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Materials

N,N-Dimethylformamide (DFM, anhydrous, 99.8%), HI (57 wt. % in H20 stabilized), H3PO2
were purchased from Sigma-Adrich. Phenethylammonium iodide (PEAI, CAS 151059-43-7)
was purchased from Greatcell Solar. Lead (II) iodide (Pbl2, 99.99%, CAS 10101-63-0) and tin
(II) iodide (Snl2, for perovskite precursor) were purchased from Tokyo Chemical Industry

(TCI).
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Figure S1: PXRD stack plot of PEA2SnxPbixls4 perovskite. The PXRD patterns of the
synthesized powders of (PEA)2Pbls and (PEA)2Snls show a strong preferential orientation and
are consistent with their reported crystal system Pland P-1, respectively'.Also
(PEA)2Pbo.sSno.sI4 maintained a similar diffraction pattern due to the nearby value of ionic radii
of Pb*" and Sn** (rpoan: 120 pm and rsaan: 93 pm). The simulated XRD patterns (red and grey
lines) were calculated from the previously published single crystal structures with the software
Mercury ',

Spin-relaxation analysis

The temperature dependence of the 'H spin-lattice relaxation times (T:) was analyzed within
the framework of the Bloembergen—Purcell-Pound (BPP) model®, which describes nuclear
spin relaxation driven by dipole—dipole interactions modulated by molecular motions. In this

model, the relaxation rate is expressed as:
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where, C = is a constant independent of correlation time and magnetic field strength,

Lo is the vacuum permeability, h is the reduced Planck constant, y is the gyromagnetic ratio of
the proton, and wo is the Larmor frequency. 7. is the correlation time of the reorientational
motion, and r is the internuclear separation between coupled protons. Assuming thermal

activations, the temperature dependence 7, represented by Arrhenius equation®:

Ea
T, = Ty * €RT (2)

where, 7, is a pre-exponential factor, T is the temperature, R is the gas constant, and Ea
activation energy. Activation parameters for molecular motion were extracted from the slopes
of the linear fits by applying (1) and (2) on the 77 data shown in Figure 1e and summarized in
Table S1.

Table S1. Activation parameters determined from 'H 77 for PEA2XI4 (X=Pb, Sn)

Sample 70 (PS) Ea (kJ/mol)
PEA,PbI4 0.57+0.35 11.05+1.78
PEA,Snly 5.48+2.03 6.12+1.89
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Figure S2. Temperature dependence of the '*C spin—lattice relaxation times (T:) for (a) PEA,Pbl, and
(b) PEA2Snls, measured under MAS at 12 kHz over the temperature range of 260-330 K. Different
carbon sites within the phenylethylammonium (PEA) cation are labelled according to the numbering
scheme in Figure 1: aromatic carbons (1-6), alkyl chain carbons (a, B).
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Figure S3 (a). Thin film X-ray Diffraction (XRD) of the PEA,Pbls and PEA,Snl, perovskites. A single
diffraction peak for each material is visible due to the strong preferential orientation on the glass

substrate. (b). Scanning electron microscope (SEM) images of PEA,Pbls and PEA,Snl4 polycrystalline

film. (c). Atomic force microscopy (AFM) images (2 umx2 pm) of PEA,Pbly and PEA,Snl,
polycrystalline films on the glass substrate.
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Figure S4 (a). Full width at half maximum of the most intense PL peak as a function of temperature
in PEA,Snl, thin film; (b)in PEA,Pbls thin film. The fitting formula of the independent boson

population mode® is: I'(T) = Iy+y,o %

ekBT—1
Y1ois the exciton-phonon coupling strength, and E;, is the phonon energy. (c)(d). Temperature-
dependent PL spectra of Sn and Pb samples.

), where [} is the temperature-independent peak width,
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Figure S5 (a)-(f). The double peak fit from the PL spectra data of PEA,Snl4 used the Gauss function

with the temperature change from 293 K to 218 K.
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Figure S6 (a)-(f). The double peak fit from the PL spectra data of PEA,Snl4 used the Gauss function
with the temperature change from 198 K to 78 K.
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Figure S7 (a)-(f). The double peak fit from the PL spectra data of PEA,Pbls used the Gauss function
with the temperature change from 293 K to 218 K.
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Figure S8 (a)-(f). The double peak fit from the PL spectra data of PEA,Pbls used the Gauss function
with the temperature change from 198K to 78 K.
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Figure S9 (a). Pump fluence-dependent PL Spectra of PEA,Snlsat 78 K (Aexi=532 nm, repetition
rate 2 kHz, pulse width 800 ps). (b) Aexci=515 nm, repetition rate 2 kHz, pulse width 300 fs.
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Figure S10 (a). Fluence-dependent PL spectra of PEA,Snl4 with fluence intensity increasing from
1.30 to 23.39 pJ/cm? at 78 K. (b) Fluence-dependent PL spectra of PEA,Pbl, with fluence intensity

increasing from 1.91 to 76.51 pJ/cm? at 78 K.
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Figure S11 (a). The PL intensity as a function of excitation fluence with a femtosecond pulse laser of
Pb sample (green square represents the parameter is pulse duration 300 fs, Aexci=400 nm, 2 kHz), but
without a picosecond pulse laser. (b). PL spectroscopy of the PEA,Pbl, with the picosecond pulse laser
as the pumping power increased from 15 pJ/cm? to 589 pJ/cm? at low temperature. (c). PL spectroscopy
of the PEA,Pbl4 with the femtosecond pulse laser as the pumping power increased from pJ/cm? to 109

pJ/cm? at low temperature. The ASE can’t be observed with the picosecond pump condition in the Pb
film.

K

Figure S12. Scheme showing the three-level model, the carrier is excited to the excited state, then

the photocarrier quickly relaxes to the band edge in a short time, and then accumulates at the band edge
to the population inversion.
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Figure S14 (a)(b)(c)(d). At low temperature, keep the same pump condition as 2 kHz repetition rate
(Aexei=515nm and pulse width 300 fs), pump fluence-dependent PL Spectra of PEA,Snl4 with the

repetition rates changes from 10 kHz to 500 kHz; (e)(f)(g)(h). The same pump condition as 2 kHz
repetition rate (Aexci=400 nm and pulse width 300 fs), pump fluence-dependent PL Spectra of PEA;Pbl4

with the repetition rates changing from 10 kHz to 500 kHz.
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Figure S16 (a)(b). The absorption spectrum of PEA,Snl4 at low temperature exhibits an excitonic
resonance at 1.962 eV, well separated from the continuum edge at 2.063 eV, indicating an exciton
binding energy of Ep=101 meV, like what is observed in its PEA,Pbls (Ex=201 meV). (c)(d).
Temperature-dependent UV-vis absorption spectra in PEA,Snl4and PEA,Pbl, thin films both show that
the excitonic resonance is well separated from the continuum edge at different temperatures.
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Figure S17. Relative photoluminescence quantum yield (PLQY) of PEA2Snl4 and PEA2Pbl4 at
room temperature.
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Figure S18. X-ray diffraction (XRD) of PEA>Sn«Pb;I4(x=0.1...) polycrystalline films.
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Figure S19. The picture of samples in PEA,SnPb;.I4 (x=0.1...) polycrystalline films.
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Figure S20 (a-i). Scanning electron microscope (SEM) images with the same magnification (30 kx)
of PEA,Sn«Pb 14 (x=0.1...) polycrystalline films show that the grain size becomes smaller with the Pb
ratio increasing.

()

Figure S21 (a-c). Atomic force microscopy (AFM) images (2 pmx2 pum) of Sn(x=0.9), Sn(x=0.5),
and Sn(x=0.1), which have come from the series PEA,SnPb;.x14(x=0.1...), show more pin holes with
the Pb ratio increasing.
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Figure S23 (a). Under the same pump condition (Aei=515 nm, repetition rate 2 kHz, pulse duration
300 fs), pump fluence-dependent PL Spectra of PEA,Snls at 118 K with the pump fluence increases
from 1.3 to 19 pJ/cm? (b).at 173 K with the pump fluence increases from 5 to 39 pJ/cm? (c). and at
223 K with the pump fluence increases from 7 to 105 pJ/cm?.

Table S2. Bi-exponential decay parameters, and fast and slow delay of TRPL analysis of Sn and Pb at
293 K and 78 K.

Tem[();a(r)a ture Samples Al nl (ps) A2 n2 (ps)
PEA,Snl4 0.46 30.71 0.44 490.47

o PEA,Pbl4 0.63 65.63 0.37 165.28
PEA,Snl4 0.92 47.27 0.08 174.31

7 PEA,PbI4 0.53 402.19 0.47 510.56
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Figure S24 (a). Under the same pump condition (Ae=400 nm, repetition rate 2 kHz, pulse duration
300 fs), pump fluence-dependent PL Spectra of PEA,Pbl4at 98 K with the pump fluence increases from
8 to 191 pJ/em? (b) at 118 K with the pump fluence increases from 11 to 230 uJ/cm?. (c). The PL
intensity as a function of pump fluence of Pb at 98 K, which observed the ASE threshold is 25 pJ/cm?,
and the linear growth is no longer observed due to ASE saturation at higher pump fluence. (d). The PL
intensity as a function of pump fluence of Pb at 118 K shows the ASE threshold up to 46 pJ/cm?, and
the linear growth is no longer observed due to ASE saturation at higher pump fluence.
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Figure S25 (a)(c). The ASE PL spectra at the different exposure times, and the ASE stability of
PEA,Snl4 under continuous exposure to a 515 nm excitation laser (pulse width 300 fs, repetition rate
2 kHz) at 131 pJ/cm?at 293 K. (b)(d). The ASE PL spectra at the different exposure times, and the
ASE stability of PEA,Pbls under continuous exposure to a 400 nm excitation laser (pulse width 300
fs, repetition rate 2 kHz) at 161 pJ/cm*at 78 K.
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