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ABSTRACT: Only a selected group of two-dimensional
(2D) lead−halide perovskites shows a peculiar broad-band
photoluminescence. Here we show that the structural
distortions of the perovskite lattice can determine the
defectivity of the material by modulating the defect
formation energies. By selecting and comparing two
archetype systems, namely, (NBT)2PbI4 and (EDBE)PbI4
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 VF
color centers whose radiative decay ultimately leads to
broadened PL. These findings highlight the importance of
structural engineering to control the optoelectronic
properties of this class of soft materials.

Hybrid perovskites provide the unique opportunity of
tuning the dimensionality of the electronic landscape by

controlling the nature of the organic cation.1 3D perovskites
have been successfully employed in photovoltaic and light-
emitting devices,2,3 and 2D perovskites have recently been
explored.4−6 These consist of alternating organic and inorganic
layers, with charge carriers confined within the inorganic
network, similar to a multiquantum well structure. This leads to
a large exciton binding energy (EBE) up to 300 meV,1

compared to that of 3D perovskites where EBE is less than 50
meV.7 Therefore, 2D perovskites usually show extremely
narrow-band photoluminescence (PL) spectra, typically from
free-excitonic states, holding a great promise in advanced
optoelectronic applications such as lasing and polariton
devices.8,9 A subclass of 2D perovskites however has recently
attracted attention for their potential application in broadband
solid-state lighting due to the presence of highly Stokes-shifted
light emission with full width at half-maximum (fwhm) up to
600−700 meV.10

Such broadband emission was observed irrespective of the
crystal orientation and with no evident correlation with the
chemical composition.10−13 Recently, its appearance in Cl- and

Br-based perovskites was ascribed to charge self-trapping
phenomena.14−16 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.17 Despite molecular rotations and octahe-
dral distortions being considered in theoretical works on 3D
perovskites,18 their influence on luminescence properties has
not yet been investigated. Here, we show that structural
distortions of the inorganic lattice play a key role in carrier
localization and the subsequent broadband emission.
Synthetic chemistry offers powerful tools to control the

perovskite structural properties. Here we synthesize, ad hoc,
two representative 2D perovskites, (NBT)2PbI4 and (EDBE)-
PbI4 (Figure 1a,b), having the same inorganic network (PbI4

2−)
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Figure 1. Crystal structures of (a) (NBT)2PbI4
19 and (b) (EDBE)-

PbI4,
10 with their templating cations: NBT = n-butylammonium and

EDBE = 2,2-(ethylenedioxy)bis(ethylammonium).
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but assembling in distinct crystalline configurations. This is
achieved by exploiting the templating mono- and ditopic
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)2PbI4 and rippled
(EDBE)PbI4, characterized by the <110>-oriented zigzag
structure.10,19 These were reported to crystallize with
orthorhombic and monoclinic crystal systems, respectively,10,19

in agreement with our thin film X-ray diffraction measurements
(Figure S1).
To investigate the effect of such a structural difference, we

performed Raman measurements on perovskite crystals (Figure
2), films (Figure S2), and iodide salts of their organic

precursors. Similar to the Raman spectrum of MAPbI3 (MA
= methylammonium), four bands appear between 80 and 300
cm−1 (Figures 2a,b).20 Following previous assignments,20−23 we
attribute the band at 99 cm−1 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 116−118 and 136 cm−1 are ascribed to libration
modes, and the band at 183 cm−1 is ascribed to torsional
modes.20,22 While the peak at 99 cm−1 is prominent in the
Raman spectrum of (NBT)2PbI4, resembling that of MAPbI3, it
is partially deactivated in (EDBE)PbI4; such weakening of the

Pb−I intensity mode results from the increased angular
distortion of the latter (Table S1 and S2). Moreover, the
band at 183 cm−1 is absent in (EDBE)PbI4, and the strength of
the 136 cm−1 mode is significantly reduced. This observation
can be interpreted as a higher degree of conformational
constraint of the ammonium moieties in the <110>-oriented
perovskite, due to their strong interaction with the enclosing
inorganic lattice.24

We also compare the Raman spectra of the organic cation
(between 300 and 1500 cm−1) within the perovskite lattice and
the pristine molecules (Figure 2c,d). Here, the spectral features
belong to pure vibrational modes of the organic part.21,25

(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)I2 when cocrystallized with PbI2 (black arrows in
Figure 2d). We argue that EDBE2+ 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.
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 Figure 3a,b.

The optical band-edge of (EDBE)PbI4 is blue-shifted by 44 nm
with respect to (NBT)2PbI4 with excitonic resonances at 469
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 <110>-oriented
perovskites.
(NBT)2PbI4 shows narrow-band emission (FWHM = 25

nm) at 517 nm with Stokes shift of just 4 nm, while
(EDBE)PbI4 exhibits much broader PL (fwhm = 70 nm)
comprising a narrow-band bandgap emission peaked at 483 nm
(P1) overlapped 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
attributable to losses due to reabsorption (Figure S4). Both the
materials have absolute photoluminescence quantum yield
(PLQY) below 1%, with (NBT)2PbI4 being more emissive than

Figure 2. Raman spectra of (a, c) (NBT)2PbI4 and (b, d)
(EDBE)PbI4. (c, d) Active modes of the pure iodide salts (red) and
those of the organic cation after formation of the perovskite (black).
The black arrows indicate new active modes of EDBE2+ upon
perovskite formation.

Figure 3. Steady-state absorption (blue) and photoluminescence
(green) of (a) (NBT)2PbI4 and (b) (EDBE)PbI4. The insets show the
structure induced color change (from orange to yellow). Relative
photoluminescence quantum yield (PLQY) against excitation density
for (c) (NBT)2PbI4 and (d) (EDBE)PbI4.
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(EDBE)PbI4. To obtain reliable intensity dependent trends, it
is essential to perform measurements on thicker samples, where
it is not possible to clearly observe P1 in (EDBE)PbI4 (Figure
S4). Thus, the trend of only P2 is reported in Figure 3. In
(NBT)2PbI4, the relative PLQY of the band-to-band emission
enhances with excitation density, with a drop at high excitations
due to Auger recombination (Figures 3c and S5). On the
contrary, P2 in (EDBE)PbI4 shows a monotonic reduction,
suggesting its origin from electronic states whose occupation
probability reduces at higher excitation densities (Figures 3d
and S5). An identical trend is observed in single crystals (Figure
S6). Such behavior is reminiscent of PL from intragap defect
states, saturated at higher densities. Presence of radiative
defects within the perovskite lattice was also reported in 3D
perovskites.26−29 This implies that (EDBE)PbI4 contains a
higher density of radiative color centers.
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 PbX6. The deformation of Oh symmetry involves
modifications in Pb−X bond length (d) and X−Pb−X angles
(α), with changes in edge length (X−X distances) and Oh
volume (V) compared to that of the ideal structure.30 Robinson
et al.31 developed a quantitative evaluation of these parameters
introducing the octahedral elongation λoct and octahedral angle
variance σ2oct:
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where di are the Pb−X bond lengths, d0 is the center-to-vertex
distance of a regular polyhedron of the same volume, and αi are
the X−Pb−X angles. PL broadening follows the increased
structural distortion of (EDBE)PbI4 (λoct = 1.0058; σ2oct =
14.2) compared to that of (NBT)2PbI4 (λoct = 1.0016; σ2oct =
5.6). This observation is corroborated by evaluating the
structural parameters of broadband emitting perovskites
compared to those of typical narrowband emitters (Tables S1
and S2). By plotting λoct against σ

2
oct, 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 (Ii, VI) and lead vacancies (VPb) (Figure S8 and
Table S3).32 We find two different structures for the neutral Pb
vacancy: (i) a relaxed structure where a vicinal iodine moves to
the VPb site to form an I3

− trimer (Figure 4a) and (ii) a
structure with VPb remaining in the position where the lead was
removed (Figure 4b), similar to the stable structure found for
the 2- and 1-charge states.33,34 The stability of the two
structures depends on the material: While these are
isoenergetic in (NBT)PbI4, I3

− formation is strongly favored
in (EDBE)PbI4 by ∼1 eV. The relaxed structure corresponds to
the oxidation of two iodides by two holes left in the defect site
upon neutral VPb formation. In (EDBE)PbI4, the formation of
I3
− is driven by undercoordinated iodine atoms at the organic/

inorganic interface, only partly charge stabilized by EDBE2+,
and can thus lead to large lattice rearrangements. In
(NBT)2PbI4, there is one frontier iodine atom per organic

cation (two such iodine atoms are instead present in
(EDBE)PbI4) with a consequently stronger electrostatic
interaction that disfavors the vicinal iodine motion from
forming I3

−. Similar point defects, consisting in a V-center
coupled to an adjacent cation vacancy, were demonstrated in
LiF: These are known as VF centers and regarded as “the
antimorph of the F centers”, involving the complementary
electron trapping at a halogen vacancy.35,36

Quantitative estimation of the electronic structure is achieved
with hybrid DFT calculations including spin−orbit coupling
(PBE0-SOC).34 For the pristine (EDBE)PbI4, we calculate a
band gap of 2.83 eV, excellently matching the experimental
excitonic peak (2.64 eV), considering the typical EBE of 2D
perovskites (200−300 meV). The introduction of neutral VPb
generates two electronic states in the DOS (one occupied, one
unoccupied) at 0.16 and 0.05 eV above and below the valence
and conduction band edges (Figure 4c). The calculated optical
absorption spectrum of the defective system, using the random
phase approximation neglecting nonlocal fields effects (Figure
S9), highlights the presence of an optical transition at 0.21 eV
below the main band gap absorption peak. This corresponds to
the HOMO−LUMO transition of I3

−, 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 mechanism typical of trapped charge carriers.13,14

Our analysis highlights the crucial role of the templating cation
to assist charge localization, indicating that increased structural
distortions in the PbX6 octahedral coordination of (EDBE)PbI4

Figure 4. Geometry structures of neutral vacancy of (a) (EDBE)PbI4
and (b) (NBT)2PbI4. (c) DOS of the neutral lead vacancy
(EDBE)PbI4 and the relative isodensity plot of the defect states.
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lower the energy barrier for hole self-trapping and stabilize the
formation of I3

−. Ultimately, this finding may have relevance
also in 3D perovskites, where octahedral distortions may be
finely tuned by the cation enclosed in the cubooctahedral
cavities to modifying the tendency to undergo charge trapping.
Further work is to be conducted in this direction.
In summary, we showed that geometrical distortions of the

perovskite lattice closely affect its defectivity and corresponding
charge relaxation dynamics, exemplified by the evidence of VF
centers formation in (EDBE)PbI4. Our findings stress the
importance of structural engineering in hybrid perovskites to
achieve full control over the material properties, with high
relevance for photovoltaic and light emission applications.
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