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Abstract  

Low electronic band gap 2D multilayered (n=3,4) lead-iodide perovskites with formula 

A’2An-1PbnI3n+1 and A’’An-1PbnI3n+1 are of great interest for photovoltaics, with recent 

demonstrations of stable solar cell operation based on 2D/3D bilayered heterostructures. Still, 

the difficulty in achieving optimal phase control, with potential formation of mixed n-domains, 

is a limiting factor for photovoltaic performance of 2D/3D heterostructures, and the current 

choice for multi n- layered compounds is limited. Here we report synthesis and XRD 

characterization of novel (I-EA)2MAn-1PbnI3n+1 (n=1-4) compound series, along with 

(Br-EA)2PbBr4 (n=1) compound, incorporating iodo-ethylammonium (I-EA) and bromo-

ethylammonium (Br-EA) spacers. These halide-featuring spacers lead to small lattice 

mismatch between the inorganic and organic components, that explains the successful 

formation of multi n- layered compounds. The presence of bromine or iodine in the interlayer 

space impacts on the dielectric and electronic properties of these materials. Periodic DFT 

simulations predict vertical hole effective mass for n=1 (I-EA)2PbI4 as small as 1.8 me, 

comparable to popular organic semiconductors, like rubrene. UV-vis characterization sets the 

optical absorption onset of these materials around 1.71 eV for n=3 and 4, hence suggesting 

these compounds can be successfully implemented in 2D/3D photovoltaic architectures.  
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Introduction 

Two-Dimensional (2D) lead-iodide perovskites are swiftly emerging as promising 

semiconductors for opto-electronics applications.1–9 These inorganic/organic hybrids derive 

from the archetypal 3D APbI3 perovskite structure (A= methylammonium, formamidinium, 

Cs) by intercalating atomically-thin lead-iodide perovskite sheets with bulky organic cations 

A’ or dications A”, acting as spacers. Resulting materials have formula A’2An-1PbnI3n+1 or 

A”An-1PbnI3n+1, with “n” indicating the number of PbI6 octahedra stacked along the thickness 

of the individual perovskite sheet. With most common alkyl- or small aromatic-based spacers, 

layered perovskites correspond to natural quantum wells, the photogenerated carriers being 

constrained within the inorganic frame by quantum and dielectric confinement.10 Thanks to the 

combination of the excellent semiconducting properties of the lead-iodide perovskite network 

with the chemical stability against moisture of the hydrophobic organic spacer, these hybrids 

and related nanostructures are more and more studied for applications in light-emission,1–4 

sensing,5,6 and energy conversion,7–9 paving the way for performant and durable devices. More, 

multilayered (n=3,4) 2D perovskites combined with 3D halide perovskites in bilayer structures 

lead to state of the art solar cell efficiencies, while inheriting their stability from the 2D 

layer.11,12 Multilayered (n=3,4) 2D compounds are also necessary to achieve matching of the 

valence band levels with those of the 3D perovskites in these heterostructures.11 Therefore, 

new A’2An-1PbnI3n+1 or A”An-1PbnI3n+1  compounds with n=3,4 thickness are of huge interest for 

photovoltaics, as their exploitation in 2D/3D heterostructures is one of the most promising 

routes for decisive progresses toward the industrialization and commercialization of halide 

perovskite photovoltaic technology.11,12 

Successful synthesis of thick (n>2) layered lead halide perovskites, as well as control 

over phase purity, is however not an easy task and only few examples of phase-controlled, 

multilayered 2D lead iodide compounds have been reported and fully characterized in the 

literature, thus far. Most notable examples are represented by (PEA)2(MA)n-1PbnI3n+1 (n=2-3) 

(PEA=phenylethylammonium, MA=methylammonium),13,14 (BA)2(MA)n-1PbnI3n+1 (n=2-7) 

(BA=butylammonium),15,16 (3-4AMPY)(MA)n-1PbnI3n+1 (n=1-4) (3-

4AMPY=aminoethylpyridinium),17 and (3-4AMP)(MA)n-1PbnI3n+1 (n=1-4) (3-

4AMP=aminoethylpiperidinium),18 the latter recently demonstrating champion photovoltaic 

efficiency of 18.3%, for 2D-perovskite based devices.9 In addition to phase purity issues, 

another factor limiting the photovoltaic efficiency of 2D-perovskite based devices compared 

to 3D-based ones (25.7%)19 is the ineffective charge and energy transport perpendicular to the 
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inorganic sheet. The interplanar transport bottleneck was shown by Tsai et al., via selectively 

growth of 2D perovskite thin films with inorganic sheets orienting perpendicularly to the 

selective contacts, hence creating a continuous percolation path for charge carrier extraction 

within the perovskite frame. This led to an efficiency increase up to 12.5%,12 compared to 4.7% 

of traditional design with perovskite sheets lying parallel to the contacts.20 Further exploitation 

of 2D layered perovskite compounds therefore may benefit from the design of new compounds 

with both ease phase purity control and improved out-of-plane transport, with two main 

strategies currently exploited to cure the latter issue. The first consists in decreasing the 

distance between adjacent perovskite planes, hence reducing the spatial extension of the 

potential barrier due to the presence of the spacer. This strategy requires small size organic 

spacers, and was demonstrated by Mao et al.,18 and Li et al., 17 via incorporation of 3-4AMP, 

and 3-4AMPY spacers, respectively (interlayer distance ~ 4.12 Å) and by Nazarenko et al.,21 

exploting mixed Guanidinium/Cs spacers (~ 4.4 Å). The other strategy consists in dropping the 

traditional concept of organic spacer as a barrier to carrier transport,10 and to exploit 

electronically active S-conjugated organic spacers. This strategy was pioneered by Mitzi et 

al.,22 and more recently by Gao et al.,23 with incorporation of quaterthiophene derivatives 

leading to the formation of type II structure at the organic/inorganic interface (the HOMO or 

LUMO of the organic spacer embedded in the inorganic band gap). Similar findings were 

reported recently by Lédée et al., by exploiting much smaller tetrazine-based moiety as organic 

spacer, further demonstrating the flexibility of the organic part.24  

In 2007, Sourisseau et al. synthesized pure phase, n=1 layered halide perovskite 

materials incorporating halide containing X-(CH2)2-NH3+ (X=Cl, Br, I) organic spacer, with 

successful formation of layered perovskite structures verified via single crystal XRD 

measurements.25 In addition to the demonstration of the indirect effect of the organic 

component on the optical properties of the inorganic, via spacer-driven structural distortion, 

this work demonstrated the feasibility of introducing heavy halides (Br or I) also in the organic 

component. More recently, Chakraborty et al. reported a series of n=1 (I-(CH2)m-NH3)2PbI4 

(m=2-6) layered perovskites, showing the impact of iodine-iodine contacts on phase transitions 

of materials.26 Smith et al. also demonstrated the role of the halide in the interlayer space in 

tuning the optical properties of these hybrids. In particular, the intercalation of I2 molecules 

was shown to lead to inversion of the dielectric contrast between the well and the barrier (larger 

dielectric constant in the barrier than in the inorganic layer), as well as structural distorsions.27  
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Inspired by this design concept, we report here the synthesis of a novel 

(I-EA)2MAn-1PbnI3n+1 2D halide perovskite series, featuring halide containing 

iodoethylammonium (I-EA) as spacer. Phase control for thickness going from n=1,2 to 

technologically relevant n=3,411 is demonstrated via low temperature XRD characterization. 

We also report fully brominated n=1 (Br-EA)2PbBr4 (Br-EA=bromoethylammonium) 

compound, demonstrating the flexibility in the choice of the halide. UV-vis measurements 

indicate optical band gaps from 2.38 eV to 1.71 eV, for n=1 and n=4 compounds, respectively, 

hence falling in similar range than champion efficiency (4AMP)MA2Pb3I10 layered 

perovskite.18 Electronic structure calculations confirm the formation of type I heterostructures 

but also highlight the direct role from the I-EA spacer in improving the vertical transport. DFT-

calculated effective masses for holes reach values down to 1.8 me, comparable to promising 

organic molecular semiconductors, like rubrene or BTBT.28–30 

 

Methods 

Material synthesis. All reagents were used as received from Sigma Aldrich without further 

purification: 2-Bromoethylamine hydrobromide (Br-C2H4-NH2•HBr 99%), methylamine 

hydroiodide (CH3NH2•HI, 99%), Lead(II) iodide (PbI2 99%), hydriodic acid (HI, 57 wt% in 

H2O, stabilized). The reagents (Br-C2H4-NH2•HBr, CH3NH2•HI, PbI2 -see details for each 

experiment leading to n= 1-4 in Table S1) were dissolved in 57% w/w aqueous HI solution in 

a 50 mL glass flacon by heating to boiling (150°C, hot plate) under constant magnetic stirring 

for about 10 min (flask closed with a cap), to substitute Br for I in bromoethylammonium cation 

to give iodoethylammonium cations I-EA+. The stirring was then interrupted and the heating 

was turned off. The solution was left to cool down to room temperature. Plate-like crystals 

were slowly precipitated: yellow for n=1, red for n=2 and black for n=3-4. The crystals were 

isolated by suction filtration and thoroughly dried under reduced pressure. Powder X-Ray 

diffraction (PXRD) analysis which was measured on a D8 Bruker diffractometer (Cu Kα, 

λ=1.5418 Å) equipped with a linear Vantec super speed detector, confirmed the phase purity 

of the four n=1,4 (I-EA)2MAn-1PbnI3n+1 compounds (Figure S1-S4) and for the (Br-EA)2PbBr4 

compound (Figure S5). Moreover, solution 1H NMR spectroscopy of materials dissolved in 

deuterated DMSO well confirms the expected X-EA/MA ratio (X=Br, I) of 2, 1 and 0.67 for 

the n= 2, n= 3 and n= 4 compounds, respectively (Figure S6).  
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Thin films preparation) All solutions preparation and thin films processing steps were carried 

out in ambient conditions. The Pre-patterned Glass FTO substrates were purchased from 

Pilkington. They were sequentially cleaned in 2.5M NaOH ethanol solution, water and acetone, 

then dried at 450 °C overnight. Precursor solutions were prepared by dissolving PbI2, 

methylamine iodide (MAI), and (I-EA)2PbI4 (n=1, previously synthesized) in anhydrous 

DMSO, in accordance with the expected stoichiometry for n=1-4 compounds (details in Table 

S2). Before spin-coating, solutions and substrates were heated for 1 minute at 150°C. 

Centrifugation was applied during 20 seconds at 5000 rotations per minute (rpm). After 

centrifugation, the films were placed on a hot plate at 150°C for 5 minutes. 

UV-vis characterization. The UV-visible absorption spectra of crystallized powders and thin 

films were measured with a PerkinElmer LAMBDA 950 spectrophotometer with integration 

sphere, at room conditions, resolution of 2 nm. 

 

Table 1. Structural details for the investigated perovskite (I-EA)2MAn-1PbnI3n+1 compounds 

(n=1-4) and for the n=1 (Br-EA)2PbBr4 compound. (RT=Room Temperature) 
   n=1 

  120 K 

  n=2 

  RT 

n=2 

150 K 

n=3 

150 K 

n=4 

150 K 

BrEA 

150 K 

Fw (g/mol) 1058.77 1678.72 1678.2 2298.71 2916.63 776.77 

space group P21/c P-1 P-1 P21/c P-1 P-1 

a, Å 12.5049(4) 8.8172(8) 8.8125(4) 25.189(1) 8.7713(3) 8.2313(4) 

b, Å 8.7414(3) 8.9178(4) 17.410(1) 8.8768(5) 8.8359(3) 13.6632(6) 

c, Å 8.6297(3) 19.213(2) 19.632(1) 8.6144(5) 31.422(1) 15.8766(6) 

D, ° 90 82.67(1) 107.56(1) 90 85.631(3) 66.190(4) 

E, ° 97.88(1) 83.40(1) 96.00(1) 94.35(1) 85.116(3) 81.310(4) 

J, ° 90 90.07(1) 90.36(4) 90 89.997(3) 80.955(4) 

V, Å3 934.41(5) 1488.3(2) 2855.3(3) 1916.8(2) 2419.4(1) 1605.7(1) 

Z 2 2 4 2 2 4 

obs. reflns       
(I>2V(I)) 
/Rint 

1756 
/0.029 

3134 
/0.106 

6491 
/0.058 

3388  
/0.056 

7261  
/ 0.032 

5394 
/ 0.057 

parameters 62 175 345    

R1(I>2V(I))  
/wR2(all data) 

0.048  
/ 0.125 

0.091  
/ 0.239 

0.070 
/0.201 

0.078 
/ 0.215 

0.062 
/ 0.169 

0.060  
/ 0.174 
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Single crystal XRD characterization. X-ray diffraction data were collected at T = 120 K (n 

=1), 150 K (n= 2-4) and 293 K for n= 2 on an Agilent SuperNova diffractometer equipped with 

Atlas CCD detector and micro-focus Cu-Kα radiation (λ = 1.54184 Å). Intensities were 

corrected for Lorentz-polarization effects, as well as for absorption effect (multi-scan method 

using CrysAlisPro program -CrysAlisPro, Agilent Technologies, V1.171.38.46, 2015). The 

structures were solved using SHELXT program, and refined by full matrix least-squares 

routines against F2 using SHELXT programs. The hydrogen atoms were treated with a riding 

model. A summary of crystallographic data and refinement results is provided in Table 1, while 

more complete data appear in Tables S3-S7 for (I-EA)2MAn-1PbnI3n+1 compounds and in Table 

S8 for (Br-EA)2PbI4. A complete list of crystallographic data, along with the atomic 

coordinates, the anisotropic displacement parameters and bond distances and angles for each 

compound, are given as CIF file. CCDC numbers 2223697 (n= 1); 2223698 and 2223699 (n= 

2 RT and 150 K); 2223700 (n= 3); 2223702 (n= 4) and 2223701 ((BrEA)2PbBr4). 

Electronic structure simulations. Crystalline models from XRD are used as input for periodic 

Density Functional Theory (DFT) simulations. Band structures are calculated within the 

pseudopotential/plane-waves formalism, as implemented in the Quantum-Espresso suite 

program.31 The diagonal components of the hole/electron effective mass tensor are then 

computed from numerical fit of the curvature of the top valence/bottom conduction band along 

the indirect lattice directions associated either to the inorganic plane (for in-plane effective 

masses) or to the plane stacking direction. High-frequency dielectric profiles are instead 

calculated using the SIESTA package,32 following the approach proposed in Ref.33. This 

consists in estimating the induced polarization in presence of external electric fields. Here, the 

exciton states are modelled using the 3D momentum space representation of the BSE for the 

polarization function and assuming an effective mass approximation for the electronic 

dispersions of the edge states close to the band gap.34 Detailed description of all computational 

procedures and related references are reported in the Supporting Information, including 

sampling of the Brillouin zone (Table S9).  
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Figure 1. a) Pictures of the synthesized powders from optical microscopy; b-c) crystalline 

models for (I-EA)2MAn-1PbnI3n+1 (n=1,4) (b) and for (Br-EA)2PbBr4 (c) layered halide 

perovskites obtained from XRD measurements. Crystalline cell (red dashed lines), and 

temperature at which the XRD measurement is performed are detailed. Room temperature 

crystalline structure of n=1 (I-EA)2PbI4 compound is taken from Ref. 25. 

 

Results 

Crystal structures. Successful synthesis of pure phase (I-EA)2MAn-1PbnI3n+1 (n=1,4) 

compounds, along with n=1 (Br-EA)2PbBr4 compound, is demonstrated via XRD 

measurements (see Figures S1-5) and optical microscopy images in Figure 1a. These latter 

attest the good quality of our samples, with crystals of n=1-4 compounds presenting plate-like 

morphology, as expected for such layered perovskites, and homogeneous color. Resolved 

crystal structures are illustrated in Figure 1b and 1c, for the (I-EA)2MAn-1PbnI3n+1 (n=1,4) series 
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and the (Br-EA)2PbBr4 compound, respectively. XRD characterization is performed at low 

temperature, between 120 K and 150 K. Only exceptions are for the n=2 compounds, where 

room temperature phase is also resolved, and for the n=1 compound, where the room 

temperature phase was originally reported in Ref.25  

XRD measurements (Table 1) outline even-odd effect in the crystal symmetry, with 

n=1,3 systems belonging to monoclinic space group P21/c while n=2,4 belonging to triclinic 

space group P-1, respectively. Plane stacking motif in our materials and interplanar distances 

are discussed in Figure 2a-b.9 Plane stacking in layered perovskites is classified considering 

the reciprocal shift between two consecutive inorganic sheets,35,36 with two limiting cases 

represented by Dion-Jacobson (DJ) and Ruddlessden-Popper (RP) structures, Figure 2a. 

Namely, DJ corresponds to null in-plane shift, with consecutive inorganic sheets in eclipsed 

configuration, while RP corresponds to relative in-plane shift by half PbI6 octahedron along 

both the two pseudo-cubic directions, with consecutive inorganic sheets in staggered 

configuration (see Figure 2a). Intermediate cases of Alternating Cation Interlayer (ACI) 

stacking motif were also recently reported, where adjacent planes are shifted along only one of 

the two pseudo-cubic axes.21,37 A recent work by Li et al. outlined a light-induced contraction 

of the interplanar distance in layered 2D halide perovskites and a consequent improvement of 

the vertical transport properties and PV performances. This however was observed only for the 

DJ and ACI case, while RP samples did not show any light-induced transport properties 

evolution,9 then indicating the plane stacking motif as an important figure of merit in 2D halide 

perovskites. For our series, plane stacking is shown in Figure 2b, considering the low 

temperature phases of n=1 and n=2, as representative of compounds with monoclinic (n=1,3) 

and triclinic (n=2,4) lattices. For n=1,3, plane stacking can be considered at the limit of the DJ 

motif, with rigid shift between two consecutive inorganic sheets related just to the monoclinic 

angle E (Table 1), while for n=2,4, plane stacking corresponds to ACI. All compounds hence 

fall in the case where the out-of-plane contraction and corresponding light-induced 

improvement of vertical transport properties was observed.9  

The shortest distance between apical iodines from adjacent layers sets around 6.6 Å, 

see Figure 2b, irrespective of the specific DJ/ACI stacking. Such distance is shorter than the 

one measured for reference BA2PbI4 perovskite (8.6 Å)38 but still larger than champion PV-

efficiency (4AMP)(MA)2Pb3I10 perovskite (4.12 Å),9 or recently reported <110> terminated 

(FA)3(HEA)2Pb3I11 (HEA=hydroxyethylammonium) layered perovskite (4.55 Å).39 XRD 

measurements however highlight very short distance (between 3.8 Å and 4.2 Å) between the 
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iodine atom from the inorganic frame and the one from the I-EA spacer, see Figure 2c, which 

is a hallmark of the present multilayered perovskite series.  

 
Figure 2. a) Classification of the plane stacking motifs in 2D halide perovskites (Dion-

Jacobson- DJ, Alternating Cation Interlayer – ACI, Ruddlesden-Popper - RP); b) plane 

stacking and interlayer distance for low temperature polymorphs of n=1,2 compounds; c) 

interatomic distances between the iodine of the I-EA spacer and the closest iodines from the 

inorganic frame; d) in-plane lattice mismatch to MAPbI3, as defined in Ref.40, computed for 

the present multilayer perovskite series and for the butylammonium lead iodide series,15 taken 

as reference. 

 

Lattice mismatch for the inorganic and organic counterparts is also evaluated, following 

the approach proposed by Kepenekian et al.40. This compares the lattice parameters associated 

to the inorganic frame of layered compounds to that of the parental 3D perovskite material, to 

quantify the elastic strain associated to the interface with the organic spacer. Results are 

summarized in Figure 2d, and show that the lattice mismatch for the thinnest n=1 compound 
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of the (I-EA)2MAn-1PbnI3n+1 (around 1.4%) is comparable to that of the widely investigated 

butylammonium lead iodide compound, indicating overall modest strain.40 Lattice mismatch 

further reduces for thicker compounds, hence explaining the favorable formation of multi-n 

layered perovskite structures in presence of I-EA organic spacer in terms of small organic-

induced strain on the inorganic lattice. 

For the sake of completeness, we extend the structural discussion also to previously 

reported (Cl-EA)2PbI4 and (Br-EA)2PbI4 analogues.25 Here, we will briefly summarize the 

main distinguishing structural characteristics relevant to the present work. With X=Br and Cl, 

the plane stacking motif is of ACI type with shorter interlayer distances compared to Figure 2b 

(iodine-iodine distances as short as 5.07 Å and 4.84 Å, respectively, as shown in Figure S7).  

This is due to the specific orientation of the organic molecular backbone, which aligns parallel 

to the inorganic sheets whereas the halogens point almost perpendicularly, ensuring short 

intermolecular halide-halide distances of 3.80 Å for both Cl-EA and Br-EA spacers (see 

Figure S7). By contrast, I-EA cations align almost perpendicular to the plane stacking, leading 

the intermolecular iodine-iodine distances highlighted in Figure 2b. Meanwhile, the molecular 

iodine points towards the apical iodide of the perovskite layers (Figure 2c) leading to sizeable 

octahedral in-plane (~16° from linear bond) and out-of plane (~15° from the normal of the 

inorganic sheet) tilting as compared to the Br-EA and Cl-EA analogues for which tilt angles 

are small (deviation from linearity smaller than 4°). Considering the comparable average Pb-I 

bond lengths in all three structure, this octahedral tilting was associated to almost 200 meV 

blue shift in the UV-vis absorption of I-EA2PbI4 compared to the other two compounds.25 

Structural details for all compounds (bond length, bond valence angle, octahedral elongation 

and distortion indices, Baur parameter and Voct) are listed in Table S10.  
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Figure 3. a) Electronic DOS for the inorganic and organic constituents of the n=1 (I-EA)2PbI4 

layered halide perovskite, as obtained following the composite approach from Ref.41. The 

VBE/HOMO and CBE/LUMO offset are indicated; b) VBE/HOMO and CBE/LUMO offset 

for all compounds of the (I-EA)2MAn-1PbnI3n+1 (n=1-4) series and for c) (Br-EA)2PbBr4 

compounds. 

 

Electronic structure. We performed DFT simulations to address the impact of the halide 

containing I-EA/Br-EA spacer on the electronic properties of these newly reported compounds. 

To first clarify the electronic level alignment at the organic/inorganic interface in the 
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(I-EA)2MAn-1PbnI3n+1 series, we resorted to the composite approach proposed in Ref.41. This 

compares the electronic structure of the inorganic and organic constituents as computed 

separately, then reconstructing the alignment between the Valence/Conduction Band Edges 

(VBE/CBE) of the inorganic frame and the Highest Occupied/Lowest Unoccupied Molecular 

Orbital (HOMO/LUMO) of the spacer. Densities Of States (DOS) for the non-interacting 

inorganic/organic constituents in the thinnest n=1 (I-EA)2PbI4 compound in Figure 3a confirm 

the formation of type I quantum-well electronic interface, the band gap of the inorganic frame 

embedded in the one of the organic spacer. In presence of the halide containing I-EA spacer, 

however, holes/electrons are subject to a reduced confinement potential of 0.65/1.08 eV, 

compared to the reference case of n=1 butylammonium lead iodide compound (2.8/1.7 eV).41 

For thicker inorganic frames, the band gap closing originating from the less effective quantum 

confinement leads to larger VBE/HOMO and CBE/LUMO offset, as shown in Figure 3b. 

Finally, for the (Br-EA)2PbBr4 compound, substitution of iodine with bromine leads to 

comparable increase in the single particle gap for both the inorganic and organic constituents, 

(Figure 3c) hence leading to similar potential barrier (0.85/1.51 eV) found for (I-EA)2PbI4. 

Single particle band structures for all compounds are shown in Figure 4. All newly 

synthesized layered perovskites present direct band gap at the center of the Brillouin zone (*), 

with corresponding band structures reflecting the quantum confinement for charge carriers. 

Namely, large dispersion is found along the reciprocal directions associated to the inorganic 

PbnI3n+1 sheet (Z→* / X→ * for n=1,3 / n=2,4 and (Br-EA)2PbBr4), while narrow dispersion 

is found along the plane-stacking direction (*→B or *→Z / * →T for n=1,3 / n=2,4 and for 

(Br-EA)2PbBr4,). Most notably, for all (I-EA)2MAn-1PbnI3n+1 compounds, the valence and 

conduction bands along the plane stacking direction are not flat but show ca. tens of meV 

dispersion, hence indicating small electronic interaction between adjacent planes, in spite of 

quantum and dielectric confinement. In contrast, for (Br-EA)2PbBr4, both valence and 

conduction bands are flat. 
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Figure 4. a-b) First Brillouin zone, high symmetry points path and corresponding band 

dispersion for the various compounds of the (I-EA)2MAn-1PbnI3n+1 series; a) n=1 (both phases 

at T=120 K and T=293 K) and n=3 perovskites, all crystallizing with monoclinic lattice; b) 

n=2 (both phases at T=150 K and T=293 K) and n=4 perovskites, all crystallizing with triclinic 

lattice; c) Same for the (Br-EA)2PbBr4, compound, crystallizing with triclinic lattice. Brown 

color is for low temperature phases. 

 

For the two polymorphs of the n=2 compound, DFT predicts 10 meV band gap 

difference, that can be tracked back to detailed structural features of the inorganic network. 

Previous investigations in fact highlighted the role of the octahedral rotations in modulating 

the electronic properties of halide perovskites, with distortions from the archetypal, undistorted 

P4mmm structure inducing less effective atomic hybridization,42,43 then valence and 

conduction band narrowing, band gap opening and enhancement of the carrier effective 

masses.44 For the case of the two (I-EA)2MAPb2I7 (n=2) polymorphs, we found indeed a 

decrease of the average Pb-I-Pb distortion from 158 to 162 degrees, from the low to the room 

temperature phase, respectively, hence explaining the band gap closing computed for the latter 
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(see Table S10).43 On the same ground, the very close band gap found for the two polymorphs 

of the thinnest (I-EA)2PbI4 (n=1) compound reflects very similar structural features, the 

average bond length and valence bond angle differing for around 0.02 Å and 0.5 degrees 

(Table S10). 

 

Superlattice effects related to halide containing short organic monocations. Motivated by 

the emergence of interlayer electronic interaction from the band dispersions in Figure 4, we 

proceeded to quantify it, by estimating the diagonal component of the hole/electron effective 

mass tensor associated to the plane stacking direction. For the low temperature phase of n=1, 

(I-EA)2PbI4 compound, holes/electrons effective masses amount to 1.8/8.3 me (me=electron 

masses), in striking contrast with the infinitely heavy carrier masses found for 

hexylammonium/dodecylammonium lead iodide compounds (∞).42 Effective masses are 

modest in particular for holes, but reach values comparable to those computed for some 

performant organic semiconductors, as rubrene,29 and BTBT derivatives.30 Also electron 

effective mass slightly decreases compared to traditional alkylammonium-based lead iodide 

perovskites but remains larger compared to holes. The reason behind this unbalanced transport 

is easily addressed via group theory-based symmetry-analysis.45,46 This in fact highlights that 

apical iodines contribute to formation of the VBE via the pz orbitals (z corresponding to the 

plane stacking direction), while contribute to the formation of the CBE via the in-plane 

polarized pxy orbitals, whose orientation does not allow an effective hybridization of Bloch 

states of adjacent inorganic sheets.45  

 Most important, the improved interlayer communication in the (I-EA)2MAn-1PbnI3n+1 

series (Figure 4) can be directly associated to the presence of the iodine from the spacer. To 

show this, we perform a computational experiment considering the low temperature phase of 

n=1, (I-EA)2PbI4 layered perovskite, as reference, then substituting the iodine from the I-EA 

spacer with Br, Cl and finally with CH3, as in Figure 5a, and recomputing the band dispersion. 

At interplanar distance fixed to the experimental value, progressive I→Br→Cl→CH3 

substitution leads in fact to flatter bands, as shown in Figure 5b, hence demonstrating the 

specific role of the halide from the spacer in the interlayer electronic interaction. Another 

evidence of this direct role from the spacer comes from the appearance of the band gap at the 

center of the Brillouin zone (*) instead than at the border (see Figure 4). Substitution of the 

iodine from the spacer with a CH3 and subsequent reduction of the interlayer distance by half 

Angstrom leads in fact to band dispersion with band gap in B, as in Figure 5c. With focus on 
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the valence, band edge destabilization in B can be simply understood in terms of the anti-

bonding hybridization of the states of adjacent layers as in Figure 5c, peculiar of this point of 

the Brillouin zone. The incorporation of a iodine in the spacer leads to a different situation, as 

its atomic states contribute to the valence band hybridization and lead to the anti-bonding 

hybridization already in  *, as in Figure 5d. In other words, the iodine from the I-EA spacer 

adds enough flexibility to form an anti-bonding hybridization pattern already at the center of 

the Brillouin zone.  

Effective masses of n=2-4 compounds from the series can be also evaluated. For the 

thickest reference n=4 compound, out-of-plane hole/electron effective masses amount to 

1.6/3.0 me. These modest values for the carrier effective masses however should not be 

straightforwardly associated to improved out-of-plane transport, as they also reflect the 

decreased quantum confinement in n=4 thick inorganic sheet.  

 
Figure 5. a) Schematics of the computational experiment highlighting the direct role of the 

I-EA spacer in enhancing the vertical transport. Given the low temperature structure of 

(I-EA)2PbI4, as reference, we tune both the composition of the spacer (X) and the interplanar 

distance (d); b) PBE+SOC band structure for (XEA)2PbI4 with X=CH3, Br, Cl, I, at interplanar 

distance fixed to the experimental value; c) band structure for CH3 substituted (X-EA)2PbI4, 

for interplanar distance as in the experiment (d=0.0 Å) and reduced by 0.5 Å (-0.5 Å). 

Isosurface associated to the VBE orbital at the Γ and B point of the Brillouin zone are also 

reported; d) same for (I-EA)2PbI4, with inteplanar distance as in the experiment and increased 

by 0.5 Å. Orbital isosurface set to 2.5 10-4 e/Bohr3). 
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Figure 6. a) Hole and b) electron, in-plane effective masses computed for the (I-

EA)2MAn-1PbnI3n+1 (n=1-4) compounds, as functions of the average Pb-I-Pb valence bond 

angles (vertical error-bars are associated to the standard deviation of the Pb-I-Pb angles). 

Effective masses are averaged along the two reciprocal directions associated to the in-plane 

lattice parameters. 

 

In-plane transport properties. We complete the present analysis by estimating in-plane 

carrier effective masses, charge diffusion within the inorganic sheet representing the 

dominating mechanism for charge transport mobility in layered perovskite-based devices.12,20 

For the low temperature phase of thinnest (I-EA)2PbI4 compound, these amount to 0.39/0.22 

me, for holes/electrons. These values parallel previous estimates for dodecylammonium layered 

lead iodide perovskite in low temperature monoclinic phase (0.35/0.24 for holes/electrons)42, 

while overcome those computed for 3D MAPbI3 analogue along the corresponding 

crystallographic direction (0.22/0.16, as evaluated at the same PBE+SOC theory level).47 The 

expectation is therefore that effective masses smoothly decrease with increasing thickness of 

the inorganic frame, bridging from the heavy masses of the thinnest n=1 compound to the 

lighter ones of the parental 3D material. This however is not the case for our compounds, with 

champion, room-temperature polymorph of n=2 showing smaller effective masses (0.21/0.15 

for holes/electrons) than thicker n=3 (0.24/0.18) compound. The evolution of the in-plane 



18 
 

effective mass is better understood when represented against the average Pb-I-Pb angle 

measured for the inorganic frame, as in Figure 6. In this case, we find in fact that more distorted 

structures are characterized by heavier charge carriers, as already discussed in the 

literature.25,42–44 In this perspective, the dependence of the effective masses with respect to the 

inorganic thickness is thus indirect and mediated by structural distortions. 

 

 
Figure 7. a) UV-vis absorption spectra of crystalline powders of (I-EA)2MAn-1PbnI3n+1 (n=1,4) 

compounds; b) UV-vis absorption spectra of thin films of (X-EA)2PbX’4 (X=Cl, Br, I and 

X’=Br, I) compounds; c) dielectric profiles along the plane stacking direction for the 

(X-EA)2PbI4 (X=Cl, Br, I) compounds and d) for the organic X-EA (X=Cl, Br, I) compounds; 

e) theoretical absorption spectra from semiempirical BSE calculations. 

 

Optical properties. With potential focus on the exploitation of this novel series in 

photovoltaics, we performed UV-vis absorption characterization. The absorption spectra of 

crystalline powders in Figure 7a show the expected blue-shift of the excitonic absorption with 

decreasing thickness of the inorganic frame, reflecting the enhancement in quantum 

confinement effects. The absorption on-set for the n=3 compound shows a small shoulder, 

which may be indicative of a partial mixing between the n=3 and n=4 phases. Tauc plot analysis 

(Figure S8) provides estimates for the optical band gaps of 2.38 eV (n=1), 1.98 eV (n=2), 1.79 

eV (n=3) and 1.71 eV (n=4). Our GGA+SOC electronic band structures in Figure 5 correctly 
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reproduce the red-shift of the absorption on-set from thinnest n=1 compound (1.38 eV) to 

thickest one (0.79 eV). Accurate reproduction of the red-shift is however out-of-reach for DFT, 

as this does not account for electron-hole interaction, hence not catching the excitonic 

properties and the decrease of the exciton binding energy with increase of thickness “n”. In 

sight of potential exploitation of these materials in devices, we also proceeded with the 

synthesis and characterization of thin-films. Film homogeneity and lack of pinholes in the 

images obtained from optical microscopy from Figure S9 clearly attests a good control over 

materials morphology, while UV-vis absorption also shows the expected decrease of the optical 

gap with increasing the thickness of the inorganic layer. Notably, the optical gap found for thin-

films of n=3,4 compounds are slightly red-shifted, compared to those of crystal powders, which 

may suggest the presence of thicker (n>4) phases, as already pointed out in the literature. 

Preparation of thin-films of the (I-EA)2MAn-1PbnI3n+1 (n=1-4) compounds is hence 

demonstrated, although additional synthetic and characterization efforts are required, to 

optimize the film morphology and control over phase purity.  

To clarify the influence on the optical properties due to the halide from both the 

inorganic backbone and, more important, from the spacer, we analyzed UV-vis spectra of n=1 

(X-EA)2PbX’4 compounds at RT, where X=I/Br/Cl and X’=I/Br (Figure 7b). As expected, the 

substitution of the bromine by iodine in the perovskite backbone of (Br-EA)2PbBr4 leads to a 

red shift of the optical band gap.10 Dealing with the halide from the spacer, 250 meV blue-shift 

in the optical spectrum is found in Figure 7b when going from (Cl-EA)2PbI4 and (Br-EA)2PbI4 

to (I-EA)2PbI4. In original Ref.25, this was mainly associated to structural effects, namely 

spacer-induced distortion in the inorganic frame of the latter compound. Consistently, our DFT 

calculations confirm 390 meV band gap opening from less distorted (Cl-EA)2PbI4 and (Br-

EA)2PbI4 to more distorted (I-EA)2PbI4. (see Table S10). On the other hand, additional effects 

from the I-EA spacer cannot be ruled out, considering the polarizability of iodine, in line with 

the findings by Smith et al.27 We therefore performed additional DFT calculations on the 

(X-EA)2PbI4 compounds (X=Cl, Br, I), aiming to clarify the dielectric properties of these 

hybrid as function of the halide in the interlayer space. Results in Figure 7c do not highlight 

dielectric inversion as in Ref. 27, but clearly show decreased dielectric contrast between the 

inorganic and the organic constituents, due to the increase in the dielectric constant from the 

latter, as evidenced in Figure 7d, from 2.0 to 2.4, for (Br-EA)2PbI4 and (I-EA)2PbI4, 

respectively. As known both experimentally and theoretically,34  the reduction of the dielectric 

constant mismatch leads in turn to a reduction of the exciton binding energy and oscillator 
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strength. The dielectric profile for pure brominated compound is also estimated (see Figure 

S10), showing a decrease in the dielectric constant, compared to iodine based compounds.48,41 

The large crystalline cell of 2D perovskites hinders the possibility to perform first 

principle calculations targeting the excitonic properties of these materials, and only few 

simulations based on the ab-initio solution of the Bethe-Salpeter equation (BSE) have been 

reported, thus far.49–54 A semi-empirical implementation of the BSE for a Wannier-Mott 

exciton is nevertheless possible.34 The simulations of the optical absorption spectra (Figure 7e) 

are only valid close to the respective band gaps and exciton resonances. To visually offer a 

better match with experimental spectra, an energy shift of 1.5eV is added on top of all the DFT 

computed electronic band gaps. Still, the same homogeneous broadening is considered for all 

compositions, while experimental spectra strongly depend on the quality of the thin films and 

exhibit very different inhomogeneous broadenings (Figure 7b). Results show that for the 

(X-EA)2PbI4 compounds, the positions of the optical band gaps are essentially dominated by 

the influence of the distortions of the perovskite lattice on the electronic band gaps.25  

 

Conclusions 

With mixed 2D/3D halide perovskite-based architectures emerging as a promising solution for 

performant and stable halide perovskite-based photovoltaics, there has been growing effort in 

synthesizing novel 2D layered compounds,11,12 especially the thicker (n=3,4) ones, that may 

guarantee a good interaction with the underlying 3D component.17,18 Here, we report the 

synthesis of new 2D (I-EA)2MAn-1PbnI3n+1 (n=1,4) and (Br-EA)2PbBr4 perovskite compounds, 

the phase purity being demonstrated via powder XRD diffraction measurements. All 

compounds feature halide containing iodo-ethylammonium (I-EA) or bromo-ethylammonium 

(Br-EA), which very likely contribute to the successful formation of layered perovskite 

structure for the full n=1,4 series, thanks to the modest lattice strain associated to the 

organic/inorganic interface, comparable to the one of reference butylammonium 

(BA)2MAn-1PbnI3n+1 lead iodide perovskite series.40 The incorporation of heavy halides 

(Br or I) in the interlayer region of 2D halide perovskites has been widely exploited in the 

literature,25–27 but is known to impact on the material properties, in particular the dielectric 

confinement,27 and the optical properties of these hybrids.25 Here, our DFT calculations 

confirm these effects, indicating reduced dielectric contrast between the inorganic frame and 

the organic spacer, which should reflect in increased exciton screening and ease electron-hole 
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separation. Most notably, DFT calculations suggest the direct involvement of the I-EA spacer 

in the interplanar electronic coupling for these hybrids, leading to effective masses for hole 

carriers along the plane stacking direction of 1.8 me, considerably reduced compared to those 

of alkylammonium lead iodide compounds,42 and closely matching those of popular organic 

semiconductors.29 Optical UV-vis characterization sets the absorption onset for the n=3,4 

perovskites thin films around 1.71 eV, hence nicely paralleling champion photovoltaic 

efficiency (4AMP)MA2Pb3I10 2D halide perovskite.9 Therefore, thanks to the good-phase 

control also for the thicker n=3,4 components, we propose these new (I-AE)2MAn-1PbnI3n+1 

layered compounds as potential candidates for 2D/3D halide perovskite-based photovoltaic 

devices. In addition, we suggest the incorporation of halides species in the interlayer, in 

particular of iodine, as design rule for multilayered halide perovskite materials with improved 

vertical transport and more-effective electron-hole separation. Inspired by this design concept, 

also multi-n compounds with different halides in the organic and inorganic components and 

full-Br and full-Cl multi-n compounds can be considered for future studies, with potential 

development of materials with engineered dielectric-contrast and excitonic properties. These 

will likely require careful tuning of the synthetic approaches, as for instance the current 

exploitation of HI solutions may lead to rapid halide substitution, in the case of compounds 

with different halide in the spacer and in the perovskite lattice.  
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1. Details for the synthesis of (I-C2H4-NH3)2(CH3NH3)n-1 [PbnI3n+1] crystal powders  

 

Table S1. Solutions for preparation the crystals of (IEA)2MAn-1PbnI3n+1 (I-EA=I-C2H4-NH3 and 
MA=CH3NH3).  

 Br-C2H4-NH2•HBr CH3NH2•HI PbI2 HI 

n=1 
(I-C2H4 NH3)2 [PbI4] 

205 mg 
- 

230.5 
2 ml 1 mmol 0.5 mmol 

2 1 
 

n=2 
(I-C2H4-NH3)2(CH3NH3) [Pb2I7] 

102.5 mg 39.8 mg 230.5 mg 
2 ml 0.5 mmol 0.25 mmol 0.5 mmol 

2 1 2 
  

n=3 
(I-C2H4-NH3)2(CH3NH3)2 [Pb3I10] 

69.7 mg 54.1 mg 235.1 mg 
2 ml 0.34 mmol 0.34 mmol 0.51 mmol 

2 2 3 
  

n=4 
(I-C2H4-NH3)2(CH3NH3)3 [Pb4I13] 

51.2 mg 59.6 mg 230.5 mg 
2 ml 

0.25 mmol 0.375 mmol 0.5 mmol 
2 3 4  

  
 

 

 

 

 

  



2. Details for the synthesis of (I-C2H4-NH3)2(CH3NH3)n-1 [PbnI3n+1] thin films 

 

Table S2. Solutions for preparation the thin films of (IEA)2MAn-1PbnI3n+1 (I-EA=I-C2H4-NH3 
and MA=CH3NH3).  

Solutions for preparation the thin films  

 (I-
C2H4NH3)2[PbI4] CH3NH3I PbI2 DMSO 

 

n=1 
(I-C2H4NH3)2[PbI4] 

254 mg 
- - 0.2 ml 0.24  mmol 

 

n=2 
(I-C2H4 NH3)2(CH3NH3) [Pb2I7] 

127 mg 19 mg 55 mg 
0.2 ml 

0.12 mmol 0.12 mmol 0.12 mmol 
 

n=3 
(I-C2H4 NH3)2(CH3NH3)2 

[Pb3I10] 

84.6 mg 25.4mg 73.8 mg 
0.2 ml 

0.08 mmol 0.16 mmol 0.16 mmol 
 

n=4 
(I-C2H4 NH3)2(CH3NH3)3 

[Pb4I13] 

63.5 mg 28.6 mg 83 
0.2 ml 

0.06 mmol 0.18 mmol 0.18 mmol 
 

  



3. Powder XRD characterization 

 

 

Figure S1. PXRD patterns of n=1, (I-EA)2PbI4: simulated (black line) and experimental 
(orange line). 

 

Figure S2. Room temperature PXRD patterns of n=2, (I-EA)2MAPb2I7: simulated (black line) 
and experimental (red line). 

 



 

 

 

Figure S3. PXRD patterns of n=3, (I-EA)2MA2Pb3I10: simulated (black line) and experimental 
(green line). 

 

 

 



 

Figure S4. PXRD patterns of n=4, (I-EA)2MA3Pb4I13: simulated (black line) and experimental 
(blue line). 

 

 

 



 

Figure S5. PXRD patterns of n=1, (Br-EA)2PbBr4 (Br-EA=Br(CH2)2NH3): simulated (in the 
room temperature unit cell: a= 8.16 Å, b= 8.25 Å, c= 25.09 Å, D= 90°, β= 97.0°, γ= 90° -red 
line-) and experimental (black line). 
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4. 1H NMR characterization in solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. 1H NMR of crystallized powders of (Br-(CH2)2NH3)Br and (I-EA)2MAn-1PbnI3n+1 
(n= 1, 4), showing that “(I-(CH2)2NH3)/(CH3NH3)” ratio of 1.98 (n= 2), 1.02 (n= 3) and 0.678 
(n= 4)  are close to the expected one  (2 (n= 2), 1 (n= 3) and 0.667 (n= 4). 
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5. Resolved crystal structures 

 

Table S3. Crystal data and structure refinement for n=1, (I-EA)2PbI4 at T = 120K.  

    Empirical formula                    C4 H14 I6 N2 Pb 
    Formula weight                       1058.77 
    Temperature                          120 K 
    Wavelength                           1.54184 A 
    Crystal system, space group         Monoclinic,  P 21/c 
    Unit cell dimensions                 a = 12.5049(4) A   alpha = 90 deg. 
                                          b = 8.7414(3) A    beta = 97.880(3) deg. 
                                          c = 8.6297(3) A   gamma = 90 deg. 
    Volume                                934.41(5) A^3 
    Z, Calculated density                2,  3.763 Mg/m^3 
  
    Absorption coefficient               95.186 mm^-1 
    F(000)                                904 
    Crystal size                          0.183 x 0.142 x 0.042 mm 
    Theta range for data collection      3.568 to 71.875 deg. 
    Limiting indices                     -15<=h<=14, -10<=k<=9, -10<=l<=10 
    Reflections collected / unique       3466 / 1791 [R(int) = 0.0295] 
    Completeness to theta = 70.000      99.0 % 
    Refinement method                    Full-matrix least-squares on F^2 
    Data / restraints / parameters       1791 / 0 / 62 
    Goodness-of-fit on F^2               1.111 
    Final R indices [I>2sigma(I)]       R1 = 0.0485, wR2 = 0.1247 
    R indices (all data)                 R1 = 0.0491, wR2 = 0.1255 
    Largest diff. peak and hole          3.001 and -5.494 e.A^-3 
 
 
  



Table S4. Crystal data and structure refinement for n=2, (I-EA)2MAPb2I7 at T = 150K. 

Empirical formula                   C5 H20 I9 N3 Pb2 or  Pb2 I7, 2(C2 H7 I N), C H6 N 
    Formula weight                       1678.72 
    Temperature                          150.0(3) K 
    Wavelength                           1.54184 A 
    Crystal system, space group          Triclinic,  P -1 
    Unit cell dimensions                 a = 8.8125(4) A   alpha = 107.560(5) deg. 
                                         b = 17.4198(10) A    beta = 96.005(4) deg. 
                                          c = 19.6320(11) A   gamma = 90.363(4) deg. 
    Volume                                2855.3(3) A^3 
    Z, Calculated density                4,  3.905 Mg/m^3 
    Absorption coefficient               99.029 mm^-1 
    F(000)                                2848 
    Crystal size                          0.12 x 0.10 x 0.025 mm – red plate 
    Theta range for data collection      2.663 to 72.476 deg. 
    Limiting indices                     -10<=h<=5, -15<=k<=20, -15<=l<=24 
    Reflections collected / unique       8937 / 6491 [R(int) = 0.0579] 
    Completeness to theta = 67.684   60.8 % 
    Absorption correction                Semi-empirical from equivalents 
    Max. and min. transmission          1.00000 and 0.21427 
    Refinement method                    Full-matrix least-squares on F^2 
    Data / restraints / parameters       6491 / 56 / 345 
    Goodness-of-fit on F^2               1.050 
    Final R indices [I>2sigma(I)]        R1 = 0.0699, wR2 = 0.1810 [5018 Fo] 
    R indices (all data)                 R1 = 0.0844, wR2 = 0.2010 
    Largest diff. peak and hole          2.946 and -3.674 e.A^-3 
 
 
  



Table S5. Crystal data and structure refinement for n=2, (I-EA)2MAPb2I7 at T = 293K. 

  Empirical formula                    C5 H20 I9 N3 Pb2 
    Formula weight                       1678.72 
    Temperature                          293(2) K 
    Wavelength                           0.71073 A 
    Crystal system, space group          Triclinic,  P -1 
    Unit cell dimensions       a = 8.8172(8) A   alpha = 82.686(6) deg. 
                                 b = 8.9178(4) A    beta = 83.401(7) deg. 
                               c = 19.213(2) A   gamma = 90.072(5) deg. 
    Volume                                1488.3(2) A^3 
    Z, Calculated density                2,  3.746 Mg/m^3 
    Absorption coefficient               20.627 mm^-1 
    F(000)                                1424 
    Crystal size                    0.284 x 0.198 x 0.031 mm - red plate 
 
    Theta range for data collection      2.303 to 27.499 deg. 
    Limiting indices                  -11<=h<=11, -11<=k<=11, -24<=l<=24 
    Reflections collected / unique       27410 / 6778 [R(int) = 0.1062] 
    Completeness to theta = 27.499     99.0 % 
    Absorption correction                Semi-empirical from equivalents 
    Max. and min. transmission          0.528 and 0.225 
    Refinement method               Full-matrix least-squares on F^2 
    Data / restraints / parameters       6778 / 49 / 175 
    Goodness-of-fit on F^2               1.030 
    Final R indices [I>2sigma(I)]    R1 = 0.0908, wR2 = 0.2057 [3134 Fo] 
    R indices (all data)                 R1 = 0.2126, wR2 = 0.2394 
    Largest diff. peak and hole          2.892 and -2.096 e.A^-3 
 

 

 

 

 

 

  



Table S6. Crystal data and structure refinement for n=3, (I-EA)2MA2Pb3I10 at T = 150K. 

 
    Empirical formula                    C6 H26 I12 N4 Pb3 
    Formula weight                       1149.34 
    Temperature                          150.0(2) K 
    Wavelength                           1.54184 A 
    Crystal system, space group         Monoclinic,  P 21/c 
    Unit cell dimensions                 a = 25.1387(14) A   alpha = 90 deg. 
                                          b = 8.8768(5) A    beta = 94.346(6) deg. 
                                          c = 8.6144(5) A   gamma = 90 deg. 
    Volume                                1916.79(19) A^3 
    Z, Calculated density                2,  3.983 Mg/m^3 
    Absorption coefficient               101.112 mm^-1 
    F(000)                                1944 
    Crystal size                          0.105 x 0.088 x 0.024 mm 
    Theta range for data collection     3.527 to 72.912 deg. 
    Limiting indices                     -27<=h<=31, -9<=k<=10, -8<=l<=10 
    Reflections collected / unique       7288 / 3622 [R(int) = 0.0562] 
    Completeness to theta = 70.000     96.7 % 
    Refinement method                    Full-matrix least-squares on F^2 
    Data / restraints / parameters       3622 / 0 / 118 
    Goodness-of-fit on F^2               1.205 
    Final R indices [I>2sigma(I)]       R1 = 0.0780, wR2 = 0.2122 
    R indices (all data)                 R1 = 0.0819, wR2 = 0.2149 
    Largest diff. peak and hole          5.221 and -3.237 e.A^-3 

 
 

 

  



Table S7. Crystal data and structure refinement for n=4, (I-EA)2MA3Pb4I13 at T = 150K 

    Empirical formula                    C7 H32 I15 N5 Pb4 
    Formula weight                       2918.63 
    Temperature                          150.0(1) K 
    Wavelength                           1.54184 A 
    Crystal system, space group         Triclinic,  P -1 
    Unit cell dimensions                 a = 8.7713(3) A   alpha = 85.631(3) deg. 
                                          b = 8.8359(3) A    beta = 85.116(3) deg. 
                                          c = 31.4225(11) A   gamma = 89.997(3) deg. 
    Volume                                2419.37(14) A^3 
    Z, Calculated density                2,  4.006 Mg/m^3 
    Absorption coefficient               101.780 mm^-1 
    F(000)                                2464 
    Crystal size                          0.087 x 0.080 x 0.027 mm 
    Theta range for data collection     2.831 to 76.218 deg. 
    Limiting indices                     -11<=h<=10, -9<=k<=7, -38<=l<=39 
    Reflections collected / unique      14099 / 8079 [R(int) = 0.0323] 
    Completeness to theta = 70.000     82.7 % 
    Absorption correction                Gaussian 
    Max. and min. transmission           0.570 and 0.165 
    Refinement method                    Full-matrix least-squares on F^2 
    Data / restraints / parameters       8079 / 19 / 317 
    Goodness-of-fit on F^2               1.075 
    Final R indices [I>2sigma(I)]       R1 = 0.0622, wR2 = 0.1639 [7261 Fo] 
    R indices (all data)                 R1 = 0.0669, wR2 = 0.1688 
    Largest diff. peak and hole          3.393 and -5.993 e.A^-3 
 
 
  



Table S8. Crystal data and structure refinement for n=1, (Br-EA)2PbBr4 at T = 150K. 

    Empirical formula                    C4 H14 Br6 N2 Pb ou Pb Br4, 2(C2 H7 Br N) 
    Formula weight                       776.82 
    Temperature                          150.0(1) K 
    Wavelength                           1.54184 A 
    Crystal system, space group          Triclinic,  P -1 
    Unit cell dimensions                 a = 8.2313(4) A   alpha = 66.190(4) deg. 
                                          b = 13.6632(6) A    beta = 81.310(3) deg. 
                                          c = 15.8766(6) A   gamma = 80.955(4) deg. 
    Volume                                1605.69(13) A^3 
    Z, Calculated density                4,  3.213 Mg/m^3 
    Absorption coefficient               37.695 mm^-1 
    F(000)                                1376 
    Crystal size                          0.188 x 0.073 x 0.032 mm – colorless plate 
    Theta range for data collection     3.057 to 72.248 deg. 
    Limiting indices                     -9<=h<=8, -16<=k<=16, -18<=l<=19 
    Reflections collected / unique       11994 / 6034 [R(int) = 0.0489] 
    Completeness to theta = 69.000    98.0 % 
    Absorption correction                Gaussian 
    Max. and min. transmission           0.416 and 0.045 
    Refinement method                    Full-matrix least-squares on F^2 
    Data / restraints / parameters       6034 / 0 / 242 
    Goodness-of-fit on F^2               1.061 
    Final R indices [I>2sigma(I)]        R1 = 0.0580, wR2 = 0.1649 [5612 Fo] 
    R indices (all data)                 R1 = 0.0599, wR2 = 0.1684 
    Largest diff. peak and hole          4.789 and -4.549 e.A^-3 
 
  



6. Computational details  

Band structures and diagonal components of the electron/hole effective mass tensor. These 
are computed employing plane-wave/pseudopotential, periodic DFT calculations, as 
implemented in the Quantum-Espresso package.1 They employed 25 and 200 Ry cutoff for the 
plane-wave expansion of the single particle states and electronic density, respectively, along 
with ultrasoft pseudopotentials.2 The present approach was shown to provide a good trade-off 
between accuracy and computational cost.3 These calculations are performed within GGA 
approximation, adopting the PBE exchange-correlation functional.4 Due to the presence of 
heavy lead atoms, we explicitly accounted for Spin-Orbit-Coupling (SOC) interaction.5,6 
Lattice parameters and atomic positions of the inorganic frame are kept frozen, to preserve the 
structural details associated to the different phases of n=1 and n=2 compounds (vide-infra). 
Atomic positions of the organic moieties have been relaxed, accounting for dispersive 
interactions via the Grimme DFT-D2 method.7 From the computed band dispersions, the 
diagonal component of the effective mass tensor was estimated by routinely fitting the curvature 
of the top valence and bottom conduction band, for hole and electrons, respectively.  
 
 
High-frequency dielectric profiles. These are calculated using atomic-centered, periodic DFT 
calculations, using the SIESTA code.8 Core electrons are described with Troullier-Martins 
pseudopotentials,9 while the valence wavefunction is developed over a double-zeta polarized 
basis set of finite-range numerical pseudoatomic orbitals. The procedure for obtaining dielectric 
profile is based on the definition of the dielectric constant as related to the induced polarization 
(pind)in the material, in response to an external electric field.10,11 Therefore, calculations on slab 
models are performed with and without an external field oriented along the plane stacking 
variation (EEXT set here to 0.01 V/Å) and the variation of the electronic density profile along the 
same direction ( GU(z) ) is hence determined. The induced polarization is then obtained from 
the integration of:  
 

𝑑𝑝𝑖𝑛𝑑(𝑧)
𝑑𝑧 = −𝛿𝜌(𝑧) 

 
This leads to the calculation of the dielectric constant as:  
 

𝜀∞(𝑧) =
𝜀∞𝐸𝐸𝑋𝑇

𝜀∞𝐸𝐸𝑋𝑇 − 𝑝𝑖𝑛𝑑(𝑧)
 

 
Both plane-waves/pseudopotentials (Quantum-Espresso) and atomic based (SIESTA) DFT 
calculations employed regular sampling of the Brillouin zone in the Monkhorst-Pack scheme.12 
Different sampling have been used for the various components as listed in Table S9, so to reflect 
the variations in the direct lattice parameters. 
 
  



Table S9. Automatic sampling of the first Brillouin Zone (BZ) adopted in the periodic DFT 
simulations of the reported (X-EA)2MAn-1PbnI3n+1 (X=Cl, Br, I) compounds and (Br-
EA)2PbBr4. 
 
Compound T 

(K) 
Space 
group 

a b c BZ 
Sampling 

(Cl-EA)2PbI4* 293 Pbnm 6.4703 12.8397 20.7972 6 x 3 x 4 
(Br-EA)2PbI4* 293 Pbnm 6.4824 12.9046 21.1412 6 x 3 x 4 
(I-EA)2PbI4* 293 P21/a 8.7531 8.7471 12.7202 4 x 4 x 2 
 120 P21/c 12.5049 8.7414 8.6297 2 x 4 x 4 
(I-EA)2MA1Pb2I7 293 P-1 8.8172 8.9178 19.2132 4 x 4 x 2 
 150 P-1 8.8125 17.4198 19.6320 4 x 2 x 2 
(I-EA)2MA2Pb3I10 150 P21/c 25.1891 8.8768 8.6144 4 x 4 x 2 
(I-EA)2MA2Pb3I10 150 P-1 8.7713 8.8359 31.4221 4 x 4 x 2 
(Br-EA)2PbBr4 150 P-1 8.2313 13.6632 15.8766 4 x 3 x 3 

* Crystal structures from Chem. Mater., 19, 600 (2007)  
 
 
Semi-empirical solution of the Bethe-Salpeter Equations (BSE). These are obtained via a 
3D momentum space representation for the polarization function 𝑃𝑒ℎ that accounts for statically 
screened electron-hole potential interaction 𝑉𝑠.   
 

𝑃𝑒ℎ(𝒌𝑒, 𝒌ℎ, 𝐸) = 𝑃𝑒ℎ0 (𝒌𝑒, 𝒌ℎ, 𝐸) −∑∑𝑃𝑒ℎ0 (𝒌𝑒, 𝒌, 𝐸)𝑉𝑠(|𝒌 − 𝒌′|)𝑃𝑒ℎ0 (𝒌′, 𝒌ℎ, 𝐸)
𝒌′𝒌

 

 
where ke(kh) is the electron(hole) wavevector in momentum space and E is the energy. 
  
The definition of the bzero-order polarization function 𝑃𝑒ℎ0  is based here on the effective-mass 
approximation:  
 

𝑃𝑒ℎ0 (𝒌𝑒, 𝒌ℎ, 𝐸) =
1

𝐸 − 𝐸𝑔 −
ℏ2|𝒌𝑒|2
2𝜇 + 𝑖Γ

𝛿𝒌𝑒,𝒌ℎ 

 
Here, Eg is the free charge electronic band gap, P is the effective mass of the exciton and * is a 
broadening factor.  
The potential function 𝑉𝑠 is expressed in the Fourier space, as follows: 

𝑉𝑠(𝑞𝑡) =
−𝑒2

2𝜀𝑤𝑞𝑡
∫ ∫ 𝜌𝑒(𝑧𝑒)𝜌ℎ(𝑧ℎ)[𝑒−𝑞𝑡|𝑧𝑒−𝑧ℎ| + Δ𝜒(𝑒−𝑞𝑡|𝑧𝑒+𝑧ℎ−𝑑| + 𝑒−𝑞𝑡|𝑧𝑒+𝑧ℎ}𝑑|)]

𝑑
2

−𝑑2

𝑑
2

−𝑑2

 

+Δ𝜒2(𝑒−𝑞𝑡|𝑧𝑒−𝑧ℎ−2𝑑| + 𝑒−𝑞𝑡|𝑧𝐻+𝑧𝑒−2𝑑|)𝑑𝑧𝑒𝑑𝑧ℎ 



 

Where:  

• 𝑞𝑡 = |𝒌𝑒 − 𝒌ℎ|  being the difference of electron and hole transverse (in-plane) 
wavevectors. 

• 𝜌𝑒 and 𝜌ℎ  are the electron and hole probability density profiles along the plane stacking 
direction  

• Δ = (1 − 𝜒2𝑒−2𝑞𝑡𝑑)−1 representing 
• χ = 𝜀𝑤−𝜀𝑏

𝜀𝑤+𝜀𝑏
 

More details about the derivation and implementation of this formalism can be found in Ref.13  

 

  



7. Structural analysis 
 

 
 
Figure S7. Structural details associated to n=1 (Cl-EA)2PbI4 and (Br-EA)2PbI4 layered halide 
perovskites. Interlayer distance (left) and shortest distance between the halide from the spacer 
and the apical iodines from the inorganic frame (right) are indicated.   
  



 

Table S10. Structural details and band gap (Eg) of newly synthesized 2D layered halide 
perovskites. Averaged and standard deviation of the lead-halide distance (Pb-X) within the 
inorganic frame, lead-halide-lead valence bond angle (Pb-I-Pb), averaged Baur elongation 
parameter (D) and angular octahedral distortion (Voct).  

compound T 
(K) 

Pb-X 
(Å) 

Pb-I-Pb 
(deg) 

D 
 

Voct 
(deg2) 

Eg 
(eV) 

  average st. dev average st. dev.    
(Cl-EA)2PbI4

* 293 3.22  0.03 177.37  0.25 0.030 8.68 1.01 
(Br-EA)2PbI4

* 293 3.22  0.04 177.23 0.11 0.036 5.56 1.03 
(I-EA)2PbI4

* 293 3.21  0.02 147.38 N.A. 0.020 2.74 1.40 
 120 3.19  0.02 146.83 N.A. 0.023 4.46 1.38 
(I-EA)2MA1Pb2I7 293 3.18  0.04 161.86 0.68 0.030 3.51 0.96 
 150 3.17  0.05 157.38 1.27 0.042 5.43 1.06 
(I-EA)2MA2Pb3I10 150 3.18  0.05 156.14 3.53 0.030 17.43 0.95 
(I-EA)2MA2Pb4I13 150 3.18  0.05 162.44 1.00 0.037 6.12 0.79 
(Br-EA)2PbBr4 150 2.99  0.04 148.33 2.12 0.033 6.31  1.79 

 

  



8. Tauc plot analysis  

  

  

 
 

Figure S8. TAUC plot for (I-EA)2MAn-1PbnI3n+1  (n= 1-4), calculated from absorbance spectra 
of crystallized powders (see Figure 3). TAUC plot for MAPbI is also reported, for reference.  

 

 

  



9. Optical absorption and morphology of thin-films 

 

 
Figure S9. UV-vis absorption of thin films of multi-n (I-EA)2MAn-1PbnI3n+1  (n= 1-4) samples. 
The absorption spectrum of CH3NH3PbI3 (MAPI) is also reported, as reference. Pictures of the 
thin films are reported as well, to highlight the good morphologic and color homogeneity of the 
samples and the gradual change of color with increasing perovskite layer thickness n.  
  



10. Comparison of the dielectric profile for Bromine and Iodine -based compounds 
 

 
 

Figure S10. DFT computed dielectric profile for n=1 (I-EA)2PbI4, and (Br-EA)2PbBr4 
compounds.  
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