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Abstract

Semiconductor nanostructures with near-unity photoluminescence quantum yields (PLQYS) are
imperative for light-emitting diodes and display devices.A PLQY of 99.7+0.3% has been
obtained by stabilizing 91% of the Sn?* state in the Dion-Jacobson (8N8)SnBrs (8N8-DJ)
perovskite with 1,8 diaminooctane (8N8) interlayer spacer. The PLQY is favoredby a
longerchain length of the hydrophobic spacer molecule, the extent of octahedral tilting and the
preference of Sn?*at theB-site over Pb?".The near-unity PLQY of 8N8-DJ has outstanding
ambient stability under relative humidity (RH) of 55%for30 days throughout the entire excitation
wavelength range, RH 75% for 3 days and 100°C for 3 h. By changing the spacer to n-
octylamine (8N), Ruddlesden-Popper (8N).SnBrs (8N-RP) also has an appreciable PLQY of
91.7+0.6%, but having poor ambientstability due to increased lattice strain and structural
degradation. The PL experiments from 5K to 300K decipher the room temperature PLQY to be
due to the self-trapped excitons (STE) where the self-trapping depth is 25.6£0.4 meV below the
conduction band as a result of strong carrier-phonon coupling. With 34.7-37.3meV exciton
binding energy, the ~5.5 us long-lived STE emission dominates over the band edge (BE) peaks
at lower excitation wavelengths and higher temperatures. The higher PLQY and stability of 8N8-
DJ are due to the stronger interaction between SnBrg* octahedra and 1,8 diammonium octane
cation leading to a more rigid structure. The near-unity PLQY of 8N8-DJ also remains

unchanged from its powder form to the polymer-embedded perovskite films.
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Introduction

Metal-halide perovskite is one of the disruptive class of materials because of their
potential application in optoelectronics and photovoltaics,' particularly so, when they are
prepared with minimal structural disorder, high thermal resistance and photo-stability. Solution-
processed all-inorganic CsPbXsz (X = Cl, Br, 1) nanocrystals (NCs) have reached 100% PLQY
due to the synthetic marvels that resulted in a substantial reduction of the non-radiative
recombination centers and trap-mediated non-radiative losses.’Such a high PLQY can be
sustained by maintaining the phase stability of these NCs under ambient conditions, which is an
arduous task. Two-dimensional (2D) perovskites have emerged as next-generation systems with
better moisture and heat stability.® Among them, the Ruddlesden-Popper (RP) and Dion-
Jacobson (DJ) phases are most common, denoted by the formula A’>2An-1MnXazn+1, and
A"An-1MnXan+1, respectively, where A’ is a monovalent and A" is a bivalent interlayer spacer
cation, A is a smaller monovalent cation (MA*, FA* or Cs*), M is a divalent metal (Pb?* or Sn*)
and X is CI', Br or I.The A’ and A" hydrophobic alkyl ammonium chains render stability to the
2D perovskites and act as a barrier in between the MXg* octahedral layers forming a quantum
well-like structure by increasing the potential barrier. Blessed with a strong quantum
confinement by the bulky spacer cations, RP and DJ perovskites have shown decent PLQY.”
However, a gap area persists since the ambient stability of PLQY is rarely explored or the
origin of PL emission being seldom explained in Sn-based 2D perovskites.The PL stability can
be rendered by B-site doping,'® using modified RP structures,or by antisolvent processing,
etc.t?

The RP phase, PEA2Cs24MAosPbsBris (PEA: phenylethylammonium; MA:
methylammonium) capped with triphenylphosphine oxide has demonstrated 97% PLQY. The
Pb-free RP perovskites such as (CisHasNH3)2SnBrs and (CsHi7zNH3)2SnBrs have 88 and 98%
PLQY, respectively.8°There are only a few DJ perovskites with appreciable PL emission, where
88% quantum vyield in ODASnBr; (ODA: protonated 1,8-octanediamine) is a rare
observation.!3The RP and DJ phases offer the advantages of a tunable electronic structure
depending on the number of layers (n),** decent luminescence by the confinement of excitons
within the potential barrier,®> and stabilization of the labile oxidation states by the hydrophobic
organic spacer.’®However, the RP phases lack the potential in optoelectronics because of the

insulating gap between two layers of the protonated ligands held together by van der Waals



interactions.!’The DJ perovskites are benefitted by H-bonding between the divalent organic
cation and the inorganic perovskite octahedra at both ends, thereby rendering better structural
stability,8for their potential use in optoelectronic devices.®2°

Based on this logic, we have changed the interlayer ammonium spacer from n-octylamine
(8N) to 1,8 diaminooctane (8N8) to synthesize (8N).SnBrs (8N-RP) with PLQY of
91.7+£0.6%and (8N8)SnBrs (8N8-DJ) with near-unity PLQY of 99.7+0.3%. Both these
perovskite phases were prepared by acid precipitation at 100°C with high reproducibility and
yield. The structural stability of the RP and DJ phases is expected to contribute to the
sustainability of the PL emission and the quantum yield even after prolonged exposure to the
ambient atmosphere. Only the DJ phase with lower lattice strain retains its excitation wavelength
(Aex) dependent PLQY for over a month under RH of 55%.Sn?" has a comparable ionic radius to
Pb?* (rsnz+ = 1.15 A; rpoo+ = 1.19 A) and similar ns? outer electronic configuration.?!In fact, the
3D tin halide perovskites have shown narrower optical bandgap, higher electron mobility >2000
cm? V1 st and hole mobility >300 cm? V1 s71.22In our case, the Sn?* state is better stabilized in
8N8-DJ. The outstanding PL emission and high quantum yield is the result of STE emission at
Aex< 360 nmdue to the carrier-phonon coupling mediated formation of delocalised state below
the conduction band.The origin of near-unity PLQY has been elucidated by analyzing the PL
spectra from 5K to 300Kas well as from a combination of higher out-of-plane octahedral tilt and
elongation in the inorganic layer.We start our discussion with the 8N8-DJ system followed by its
comparison toDJ perovskites with lower spacer chain lengths, 8N-RP and an analogous system
with Pb?* at the B-site.
Results and Discussions
Structural characteristics of 8N8-DJ

Figure laprovides a structural view of 8N8-DJ [A"”An-1MnX3n+1, A” = 1,8 diammonium
octane (8N8), M = Sn?*, X = Br andn = 1]where the inorganic SnBre* layers are separated by a
single layer of 8N8 spacer. Here, SnBrowas used as the tin precursor and HsPO: as thereducing
agent to preserve the +2 oxidation state of Sn. The equidistant 20 reflections in the X-ray
diffraction (XRD) pattern attest to the 2D layers (Figure 1b). The interplanar distance between
the inorganic layers in the monoclinic crystal structure with P21/c space group is calculated as
13.9 A from the (002) reflection at 20 = 6.4° and the equidistant reflections spanning over A20 =
6.4°.8This XRD pattern is in stark contrast to that of the 0D organic tin bromide, which usually



forms during the diffusion of dichloromethane, as the bad solvent, into N,N-dimethylformamide,
as the good solvent containing the Sn precursors.2The 0D perovskite can be converted into the
2D form during the subsequent drying process. However, our one-step acid precipitation
technique can rule out the possibility of anyOD impurity.The single crystal data of 8N8-DJ
matches the powder XRD pattern and affirms the purity of the sample (Figure S1). The obtained
lattice parmeters of the monoclinic crystal are a = 9.74(17) A, b= 13.65(3) A, c = 17.98(6) A
and B = 93.2(1)°.The 1,8 diammonium octane cationhas a chain length of 11.3 Acalculated by

the formula sing = % where @ is 109.5°, the angle between sp® hybridized carbon atoms, and a

is the C-C bond distance (Figure 1c). The 8N8 chain length of 11.3 Ais very close to the
interlayer distance of 13.9 A suggesting the presence of a single divalent cation in between the
SnBrs* blocks and the absence of any van der Waals interaction.?*The 8N8-DJ sheets are in fact
16.1£2.4 nm thick due to the stacking of multiple unit cells, as observed by atomic force
microscopy (AFM) in FigureS2a,b.The stacking and wide lateral spread of the 8N8-DJ sheetsis
also noticed in the scanning and transmission electron microscope (SEM and TEM) images
(Figure S2c.d).The Sn:Br:N atomic ratio of 1:4:2 obtained from the homogeneous elemental

mapping also specifies the n = 1composition of (8N8)SnBr4(Figure S3).
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Figure 1. (a) Schematic crystal structure and (b) XRD pattern of 8N8-DJ. (c) Chain length of 1,8
diammonium octane ligand. XPS plots of Sn 3d level in (d) 8N8-DJ and (e) SnBr-.



The X-ray photoelectron spectral (XPS)data from Sn 3d level of 8N8-DJ perovskite
shows the retention of Sn?* species that stabilizes the perovskite phase (Figure 1d).Because of
the presence of H3:PO, as a reducing agent during its synthesis, 8N8-DJ has only 9 wt%
Sn**much lower than 21 wt% for SnBr. (Figure leand Table S1). Deconvolution of the N 1s
level shows that the population of pronated amine at higher binding energy is 5-times more than
the non-protonated counterpart (Figure S4).Since 8N8 spacer is primarily protonated and
connects theSnBrs*inorganic blocks, the C 1s level also has C-C, C-N and C-O species. The
binding energy shift of the Br 3d level indicates the chemical interaction between the SnBre*
unit and the protonated ligand.

Optical properties of 8N8-DJ at room temperature

At room temperature, 8N8-DJ exhibits a sharp absorption bandbelow 400 nm and a broad
and intense yellow emissioncentered at ~580 nm with ~130 nm full-width at half-maximum
(FWHM) and Stokes shift of ~190 nm with Aex of 360 nm (Figure 2a). The perovskite powder
emits orange-yellow color under365 nm UV light (Figure 2a inset).When 8N8-DJ perovskite is
stored under ambient conditions of 25°C and RH of 55%, for over 30 days, its optical
absorbance remains unchanged (Figure S5), and 75% of the PL intensity is retained (Figure
2b).The intense PL excitation (PLE) spectrum also exhibits ~85% retention after the 30 days
storage (Figure S6).The PL intensity is dependent on Aexwherethe integrated area under the curve
increases with decreasing Aex(Figure 2c). The PL stability of the 8N8-DJ perovskite has been
tested by PL reversibility experiments where Aex was varied in cycles from 320 to 420 nm
(Figure 2d). In such a scenario, 8N8-DJ demonstrates an immaculate stability by retaining the PL
intensity undamped at each Aex.

The absolute PLQY has a striking similarity to the dependence of PL intensity on Aex
(Figure 2c). An outstanding near-unity PLQY is observed in the Ae range from 320 to 350
nm(Figure 2e). At Aex =350 nm, the PLQY is measured as 99.7+0.3%. Just like the PL emission,
8N8-DJ shows pristine PLQY stability, observed with the 30 days old sample at all Aex (Figure
2f). As discussed earlier, one of the major drawbacks of Sn-based perovskites is their unstable
nature because of the self-oxidation of Sn?*. In the recent times, proton donors in the form of
alcohols, dichloromethane and chloroform have been used to stabilize the 2D phase and to attain

an appreciable PLQY.¥%Acid precipitation with varying amounts ofHBr and HsPO2 have also
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resulted in ~98% PLQY of ODASNBr4 but without any confirmed stability.?® Our trick was to
use an excess of HsPO- as the reducing agent that helped to stabilize the Sn?* state. Even though
the excess organic ligands and acids can act as impurities that further degrade the structure and
hence the PLQY, we have ensured an extensive washing by ether and chloroform to remove such
impurities.In our case, the sublime stabilities of PL emission and absolute PLQY is an
outstanding result owing to the protection of the inorganic SnBre*blocks with 91 wt% Sn?* state
by the hydrophobic long-chain 1,8 diammonium octane cation.
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Figure 2. Room temperature optical properties of 8N8-DJ powder. (a) Absorption and PL
emission spectra (Aex = 360 nm). (b) PL spectra of fresh and 30 days stored samplesunder RH of
55% at 25°C(Aex = 360 nm). (c) Aex dependent PL spectra and (d) PL intensity reversibility plot
where the numbers depict Aex variation between 320 and 420 nm. (e) Bar plots of PLQY at
different Aex. (f) Bar plots illustrating the ambient-stability of PLQY where the fresh and 30 days
old sample are shown to have comparable bar heights at different Aex.

Although the PLQY shown in Figure 2e,fwas recordedwith the 8N8-DJ powder,
optoelectronic devices need large-area films where the non-radiative recombination due to the
agglomerations and pin-holes are deleterious to thelight absorption and emission.?’ Three 1 cm?
8N8-DJ films were prepared with polymethyl methacrylate (PMMA) binder where the

perovskite concentrations are 250, 125 and 83 mg/mL, and these films are termed as DJ-1, DJ-2



and DJ-3, respectively. All the 8N8-DJ-PMMATfilms exhibit yellow luminescence under 365 nm
UV light(Figure S7a).The PL intensity is expectedly proportional to the increasing film thickness
from DJ-3 to DJ-1 (Figure S7b; Aex = 350 nm). In spite of the adversaries of a rough polymer-
embedded film, the PLQY of DJ-1 film remains almost intact at Aex = 350 nm, and is marginally
altered for DJ-2 and DJ-3 films having lower film thickness in correlation to the changes in PL
intensity (Figure S7c).

Origin of near-unity PLQY of 8N8-DJ

Thelow temperature PL experiments of the 8N8-DJ perovskite were performed at Aex of
360, 380 and 400 nm, using a laser probed set-up coupled to a closed cycle He cryostat to
unravel the origin of the near-unity PLQY at room temperature(Figure S8).The PL
measurements have been carried out under very low excitation intensities, considering the
possibility of saturation of the excitonic states. The average laser power was varied in the range
of 25-400 pW (Figure S9a), and the PL spectra show no sign of saturation. In fact, the PL
intensities continue to increase linearly with the excitation power (Figure S9b). Similar to the
continuous-wave (CW) laser excitation used in conventional PL measurements,*3252 the high-
repetition rate of 80 MHz pulsed excitation in our PL experiments, allow the attainment of a
steady-state population density for the STE, bound and free excitons. The steady-state population
density depends on the photocarrier generation rate which is essentially governed by the
excitation intensity, and lifetime of the various states involved in the PL emission. The steady-
state population of the excited carriers attains thermal equilibrium among themselves before their
radiative relaxation via PL emission.

With Aex of 380 nm, the intensity of the yellow emission centered at ~580 nm increases
with temperature from 5to 300 K, although below 100K, a distinct PL emission centered at ~440
nm is observed(Figure3a,b).This emission band is likely due to the band edge (BE) emission and
the yellow emission arises from the STE, which is common in low-dimensional perovskites for
emitting white light.?® The BE emission is due to emission from the spin and parity allowed Py
excited state to the 'So ground state, which is common for systems with ns? electronic
configuration, here Sn2*(Figure 3c).2>%When the non-radiative electron capture by permanent
deep trapsand electron transfer to the STE state are reducedat temperatures less than 150K,
partial electron transfer can also occur from !P; excited singlet state to the 3P triplet state,

followed by emission from 3P; to So.The self-trapped states are created by the overlapped



discrete energy states below the conduction band because of strong carrier-phonon coupling.
STE involves the transfer of charge carriers from the conduction band to these overlapped states
and emission from the self-trapped state.’!At <100K, when the excited electrons have lower
thermal energy, the carrier-phonon coupling becomes subservient which lowers the STE band
intensity relative to the BE emission. With the increase of temperature, the excited electrons gain
thermal energy to overcome the activation energy for their transport from the conduction band to
the STE state.
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Figure 3. Temperature dependent optical properties of 8N8-DJ powder. PL spectra (a) in the
range 5K to 300K and (b) the magnified view from 5K to 150K (Aex = 380 nm). (c) Schematic of
the energy level diagram demonstrating the BE and STE emission. (d) Temperature variation of
Aste/Age ratio at Aex of 360 and 380 nm. Inset shows the fitted Aste/Ase Vs temperature plot at Aex
= 380 nm for the determination of Este. (e) Temperature variation of STE and BE peak positions
and (f) the fitted plot of normalized Age vs 1/T at Aex0f 360, 380 and 400 nm.

The PL experiments were also performed with different Aex at 5K (Figure S10a). The STE
band presides over the BE emission at Ae< 380 nm, whereasat Aex above 380 nm only the BE
peak is observed. In fact at any given temperature, the STE emission is more favorable at lower
Jex, in Which case the electrons could be excited to higher vibrational energy states from where
the transfer of the electrons to the delocalized STE states becomes favorable (Figure 3c).

Likewise, with Aex = 360 nm, the STE emission is dominant from 5 to 300K, and at Aex = 400
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nm, the BE emission is in turn predominant up to 200K, above which the STE band appears with
lower intensity (Figure S10b,c). Considering the integrated area (A)under the curve, the Aste/Ase
ratio is greater for Aex of 360 nm than 380 nm at all temperatures (Figure 3d). At Aex of 360 nm,
the Age/Aste ratio expectedly shows an opposite trend except when Aex is increased to 380 nm,
where the ratio increases till 50K and decreases thereafter (Figure 3b and Figure S11a). The BE
emission intensity decreases at the cost of non-radiative capture of charge carriers by permanent
deep trap states at higher temperatures. On the contrary, STE band intensity increases because of
enhanced carrier-phonon coupling. Since STE emission is more dominant at lower Aex and the
maximum PLQY is also obtained at lower Aex (Figure 2e), one can comprehend the high PLQY
to be the result of intense STE emission.

The stabilization of the carriers transferred from the free exciton state (FE)to the STE
stateis given bythe energy of self-trapping depth(Este) which can becalculated by fitting
theArrhenius relation to the plot of Aste/Asevs temperature (Figure 3c and Figure3d inset). At Aex
of 380 nm, Esteisestimated as 25.6+0.4 meV from the fitted curve that reaches a plateau due to
reduced STE emission below 100K.The Este of 8N8-DJ is higher than other similar
systems,3tindicating a significantdetrapping energy that is required for back transfer from STE to
the FE state.As shown inFigure3e, the BE emission peak position is independent of temperature
at each Aex. Otherwise, the STE emission is blue shifted from 5K to 75K followed by the red
shift upto 300K. The variation of the STE peak positioncan be explained by the competitive
effect of thermal expansion (Ate) and electron-phonon (Agp) interactions according to equation
(2):2

E(T) = E(0) + ArgT + Agp(—rmr— + 1) )
exp[22] 1

where Eo is the unrenormalized bandgap, Ate and Aep are the contributionsfrom TE and EP
interactions, respectively, and 7w is the average optical phonon energy.The STE band is blue
shifted from from 5 to 75K (Figure S11b), due to the increased thermal expansion. With further
increase in temperature beyond 75K the PL band is redshifted as a result of the higher extent of
electron-phonon interaction.®?Because of the thermal expansion effect, the STE band energy
increases from 5K to 75K with temperature coefficient (¢) 0f1.04 £ 0.04 and 2.84+0.14 meVK"
tatAexof 360 and 380 nm, respectively (Figure S11b,c).*3From the variation of Age with



temperature (T) and 1/T(Figure3f and Figure S10d), the exciton binding energy (Eb) of the 8N8-
DJ perovskite can becalculated by fitting the plots of Figure3f with equation (2):1

Ep (2)

1+exp l:—m

A(T) = —A©
where, A(T) and A(O)are the Age at T K and OK, respectively. At Aex 0of 360, 380 and 400 nm, Epis
calculated as 34.7+1.2, 35.0+0.8and 37.3+1.5meV, respectively (Table S2). The Ae
independentEy values imply a favorableelectronic transition of the free exciton state (FE) to the
free carrier state (FC) for enabling a favorable electron extraction.®*

The extent of carrier-phonon coupling can be further understood by analyzing the FWHM
of the PL emission bands (Figure S12). Although there is no appreciable temperature variation of
FWHM of the BE emission bands, the FWHM of STE emission band shows a linear increase
with temperature at 360 nm excitation. Otherwise, at Aex of 380 nm, the FWHM of the STE
emission band initially decreases from 5 to 50K, due to the decrease of STE emission intensity in
that range. Equation (3) is used to fit the temperaturedependence of FWHM (in eV) of the STE

emission band:*®

FWHM (T) = 236VS hawy, |coth(A22) (3)
B

where Awph IS the phonon frequency, S is the electron-phonon coupling parameter (Huang—Rhys
factor), and ks is the Boltzmann constant. At Aex of 360 nm,S and Zwpnhare28.5+1.4 and 24.3+0.7
meV, respectively, higher than the corresponding values of 27.4+1.9 and 21.3£0.9 meV for 380

nm exciation(Table S3). The near-unity PLQY at Aex< 360 nm is a direct reflection of the
>10Svalues, suggesting a significant electron-phonon coupling.**The contribution of different

phonon components can be explained by fitting the FWHM vs 1/T plots with equation (4):%
I'(T) = T(0) + Ty + Tp = T0) + o T + vion(T) = T(0) + vucT + e Yi0 @)

T
where I'(T)and 7(0) are the FWHM at temperature TK and OK, respectively. I'ac and o, are the
acoustic and longitudinal optical (LO) phonon modes, yacand yo are the exciton-acoustic
phonon coupling coefficient and exciton-LO phonon coupling strength, respectively. Eo is the
characteristic LO phonon energy. Similar to the Huang-Rhys factor, the greater yo
indicatesincreasedcarrier-phonon coupling at lower Aex. yLois 195.0+1.3 and 179.0+3.2 meVat Aex

of 360 and 380 nm, respectively (Table S3).
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Structural and optical characteristics of DJ perovskites with different spacers

To examine the impact of the spacer chain length, the aliphatic molecule was varied from
1,8 diamino octane (8N8) to 1,6 diamino hexane (6N6) and 1,4 diamino butane (4N4) to
synthesize 6N6SnBrs (6N6-DJ) and 4N4SnBr4 (4N4-DJ), respectively.Both 6N6-DJ and 4N4-DJ
perovskites have equidistant XRD peaks (Figure 4a), similar to the 8N8-DJ, although the XRD
peaks are spaced farther apart from 8N8-DJ to 4N4-DJ, implying a lower interplanar distance
between the inorganic layers. The interplanar distance of 4N4-DJ is 10A, lower than 6N6-DJ
(11.1 A) and 8N8-DJ (13.9 A). Due to a reduced quantum confinement by the smaller chain
length, the absorption edge is red shifted from 8N8-DJ to 4N4-DJ (Figure 4b). There is a gradual
decrease of STE emission intensity from 8N8-DJ to 4N4-DJ(Figure 4c), because of which 4N4-
DJ perovskite exhibits a BE shoulder at ~480 nm along with the STE emission (Figure 4d). The
PLE spectrum of 8N8-DJ has a wider wavelength spread and higher PLE intensity than 6N6-DJ
and 4N4-DJ perovskites (Figure 4e), leading to a much higher PLQY (Figure 4f, recorded at the
maximum Aexin the respective PLE spectra). The lowering of PLQY with decreasing chain length

of the spacer molecule is directly correlated to the lower STE emission intensity.
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Figure 4. (a) XRD patterns, (b) optical absorption, (c, d) PL emission spectra (Aex = 360 nm), (e)
PLE spectra and (f) maximum PLQY of 4N4-DJ,6N6-DJ and 8N8-DJ perovskites.
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Since STE depends on the SnBrs* octahedral tilting in the inorganic layer, the STE
emission intensity increases with higher out-of-plane octahedral tilting.3® The octahedral tilting is
again directly proportional to the compressive strain, which can be measured from the slopes of
the Williamson-Hall plots(Figure S13a-c). 8N8-DJ has a highercompressive strain of
2.3(0.1)x10° than 2(x0.1)x10° for 6N6-DJ and 1.5(x0.1)x10° for 4N4-DJ, which causes
moreout-of-plane octahedral tilting and a greater degree of STE in the former. An increase in
out-of-plane octahedral tilting with the increasing spacer chain length was evaluated by using the
CIF files of 8N8PbBr4 and 4N4PbBrsanalogous systems (Figure S13d).% A greater out-of-plane
octahedral tilting (148.2°) is observed for 8N8-DJ as compared to the 4N4-DJ (149.8°).

Effect of the B-site cation

In addition to the influence of spacer chain length, we also show that the PLQY of DJ
perovskites strongly depends on the B-site cation and the extent of octahedral distortion. With
our 8N8-DJ and 8N8PbBr4, the degree of octahedral distortion was evaluated by considering two

elongation factors (Loct and ¢?) according to the equations (5) and (6):%’

6
Mo =1/6 ) [ ©

62 =1/11Y " (8, —90")> (6)

where dn is the six B-Br bond length, do is the average B-Br bond length and @ is each Br-B-Br
bond angle (B = Pb?* and Sn?*). 8N8-DJ has higher elongation factors, Aoc0f 7.1 x 10°and o%of
3.85, whereas the Jot and c?values of 8N8PbBrs are 5.2x107 and 3.59, respectively(Figure
S14a). The Aot and o? were calculated from the CIF files with CCDC no. 2016173 for 8N8-DJ
and 1521059 for 8N8PbBr4.133 The larger elongation factors of 8N8-DJ lead to more octahedral
distortion, which is responsible for the prominent STE emission and high PLQY. In spite of
having a similar structure with equidistant 6.6° apart XRD reflections (Figure S14b), the lower
elongation factors of 8N8PbBrschanges its emission characteristics. 8N8PbBraexhibits a sharp
BE emission band with lower FWHMof 32.4 +1.2 nm and stoke’s shiftof 3.7 nmwithout any
fluorescence characteristics(Figure S14b,c).Therefore, 8N8-DJ has the right combination of the

8N8 spacer molecule and a stabilized Sn?* cation at the B-site, to enable the near-unity PLQY
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resulting from the strong STE emission. The results have a direct correspondence to the
perovskite structure particularly the out-of-plane distortion in the SnBrg* octahedra.

Structural and optical characteristics of 8N-RP perovskite

In 8N-RP, the SnBrg* layers are separated by two layers of organic n-octylammonium
cation, held together by van der Waals forces, making it less rigid than the 8N8-DJ system
(Figure 5a). The XRD pattern contains equidistant reflections at 20 < 27° with interplanar
distance of 20.1 A between the inorganic blocks (Figure 5b and Figure S15a). The n-
octylammonium cation has a chain length of 10.04 A, half the interplanar distance, validating a
sandwich of two organic cations. The 35.3£3.3 nm thickness (Figure S15b,c) is due to the
stacking of atomic layers over a wide lateral spread of the 8N-RP sheets (Figure S15d,e).Both
8N8-DJ and 8N-RP arestabilized by H-bonding interactions between the protonated amine and
the SnBrs*blocks. In the Fourier transform infrared (FTIR) spectra of 8N8-DJ and 8N-RP, the N-
H stretching frequency is upshifted to 3386 cm™ than 3318 cm™ for the pristine non-protonated
ligands (Figure S16). Likewise, the N-H bandsare downshifted than 3424 cm™ for the pristine
protonated ligands, implying the presence of H-bond with the SnBrg*unit. 8N-RP contains 15
wt% Sn** having partial contribution from the secondary SnO phase, due to degradation of the
2D perovskite surface (Figure S15f and Table S4).*The binding energies of Br 3dszand Br 3ds
levels are less shifted from SnBr. than 8N8-DJ due to lower interaction between the organic and
inorganic moieties (Figure S15g).Similarly, the lower fraction of protonated amine in 8N-RP
than 8N8-DJ indicates the presence of more unreacted ligands.

8N-RP has a broad absorption tail in the visible region and a broad emission band
centered at ~600 nm with ~140 nm FWHM and Stokes shift of ~160 nm at Aex= 360 nm (Figure
5c¢). Similar to the DJ phase, the PL intensity of 8N-RP increases with decreasing Aex (Figure 5d).
8N-RP also demonstrates a decent reversibility of the PL intensity over four cycles at different
Aex from 320 to 420 nm, respectively (Figure S15h). The fresh 8N-RP demonstrates an excellent
PLQY of 91.7+0.6% at Aex of 320 nm, which drops significantly at Aex > 350 nm (Figure 5e).
Here too, the temperature dependent PL spectra show the dominance of STE emission over the
BE emission bands at a lower Aex of 360 nm (Figure S17), corroborating the high PLQY. At Aex
of 380 nm, BE emission is more prominent from 5 to 125K, before the broad and intense STE

emission overshadows above 175K.
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Figure 5. Structural and optical properties of 8N-RP powder. (a) Schematic crystal structure and
(b) XRD pattern. Inset of (b) shows the n-octylamine ligand. (c) Absorption and PL emission
spectra (Aex = 360 nm), and (d) Aex dependent PL spectra. (e) Bar plots of PLQY at different Aey.
(f) Ambient-instability of PLQY shown by the bar plot comparison between the fresh and 30
days stored samples(under RH of 55% at 25°C) at different Aey.

8N8-DJ versus 8N-RP

The major advantage of 8N8-DJ over 8N-RP is the sustainability of its near-unity PLQY.
As shown in Figure 5f, the PLQY of the 30 days old 8N-RP samplestored under RH of 55%,
drops drastically at all Zex. Unlike 8N8-DJ, the absorbance, PLE and PL intensity (with Aex of
360 nm) of 8N-RP diminishes after the 30 days storage (Figure S15i and Figure S18a-c).
Contrary to the pristine stability of 8N8-DJ, the 8N-RP phase partially degrades, as evident from
the additional XRD reflections (Figure S18d). According to the XPS analysis, a secondary SnO
phase emerges due to its gradual degradation. The digital images under visible and UV light
show that while the 30 days old 8N8-DJ powder retains its PL property, the old 8N-RP powder
loses the emissive nature (Figure S19). In addition, the lower compressive strain of the 8N8-DJ
phase makes it a more rigid system than 8N-RP, leading to better stability of its optical
properties at room temperature. The slopes of the Williamson-Hall plots show that 8N8-DJ has a
lower lattice strain of 2.3 x 10 as compared to 5.4 x 10 for 8N-RP (Figure S13a and S20).%
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Figure 6. 3D contour plots of (a) 8N8-DJ and (b) 8N-RP perovskites in terms of normalized area
of the room temperature PL spectra (primarily Aste), Aex and PLQY. (c) Plot of normalized area
of the room temperature PL spectra vs Aex, and (d) lifetime decay plots for 8N8-DJ and 8N-RP
powders.

The 3D contour plots of PLQY vs Aex and the normalized area under the STE band
summarize the results. The DJ and RP perovskites experience an increase in PLQY and the
normalized area with decreasing Aex(Figure 6a,b). Here, the better emissive properties of 8N8-DJ
can be understood from the higher integrated area under the PL curves over 8N-RP phase (Figure
6¢). The STE emission being the origin of the near-unity PLQY for both the phases, the fitted
lifetime decay plots show the biexponential components having average PL lifetime (zave) greater
than 2us (Figure 6d and Table S5). 8N8-DJ has a marginally higher lifetime of the charge
carriers than 8N-RP.

Stability of DJ perovskites with different spacers

Since the DJ perovskite exhibits better stability, a comparative stability test was
conducted between the DJ perovskites having different spacer lengths in the presence of
moisture (28°C and RH 75% for 3 days) and heat (100°C for 3 h). All the DJ perovskites retain
strong emission features at 100°C for 3 h (Figure S21a-c), but the PL intensity decreases slightly

15



under the extreme humid conditions of RH 75% at 28°C for 3 days (Figure S21a-c). At RH 75%,
the decrease in PL emission is the lowest in case of 8N8-DJ, which retains 91% of the initial
intensity. The greater stability of 8N8-DJ perovskite is imparted by the more hydrophobic 8N8
spacer in between the inorganic layers, and therefore exhibits unchanged near unity PLQY in the
presence of heat and moisture (Figure S21d and Table S6). Under similar conditions, the PLQY
of 6N6-DJ is significantly affected. The PLQY of 8N8-DJ excels over the reported results of Sn-
based layered perovskites (Table S7),8°134948 pp-free organic-inorganic composites (Table
S8),294952and Pb-based layered perovskites (Table S9),”**%8while that of the unstable 8N-RP
perovskite is still comparable to the best reports.Our experimental results assert that 8N8-DJ is
several notches above than the RP counterpart (8N-RP), the analogous 8N8PbBrs and the DJ
perovskites with shorter spacer lengths, in terms of its PLQY and ambient stability.

Conclusions

In summary, we have introduced 1,8 diammonium octane spacercation in tin bromide
perovskite to create a stable DJ phase (8N8-DJ) having near-unity PLQY of 99.7+0.3%. The
emissive characteristics and PLQY remain unchanged when the 8N8-DJ powder is stored under
ambient conditions of 25°C and RH of 55%for over one month. The RP perovskite with n-
octylammonium spacer cation (8N-RP) also has extremely high PLQY of 91.7+0.6%, which on
the contrary, becomes unsustainable due to more lattice strain and gradual degradation of the
perovskite phase.In both the systems, the PLQY is correlated to the STE emission and remains
constant at different Aex, especially below 360 nm.The 2D perovskite with ahydrophobic spacer
chain length comprising of 8-carbon atoms (8N8-DJ) is found to be most suitable for obtaining
the near-unity PLQY and pristine ambient stability in comparison to those with shorter chain
length spacers (6N6-DJ and 4N4-DJ).While storage of these samples at 100°C for 3 h does not
affect the strong emission features, the PL intensity of 6N6-DJ and 4N4-DJ decreases under the
extreme humid conditions of RH 75% (stored 3 days), among which 8N8-DJ retains the
maximum 91% of the initial PL intensity. A strong carrier-phonon coupling exists in 8N8-DJ at
room temperature, which is characterized by the high Huang—Rhys factor (S) of 28.5+1.4and
exciton-LO phonon coupling strength (yLo) of 195.0+1.3 meVat Aex = 360 nm. At Aex> 360 nm,
BE emission becomes more prominent especially at temperatures below 75K, whereas STE

emission intensity increases at higher temperatures. With increasing Aex, theyo and
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hwphparameters decrease, which lowers the STE peak intensity as well as the PLQY.The 8N8-DJ
(n = 1) perovskite powder not only demonstrates a near-unity PLQY over a wide Aexrange, the
PLQY also remains unchanged in the polymer-embedded films as well as after its storage for
over one monthat RH of 55%.0wing to the outstanding sustainability of the near-unity PLQY, it
is indubitable that 8N8-DJ has an extremely propitious prospect in future optoelectronics.
Experimental section

Chemicals and Materials:

Hydrobromic acid (HBr, 48 wt% in H>O, Sigma Aldrich), Stannous bromide (SnBr., Sigma
Aldrich), hypophosphorous acid (H3PO., 50 wt% in H2O, Spectrochem), n-octylamine
(CeH17NH2, 99%, Spectrochem), 1,8 diaminooctane (NH2CgHisNH2, TCI), hexane (Merck),
diethyl ether (C2HsOC2Hs) Merck) and chloroform (CHCIz, Merck) were used without further
purification.

Synthesis of (NH3CgH1sNH3)SnBrs(8N8-DJ): 0.36mM of SnBr, powder and 0.55 mM of 1,8
diaminooctane were dissolved in 1.5 ml concentrated HBr solution under vigorous stirring at
60°C for 30 min, followed by the addition of 3 ml H3PO to prevent the oxidation of Sn?* to Sn**.
The mixture was allowed to stir at 100°C for 30 min to form a colorless clear solution. After
slow cooling, the yellow fluorescent solution of 8N8-DJ perovskite was obtained. The product
was filtered accompanied by multiple washing with ether and chloroform.

Synthesis of (NH3CsHsNH3)SnBrs(4N4-DJ) and (NH3CesH12NH3)SnBra(6N6-DJ):4N4-DJ and
6N6-DJ perovskites were synthesized by the same method asfor 8N8-DJ except instead of 1,8
diaminooctane, 0.55mM 1,4 diaminobutanewas used for 4N4-DJ, and 0.55mM 1,6
diaminobutanewas used to prepare 6N6-DJ. The process of filtration and purification steps were
kept the same asper the procedure of 8N8-DJ.

Synthesis of (CgHi7NH3)SnBrs [8N-RP]: 0.36 mM SnBr, powder was dissolved in 1.5 ml
concentrated HBr solution under vigorous stirring at 60°C for 30 min, followed by the addition
of 3 ml H3PO,. 190 pL of n-octylamine was added dropwise to the acidic solution of SnBr»
followed by heating at 120°C for 30 min to obtain the colorless clear solution. After slow
cooling, the solution was filtered and washed with hexane several times to obtain the yellow
colored and orange light-emitting 8N-RP perovskite.

Preparation of 8N8-DJ perovskite films:50 mg of 8N8-DJ powder and 25 mg PMMA binder

were taken in three glass vials. Ethyl acetate was added in different proportions of 200, 400 and
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600pL to prepare perovskite solutions having three different concentrations. The solutions were
sonicated for 5 min to prepare the colloidal solutions: DJ-1 (250 mg/mL); DJ-2 (125 mg/mL) and
DJ-3 (83 mg/mL). 100 pL of each solution wasdropcasted on 1 cm x 1 cm glass substrate and the
films were dried. The process was repeated three times to prepare the perovskite films with
different thicknesses.

Characterization: XRD measurements were performed with Rigaku X-ray diffractometer (Cu
Ko irradiation, A = 1.541 A). The FESEM images were obtained in Carl Zeiss SUPRA 55VP
FESEM. The EDX spectra and mapping were recorded in an Oxford Instruments X-Max system
with the INCA software coupled to FESEM. TEM images were recorded with the DST-FIST
facility, IISER Kolkata, JEOL, JEM-2100F. AFM images were taken with NT-MDT NTEGRA
instrument from NT-MDT (Santa Clara, CA). FTIR spectral data was obtained with a
PerkinElmer spectrum two spectrometer using KBr pellets.UV-vis absorption spectra of the solid
samples were recorded by Jasco V-670 spectrophotometer and PL spectra were measured with
Horiba Jobin Yvon Fluorolog using Xe lamp as the excitation source. PL spectra of all the
samples at room temperature were taken by preparing a solid film of the samples by using a
solid-state PL holder. Absolute quantum yield was measured in FLS-1000 Edinburgh with an
Integrating sphere setup. The lamp source was Xe-400, and the detector was PMT-400 and PMT-
400+ integrating sphere.

Calculation of lattice strain:

The intrinsic strain of 8N8-DJ and 8N-RP perovskites were calculated by the Williamson-Hall
equation (7):

kA

cosf =———
’Bhkl D + 4€ sinf

(7)
where Sna is FWHM of the XRD peak, k is the Scherrer constant, 4 is the wavelength of X-ray
radiation, D is the crystallite size and ¢ is the strain. The ¢ values were determined from the slope
of Brucos6 versus 4esind plots.

Calculation of average lifetime:

The PL decay profile was performed using time-correlated single-photon counting (TCSPC)
method with FLS-1000 Edinburgh instrument. The time-resolved PL decay curves were fitted by
biexponential decay kinetics. The average PL lifetimes (zave) Were calculated from equations (8)

and (9):
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t

t
A(t) = Aje T+ Aye = (8)

T = (A171%+ A315%) (9)

(A1T1+ AxTy)
Here, A; and A denote the contributions of 7 and z» components, respectively.
Low-temperature PL analysis of the perovskite films:
To perform the low-temperature PL measurements, the 8N8-DJ and 8N-RP perovskite films
were prepared by dispersing the powders in chloroform by sonication, followed by drop-casting
the dispersions on the top of sapphire substrate. Low-temperature PL experiments were carried
out by using the second harmonic of a laser light from a mode-locked Ti: sapphire laser
(Tsunami, Spectra-Physics), giving ~140 fs pulses at a repetition rate of 80 MHz, focused on the
sample. The sample on the sapphire substrate was mounted in a closed cycle He-cryostat. The
emitted luminescence was collected by a lens and then focused in a high-resolution grating
spectrometer (Acton SP-25, Princeton Instruments) fitted with a Peltier-cooled 1340 x 100 CCD
array detector, 20 x 20 um? 2-pixel size (P1XIS:100BR, Princeton Instruments). This CCD
records the luminescence spectra. The temperature dependence study was performed after
reaching 4K in a cryostat with a heater controlled by the temperature controller. The excitation
wavelength was tuned by tuning the wavelength of Ti: sapphire laser. The excitation light
intensity was controlled by a neutral-density filter.
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