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ABSTRACT: Only a selected group of two-dimensional (2D)
lead-halide perovskites shows a peculiar broad-band photo-
luminescence, arising from self-localized charges, in contrast
to the typical free-excitonic emission- Here we show that the
structural distortions of the perovskite lattice can determine
the defectivity of the material by modulating the defect for-
mation energies. By selecting and comparing two archetype
systems, namely (NBT),Pbl, and (EDBE)PbI, perovskites
(NBT=n-butylammonium and EDBE=2,2-(ethylenedioxy)-
bis(ethylammonium), we find that only the latter, subject to
larger deformation of the Pb-X bond length and X-Pb-X
bond angles, sees the formation of Vi color centers, whose
radiative decay ultimately leads to broadened PL. These find-
ings highlight the importance of structural engineering to
control the optoelectronic properties of this class of soft ma-
terials.

Hybrid perovskites provide the unique opportunity of tun-
ing the dimensionality of the electronic landscape by con-
trolling the nature of the organic cation.' 3D perovskites have
been successfully employed in photovoltaic and light emit-
ting devices™ and 2D perovskites have recently been ex-
plored.*® These consist of alternating organic and inorganic
layers, with charge carriers confined within the inorganic
network, similar to a multi-quantum well structure. This
leads to a large exciton binding energy (EBE) up to 300 meV,’
compared to 3D perovskites where EBE is less than 50 meV.’
Therefore, 2D perovskites usually show extremely narrow-
band photoluminescence (PL) spectra, typically belonging to
free-excitonic states, holding a great promise in advanced
optoelectronics.*® A subclass of 2D perovskites however has
recently attracted attention for their potential application in
broadband solid-state lighting for the presence of highly
Stokes-shifted light emission with full width at half maxi-
mum (FWHM) up to 600-700 meV."

Such broadband emission was observed irrespective of the
crystal orientation and with no evident correlation to the
chemical composition."”™ Recently, its appearance in Cl and
Br based perovskites was ascribed to charge self-trapping
phenomena.”"® However, the reason why self-localization is
favored only in certain perovskites, in competition with
sharp free-excitonic emission, is yet to be clarified. Structural
deformations in traditional inorganic perovskites are known
to play fundamental roles in ferro- and piezo-electricity and
superconductivity.” Despite molecular rotations and octahe-
dral distortions were considered in theoretical works on 3D
perovskites," their influence on luminescence properties has
not yet been investigated. Here, we show that structural dis-
tortions of the inorganic lattice play a key role in carrier lo-
calization and the subsequent broadband emission.

Synthetic chemistry offers powerful tools to control the
perovskite structural properties. Here we synthetize, ad hoc,
two representative 2D perovskites, (NBT),Pbl, and
(EDBE)PbI, (Figure 1a,b), having the same inorganic network
(PbL,”), but assembling in distinct crystalline configurations.
This is achieved by exploiting the templating mono- and di-
topic organic cations NBT=n-butylammonium and
EDBE=2,2-(ethylenedioxy)bis(ethylammonium) (Figure 1a,b).
These two linkers direct the crystal growth along different
perovskite cuts, resulting in the flat <100>-oriented
(NBT),Pbl, and rippled (EDBE)PbI,, characterized by the
<no>-oriented zig-zag structure.””” These were reported to
crystallize with orthorhombic and monoclinic crystal system
respectively,”" in agreement with our thin film X-ray dif-
fraction measurements (Figure S1).
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Figure 1. Crystal structures of a) (NBT),Pbl,” and b)
(EDBE)Pbl,,” with their templating cations: NBT=n-
butylammonium and EDBE=2,2-
(ethylenedioxy)bis(ethylammonium).

To investigate the effect of such structural difference, we
performed Raman measurements on perovskite crystals (Fig-
ure 2), films (Figure S2) and iodide salts of their organic pre-
cursors. Similarly to the Raman spectrum of MAPbI,
(MA=methylammonium), four bands appear between 80-300
cm™ (Figures 2a,b).” Following previous assignments,” > we
attribute the band at 99 cm™ to the Pb-I stretching mode.
The remaining three bands are assigned to vibrational modes
of the ammonium moieties coupled with the inorganic part.
The signals at 116-18 cm™ and 136 cm™ are ascribed to libra-
tion modes, and the band at 183 cm™ to torsional modes.***
While the peak at 99 cm™ is prominent in the Raman spec-
trum of (NBT),Pbl,, resembling that of MAPbL,, it is partially
deactivated in (EDBE)PbI,; such weakening of the Pb-I in-
tensity mode results from the increased angular distortion of
the latter (Table S1and S2). Moreover, the band at 183 cm™ is
silent in (EDBE)PbI, and the strength of the 136 cm™ mode is
significantly reduced. This observation can be interpreted as
a higher degree of conformational constraint of the ammoni-
um moieties in the <uo>-oriented perovskite, strongly inter-
acting with the enclosing inorganic lattice.™

We also compare the Raman spectra of the organic cation
(between 300-1500cm™) within the perovskite lattice and the
pristine molecules (Figure 2¢,d). Here, the spectral features
belong to pure vibrational modes of the organic part.”*
(NBT)I preserves all its active modes when embedded in the
perovskite with only small changes in the relative intensities
of the peaks (Figure 2c¢). On the contrary, new modes appear
in (EDBE)I, when co-crystallized with Pbl, (black arrows in
Figure 2d). We argue that EDBE*" in the perovskite is forced
into a different conformation due to its greater interaction
with the inorganic cage, mutually affecting the distortion of
the Pb-I framework.
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Figure 2. Raman spectra of ac) (NBT),Pbl, and b,d)
(EDBE)PbI,. c,d) active modes of the pure iodide salts (red)
and those of the organic cation after formation of the perov-
skite (black). The black arrows indicate new active modes of
EDBE™ upon perovskite formation.

The consequences of such structural transformation on the
optical properties are important. The absorption and PL
spectra of polycrystalline films (Figure S3) are shown in Fig-
ures 3a,b. The optical band-edge of (EDBE)PbI, is blue shift-
ed by 44 nm with respect to (NBT),Pbl, with excitonic reso-
nances at 469 nm and 513 nm, respectively (Figure 3). This
drastic change in band-gap is a fingerprint of the different
structural arrangement of the inorganic framework in the
<100> and <no>-oriented perovskites.
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Figure 3. Steady state absorption (blue) and photoluminescence
(green) of a) (NBT),Pbl, and b) (EDBE)PbI,. The insets show the
structural induced color change (from orange to yellow). Relative
photoluminescence quantum yield (PLQY) against excitation density

for ¢) (NBT),Pbl, and d) (EDBE)PbI,.



(NBT),Pbl, shows narrow-band emission (FWHM=25 nm)
at 517 nm with Stokes shift of just 4 nm, while (EDBE)PbI,
exhibits much broader PL (FWHM=70 nm) comprising of
narrow-band bandgap emission peaked at 483 nm (P1), over-
lapped with a broader, red-shifted band at 507 nm (P2). P1
and P2 can be distinguished in thinner films, while thicker
ones predominantly show a featureless broadband attributa-
ble to losses due to re-absorption (Figure S4). Both the mate-
rials have absolute photoluminescence quantum yield
(PLQY) below 1%, with (NBT),Pbl, being more emissive than
(EDBE)PbI,. To obtain reliable intensity dependent trends, it
was essential to perform measurements on thicker samples,
where it is not possible to clearly observe P1 in (EDBE)PbI,
(Figure S4). Thus, the trend of only P2 is reported in Figure 3.
In (NBT),Pbl,, the relative PLQY of the band-to-band emis-
sion enhances with excitation density, with a drop at high
excitations due to Auger recombination (Figure 3c and Ss).
On the contrary, P2 in (EDBE)PbI, shows a monotonic re-
duction, suggesting its origin from electronic states whose
occupation probability reduces at higher excitation densities
(Figure 3d and Figure Ss5). An identical trend was observed in
single crystals (Figure S6). Such behavior is reminiscent of PL
from intra-gap defect states, saturated at higher densities.
Presence of radiative defects within the perovskite lattice was
also reported in 3D perovskites.”? This implies that
(EDBE)PbI, contains a higher density of radiative color cen-
ters.

To ascertain the structure-PL properties relationship, we
determined the degree of structural strain of the perovskite
considering the distortions of the inorganic building blocks,
the octahedra PbXs. The deformation of O; symmetry in-
volves modifications in Pb-X bond length (d) and X-Pb-X an-
gles (@), with changes in edges length (X-X distances) and Oy,
volume (V) compared to the ideal structure.’®* Robinson et
al' developed a quantitative evaluation of these parameters
introducing the octahedral elongation A, and octahedral
angle variance 6%

Roct = £ 21 (di/dy)? [1
0l = 7 X1 (@ — 90)? 2
where d; are the Pb-X bond lengths, d, is the center-to-vertex
distance of a regular polyhedron of the same volume and o;
are the X-Pb-X angles. PL broadening follows the increased
structural distortion of (EDBE)PbI, (Ao«=1.0058; 6"ox=14.2)
compared to (NBT),Pbl, (A,=1.0016; 6°,=5.6). This observa-
tion is corroborated by evaluating the structural parameters
of broadband emitting perovskites compared to those of typ-
ical narrowband emitters (Table S1 and S2). By plotting Ao
against ¢”, it appears that higher distortion factors closely
correlate with PL broadening (Figure S7).

To rationalize the structural effects on the defectivity and
energetic landscape, we performed ab-initio calculations on
perfect and defective crystals, considering iodine interstitials
and vacancies (I;, V;), and lead vacancies (Vp,) (Figure S8 and
Table S3).>* We find two different structures for the neutral
Pb vacancy: i) a relaxed structure where a vicinal iodine
moves to the Vyp, site to form an I, trimer (Figure 4a); and ii)
a structure with Vp, remaining in the position where the lead
was removed (Figure 4b), similar to the stable structure
found for the 2- and 1- charge states.**>* The stability of the
two structures depends on the material: while these are
isoenergetic in (NBT)PbI,, I;” formation is strongly favoured
in (EDBE)PbI, by ~1 eV. The relaxed structure corresponds

to the oxidation of two iodides by two holes left in the defect
site upon neutral Vp, formation. In (EDBE)PbI,, the for-
mation of the 1, is driven by under-coordinated iodine atoms
at the organic/inorganic interface, only partly charge stabi-
lized by EDBE*" and can thus lead to large lattice rearrange-
ments. In (NBT),Pbl,, there is one frontier iodine atom per
organic cation (two such iodine atoms are instead present in
(EDBE)PbI,) with consequently stronger electrostatic inter-
action that disfavors the vicinal iodine motion from forming
I, Similar point defects, consisting in a V-center coupled to
an adjacent cation vacancy, were demonstrated in LiF: these
are known as Vg centers and regarded as “the antimorph of
the F centers”, involving the complementary electron trap-
ping at a halogen vacancy.®*
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Figure 4. Geometry structures of neutral vacancy of (EDBE)PbI, (a)
and (NBT),Pbl, (b). DOS of the neutral lead vacancy (EDBE)PbI, (c)
and the relative isodensity plot of the defect states.

Quantitative estimation of the electronic structure was
achieved with hybrid DFT calculations including spin-orbit
coupling (PBEo-SOC).>* For the pristine (EDBE)PbI, we cal-
culate a band-gap of 2.83 eV, excellently matching the exper-
imental excitonic peak (2.64 eV), considering the typical EBE
of 2D perovskites (200-300 meV). The introduction of neutral
Vpp, generates two electronic states in the DOS (one occu-
pied, one unoccupied) at 0.16 and 0.05 eV above and below
the valence and conduction band edges (Figure 4c). The cal-
culated optical absorption spectrum of the defective system,
using the Random Phase Approximation neglecting non-
local fields effects (Figure Sg), highlights the presence of an
optical transition at 2.92 eV, 0.21 eV below the main band-
gap absorption peak. This corresponds to the HOMO-LUMO

transition of I;, with intensity of ~1/4 the cross section of the
band gap transition. Therefore we associate the emergence of



these states with the emissive traps leading to Stokes-shifted,
broadened luminescence according to the relaxation mecha-
nism typical of trapped charge carriers.*"* Our analysis high-
lights the crucial role of the templating cation to assist
charge localization, indicating that increased structural dis-
tortions in the PbX, octahedral coordination of (EDBE)PbI,
lower the energy barrier for hole self-trapping and stabilize
the formation of I;. Ultimately, this finding may have rele-
vance also in 3D perovskites, where octahedral distortions
may be finely tuned to modifying the tendency to undergo
charge trapping. Further work is to be conducted in this di-
rection.

In summary, we showed that geometrical distortions of the
perovskite lattice closely affect its defectivity and corre-
sponding charge relaxation dynamics, exemplified by the ev-
idence of Vy centers formation in (EDBE)PbI,. Our findings
stress the importance of structural engineering in hybrid
perovskites to achieve full control over the material proper-
ties, with high relevance for photovoltaic and light emission
applications.
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I. Materials and methods

The following inorganic precursors were used: lead(Il) iodide (Pbl2, 99.995%, Alfa Aesar), hydriodic
acid HI (57% wt in water, distilled, stabilized, Sigma Aldrich), 2,2’-(ethylenedioxy)bis(ethylamine) (98%,
Sigma Aldrich), n-butylammonium iodide (NBT)I (Dyesol), dimethyl sulfoxide DMSO (anhydrous,

Sigma Aldrich), N,N-Dimethylformamide DMF (anhydrous, Sigma Aldrich).

Synthesis of (EDBE)I, where EDBE=2,2-(ethylenedioxy)bis(ethylammonium): 1ml of 2,2-
(ethylenedioxy)bis(ethylamine) was dissolved in 10ml of ethanol end reacted with an excess of HI water
solution. The acid was added dropwise to the amine solution under vigorous magnetic stirring and ice-
bath cooling. After 4h of reaction, the solvent was removed by rotary evaporator, and the resulting
yellow precipitate was washed by re-dissolving it in hot ethanol and precipitating with diethyl ether.
The procedure was repeated several times (x6) until a white powder was obtained. This was finally dried

in vacuum oven at 60 °C for 12h, and stored under N, inert atmosphere.

Perovskite thin film fabrication and characterization: the concentration of the precursor solutions was
adjusted in order to obtain the desired film thickness. In the case of (NBT),Pbl,, a typical example

S1
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consists in the dissolution of 50.3 mg on (NBT)I and 57.6 mg of Pbl, in 250 ul of DMSO (0.5 M solution).
For (EDBE)PbI,, 100.0 mg of (EDBE)I, and 1n5.2 mg of Pbl, were dissolved in 500 pl of DMSO (0.5 M
solution). Both the precursor solutions were spinned on the substrate at 4000 rpm, 30s, and the films
annealed on the hotplate at 100° for 30 min. The resulting thin films were characterized through X-ray
diffraction (XRD) using a BRUKER D8 ADVANCE with Bragg-Brentano geometry, Cu Ka radiation (o =

1.54,056 A), step increment of 0.02° and 1's of acquisition time.

Synthesis of perovskite single crystals: (NBT),Pbl, and (EDBE)PbI, crystals were obtained following
previously reported procedures. Slow cooling technique was used for (NBT),Pbl,: 100.52 mg of (NBT)I
(Dyesol) and 1n15.25 mg of Pbl2 where dissolved in 1.2 ml of hot concentrate HI water solution (100 °C).
The solution was then slowly cooled (2 °C/h) at room temperature, and then left in refrigerator (2 °C)
for one week. During this time, few orange perovskite crystals formed on the bottom of the vial.
(EDBE)PbI, was synthetized by vapor diffusion method: 33.5 mg of ‘home-made’ (EDBE)I, and 26.5 mg
of Pbl, were dissolved in concentrated HI water solution (3 ml). The solution was left under diffusion of

diethyl ether vapors for one week, causing the slow precipitation of small yellow crystals.

Optical characterization: steady state absorption spectra were measured on perovskite thin films using a
UV/VIS/NIR spectrophotometer Lambda 1050, Perkin Elmer, while the photoluminescence emission
spectra were measured with a NanolLog (Horiba Jobin Yvon). For the power dependent
photoluminescence measurements the excitation source consists of a mode-locked Ti:sapphire
oscillator (Coherent Micra) in conjunction with a regenerative amplifier (Coherent RegA 9o0),
delivering 50 fs pulses at 800 nm central wavelength with 250 kHz repetition rate. The pump pulses
were generated by frequency doubling the fundamental in a BBO crystal, focused with a 500 mm lens
and arrived at an angle of approximately 45° to the sample surface. The photoluminescence was
collected from the front by focusing into a fiber coupled spectrometer (Ocean Optics Maya pro 2000). A
450 nm long-pass filter was used in front of the spectrometer to prevent saturation by the scattered
pump light. To derive the relative PLQY at each excitation density, the spectrally integrated
photoluminescence signal was divided by the respective pump power. All PL measurements were

carried out in vacuum to prevent sample degradation due to moisture and oxygen.
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Raman characterization: the measurements were performed on perovskite single crystals and powders
of the organic precursors. The Raman spectra of the materials were recorded in the range of 50-2000
cm” with a micro Raman confocal microscope (inVia Raman Microscope Renishaw, 10 x objective, 785

nm excitation wavelength). All measurements were carried out in air.

Computational methods: DFT calculations within periodic boundary conditions have been performed
with planewave/pseudopotential formalism, as implemented in the PWSCF package of Quantum-
Espresso." For the geometry optimization we used PBE exchange-correlation functional® along with
ultrasoft,” scalar relativistic pseudopotentials for all the atoms, by using the experimental cell
parameters as found from XRD measurements. The cutoffs for the wave function and the electronic

density expansions were set to 25 Ry and 200 Ry cutoffs, respectively.

We evaluated the electronic and optical properties of the (EDBE)PbI, system at the equilibrium
structure found at the PBE level and by using the hybrid PBEo functional* (a=0.30) including spin-orbit
coupling. Norm conserving pseudo potentials have been used with wave function and electronic density

cutoffs of 40 Ry and 160 Ry, respectively.

II. Compositional and morphological characterization of perovskite thin films.
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Figure S1. Perovskite thin film X-ray diffraction (XRD). Experimental (blue) and calculated (red)
diffraction pattern by Pawley fitting. The grey line is the difference between the observed and
experimental pattern, while the blue marks indicate the reflections expected for the corresponding
perovskite phase. a) (NBT),Pbl,, the diffraction pattern is consistent with the expected crystal structure
having orthorhombic crystal system, space group Pbca, and lattice parameters a = 8.8854 A, b = 8.6249
A ¢ = 27.4588 A. The film shows a strong preferential orientation towards the <ool> direction. b)
(EDBE)PbI,, the diffraction pattern is consistent with the expected crystal structure having monoclinic
crystal system, space group Pz1/c, and lattice parameters a = 6.5459 A, b = 29.3190 A, ¢ = 9.3356 A, b=
92.46°. The film shows a strong preferential orientation towards the <hoo> direction.
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Figure Sz2. Raman spectra measured on perovskite films spin-coated on intrinsic silicon substrates: a)
(NBT),Pbl, and b) (EDBE)PbI,. The low-frequency modes are consistent with those measured on
perovskite single crystals.
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Figure S3. Scanning electron microscope (SEM) characterization of perovskite thin films spin-coated on
ITO glass from 0.25M perovskite solutions in DMSO. Top view images of a) (EDBE)PbI, and b)
(NBT),Pbl, (scale bar = 500 nm). While (EDBE)PbI, forms an extremely smooth and compact film made
of small perovskite grains, the NBT ligand promotes the growth of bigger crystals which do not form a
perfectly compact film. The cross-section images show a similar thickness of about 100 nm for both the
perovskites c¢) (EDBE)PbI, and d) (NBT),Pbl, (scale bar = 1 um).
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II1. Thickness dependence of (EDBE)PbI, photoluminescence.
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Figure S4. Thickness dependence of (EDBE)PbI, photoluminescence spectrum (excitation at Aex. = 400
nm) and analysis by principle component fitting: a) thickness = 500+33 nm, b) thickness = 227426 nm,
b) thickness = 86+8 nm, achieved by modifying the concentration of the precursor solution from 0.25M
to 1M. The excitonic component of the luminescence (red line) is better resolved in the emission
spectrum when film thickness is <500 nm.
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IV. Power-dependent photoluminescence measurements
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Figure S5. Photoluminescence (PL) power dependence and relative photoluminescence quantum yield
(PLQY) against excitation density for a,b) (NBT),Pbl, and c¢,d) (EDBE)PbI,. The relative PLQY trends
point out the different origin of the photoluminescence in the two systems. In the case of (NBT),Pbl,,
the increasing trend of the relative PLQY with excitation density is consistent with a trap limited
recombination mechanism, while non radiative Auger recombination is responsible for the PL
quenching at high excitation densities (b). On the other hand, the monotonic decrease of relative PLQY
of the P2 band in (EDBE)PbI, indicates that the photoluminescence in this material stems from intra-
band trap states saturated at high density (d).
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Figure S6. a) Photoluminescence (PL) power dependence and b) relative photoluminescence quantum
yield (PLQY) against excitation density measured on (EDBE)PbI, single crystals.

V. Analysis of structural distortions in two-dimensional perovskites

Structural distortion parameters have been calculated (using VESTA) from the published
crystallographic data of all the reported broadband emitting perovskites and a selected group of
narrowband emitting perovskites (Figure 7, Table 1 and 2): (API)PbBr,’ (AETU)PbBr4,6 (N-
MEDA)PbBr,”  (EDBE)PbBr,*  (EDBE)PbI,,*  (EDBE)PbCl,® (CEA),PbBr,°  (NBT),Pbl,”
(NMPDA)PbBr,,” (PEA),PbCl,," (PEA),PbBr,," (MA)PbBr;,” (MA)PbL.” The distortion of the inorganic

building block, the octahedra PbXs, was evaluated by mean of the following parameters:
Bond-length distortion'*: Aye= % 6 ,[(d; —dp)/dy]?
Octahedral elongation'®: 4, = % 5 (d;/dy)?

where d; is the Pb-X bond length, d,, is the average bond length and d, is the center-to-vertex distance
of a regular polyhedron of the same volume. 4, and A, are dimensionless, and give a quantitative

measure of polyhedral disortion independently of the polyhedron effective size.

Halide Distance Deviation*: DI(X — X) = [¥22, |(X = X); — (X — X);ul1/12 * (X — X),n,
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where (X-X); is the distance between adjacent halides corresponding to the octahedral edges length, and

(X-X).n is the average halide distance.

Octahedral angle variance*"”: a2, = ﬁziﬂﬁ a; — 90)?
where a; represents the individual X-Pb-X angle.

Volume discrepancylsz v(%)=WV,—-V,)*100/V,

where Vr is the volume of the coordination octahedral PbXs and V,, is the volume of the corresponding
ideal octahedral having edges of lengths equal to (X-X),,. The volume discrepancy measures how much
the ligand atoms are regularly distributed, independently on the position of the central atom (Pb, in

this case) within the octahedron.
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Figure S7. Mean octahedral elongation A, against octahedral angle variance c*,. Color code: red =
iodide-based perovskites, green = bromide-based perovskites, blue = chloride-based perovskites.
Markers with solid interior indicates narrowband emitting perovskites, while open interior denotes
perovskites characterized by broadened photoluminescence. A, and 6%, have been introduced by K.
Robinson et al® for the quantitative analysis of structural distortions in a variety of mineral groups.
Such parameters allow the direct evaluation of the distortion of coordination polyhedra within a crystal
structure, and is much more specific than the evaluation based on the unit cell of the material. From
this plot, a direct comparison between perovskites based on the same halide indicates that increased
structural strain is correlated to the emergence of broadened photoluminescence in hybrid perovskites.
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Table S1. Distortion parameters calculated for broadband emitting hybrid perovskites.

. . . B Perovskite Type 3 2
Organic Cation Name and Abbreviation Perovskite Fromula and Orientation DI(X-X) A,qx10 v(%) Mot Goa Ref.
HEN NN
‘%/” NH, N-(3-aminopropyl)imidazole [API] (API)PbBr, 2D - <110> 0.029 2.60 0.67 1.0088 20.8 5
L A NH,
2-(aminoethyl)isothiourea [AETU] (AETU)PbBr, 2D - <110> 0.047 0.97 1.59 1.0123 389 6
NH,
H,
PR N N1-methylethane-1,2-diammonium [N-MEDA] (N-MEDA)PbBr, ~ 2D-<110>  0.040 0.82 079 1.0080 24.5 7
(EDBE)PbBr, 2D - <110> 0.044 2.40 0.96 1.0090 239 8
L e 2,2'-(ethylenedioxy)bis(ethylammonium) [EDBE] (EDBE)PbI4 2D - <110> 0.030 1.90 0.50 1.0058 14.2 8
(EDBE)PhCI, 2D - <100> 0.088 0.056 13.02 1.0824 264.2 8
<:>7““7 cyclohexylammonium [CEA] (CEA),PbBr, 2D - <100> 0.051 0.6 0.47 1.0103 335 9
ﬁ phenethylammonium [PEA] (PEA),PbCl, 2D - <100> 0.026 0.781 0.20 1.0060 18.7 11
NH;
Table Sz. Distortion parameters calculated for narrowband emitting hybrid perovskites.
Organic Cati Name and Abbreviati Perovskite Formula o Se TV o) A0’ Vi) A 2 Ref
rganic Cation ame an reviation erouskite Formula _ L on ApeX Y ot  Oox Ref.
H3c/\/\NH; n-butylammonium [BA] (NBT),Pbl, D-<100> 0017 0011 018 1.0016 5.6 10
N Ot
HgN/\/\N N1-methylpropane-1,3-diammonium [N-MPDA] (NMPDA)PbBr, 2D - <100> 0.014 0.050 0.13 1.0009 3.0 7
HZ
©_\» phenethylammonium [PEA] (PEA),PbBr, 2D - <100> 0.020 0.989 0.19 1.0056 16.5 11
NH,
NHE (MA)PbBr; 3D - <100> 0.000 0.000 0.00 1.0000 0.00 12
H C/ 3 methylammonium [MA]
3 (MA)PbI; 3D - <100> 0.005 0.0005 0.04 1.0001 0.03 13
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VI. Computational Details

Figure S8. Structural relaxation at I' on a supercell at scalar relativistic GGA level, 25/200 Ry using the
experimental cell parameters. Symmetry was disabled. a) Optimized geometry of (EDBE)PbI,.
Experimental cell parameter from CIF®: a=6.49405 A, b=29.4612 A, ¢=9.26667 A, B=91.777°; space group
= Monoclinic P21/c; model = 2xix2 supercell at T. b) Optimized geometry of (NBT),Pbl,. Experimental
cell Parameters from CIF*: a=8.87641 A, b=8.69251 A, c=27.60145 A, space group = orthorhomblc Pbca,
model = 2x2x1 supercell at T'.

Table S3. Calculated Band Gap (eV) for the investigate species and relative defective materials at the
scalar relativist PBE GGA level of theory.

EDBE NBT

Rel. En. Gap Rel. En. Gap

Perf. Cryst. - 2.21 - 2.04

VAC Pb* - - 1.40 - 1.25

VAC I ap. External 0.00 1.91 0.00 1.69
ap. Inner 0.31 1.91 - -

eq. 0.26 1.42 0.04 1.48

INTI ap. External 0.26 1.74 0.04 1.49
ap. Inner 0.00 1.84 - -

eq. 0.21 1.65 0.00 1.69
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Figure Sg. Calculated absorption spectrum (RPA) of the neutral (EDBE)PbI, with the lead vacancy.
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