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Abstract

Poor long-term stability of hybrid halide perovskites has severely inhibited their

large-scale commercial applications. Recently emerging low-dimensional hybrid halide

perovskites have much more enhanced long-term stability, but their wide bandgap

and strong quantum well confinement severely hinder various optoelectronic applica-

tions. How to tackle these issues without sacrificing long-term stability, therefore,

has been emerging as a crucial materials science concern. Based on the first principal

calculations, we have investigated the impact of spacer cation on the properties of 2D

monolayer hybrid halide perovskites in-depth. Our simulations reveal that strong in-

teractions of spacer cation with each other and with MX 4–
6 backbone not only enhance

the thermostability of MX 4–
6 backbone and protect it against water molecules, but also

modulate the electronic properties via altering the crystalline structure. More impor-

tantly, the delocalized orbitals and relatively high dielectric constants of spacer cation

resulting from the conjugated benzene ring weaken the quantum well confinement and

potential barrier well, thus allowing the efficient electron-hole separation and photo-

generated carrier out-of-plane transport. The comprehensive effect of spacer cations

on the properties of 2D monolayer hybrid halide perovskites observed here, thereby,

clearly demonstrates the importance of finely selected spacer cations in adopting their

photophysical properties.
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Introduction

As promising candidates for various optoelectronic applications, perovskite-structured ma-

terials have attracted tremendous research attention in the scientific community.1–5 With

the attractive superior virtues involving outstanding carrier mobilities, excellent optical ab-

sorption as well as low trap densities,6,7 the power conversion efficiency (PCEs) of organic-

inorganic hybrid halide perovskites (e.g. MAPbI3) solar cells have been boosted from 3.8% to

26.1% over the past decade.8 The extensive commercialization of hybrid halide perovskites

is, however, largely hampered by two key challenges: poor long-term stability and severe

toxicity (Pb).9–11 The degradation of most hybrid halide perovskites occurs rapidly and ir-

reversibly, due to the intrinsic low formation energy. Substituting the Pb2+ ion with the

less toxic Sn2+ ion enables materials with similar optoelectronic properties to MAPbI3, but

encounter even more serious stability issues due to the easy oxidation12,13 of Sn2+ to Sn4+.

Recently emerging low-dimensional (2D) organic-inorganic hybrid halide perovskites,

constructed by inserting large ammonium cation into conventional three-dimensional per-

ovskites to form a layered structure of alternating stacked insulating organic spacer and

inorganic slabs, have the promising potential to improve the long-term stability due to their

intrinsic structural features.2,3,14–16 The hydrophobic organic spacer acts as a natural protec-

tive barrier against moisture, thus maintaining long-term stability under ambient operation

conditions.17,18 Furthermore, the strong van der Waals interactions between organic spacers

lead to an increased formation energy, and consequently higher natural lattice stability.19–21

Further reducing of the dimensionality was found to improve the perovskites’ stability, with

a much wider electronic bandgap away from the visible light absorption which usually results

in a poor power conversion efficiency.22 On the other hand, the giant dielectric difference

between the organic spacer (potential barrier) and inorganic MX6 backbone layer (potential

well) in the 2D hybrid halide perovskites structures creates a quantum well (QW), which

results in the strong exciton effect, severe charge recombination, as well as the retardation

of out-of-plane charge carrier transport (leading to inferior carrier mobility).3,23 All these
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effects seriously hamper the photovoltaic performance. Furthermore, the impact of func-

tional groups and the interactions between the spacer cations and inorganic backbone on the

electronic structure and carrier transport is still not clear. How to design the composition

and structure of 2D monolayer hybrid halide perovskites to narrow the electronic bandgap

and promote the charge carrier transport without sacrificing long-term stability, therefore,

remains a critical issue of broad interest.

Adopting the non-equilibrium Green’s function theory and the density functional theory

(NEGF-DFT), we herein investigated the impact of two widely applied spacer cations BA+

(C4H9NH +
3 ) and PEA+ (C6H5C2H4NH +

3 ) on the optoelectronic and quantum transport

properties of 2D monolayer hybrid halide perovskites. Compared to BA+, the PEA+ spacer

cations have strong π-π stacking interactions between each other, together with strong hy-

drogen bonding interactions and van der Waals interactions between the PEA+ with MX 4–
6

backbone, which effectively narrows the electronic band gap via shortening the M-X bond

length (and consequently promoting the coupling of antibonding orbitals). Three lead-free

monolayer PEA-based hybrid halide perovskites are predicted to possess moderate electronic

bandgaps for sunlight harvesting (1.3∼1.9 eV) and reasonably good optical absorption in

the visible-light range (their maximum absorption coefficient all exceeds 105 cm−1). Among

them, 2D monolayer PEA2SnI4 has the most promising electronic bandgap of 1.35 eV, which

makes it the most attractive candidate for single-junction solar cells. Due to the relatively

high dielectric constant of PEA+, it has a weak exciton binding effect in the selected 2D

monolayer PEA2MX4, which contributes to the easy photo-generated electron/hole separa-

tions. Further calculations reveal that the presence of the conjugated benzene ring in PEA+

dramatically weakens the potential barrier of 2D monolayer PEA2SnI4 between the inor-

ganic backbone and organic spacer. The potential barrier of 2D monolayer PEA2SnI4-based

devices (1.07 eV) is observed to be nearly 50% lower than that of 2D monolayer BA2SnI4-

based devices (1.56 eV). Consequently, the bias-voltage-induced current in the 2D monolayer

PEA2SnI4-based device is observed to be one order of magnitude higher than that of the

4

https://doi.org/10.26434/chemrxiv-2023-sg556 ORCID: https://orcid.org/0000-0002-8021-7458 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-sg556
https://orcid.org/0000-0002-8021-7458
https://creativecommons.org/licenses/by/4.0/


BA2SnI4-based device. More delocalized orbitals of the conjugated benzene ring in PEA+ in-

deed facilitate the connecting of quantum transport channel in the scattering region, thereby

promoting the out-of-plane quantum transport of 2D monolayer PEA2SnI4-based device. For

the stability consideration, ab initio molecule dynamics (AIMD) simulations show that the

strong hydrogen bonding interactions and van der Waals interactions between the PEA+

organic spacer and the MX 4–
6 backbone layer in the 2D monolayer PEA-based hybrid halide

perovskites dramatically promotes their thermostability. Moreover, the hydrophobicity of

the PEA+ spacer cation prevents the water molecule from eroding the inorganic backbone

layer, which leads to good environmental stability and thus long-term stability under extreme

working conditions.

Methodology

First-principles calculations for 2D monolayer hybrid halide perovskites were performed

within the density-functional theory formalism (DFT), as implemented in Vienna Ab ini-

tio Simulation Package (VASP).24–26 The frozen-core projected augmented wave (PAW)

method27 with the generalized gradient approximation (GGA) formulated by Perdew, Burke,

and Ernzerhof (PBE) as the exchange-correlation functionals28 were adopted to describe the

electron-core interactions. In addition, since van der Waals (vdW) interactions play a cru-

cial role in the description of hybrid organic-inorganic halide perovskites, the effect of vdW

dispersion interactions was estimated with the pairwise D3 three-body dispersion correction

proposed by Grimme (DFT-D3) to describe long-range van der Waals interactions.29 In all

computations, the electronic wavefunctions were expanded in a plane-wave basis with an

energy cutoff of 520 eV, and cell parameters and atomic positions were fully relaxed until

the energy and residual forces on atoms converged to 1×10−6 eV and declined to 0.01 eV/Å,

respectively, by applying the conjugate-gradient algorithm.30,31 The Brillouin zone for inte-

grations in the reciprocal space was sampled with a Γ-centered 3 × 3 × 1 k-point mesh. A
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vacuum region of 15 Å was used to separate the slabs, in order to avoid the interaction of

adjacent layers due to the periodic boundary conditions. Furthermore, finer k-point meshes

were adopted for the calculations of electronic band structure, and density of states (DOS)

for each configuration. To describe the electronic bandgap more consistently with the ex-

perimental results, we introduced the hybrid functional approach of Heyd, Scuseria, and

Ernzerholf (HSE06)32 into our simulations for each 2D monolayer hybrid halide perovskites

with 25% Hartree-Fock exchange and µ = 0.4 Å−1. Additionally, the spin-orbital coupling

(SOC) effect was considered in the calculation of electronic properties and optical properties.

The absorption coefficient was defined as α(ω) =
√
2e
h̄c

[(ε21 + ε22)
1
2 − ε1]

1
2 , in which ε1 and ε2

represent the real and imaginary part of the dielectric function, respectively. (e, h̄ and c are

the electron constant, the reduced Planck constant, and the light of speed, respectively.)

AIMD simulations were performed at work temperature (350 K) by using the Nosé-

Hoover method33 to verify the thermostability of selected 2D monolayer hybrid halide per-

ovskites. A supercell consisting of 3 × 3 × 1 unit cells for selected 2D monolayer hybrid

halide perovskites was constructed to perform AIMD simulations. A 5 ps NVT ensemble

molecular dynamics simulation trajectory with a 0.5 fs time step was collected for selected

2D monolayer hybrid halide perovskites. Furthermore, the adsorption energy calculations

were performed for the environmental stability of selected 2D monolayer hybrid halide per-

ovskites. A supercell was constructed by stacking 3 × 3 × 1 unit cells with a vacuum space

larger than 20 Å along the c-axis. The absorptions of water/oxygen on the surface of 2D

hybrid halide perovskites were investigated. The H2O binding energy Eads here was defined

as Eads = E2DH2O − E2D − EH2O, in which E2DH2O, E2D, and EH2O are the total energies

of the H2O-adsorbed 2D monolayer hybrid halide perovskites, 2D monolayer hybrid halide

perovskites, and H2O molecule, respectively.

To investigate the quantum transport properties of selected 2D monolayer hybrid halide

perovskites, we constructed a vertical transport architecture device with Au electrodes act-

ing as the source and drain contacts and 2D monolayer hybrid halide perovskites serving as
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the transport channel region. Our simulations were performed by using the first-principles

methods, combined with the combination of the Keldysh non-equilibrium Green’s function

formalism and density functional theory (NEGF-DFT),34 implemented in the first principles

quantum transport software package Nanodcal.34 The local density approximation (LDA)35

was adopted to describe the exchange and correlation function, and atomic cores were defined

by the standard norm-conserving nonlocal pseudo potentials.36 A double-ζ polarized (DZP)

atomic orbital basis37 was used for the metal electrode (Au atom) and 2D monolayer hybrid

halide perovskites to expand all physical quantities with a kinetic energy cutoff of 3000 eV.

Furthermore, a k-point mesh of 7 × 7 × 1 and 13 × 13 × 1 was applied to sample the first

Brillouin zone for integrations in the reciprocal space of scattering region (2D monolayer

hybrid halide perovskites) and Au electrode, respectively. In addition, self-consistent calcu-

lations were converged until each component of the density matrix declined to 10−5 Hartree.

For the two-probe transport junction, bias voltage was applied by setting the electrochemical

potential of the left and right electrode as µL = µ+ eVb/2 and µR = µ− eVb/2, respectively,

in which µ is the common Fermi level and Vb is the applied bias voltage.

The orbital delocalization index (ODI) is introduced to identify the degree of orbital

delocalization. The ODI of a particular orbital i is defined as ODIi = 0.01 × ΣA (ΘA,i)
2,

where ΘA,i represents the composition of atom A in orbital i. The ODI range is (0, 100],

the lower the ODI value, the higher the orbital delocalization. The ODI was assisted by the

software Multiwfn version 3.8.38 Geometry optimizations and orbital calculations of BA+

and PEA+ were done at B3LYP/6-311G(d,p) level of theory using Gaussian 09 software.39
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Results and discussion

Tuning the electronic structure of 2D monolayer PEA2MX4 via

replacing M2+ and X– ions with homogenous elements.

2D monolayer organic-inorganic hybrid halide perovskites A2MX4 (Figure 1a, A: Spacer

cation; M: Divalent metal cation; X: Halide anion) consists of the organic spacer and sep-

arated MX 4–
6 backbone layer. The photoelectronic properties of 12 monolayers PEA2MX4

perovskites are initially investigated (Figure 1a), in which M is group IV metal elements (Pb,

Sn, and Ge) and X is halide elements (including F, Cl, Br, and I). Geometry optimizations

using PBE-D328,29 yield the lattice constants of bulk PEA2PbI4: a = 8.665 Å, b = 8.635 Å,

and c = 32.546 Å, which nicely agree with the experimental values of a = 8.739 Å, b = 8.740

Å, and c = 32.093 Å. The calculated in-plane lattice areas of 2D monolayer PEA2MX4 (a

× b, listed in Table S1 and Figure S1) increase with the atomic number of halide elements,

due to the differences in the ionic radii and the electronegativity of halide elements (F > Cl

> Br > I).40

Figure 1: (a) Illustration of the monolayer PEA2MX4 (M = Ge, Sn and Pb; X = F, Cl,
Br, and I). Twelve 2D monolayer hybrid halide perovskites are constructed. (b) Electronic
bandgaps for 2D monolayer PEA2MX4 using the HSE06 + SOC level.

Since a fortuitous cancellation of errors induced by the counterbalance between GGA’s

natural underestimation of bandgap and the lack of spin-orbit coupling effect (SOC), PBE+vdW
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functional can reproduce the experimental electronic bandgap of hybrid halide perovskites

well, in which the calculated electronic bandgap (∼2.13 eV, Figure S2) of bulk PEA2PbI4 is

well consistent with experimental value (2.38 eV).41 The spin-orbit coupling effect (PBE+SOC),

however, renders an electronic bandgap of PEA2PbI4 (Table S1 and Figure S2) considerably

smaller than the PBE-only one, thence SOC plays an indispensable role in the electronic

structure of 2D monolayer PEA2MX4. Moreover, a strong correlation between PBE+SOC

and HSE06+SOC level bandgap is found as a linear function with a scale factor of ∼1.25

(Figure S3), which is consistent with the traditional wisdom.42,43 Bandgap values, similar

to the lattice constants, correlate strongly with the atomic number of the halide elements

(Figure 1b), due to the difference in the electronegativity and the ionic radii of X– anions.

The electronic band structures of PEA2MX4 can be further tuned by using different group

IV elements for divalent cation M2+. Compared to 2D monolayer PEA2MX4 (M=Pb and

Ge), the electronic bandgaps of PEA2SnX4 (except for PEA2SnF4) exhibit notably smaller

values (Figure 1b), which is due to the contribution of the outmost 5p orbitals of Sn on the

lower conduction band.

Different from the previously reported 2D monolayer hybrid halide perovskites with an

electronic bandgap deviating significantly from the visible-light range required for photo-

voltaic applications, 4 out of 12 2D PEA-based monolayer hybrid halide perovskites that we

calculated (PEA2PbI4: 1.84 eV, PEA2SnBr4: 1.79 eV, PEA2SnI4: 1.35 eV, and PEA2GeI4:

1.75 eV) possess the promising bandgaps for high photovoltaic performance. Electronic band

structures of these four materials calculated using PBE, PBE+SOC, and HSE06+SOC func-

tionals are presented in Figures S4 to S7, respectively. Among them, high-toxic lead content

in 2D monolayer PEA2PbI4 leads to both environmental and health issues,6,11 therefore, we

don’t consider it in the following discussions. The orbital projected electronic band structures

of the remaining three 2D monolayers with the HSE06+SOC functional are demonstrated

in Figures 2a and S8, respectively. Interestingly, the electronic bandgap of 2D monolayer

PEA2SnI4 is 1.35 eV, which agrees very nicely with the required optimum bandgap value

9

https://doi.org/10.26434/chemrxiv-2023-sg556 ORCID: https://orcid.org/0000-0002-8021-7458 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-sg556
https://orcid.org/0000-0002-8021-7458
https://creativecommons.org/licenses/by/4.0/


Figure 2: (a) Orbital-projected electronic band structure of 2D monolayer PEA2SnI4 and
PEA2GeI4. The red, cyan, and green color corresponds to Sn-5p states, Sn-6s states, and
I-5p states, respectively. (b) Decomposed charge densities of VBM (Sn-5s and I-5p orbital
overlap) and CBM (Sn-5p orbitals) (isovalue = 0.001 eÅ−3). (c) Projected density of states
for 2D monolayer PEA2SnI4.
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(1.34 eV) according to the Shockley-Queisser-efficiency limit for single-junction semiconduc-

tor solar cells.44

For 2D monolayer PEA2SnI4, the conduction band stems mostly from the 5p orbital of Sn,

while the hybrid state between Sn-5s and I-5p orbitals mainly contributes to the valence band

(Figure 2a). Similarly, the valence band and conduction band of PEA2SnBr4 (PEA2GeI4) are

mainly derived from the 5p orbital of Sn (4p orbital of Ge) and a hybrid state between Sn-5s

and Br-4p orbitals (Ge-4s and I-5p orbitals), respectively. The decomposed charge densities

(Figures 2b and S9) correspond to the valence band maximum (VBM) and conduction band

minimum (CBM) locate on the inorganic MX 4–
6 backbone layer. The calculated electronic

band structure, therefore, shows that VBM and CBM are primarily contributed from metal

cation and halogen anions, namely, the MX 4–
6 inorganic framework. The projected density

of states (PDOS, Figures 2c, S10, and S11) also indicates that the electronic band structure

is mainly dominated by the inorganic MX 4–
6 backbone layers. It is therefore effective to

tune the electronic structures by replacing either divalent cation M2+ or halide anion X– .

The spacer cation impact on the electronic band structure.

Spacer cations make much less contribution to the electronic band structure compared to the

anionic backbone layers, but they have an indirect impact on the electronic band structure via

affecting the MX 4–
6 octahedra. Strong π-π stacking interactions between the PEA+ spacer

cations, together with strong hydrogen bonding interactions and van der Waals interactions

between the PEA+ spacer cations and the MX 4–
6 backbone makes the average Sn-I bond

length of 2D monolayer PEA2SnI4 (2.156 Å, Figure S12) shorter than those of 2D monolayer

BA2SnI4 (2.173 Å, Figure S12). The coupling between Sn-5s and I-5p antibonding orbitals is

therefore enhanced, and their electron wavefunctions are much more significantly overlapped.

This results in the narrowing of the electronic bandgap (1.35 eV and 1.56 eV for 2D monolayer

PEA2SnI4 and BA2SnI4, respectively, Figure S13).

The effective masses of electrons (m∗
e) and holes (m∗

h) in monolayer 2D PEA2SnI4,
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Table 1: Selected 2D monolayer hybrid perovskites with relevant statistics

m∗
e (me) m∗

h (me) ∆Eads (eV) Eb (meV) a0 (Å)
PEA2GeI4 0.33 0.16 -0.28 91.51 19.47

PEA2SnBr4 0.22 0.23 -0.30 47.47 26.73
PEA2SnI4 0.20 0.18 -0.26 91.51 25.71
BA2SnI4

45 0.29 0.37 / 267 9.21

PEA2SnBr4, and PEA2GeI4 are presented in Table 1, m∗ = h̄2(∂2E/∂k2), h̄, and k are

the reduced Plank constant and the magnitude of wavevector in the momentum space, re-

spectively. These effective masses of electrons/holes are close to the effective masses of

electrons/holes in the representative MAPbI3 (0.298/0.275 me),46 which indicates that the

investigated atomically thin 2D hybrid halide perovskites possess excellent charge carrier

mobility and transport properties for various optoelectronic applications. Compared to

BA+ spacer cation, as listed in Table 1, PEA+ not only reduces the electronic bandgap

of PEA2SnI4 via promoting the coupling between Sn-5s and I-5p antibonding orbitals but

also enhance the band dispersion of CBM and VBM, thereby lead to a slight reduction of

effective masses for electron (m∗
e) and hole (m∗

h) and potentially high carrier mobility. The

calculated effective masses of electron/hole in bulk PEA2SnI4, PEA2SnBr4, and PEA2GeI4

(Table S2) are slightly heavier than the corresponding atomically thin 2D hybrid halide

perovskites, which suggests that reducing the material dimension may promote the charge

carrier mobility and transport properties.

The computed optical absorption spectra of three 2D monolayer PEA2MX4 (Figure 2a)

are compared with those of MAPbI3. 2D monolayer PEA2SnI4, PEA2SnBr4, and PEA2GeI4

all exhibit a low absorption in the visible-light range from 1.59 to 3.26 eV. 2D monolayer

PEA2SnBr4 and PEA2GeI4, have similar absorption coefficients in the visible-light range

due to their closed electronic bandgap values, while 2D monolayer PEA2SnI4 shows higher

absorption in near-infrared range due to a narrow bandgap. Despite that, all selected 2D

monolayer PEA-based hybrid halide perovskites show reasonably good absorption in the

visible-light range (their maximum absorption coefficient all exceed 1×105 cm−1), indicating
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that most output of Sun’s total irradiance spectrum can be absorbed. These desirable

optical absorption properties render 2D monolayer PEA2SnI4, PEA2SnBr4, and PEA2GeI4

promising sunlight-harvesting materials with potentially high efficiency.

Thermal and environmental stabilities of 2D monolayer PEA2SnI4,

PEA2SnBr4, and PEA2GeI4.

Thermal and environmental stabilities are the key issues for the practical application of

hybrid halide perovskites as photovoltaic materials. Most of the reported hybrid halide

perovskites with high power conversion efficiency (PCE) suffer from structural degradation

at the working conditions, with their degeneration mechanism remaining largely unclear.

It’s widely believed that moist (H2O) acts as the reactive source for the collapse of the

inorganic framework. We therefore evaluated the environmental stabilities of 2D mono-

layer PEA2SnI4, PEA2SnBr4, and PEA2GeI4 by calculating the adsorption energies of water

molecules on their surfaces. The calculated adsorption energies are listed in Table 1, and

the corresponding optimized configurations of H2O molecules adsorbed on the surface of

each compound are illustrated in Figure 3b, respectively. Compared with MAPbI3 (-0.48

eV), 2D monolayer PEA2SnI4 (-0.26 eV), PEA2SnBr4 (-0.3 eV), and PEA2GeI4 (-0.28 eV)

exhibit smaller adsorption energies of H2O on the surfaces, which suggest a better moisture

resistance. Further microstructural analysis reveals that (Figure 3b) there is no hydrogen

bonding interaction between the benzene ring in PEA+ and the water molecule. Moreover,

the weak hygroscopicity of PEA+ leads to the separation of the water molecule and the in-

organic framework, which inhibits the water-induced distortions of the inorganic framework

at the surface. The increment in the energy barrier of the H2O penetration process thereby

prevents the hydration degradation of PEA-based 2D monolayer hybrid halide perovskites

in practical applications.

We further evaluated the thermodynamic stabilities of 2D monolayer PEA2SnBr4 and

PEA2SnI4 using ab initio molecular dynamics (AIMD) simulations at a working temperature
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Figure 3: (a) Linear absorption spectra of three PEA-based 2D hybrid halide perovskites,
including 2D monolayer PEA2GeI4, PEA2SnBr4 and PEA2SnI4, compared with the optical
absorption spectra of MAPbI3. (b) Top and side views of configurations for PEA-based
2D hybrid halide perovskites with one H2O adsorbed on the surface after optimization. (c)
Total energy during 5 ps AIMD simulations for 2D monolayer (left) PEA2SnI4 and (right)
PEA2SnBr4, respectively.
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of 350 K. Total energies of both systems (Figure 3c) fluctuate within a narrow energy range,

indicating the structural integrity with no phase transitions even at the extreme operating

temperature. Snapshots of 2D monolayer PEA2SnBr4 and PEA2SnI4 (taken every pico-

second, Figure 3c) show that their inorganic framework (e. g. the ordered configuration

with networks of corner-sharing octahedrons) are well sustained during the simulations.

The differences between the inorganic perovskite framework of the two compounds are also

markedly reflected in the simulated XRD diffraction pattern. Consistent diffraction peaks

in the XRD diffraction patterns at different moments along the trajectory (Figures S14 and

S15) further suggest that the perovskite framework is stable at high operation temperature

(350 K).

The radial distribution functions (RDF) and root mean square distances (RMSD) of the

inorganic octahedral framework (MX 4–
6 ) are calculated based on the simulation trajectories

of PEA2SnBr4 and PEA2SnI4. The RDF between two components a and b (gab(r)) are

defined as

gab(r) = (NaNb)
−1

Na∑
i=1

Nb∑
j=1

⟨δ(|ri − rj| − r)⟩ (1)

where Na, Nb are the number of components a and b, respectively. The calculated radial

distribution functions of the Sn-Br and Sn-I pairs in 2D monolayer PEA2SnBr4 and PEA2SnI4

are illustrated in Figures 4a and S16, respectively. Strong first peak at ∼3.0 Å and ∼3.2 Å are

consistent with the corresponding bond lengths of Sn-Br and Sn-I in the lattice structure

of 2D monolayer PEA2SnBr4 and PEA2SnI4, respectively, indicating that their inorganic

octahedral frameworks do not suffer degeneration at high operation temperature (350 K).

Broadening of the first peak and the second peak of Sn-Br and Sn-I RDFs clearly show

the thermo-distortion of the inorganic octahedral framework. The RMSD as a function of

evolution time is calculated as

ρ(t) =

√√√√ 1

N

N∑
i=1

wi

(
xi(t)− xref

i

)2 (2)
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in which N is the number of selected atoms, xi(t) is the coordinates of atom i at time t, xref
i

is the coordinates of reference atoms, and wi is the weight whose default value is 1. Time-

dependent RMSD (Figure 4b) for halide atoms (Br and I) in 2D monolayer PEA2SnBr4

and PEA2SnI4 oscillate within a narrow range compared to the DFT-optimized structure.

The selected 2D monolayer hybrid halide perovskites can therefore maintain their structural

integrity at high operation temperatures. Besides RDF and RMSD of the inorganic octa-

hedral framework (MX 4–
6 ), the dihedral angles of PEA+ are also calculated to reveal the

interactions between the PEA+ groups and the inorganic halide frameworks SnBr 4–
6 /SnI 4–

6 .

The dihedral and torsion angle of PEA+ in the current study (Figure 4c) is defined by N

atoms and benzene rings and by the angle between the plane of the benzene ring and the

plane containing N-C-C, respectively. Time-dependent dihedral and torsion angle for PEA+

in both 2D monolayer PEA2SnBr4 and PEA2SnI4 oscillate within a narrow range (Figures

4b and S17), in which the dihedral and angle of PEA+ in 2D monolayer PEA2SnI4 oscillates

from ∼120◦ to ∼135◦ and from ∼95◦ to ∼112◦, respectively. The shape of PEA+ spacer

cations therefore does not change or undergo structural deformation at the extreme operating

conditions of 350 K.

Time-dependent average distances for N (PEA+)-Sn/I (SnI 4–
6 backbone) and N (PEA+)-

Sn/Br (SnBr 4–
6 backbone) oscillate within a narrow range (∼4.38 Å and ∼3.45 Å for 2D

monolayer PEA2SnI4 and ∼4.08 Å and ∼3.09 Å for 2D monolayer PEA2SnBr4, respectively

(Figures 4d and S18). PEA+ in both 2D monolayer PEA2SnBr4 and PEA2SnI4 therefore does

not drift away from the framework at 350 K. Hydrogen bonds form between the spacer cation

PEA+ and the inorganic SnBr 4–
6 /SnI 4–

6 inorganic backbone (N-H· · · I/Br, Figure 4f). A

PEA+ spacer cation can form three hydrogen bonds in the Sn-I/Br cage (HBN−H···I/Br < 3 Å)

for both 2D monolayers PEA2SnBr4 and PEA2SnI4. The time-dependent average distance for

H (NH +
3 group in PEA+)-Br/I (SnBr 4–

6 /SnI 4–
6 backbone) oscillates in the range of 2.18∼2.4

Å for 2D monolayer PEA2SnBr4 / PEA2SnI4 (Figures 4f and S19), which indicates the strong

hydrogen bonding interactions between PEA+ and MX 4–
6 backbone layer. These hydrogen
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Figure 4: (a) Time-dependent radial distribution function of Sn-I in 2D monolayer PEA2SnI4
at 350 K. (b) Dihedral angle (left) and torsion angle (right) of PEA+ spacer cation in 2D
monolayer PEA2SnI4 during 5 ps AIMD simulations at 350 K. (c) Root mean square devia-
tion of I and Br compared with their initial optimized positions in 2D monolayer PEA2SnBr4
and PEA2SnI4, respectively. (d) Distance between Sn-N and I-N in 2D monolayer PEA2SnI4
during 5 ps AIMD simulations. (e) Time-dependent hydrogen bond length HBN−H···I in 2D
monolayer PEA2SnI4.
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bonding interactions, together with the van der Waals interactions between the spacer cation

and the inorganic framework, significantly enhance the thermostability of 2D monolayer

hybrid halide perovskites at extreme operating conditions. 2D monolayer PEA2SnBr4 and

PEA2SnI4, thereby, maintain their structures at extreme operating conditions (e. g. the

ambient atmosphere and high temperature), without suffering from structural deformation

or decomposition, and potentially address short-term stability as a primary concern of the

community.

Quantum well confinement and the out-of-plane carrier transport

in 2D monolayer BA2SnI4 and PEA2SnI4.

Although 2D monolayer hybrid halide perovskites potentially possess superior long-term

stability under ambient environments, the quantum well confinement originating from the

arrangement of the large-size spacer cation (act as a potential barrier) and the inorganic

MX 4–
6 slab (as a potential well) substantially increases the exciton binding energy and blocks

the out-of-plane carrier transport. The exciton binding energy and in-plane Wannier-Mott

exciton radii are roughly estimated based on the effective mass theory (Eb = µe4/2h̄2ε2,

a0 = h̄2ε/µe2), where ε is the dielectric constant and µ = (m∗
e × m∗

h)/(m
∗
e + m∗

h) is the

reduced effective mass and e is the charge of an electron.47,48 The calculated exciton binding

energy (Table 1) of all selected PEA-based 2D monolayer hybrid halide perovskites are much

larger with respect to that of MAPbI3 (∼15 meV),49 which undoubtedly inhibit the photon-

induced electron-hole separations. Compared to 2D monolayer BA2MX4, the selected 2D

monolayer PEA2MX4 possess smaller exciton binding energy and larger exciton radius. The

small exciton binding energy of 2D monolayer PEA2MX4 should stem from the relatively high

dielectric constant of PEA+ spacer cation,50,51 as evaluated by the dielectric constant model.

The larger dielectric constant of PEA+ further indicates the importance of functional group

(e. g. the benzene ring) in weakening the quantum well confinement effect and reducing the

exciton binding energy for electron-hole separations.
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Besides the inhibition effect of the quantum well structure on the electron-hole separa-

tion, the insulating effect of the spacer cation also hinders the out-of-plane charge carrier

transports. Based on the Keldysh non-equilibrium Green’s function formalism and den-

sity functional theory (NEGF-DFT), the out-of-plane quantum transport properties of 2D

monolayer PEA2SnI4- and BA2SnI4-based devices are investigated by constructing vertical

transport architecture devices containing the Au electrodes and the 2D monolayer hybrid

halide perovskites acting as the scattering region (Figures 5a and S20), as we previously

constructed all-metallic vertical tunneling architecture.52 The calculated potential energy

distribution of 2D monolayer PEA2SnI4- and BA2SnI4-based vertical transport architecture

along ab-plane are illustrated in Figure S21, respectively. The out-of-plane tunneling cur-

rents of 2D monolayer PEA2SnI4- and BA2SnI4-based devices are calculated by integrating

the transmission coefficient over the bias window:53

I(Vb) =
2e

h

∫ µL

µR

T (E, Vb) [f(E − µL)− f(E − µR)] dE (3)

Where f(E − µL/µR) = 1/

(
e

E−µL/µR
kBT + 1

)
are the Fermi-Dirac distribution functions of an

electron. The transmission function, T (E, Vb), were calculated using the Landauer-Büttiker

formula:51

T (E, Vb) = Tr
[
ΓL(E)GR(E)ΓR(E)GA(E)

]
(4)

Where GR(E) and GA(E) represent the retarded and advanced Green’s functions of the

scattering region. ΓL(E)andΓR(E) are the linewidth functions of the left and right Au

electrodes describing the coupling between electrodes and the scattering region. Vb, µL, and

µR are the bias voltage and the electrochemical potential of the left/right Au electrodes,

respectively.

The potential barrier of the 2D monolayer BA2SnI4-based device is nearly 50% larger

than that of the 2D monolayer PEA2SnI4-based device (1.56 eV vs. 1.07 eV, Figure 5b).

The same inorganic backbone layer (SnI 4–
6 ) leads to similar contributions to the potential
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Figure 5: (a) Side view of the atomic structure of the vertical transport architecture. (b) The
average potential energy of 2D monolayer PEA2SnI4- (purple) and BA2SnI4-based devices
(green) along the transport direction (x-axis). (c) PDOS for 2D monolayer PEA2SnI4- and
BA2SnI4-based devices by different colors along the x-axis transport direction. The red
line represents the Fermi energy level. (d) Current-Voltage (I-V) curves of 2D monolayer
PEA2SnI4- and BA2SnI4-based devices. (e) Realspace scattering states of 2D monolayer
PEA2SnI4- and BA2SnI4-based devices under the bias voltage of 1.4 V and at the gamma
point with the same color bar. (f) Low ODI molecular orbital diagrams of BA+ and PEA+

along with the ODI.
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well. Thence, the significant difference in the potential barrier should mainly stem from

the different spacer cations. Considering the similar thickness of the organic spacer (similar

length of PEA+ and BA+), the functional group should play a crucial role in the out-of-plane

potential barrier and carrier transport of 2D monolayer hybrid halide perovskites. Realspace

PDOS for 2D monolayer PEA2SnI4- and BA2SnI4-based devices (Figure 5c) further confirms

that the existence of significant potential barriers (dark blue region) induced by 2D monolayer

hybrid halide perovskites (from -8 to 8 Å, semiconductor scattering region).

The low potential barrier investigated in 2D monolayer PEA2SnI4-based device, therefore,

favors the out-of-plane transport of photo-generated charge carrier and weakens the charge

recombination. Current-voltage (I-V) curves (Figure 5d) show that the bias voltage-driven

current of 2D monolayer PEA2SnI4-based device is almost one order of magnitude larger

than those of 2D monolayer BA2SnI4-based one. The lower out-of-plane potential barrier

arising from the PEA+ spacer cation (the conjugated benzene ring) substantially facilitates

the out-of-plane carrier transports. For the 2D monolayer PEA2SnI4-based device, a proper

current ION/IOFF ratio (3 orders of magnitude) can be achieved, indicates that 2D monolayer

PEA2SnI4 is also a promising candidate for the applications in field-effect transistors (FETs).

Real-space scattering states of 2D monolayer BA2SnI4- and PEA2SnI4-based devices under

the bias voltage of 1.4 V and at the gamma high symmetry point are illustrated in Figure

5e. Along the out-of-plane transport direction, the 2D monolayer PEA2SnI4-based device

has much more available transport channels than the 2D monolayer BA2SnI4-based one.

PEA+ space cation in the scattering region, therefore, contributes more to the quantum

transport than the BA+ spacer cation. Our calculations reveal that the conjugation of the

benzene ring in the PEA+ spacer cation makes the orbital more delocalization, as intuitively

reflected in the lower ODI (Figure S22). The average ODIs of BA+ and PEA+ spacer cation

on the occupied molecular orbital are evaluated to be 55.11 and 31.33, respectively. The

low ODI molecular orbital diagrams of BA+ and PEA+ are shown in Figure 5f. Benefits

to a relatively wider spatial delocalization stem from the benzene ring, PEA+ spacer cation
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promotes a significant increment in the out-of-plane quantum transport.

Conclusions

To summarize, the current study reveals that the spacer cations, especially their functional

group, play an important role in the optoelectronic properties, thermostability, and photo-

generated carrier transport in 2D monolayer hybrid halide perovskites. Compared to the

BA+ spacer cation, the strong π-π stacking interactions between each other together with

strong hydrogen bonding interactions and van der Waals interactions between the PEA+

with MX 4–
6 backbone effectively narrow the electronic bandgap via shortening the M-X

bond length to promote the coupling of antibonding orbitals. In particular, 2D monolayer

PEA2SnI4 is simulated to possess a proper electronic bandgap (∼1.35 eV, well consistent

with the optimum value according to the Shockley-Queisser limit) and reasonably good op-

tical absorption in the visible-light range for photovoltaic applications. In addition, the

hydrophobicity of PEA+ can well prevent the attack of water molecules on the inorganic

MX 4–
6 backbone, and the strong hydrogen bonding interactions and van der Waals interac-

tions between the PEA+ spacer cations with MX 4–
6 backbone let 2D monolayer PEA2MX4

exhibit excellent thermal stability under the extreme operating conditions. Moreover, the

delocalized orbitals of the conjugated benzene ring in PEA+ and its relatively high dielectric

constants were found to weaken the quantum well confinement and potential barrier well,

thus allowing the effective electron-hole separations and photogenerated carrier out-of-plane

transport. The functional group, such as the conjugated benzene ring, thence not only plays

a critical role in the modulation of optoelectronic properties of 2D monolayer hybrid halide

perovskites (e. g. the electronic bandgap and carrier mobility) but also in the long-term

stability and photogenerated carrier out-of-plane transports.
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