig. 2a, our work suggests that the (THMA),Pbl, film, having
the lowest AHg,.m, tends to have the highest quality.

The values of Ep of monolayer (THMA),Pbl,, (FUMA),Pbl,,
and (PMA),Pbl, are —0.138, —0.137, and —0.118 eV, respect-
ively. (THMA),Pbl, has the lowest Eg, suggesting a relatively
strong interaction between THMA and the [Pblg]*~ octahedral
component. This again indicates that (THMA),Pbl, is the most
stable. The same trend is found for both the monolayer and

Nanoscale, 2025,17, 2658-2667 | 2661
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Fig. 2 (a) Formation energy (AHsom) and (b) binding energy (Eg) of three RP-phase (PMA),Pbl,, (THMA),Pbl, and (FUMA),Pbl, perovskites in the

monolayer and bilayer forms.

bilayers. The Egy of the bilayer perovskites is slightly more
favorable than that of the monolayer. This would be related to
the dipolar interactions, as noncovalent interactions between
large cations, which can affect the AHy,,,, and Eg. We find that
introducing sulfur or oxygen atoms in spacer molecules, as in
the cases of THMA and FUMA, respectively, increases the
dipole moment of the organic spacer molecules. This enhance-
ment in dipole moment strengthens the interaction between
inorganic plates and organic layers. As a result, slightly more
favorable bindings are formed in (THMA),Pbl, and
(FUMA),PbIl, between the organic layer and the Pb-1I layer.

3.3. Octahedral tilt and electronic properties with different
spacer molecules

In this section, we study the function of spacer molecules and
their role in affecting the overall electronic properties of per-
ovskites. The electronic band structures of (PMA),Pbl,,

(THMA),Pbl,, and (FUMA),Pbl, calculated using HSE06 are
shown in Fig. 3. All the perovskites we examined, regardless of
different thicknesses and organic ligands, have a direct band
gap with the conduction band minimum (CBM) and the
valence band maximum (VBM) residing at the I" point of the
Brillouin zone. The band gaps of monolayer (PMA),Pbl,,
(THMA),PbI, and (FUMA),Pbl, are 2.66, 2.75 and 2.76 eV,
respectively, and the band gaps of the bilayer are almost the
same as the monolayer counterparts as 2.65, 2.73 and 2.78 eV,
respectively. It should be noted that the band gap of 2D HOIPs
is determined by the degree of overlap of metals and halides
in the inorganic network.®® When the bond angle of Pb-I-Pb
is 180°, the distortion of the octahedron is the weakest; hence,
the orbital overlap of Pb and I atoms is at its maximum, and
the band gap of the HOIP is the narrowest.®® However, in real
situations, due to the hydrogen bonding effect of methylamine
and halide, the in-plane tilt and out-of-plane tilt of [PblIg]*~

(a)4s — 45— 45

—_—

30 1 3.0
S
2
5 151 vesey | 15
Q
C
w 0.0 0.0
'1'5%'1'5Y

|

275eV 276 eV

273 eV 278 eV

r Xy I X

Fig. 3 Band structures (calculated using HSE06) of (a) monolayer and (b) bilayer RP-phase (PMA),Pbl,, (THMA),Pbl, and (FUMA),Pbl, perovskites.
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octahedron make the band gap of organic-inorganic perovs-
kite larger than the ideal situation.”® Here, we use the average
Pb-I-Pb bond angle and I-I-1 bond angle to signify the degree
of out-of-plane and in-plane tilt, respectively, and we list the
average bond angles of different systems in Table S2.f
Additionally, the Pb-I-Pb and I-I-I bond angles are high-
lighted in the enlarged figures and views along the c-axis pro-
vided in Fig. S1-S6,f which offer a detailed visualization of
these angles in different systems. It is observed that the Pb-I-
Pb and I-I-I bond angles of monolayer (PMA),Pbl, are 153°
and 116°, and those of the bilayer are 155° and 114°, respect-
ively. Therefore, the octahedral distortion in the bilayer is
slightly weaker than in the monolayer. Compared with
(THMA),Pbl, and (FUMA),Pbl,, (PMA),Pbl, has the weakest
out-of-plane distortion and in-plane distortion, and hence the
narrowest band gap.

In contrast, the Pb-I-Pb and I-I-I bond angles of mono-
layer (FUMA),Pbl, are 149° and 121°, while those of the bilayer
(FUMA),Pbl, are 147° and 123°, respectively, showing larger
distortion in the bilayer, opposite to that of (PMA),Pbl,. The
larger distortion of the octahedron triggered in the bilayer
(FUMA),Pbl, is responsible for the larger band gap of the
bilayer (FUMA),Pbl, than that of the monolayer. To further
quantify the internal distortions of the octahedra, we calcu-
lated the average octahedral angle variance (c,c’), average
octahedron distortion parameter (4),”" and average quadratic
elongation ((1)),”> as shown in Table $3.f While the trends in
Goct” Show a slight increase from monolayer to bilayer systems,
the distortion parameter (A) and quadratic elongation ({1))
align well with the tilt trends. For instance, in (PMA),Pbl,, A
and (1) decrease in the bilayer, indicating reduced internal
bond length distortions and improved structural stability. It is
worth noting that the adjacent organic layers are not simply
stacked above each other, but permeate into each other with
molecules interlocked. Therefore, when perovskite changes
from monolayer to bilayer, the thickness of the (PMA),Pbl, with
the deepest penetration depth, opposite to common notion,
reduces from 16.61 A to 15.45 A. The overlap between organic
layers can reduce the distance between adjacent inorganic
layers while also reducing the barrier of multiple quantum
wells.”? The differences in band gaps caused by organic ligands,
therefore, indicate that the band gaps can be tuned by a selec-
tive design of the organic ligands. Nevertheless, changes in
thickness only affect the value of the band gap and do not affect
the dispersion of the band structure; in other words, the selec-
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tion rule and path of quantum scattering processes are largely
maintained. As shown in Table 1, there is no obvious change in
the calculated effective mass of systems with different thick-
nesses, and all three types of perovskites have comparable
effective masses for both electrons and holes.

Distribution of the respective electronic states of Pb, I and
spacer molecules in the valence band and conduction band can
be seen from LDOS, which is shown in Fig. 4. The LDOS profiles
of (PMA),Pbl,, (THMA),Pbl,, and (FUMA),Pbl, are similar. The
CBM and VBM are mainly contributed by Pb and I, respectively,
suggesting that conducting electrons and holes are mainly dis-
tributed on lead and iodine atoms, respectively. In contrast, the
organic cations have no contribution around CBM and VBM
and thus are not directly responsible for carrier concentration
and transport. The organic spacer molecules are involved via an
indirect way by distorting or tilting the [Pbl¢]*~ octahedron.

Nevertheless, the states of organic spacer molecules are
located around 0.83 eV below the VBM and 1.50 eV above the
CBM in monolayer RP perovskite and 0.26 €V below the VBM
and 1.34 eV above the CBM in bilayer RP perovskite,
suggesting that they are highly likely to be involved in the
relaxation of hot-carriers. In monolayer RP perovskite, the
levels of THMA are closer to band edges than those in PMA,
which reflects that the = orbital of the conjugated group of
thiophene has a higher energy than that of benzene.
Meanwhile, the © orbital of the thiophene is less stabilized
than that of benzene, thus inducing better conductivity of the
former. Similarly, compared with PMA, the peak of FUMA is
located closer to the VBM, which is conducive to hole injection
and transport between the organic and inorganic layers. For
the bilayer perovskites, the overlapping states of organic
cations make all the occupied states of the organic molecules
move towards the VBM, indicating that the interaction
between organic layers can make the conjugated structure
more active. Acting as the tunneling mediating center, the
coupled conjugated spacer molecules in multilayer PSCs
improve the conductivity and transport of interlayer carriers.

3.4. Dielectrics, exciton binding energy and optical
absorption

Finally, we would like to examine the screening effect of these
spacer molecules with different aromatic derivatives by analyz-
ing the dielectric properties. As shown in Fig. 5, the frequency-
dependent dielectric function with both real and complex
components is plotted. Table 2 provides the optical dielectric

Table 1 Effective mass m* and converted mass m; of electron (e) and hole (h) in units of free-electron mass in RP-phase (PMA),Pbl,, (THMA),Pbl,

and (FUMA),Pbl, perovskites

My, [xx] My, (yy) M 1xx) M 1yy) m,
Monolayer (PMA)Zth 0.60 0.56 0.39 0.51 0.25
(THMA)ZPbI4 0.57 0.58 0.39 0.60 0.26
(FUMA)ZPbI4 0.59 0.60 0.39 0.60 0.27
Bilayer (PMA),PbI, 0.63 0.58 0.39 0.49 0.25
(THMA)ZPbI4 0.58 0.58 0.38 0.57 0.26
(FUMA)ZPbI4 0.59 0.61 0.41 0.63 0.28

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 LDOS of (a) monolayer and (b) bilayer RP-phase (PMA),Pbl,, (THMA),Pbl, and (FUMA),Pbl, perovskites with three different ligands.
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Fig. 5 Real and imaginary dielectric constants of (a) monolayer and (b)

bilayer RP-phase (PMA),Pbl,, (THMA),Pbl, and (FUMA),Pbl, perovskites.
constants and exciton binding energies E;,, which are calcu-
lated using the Wannier exciton model:”*

mee* mi 1 1 m 1 1

Ey=——"—F— =~
2(4neg)* h* Me €02

where m, is the electron mass, €., is the optical dielectric con-
stant calculated using density functional perturbation theory,

2664 | Nanoscale, 2025, 17, 2658-2667

a is exciton energy level and m; is the converted mass of
charge carriers.

In the monolayer limit, the optical dielectric constants of
(FUMA),Pbl,, (PMA),Pbl,, and (THMA),Pbl, are 2.07, 2.14 and
2.20, respectively, while the values increase to 2.47, 2.60 and
2.65 for the bilayer compounds, respectively. Overall, all three
types of perovskites exhibit a relatively high Ey, of exciton. With
the highest dielectric constant, (THMA),Pbl, has the lowest Ej,
with 739 meV and 499 meV in the monolayer and bilayer
cases, respectively. The Ejp, of the bilayer system is lower than
that of the monolayer system because of a larger dielectric con-
stant and thus a stronger screening effect in the former. The
higher exciton E}, in the monolayer implies that electrons and
holes recombine easily and are difficult to separate.””

The RP-type perovskites consist of alternating layers of insu-
lating spacer molecules and layers of inorganic octahedral,
forming perfect intrinsic multiple quantum well structures. In
the stacked 2D heterostructure, the dielectric mismatch
between the organic and inorganic layer facilitates exciton
binding, raising additional energy for separating excitons into
free charges.”® This degrades the ability to utilize light and
suppresses the solar-to-carrier efficiency. Fortunately, a proper
introduction of spacer cations with sizable dipole moments
can regulate dielectric confinement and mitigate this issue.
For instance, differing from PMA and FUMA molecules, THMA
with a relatively high dipole moment improves carrier dis-
sociation, indicating the lowest E}, of the exciton. This indi-
cates that the dielectric confinement of layered 2D perovskite
structures can be adjusted by designing A-site large cations.

The optical and dielectric properties of HOIP, in fact, are
dictated by many factors, such as the spacer molecule features
and distortion of octahedra. As shown in Fig. 6, despite a tiny
difference in the aromatic ring of the three spacer molecules,

This journal is © The Royal Society of Chemistry 2025
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Table 2 Relative optical dielectronic constant (¢,,) and exciton binding
energy (Ep) and band gap (Eg) of monolayer and bilayer (PMA),Pblg,
(THMA),Pbl, and (FUMA),Pbl, perovskites

£oo Ep (meV) Eg (eV)
Monolayer (PMA),PbI, 2.14 741 2.66
(THMA),Pbl, 2.20 739 2.75
(FUMA),Pbl, 2.07 849 2.76
Bilayer (PMA),Pbl, 2.60 505 2.65
(THMA),Pbl, 2.65 499 2.73
(FUMA),Pbl, 2.47 612 2.78
15
—— (PMA)2Pblyg
—— (THMA)2Pblg
10L — (FUMA)2Pbl4
=
03
QO
< 5| bilayers_
monolayer
0 1 Il
1.50 2.29 3.00 20D

Energy (eV)

Fig. 6 Optical absorption spectra of (a) monolayer and (b) bilayer RP-
phase (PMA),Pbl,, (THMA),Pbl, and (FUMA),Pbl, perovskites.

the three RP perovskite derivatives undergo a clear shift in the
absorption spectrum, and the difference is more prominent in
the thick bilayer material compared with the monolayer.
Substitution of a carbon atom in the benzene of the PMA
molecule with the sulfur in THMA and oxygen in FUMA
induces a blue shift of absorption, in line with the previous
electronic band structures. As expected, the light absorption
coefficient of bilayer systems is generally larger than that of
the monolayer systems.

Actually, many studies have been devoted to using spacer
molecules containing thiophene functional groups to modu-
late optoelectronic performance. Incorporating THMA spacer
groups effectively induces crystal growth with preferential verti-
cal growth orientations and hinders ionic motion, thereby
improving carrier lifetimes and reducing recombination losses
with the PCE up to 21.49%.”” Qin et al. demonstrated that
(TEA),(MA),Pbsl;o(TEA = 2-thiophene ethylamine) thin films
have a narrow distribution and preferred vertical crystal orien-
tation,”® significantly improving photovoltaic performance and
reproducibility, retaining over 93% of the original PCE under
ambient air and illumination conditions. Dong et al. syn-
thesized 2D (THFA),(MA),Pbs1,;o(THFA = 2-thiopheneformami-
dinium) films with a PCE of 16.72% and a significant overall

This journal is © The Royal Society of Chemistry 2025
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stability.”® After precursor organic salts-assisted crystal growth
(PACG) method treatment, the grain size of the
(THFA),(MA),Pb;1,, thin film increases, together with reduced
grain boundaries and trap density, resulting in elongated
carrier lifetimes and suppressed nonradiative recombination
losses. The improvement in stability is consistent with our
results of compact lattice and enhanced stability by the thio-
phene group.

4. Conclusions

In this work, through first-principles calculations, we explore
the influence of spacer molecules in 2D-RP perovskites by tai-
loring conjugated aromatic units while maintaining their geo-
metric shapes. Our results reveal that the modest modification
of the aromatic benzene ring of the spacer molecules, as indi-
cated by the three typical spacer molecules PMA, THMA and
FUMA, can induce a sizable effect on the perovskite properties.
The most prominent change would be the tailored interlayer
coupling, thus regulating the formation energy of the HOIPs.
The spacer molecules with different functional groups also
impose different tilts of Pb-I octahedra and accordingly
modify the band gaps. Importantly, the various molecules can
induce different screening effects by varying the macroscopic
dielectric constant of the compounds. For instance,
(THMA),Pbl, perovskite with THMA has a relatively high
dielectric constant, which can mitigate the dielectric mismatch
and suppress carrier recombination. Our work suggests the
prominent role of the engineering of the spacer molecules in
modulating the stability, quality of grown films and electronic
properties of inorganic-organic 2D perovskites.
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