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Supplementary Figure S1 | Disproportionate optical gain reports from 2D perovskite. Pie
chart depicting the number of optical gain reports from 2D! and 3D perovskite?-?8, Till date, there

is only one claim of lasing from 2D perovskite cavity structure.
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Supplementary Figure S2 | Characteristics of lasing phenomenon?. a, Narrow emission
linewidth with lasing wavelength dependent on cavity and gain medium. The gain bandwidth lies
within the broad spontaneous emission region (condition 1 and 2). b, Threshold associated with
integrated emission intensity and full width at half maximum (FWHM) (condition 3). ¢, Lasing

output consists of a beam (condition 4).
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X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Steady State
absorption Characterization of PEPI. The XRD spectrum of the as-grown PEPI consists of
periodic peaks with ~ 5° interval as shown in Fig. S3a. The periodic feature is representative of a
layered structure and is typical for 2D perovskite’®. The SEM image revealed good substrate
coverage and sample morphology — Fig 3b. A strong excitonic absorption peak at 2.40 eV can
also be observed - Fig. S3c. From the Tauc plot, the material bandgap and excitonic bandedge
energy was estimated to be 2.42 eV and 2.24 eV respectively — Fig S3c inset. Taking the
difference between these energy values, an exciton binding energy of ~180 meV can be obtained.

This is consistent with several literatures3!-3* and is typical for the excitonic 2D perovskite

system.
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Supplementary Figure S3 | Physical characterizations of PEPI. a, XRD spectrum of PEPI.
Inset shows the magnified smaller periodic diffraction peaks. The broad peak center at 25°
corresponds to the quartz substrate peak. b, SEM image of PEPI thin film showing good
substrate coverage and sample morphology. ¢, Room temperature steady state absorption
spectrum of PEPI. A sharp exciton absorption peak is observed at 516.5nm. Peaks at ~ 325 nm
and ~ 400nm corresponds to transition from Pb 6s and I 5p hybridization orbital to Pb 6P

orbital®2. Inset shows the estimation of the exciton binding energy.
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Supplementary Figure S4 | Effects of high laser fluence on low laser fluence PL spectrum.
Steady-state PL spectrum of PEPI excited with 400nm, taken at pump fluence of 1.3 pJ/cm?,
before and after exposure to high laser fluence of 177 pJ/cm?. The damage threshold is defined
here to be the laser fluence that reduces the PL intensity. Typical damage fluence found in PEPI

is of the order of 100uJ/cm?.
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Supplementary Figure S5 | Effects of PMMA overlayer on PEPI PL emission. a, 10 K PL
spectrum of PEPI with and without PMMA layer. Peak 2 is observed to quench significantly
after PMMA deposition. b, 77 K PL spectrum of PEPI with and without PMMA layer. The
degree of quenching from peak 2 was found vary among samples. This suggests that the origin of
peak 2 could be related to both bulk and surface effect. ¢, Integrated PL intensity of PEPI with
and without PMMA taken at 60 equally distributed sample spot across a ~ 0.75 x 0.75 cm?
sample area. The average and standard distribution are also included. Time resolved PL spectrum
of peak 1 with and without PMMA. There is a lifetime lengthening of peak 1 with PMMA is
consistent with trap passivation. All experiments were conducted using 400 nm pulse excitation

and laser fluence of 7 pJ/cm?.
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X-ray Photoelectron Spectroscopy (XPS) Studies. XPS study is employed to investigate the
surface elemental composition of the perovskite since a large surface contribution has been
found from peak 2. Supplementary Figure S6 (a) shows the XPS wide scan of PEPI film while
figure (b), (c¢) and (d) shows the narrow scan of the respective C 1s, N 1s, Pb 4f and I 3d peaks.
Supplementary Table S1 shows the surface elemental ratio of the perovskite obtained from the
integrated area of the narrow scan. The results indicate that the surface contains organic
vacancies, which could be responsible for peak 2 emission. The presence of small activation
energy of 10 meV (see Figure 2) could arise from the energy barrier between the free exciton
state and this vacancy state. Therefore, the occupancy of this vacancy state is likely due to

transfer from free exciton state (peak 1).
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Supplementary Figure S6 | XPS elemental peaks characterization of PEPIL. a, XPS wide
scan of PEPI with respective elements labeled. XPS narrow scan of the respective elemental

peaks: (b) C 1S, (¢) N 18, (d) Pb 4f and (e) I 3d.
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Supplementary Table S1 | Organic deficiency at PEPI surface. The surface elemental
composition ratio is derived from the area under the respective XPS narrow scan curve in Figure

S6 (b) to €. The element C and N were found to be lesser than the ideal case.

Element C N Pb |
Stoichiometric Ratio 16 2 1 4
XPS Results 11.2 1.7 1.0 4.0
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Supplementary Figure S7 | Origins of peak 3. Plot of integrated PL intensity with pump

fluence. The integrated PL intensity of the respective peaks is fitted with power law ( y, = kx™).
The exponent m, indicates the behavior of the respective species under different pump fluence.
The value of m, for peak 3 is approximately twice compared to m, and m, for peak 1 and 2
respectively which suggests a biexcitonic origin. The reduction of m, to m, at higher laser

fluence is likely due to exciton-biexciton scattering3*. The experiment were conducted using 400

nm pulse excitation of pristine PEPI thin film.
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PEPI biexciton binding energy determination. The biexciton binding energy (E;) is defined as

Eb :2Ex_Exx :Ex_(Exx_Ex) (Sl)

where Ey is the exciton energy and Eyx is the biexciton energy. For PEPI, E_corresponds to the

bound exciton energy (peak 2). The radiative recombination of a biexciton involves a photon
emission and an exciton formation. The photon emitted gives rise to the observed peak 3.

Therefore, the biexciton binding energy is the energy difference between peak 3 and peak 2.
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Supplementary Figure S8 | Significant quenching of biexciton emission. High laser fluence
(~92 uJ/em?) PL spectrum excited with and without PMMA overlayer. Peak 3 is observed to be
quenched significantly after PMMA addition. The experiment was conducted using 400 nm

pulse laser.
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Supplementary Table S2. Parameters for the rate equations.

Parameter Meaning Value

hw Pump photon energy. 3.1eV

a Absorption coefficient at pump energy. 2.086 x 10° cm™
Txr Exciton radiative lifetime. 100 ps

kyr Exciton non-radiative relaxation rate. 0.011 ps

Txpr Bound exciton non-radiative relaxation rate. 150 ps

kXBnr Bound biexciton non-radiative relaxation rate. 0.04 ps™

Tyxr Bound biexciton Radiative relaxation rate. 50 ps

Dy Density of states 4x10% cm3
Tex Free carrier to exciton relaxation time 50 fs

Texp Free carrier to bound exciton relaxation time 10fs

7 Laser time constant 100 fs

Cy Bound exciton trapping 9ns?

BXXB Bound biexciton formation coefficient 8x 1072t cm?

Y Exciton-exciton annihilation coefficient 3.38x 102 cm3/s
Vgx Group velocity at exciton emission energy 1.14x 108 m/s
Voxg Group velocity at bound exciton emission energy 1.25x 108 m/s
Voxxy Group velocity at bound biexciton emission energy 1.31x 108 m/s
9x Exciton optical gain 1.038 x 10° cm™
9x, Bound exciton optical gain 6.603 x 10* cm™
9xx, Bound biexciton optical gain 4.964 x 10* cm™
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