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Broadband emissions from low-dimensional hybrid perovskites
have aroused intense interest. However, the achievement of broad-
band red emission in lead halide perovskites remains challenging.
Herein, we report a one-dimensional (1D) hybrid lead bromide
perovskitoid, (HM)Pb,Br¢ (HM = hexamethonium), featuring a cor-
rugated “3 x 3" [Pb,Brel>~ chain. The unique structure results in
intriguingly red emission peaking at 692 nm, with a PLQY of around
6.24%. Our spectroscopic and computational studies reveal that the
red emission derives from self-localized Pb,>*, Pb3* and Br,~
species confined within the inorganic lead bromide lattice that
function as radiative centres. This finding will benefit the design
of perovskite systems for efficient red emission.

Hybrid lead halide perovskites have emerged as outstanding
semiconductors because of their superb optoelectronic and
light emitting performances.' Notably, their low formation
energies® and soft crystal nature® allow high structural freedom
that enables exceptional structure tunability. Actually, the struc-
tural dimensionality, more precisely the connectivity of the metal
halide octahedra, can be modulated from three-dimensional (3D)
to two-dimensional (2D) and one-dimensional (1D) via choosing
suitable bulk organic cations.®® The dimensionality decrease
further yields quantum well structures and a concomitant exciton
confinement effect, yielding intriguing light emission
properties.”'°

Recently, low-dimensional perovskite broadband emitters
have aroused intense interest in the solid-state lighting
field."*™* For instance, Karunadasa et al firstly reported
warm white-light emission in 2D (N-MEDA)[PbBr,] (N-MEDA =
N1-methylethane-1,2-diammonium), which achieved a stable
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photoluminescence quantum yield (PLQY) of 9%."> Mechanism
study indicates that the broadband emission stems from the
excited-state structural deformation.'® The 1D C,N,H,,PbBr,
reported by Ma et al. has the [PbBr,] chains composed of
double edge-shared octahedral units, which enabled efficient
bluish white-emission with a PLQY of 20%."” Notably, the
development of perovskite red light emitters has extended their
application into food quality detection and health monitoring
fields."®" Nevertheless, the reported alloy perovskites suffer
from phase segregation. Intriguingly, Kovalenko et al. pre-
sented 2D [CH(NH,),][C(NH,);]Pbl, exhibiting puckered lead-
iodide layers, which yielded broadband red luminescence with
a PLQY of 3.5%.%° Besides, 2D [C;oH;¢N],PbsBry, reported by
Zhang et al. has the inorganic layer comprised of face-sharing
and corner-sharing octahedra, which gained red emission with a
PLQY of 2.53%.>" Moreover, 1D (N-fluoroethyl-N-methylmorpholine)
PbBr; is shown to exhibit a red emission with CIE chromaticity
coordinates of (0.56, 0.42).>> Unfortunately, the exploration of effi-
cient single-component lead halide perovskite red emitters remains
challenging.

Herein, we adopt (HM)*" to template 1D (HM)Pb,Brs, which
features a corrugated “3 x 3” chain structure composed of face-
sharing octahedra. This leads to distinctive short Pb-Pb and
Br-Br pairs, and high structure deformation. It displays broad-
band red emission peaking at 692 nm with a large Stokesshift
of 302 nm and a PLQY of around 6.24%. Mechanistic investiga-
tion reveals that the red emission has contributions from the
self-trapped Pb,*", Pb*", and Br, " sites.

The bulk (HM)Pb,Br, single crystals were grown from the
precursor solution as a colorless prism (Fig. S1, ESIT). Single-
crystal X-ray diffraction (SCXRD) analysis reveals that the
(HM)Pb,Br, crystallizes in the monoclinic space group P2/c.
There exists a twofold axis on Pb1 and Pb3 paralleling to the b
axis in the [Pb,Be]*>~ inorganic framework. The detailed crystal-
lographic information is recorded in Tables S1-S3 (ESIt). As
shown in Fig. 1a, the chain structure is formed with a face-
sharing octahedron displaying a roof-like 3 x 3 corrugation,
differing from the reported 1D perovskites.>® Specifically, the
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Fig. 1 (a) Crystal structure of (HM)Pb,Brs. (b) The Pb—Br bond lengths and
Br—Pb—Br bond angles of three individual polyhedra. (c) The detailed view
of the Pb—-Pb and Br-Br pair distance determined from the SCXRD
analysis. (d) Photographs of (HM)Pb,Brg single crystals under ambient light
(left) and UV 365 nm light (right). (e) The experimental and simulated XRD
patterns of (HM)Pb,Breg.
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(HM)** without a H-bond donor and high steric hindrance
bonds loosely to the bromide anion to form weak electrostatic
interaction and adopts a bending configuration, leading to the
inorganic chain folding and resulting in a roof-like 3 x 3
corrugation (Fig. S2, ESIT). Seen from Fig. 1b, the basic building
unit consists of three face-sharing octahedra, with the Pb-Br
bond lengths ranging from 2.81 (14) (Pb2) to 3.37 A (14) (Pb2),
and the Br-Pb-Br bond angles ranging from 82.06 (3) (Pb1) to
178.60° (4) (Pb3) (Tables S2 and S3, ESIT). The crystal structure
has been granted a CCDC number of 2266716.1 Besides, the
Pb-Pb distances are measured to be 3.92 (Pb3-Pb2) and 3.95 A
(Pb1-Pb2) (Fig. 1c), shorter than that of (TDMP)PbBr,
(4.55 A).** Moreover, the Br-Br distances (4.13 A) is comparable
to that of (TDMP)PbBr,. We then calculated the bond length
distortion (Ad) and bond angle variance (¢) of the PbBry
octahedron to assess the structural distortion by using the
following eqn (1) and (2).

6
Ad =3 l(dy — )P W

n=1

where d; (or d,,) is the mean (or individual) Pb-Br bond length.
1 & 2
) .
=17 ;:1 (6, —90) (2)

where 6, is the individual Br-Pb-Br bond angle. The detailed
distortion index is summarized in Table S4 (ESIt). The Ad,y,
and o, are then determined to be 1.49 x 107° and 48,
comparable to the reported perovskite red emitter.”> The high
distortion probably results from the weak organic-inorganic
interactions. Intriguingly, the (HM)Pb,Br, single crystals exhi-
bit distinctive red emission upon 365 nm light irradiation
(Fig. 1d). The powder XRD matches well with the simulated
result, confirming the phase purity of the synthesized crystals
(Fig. 1e). The EDS mapping reveals the uniform distribution of
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Pb and Br elements in the single crystal (Fig. S3, ESIt). The
Pb:Br stoichiometric ratio is analyzed to be ~2:6, in agree-
ment with the composition revealed by SCXRD (Fig. S4, ESIf).
Raman spectra were further employed to confirm the structure
(Fig. S5, ESIt). The well resolved Raman peaks at 60
and 77 cm~ ' are assigned to the bending vibrations of the
Br-Pb-Br bonds, and the sharp peaks located at 116 and
135 em™ ' are ascribed to the asymmetric and symmetric
stretching vibrations of the Pb-Br bonds.>>*® Moreover, the
rigidity of the face-sharing bonding contributes to the strong
peak intensity, different from the 3D ABX;-type perovskite that
exhibits broad un-resolved Raman peaks.”’

Optical characterization was then conducted to survey the
photophysical properties of (HM)Pb,Brs. The absorption spec-
trum reveals a distinct excitonic absorption with a sharp
absorption edge at 390 nm (Fig. 2a). The band gap was
calculated to be 3.05 eV based on the diffuse-reflectance
spectrum (Fig. S6, ESI{). Moreover, the photoluminescence
(PL) spectrum displays a broadband emission peaking at
692 nm upon 376 nm excitation, with a large Stokes shift of
302 nm and FWHM of 174 nm. The PLQY was measured to be
6.24%, much higher than that of the reported 1D lead bromide
red emitter.”’ The Commission Internationale de I’Eclairage
(CIE) chromaticity coordinates of the red emission were ana-
lysed to be (0.557, 0.3991) (Fig. 2b). Moreover, the correlated
colour temperature (CCT) and colour purity were calculated to
be 1698 K and 87%.
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Fig. 2 (a) Normalized absorption and PL spectra of (HM)Pb,Bre. (b) The
CIE 1931 chromaticity coordinate. (c) Temperature-dependent PL spectra
of (HM)Pb,Bre. (d) Integrated PL intensity as a function of reciprocal
temperature. Time-resolved PL decay curve of (HM)Pb,Brg under a
375 nm excitation laser line at (e) 298 K and (f) 80 K.
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Systematic spectroscopic investigations were then con-
ducted to survey the origin of the red emission. Temperature-
dependent PL spectra were firstly employed to investigate the
evolution of the PL characters. As shown in Fig. 2c, the emis-
sion displays an obvious blue shift and increasing intensity as
the temperature decreases from 298 to 80 K. At 80 K corres-
ponding to low thermal activation, all excitons are located at
self-trapped states and thus result in Stokes-shifted broadband
emission. Moreover, the FWHM narrows from 174 to 137 nm
with the decrease of the temperature, derived from the
decreased nonradiative relaxation and enhanced electron-pho-
non coupling.”® The integrated PL intensity as a function of
temperature well agrees with the classical Arrhenius-type
behavior,? which reveals two nonradiative thermally activated
channels associated with two activation energies. The experi-
mental data is then fitted with eqn (3) to deduce the activation
energies, where I(T) and I, are the integrated PL intensities at
temperature 7 and 0 K, A and B stand for the pre-exponential
amplitudes, and E, and Ejp signify the activation energies.

Io
- 1 _._Ae*EA/kBT_}_Be*EB/I"BT

I(T) (3)

The fitting yields an adjusted R> value of 0.99, extracting
activation energies of E, = 34.5 meV and Ep = 116 meV
(Fig. 2d). The low E, related with the non-dominant channels
can be assigned as the detrapping process from the self-trapped
excitons (STEs) to the free excitons (FEs). The high Eg is
associated with the fast PL quenching, relating with the pho-
non modes involving the organic molecules.*® Time-resolved
PL spectra were then performed to survey the nature of the
STEs. At 300 K, the decay curve of (HM)Pb,Brs shows a bi-
exponential feature with lifetimes of 12.61 ns (62.84%) and
22.37 ns (37.16%) (Fig. 2e). The PL decay lifetime increases to
2.13 ps (9.27%) and 4.07 ps (90.73%) at 80 K (Fig. 2f), indicating
the inhibition of the thermally activated de-trapping mecha-
nism of STEs and non-radiative recombination.

PL measurements were then performed on both bulk single
crystals and um-sized powders to clarify the emission origin.
The single crystals and powder show identical emission
(Fig. 3a), excluding the possible photoemission origin from
the surface defect states. Actually, the emissions deriving
from the surface defects of crystals are largely dominated by
the particle size and their aggregation.®® The excitation light
density dependent PL intensity was further conducted to
confirm the emission origin. The emission intensity displays
a near linear dependence on the excitation light intensity up to
2.7 kW cm ™2 under 375 nm illumination (Fig. 3b and Fig. S8,
ESIT), ruling out the permanent defect-dominated emission
mechanism. These observations conform to the STEs emission
characteristics.”” There is no overlap among the absorption,
PLE and PL spectra of HMBr, and (HM)Pb,Br, (Fig. 3c), sug-
gesting that no energy transfer occurs in this system. Moreover,
the emission of HMBr, just extends to 600 nm, indicating
negligible contribution to the broadband red emission. More-
over, the PL lifetime of (HM)Pb,Brg (Tayg = 16.24 ns) is longer
than HMBT, (T4, = 0.82 ns) (Fig. 3d), excluding the emission
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Fig. 3 (a) PL spectra of (HM)Pb,Brg crystals and powder. (b) Integrated
emission intensity versus excitation power for (HM)Pb,Bre. (c) Normalized
absorption, PLE and PL spectra of HMBr, and (HM)Pb,Bre. (d) Time-
resolved PL lifetime of (HM)Pb,Brg and HMBr, under 375 nm excitation
at 298 K.

origin from HMBTr,. The XRD pattern of the (HM)Pb,Br, crystals
shows negligible changes after storing in air for 6 months and
illuminating under a 300 W UV lamp for 6 h, indicating high
structure stability. And the PL intensity of the (HM)Pb,Brg
crystals displays slight degradation after storage for 6 months
in air and illuminating for 6 h.

Density functional theory (DFT) calculations were then
employed to investigate the attribute of STEs. The electronic
structure and density of states (DOS) calculations show that the
valence band maximum (VBM) and conduction band minimum
(CBM) are consisted of antibonding states of Br 4p and Pb 6s
(Pb 6p) (Fig. 4a and b). The CB has negligible dispersion
perpendicular to the 1D chain, indicating strong confinement
of excitons in the inorganic chain. In view of the shortened Pb-
Pb and Br-Br distances, we expect the formation of Pb,*", Pb;"
and Br, color centers in the lead bromide framework.**
Accordingly, the DFT-PBE calculations of the charge density

/

b)) H —TOTA
== )m ; Torar|(d)

—C2

|

CBM Exciton band

Energy (cV)

STE band

Large Stokes shi

Energy (V)

Ground state

C ion Coordinate

Fig. 4 (a) Calculated electronic band structures and (b) DOS of
(HM)Pb,Bre. (c) Calculated charge density for (HM)Pb,Brg (Pb,** STEL,
Br,~ and Pb** STHLs holes) upon crystal lattice perturbation via the Pb—Pb,
Br—Br and Pb—Br distances shortening. (d) Configuration coordinate dia-
gram illustrating the luminescence mechanism.
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distributions for dimerized Pb,>" self-trapped electrons (STELS)
and dimerized Br,” and Pb;" self-trapped holes (STHLs) were
then conducted to identify the nature of the emissive states,
where dimerization has been regarded as a perturbation in the
lattice. Specifically, the 1D perovskite supercell models were
built for exerting local perturbations, where selective bond
lengths of Pb-Pb, Pb-Br and Br-Br with approximately nearest
distance were shortened to cause the local structural distortion.
In the unperturbed structure, the charges are fully delocalized
in the inorganic framework (Fig. S8, ESIt). The Pb-Pb dimer-
ization drives selective localization of electron density close to
the disturbed lattice sites (Fig. 4c), in agreement with the
reported STELs at Pb,*" sites.*! Besides, it is found that holes
gets self-localized within Br-Br and Pb*" sites as well, coupling
with the lattice distortion driven by Pb-Br bond shortening
around the localization site (Fig. 4c), yielding Br,  color cen-
ters. Moreover, the energy level of STELs is calculated to be
higher than that of STHLs (Fig. S11, ESI{), thus resulting in the
large Stokes shift (Fig. 4d).**

In summary, we have developed a novel 1D (HM)Pb,Brg
perovskitoid featuring a corrugated “3 x 3” chain, which
causes high octahedral distortion and short Pb-Pb and X-X
pairs. Emphatically, it shows distinct broadband red emission
with large Stokes shift, yielding PLQY of 6.24%. Systematic
spectroscopic and theoretical investigation reveals that Pb,*",
Pb®* and Br,” species confined within the inorganic lattice
function as the radiative centres.
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