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Quasi-2D (two-dimensional) hybrid perovskites are emerging as a new class of materials with high

photoluminescence yield and improved stability compared to their three-dimensional (3D) counter-
parts. Nevertheless, despite their outstanding emission properties, few works have been reported on
amplified spontaneous emission (ASE) and a thorough understanding of the photophysics of these
layered materials is still lacking.

In this work, we investigate the ASE properties of multilayered quasi-2D BA3;MA3;PbsBrg films
through the dependence of the photoluminescence on the temperature and provide a novel insight
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into the emission processes of quasi-2D lead bromide perovskites.

We demonstrate that the PL and ASE properties are strongly affected by the presence, above 190
K, of a minoritary fraction of high temperature (HT) phase. This phase dominates the PL spectra
at low excitation density and strongly affects the ASE properties. In particular ASE is only present
between 13 K and 230 K and, at higher temperature, it is suppressed by absorption of charge transfer
states of the HT phase.

Our results improve the understading of the difficulties to obtain ASE at room temperature from
these quasi-2D materials and are expected to guide possible materials improvement in order to exploit
their excellent emission properties also for the realization of low threshold optically pumped lasers.

1 Introduction
By contrast, the family of the layered 2D Ruddlesden-Popper-

Hybrid metal lead halide perovskites, such as MAPbX; (where
MA=methyl ammonium and X=Cl, Br or I, or mixed Cl/Br and
Br/I systems) are currently considered as an innovative and high-
performance class of photovoltaic materials due to their large ab-
sorption coefficients, excellent charge mobility, and high diffusion
lengths™ ™I, Thanks to the combination of the above-mentioned
outstanding properties with the low-cost deposition process from
solution, inexpensive solar cells, with certified power conversion
efficiencies up to 25.2%@, have been realized. Furthermore,
these materials exhibit good light emission properties, that allow
them to employ them as active materials for Light Emitting Diodes
(LED), Light Emitting Transistors2ll and LasersI220/22137,
For these reasons conventional tridimensional halide perovskites
have recently undergone rapid development. Nevertheless, their
instabilities over moisture, light, and heat remain a crucial chal-
lenge for the commercialization.
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type perovskites, that are natural quantum well (QW) materi-
als composed of layered perovskites between hydrophobic or-
ganic layers, have recently attracted increasing attention owing
to their greater environmental stability, together with large exci-
ton binding energy, strong quantum confinement effect and rapid

decay rates making them very attractive for optoelectronic appli-
cations38-42

2D perovskites are formed by partially or fully replacing the
cation (e.g., methylammonium - MA) with a larger one, thus mod-
ifying the 3D perovskite to a 2D layered structure due to steric
hindrance3, in which the inorganic layers of [PbX¢]*~ are sepa-
rated by sheets of larger organic cations giving rise to a multiple-
quantum-well configuration where the inorganic layers represent
the potential wells and the organic ones the barriers®%.

So the mixing of cations with different dimensions in the syn-
thesis procedure results in layered perovskites with metal halide
octahedral slabs of different thickness separated by the large or-
ganic cations. The obtained perovskites are generally defined
by the number of n, that is the number of inorganic layers be-
tween two organic ones. In particular, n=1 corresponds to pure
2D structure and n=c to 3D.

The variation of the inorganic layer thickness (and conse-
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quently of the n-value), allows to modulate the quantum con-
finement within the wells, thus modifying the energy gap and the
exciton binding energy that, in pure 2D materials can be as high
as 400 meV, thus much higher than in the 3D materials4342|

The strongly bound excitons thus make 2D perovskites ideal
for LEDs, LASERs and non-linear and polaritonic devices*346l
On the contrary, the high exciton binding energy limits the in-
terconversion of excitons into free carriers and it is thus not ideal
for efficient solar cells realization. Despite this, some results ev-
idence that the exciton binding energy can be engineered in 2D
perovskites by acting on the inorganic slabs thickness“4Z or by re-
alizing films with a vertical out-of-plane orientation with respect
to the substrate surface2, thus allowing the realization of solar
cells with efficiency up to 12.52 %.

However, solution-processed 2D perovskites thin films gener-
ally are not in a single-phase, but consist of a set of mixed do-
mains with different n-values, with multiple QW phases with dif-
ferent thickness coexisting in the films4S.

Ultrafast exciton funneling from high energy gap QWs (n <
5) to low energy gap ones (n > 5 to n=c0), due to energy or
charge transfer4#484° has been demonstrated on the picosecond
timescale (with near-unit efficiency) resulting, in large n-value
domains, in improved efficiency of radiative recombination, over-
coming the trap-mediated non-radiative one®Y.

Moreover this ultrafast energy transfer leads to rapid accumula-
tion of excitons in the wider QWs, thus potentially making easier
to establish population inversion necessary for achieving ASE and
lasing=L.

However, despite the exceptional emission features and the
high efficiency of quasi 2D perovskites, very few experiments
demonstrated to date optical gain and ASE in these mate-
rials. In particular even if bi-excitonic lasing was claimed
in (CgH;3NH3),Pbl, layered perovskite at low temperatures=%
already in 1998, the evidences of room temperature ASE
have been to date very limited®3. ASE was reported for
(PEA);MA(,,_)Pb,](3, ) films, but only for n values of at least 12,
but with a threshold increasing as n decreases, and much higher
than the one of the corresponding 3D material>%.

Room temperature ASE in the green was also demonstrated,
but only for proper alignment of the microcrystals of different di-
mensionality in the films=> and tunable ASE was finally obtained
in (NMA), (FA),,—1Pb, X34 1>,

In this work we investigate the photoluminescence and ASE
properties of green emitting quasi-2D lead bromide perovskites
(BA3MA;3;PbsBr¢) deposited by employing methylammonium
(MA) and butylammonium (BA) as the small and large cations,
respectively. In this material a PLQY exceeding 80% has been re-
cently demonstrated=®, thus proposing it as interesting potential
active material for light emitting devices, like LED and lasers.

We demonstrate ASE under nanosecond pumping from 13 K
up to 230 K, with a progressively increasing threshold from 0.18
mJem~2 to 5.8 mJem 2. The comparison between the PL spectra
under high energy nanosecond pumping with standard spectra
under weak excitation allows us to evidence that the sample emis-
sion is due to a single phase only between 13 K and 190 K, while
at T > 190 K the presence of a minoritary fraction of a second
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phase, which appears at high temperatures (HT), strongly affects
the PL spectra and the ASE properties. In particular our results
evidence the progressive suppression of ASE that can be ascribed
to reabsorption from charge transfer states of the HT phase.

Our results improve the understanding of the processes com-
peting with ASE at room temperature in quasi 2D perovskites
and can be useful to develop engineered materials with improved
ASE properties. Moreover the evidence of ASE in BA3MA3PbsBry¢
films represents a promising result encouraging further investiga-
tions to have a deep knowledge of the emission mechanism allow-
ing the use of these innovative materials for laser applications.

2 Experimental section: materials and

methods

2.1 Sample fabrication.

Thin films of quasi-2D BA3MA;3;PbsBr ;¢ perovskite, with thickness
of about 200-230 nm, were prepared with the method reported
in La-Placa et al.”®. The perovskites precursor solution was pre-
pared by dissolving BABr, MABr and PbBr2 in dimethyl sulfoxide
(DMSO). The solution was stirred at 60 °C overnight and was fil-
tered using a PTFE syringe filter (0.22 u) before deposition. The
deposition on glass substrates was performed via a consecutive
two-steps spin coating process at 1000 and 3000 rpm for 5 and
60 seconds, respectively. A solvent engineering process was car-
ried out during the second spin-coating step by dripping 300 uL
of chloroform onto the substrate.

2.2 Photoluminescence and Amplified Stimulated Emission
measurements.

ASE properties have been explored by irradiating the films with a
nitrogen laser at a wavelength of 337 nm delivering 3 ns pulses
with a repetition rate of 20 Hz. The emission was collected by
means of an optical fiber coupled to a spectrometer (ACTON
SpectraPro-750) equipped with a Peltier cooled-CCD (Andor).
The spectral resolution was about 0.5 nm.

In order to compare the ASE properties with the characteris-
tic photoluminescence, PL experiments have been performed at
low energy density exciting the samples by a solid state pulsed
laser (mod. PLP-10, Hamamatsu), providing pulse of about 58
ps, at a wavelength of 400 nm, and at repetition rate of 1MHz.
The maximum peak power was of about 70 mW, corresponding
to an excitation density of about 1 uJem~2 per pulse. The PL
has been dispersed by an iHR320 (focal length of 0.32 m) Horiba
monochromator equipped with a Peltier cooled Hamamatsu pho-
tomultiplier (Head-on mod R943-02), operating in single photon
counting.

All the measurements were performed by collecting the
signal, in waveguide configuration, from the edge of the
film irradiated with the beam focused in a rectangular stripe
(4mm x 80um). Measurements have been performed in vac-
uum (pressure of about 1072 mbar), at different temperatures
in the range from 10 to 300 K, by using a closed cycle He cryostat.



3 Results and discussion

3.1 Amplified Spontaneous Emission.
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Fig. 1 PL spectra as a function of the excitation density at (a) T =
13K, (b) T=57K, (c) T =160 K and (d) T = 210 K, showing the
gradual appearance of the ASE peak for increasing excitation density.

The ASE properties of the films have been investigated in the
ns regime at different temperatures between T=13 K and room
temperature by measuring the PL spectra as a function of the ex-
citation density. As a first step we investigated the excitation den-
sity dependence of the spectra at T=13 K (see Fig. [1|a). At low
excitation density the spectra show two weak peaks at about 473
nm and 489 nm, a broad peak at about 533 nm and a further
narrower peak at about 552 nm. The obtained lineshape is com-
parable with the ones reported for similar systems in literature
and allows us to ascribe the two peaks at lower wavelength to
2D domains with different values of n, and thus different thick-
ness (likely n=2 and n=3). The BA3MA3;PbsBr¢ structure has
been confirmed by X-ray diffraction of the polycrystalline pow-
der that is compatible with a low dimensional Ruddlesden-Popper
perovskite phase with n close to 3 (see Fig. |2)2Z. Moreover the
XRD analyses on the films indicate the same structure but with
a lower size of the grains, suggested by the broadening of the
diffraction peaks=2.

The peak at 533 nm in the PL spectra is blue-shifted of about
30 nm with respect to peak emission wavelength of 3D MAPbBr;
(about 564 nm)=8, and it is thus ascribed to the exciton emission
of thicker wells (FE in the following). Overall these features of
the spectrum clearly evidence that the thin films contain domains
with multiple QWs with different n-values.

Concerning the peak at 552 nm (LowE in the following) we
observe that also this peak wavelength is not consistent with
the MAPDbBr3 one, suggesting to ascribe it to the emission of
low-energy edge-states due to the crystal disorder in the 2D do-
mains421>2,

We anyway observe that other possible attributions of the emis-
sion at low energy are present in literature#553%00 sych as the dis-
torsion of the perovskite octahedra, the exciton self-trapping, the
dangling bonds, and the adsorption of molecules forming hybrid

powder
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Fig. 2 X-ray diffraction patterns of BA3;MA;PbsBr;¢ polycrystalline pow-
der and thin films.

surface states. Moreover, since they are generally observed for n
> 2 and their density increases with n, their origin could be due
to those octahedral situated at the edge of the layers which are
not in direct contact with the big organic spacers (BA cations in
the case of our films)=2.

By increasing the excitation density, a further peak centered
at about 554 nm appears and its intensity grows rapidly with the
excitation density. The excitation density dependence of the emis-
sion intensity at the new peak wavelength (see Fig. [3|a) allows
to observe a clear slope increase in correspondence of the appear-
ance of the peak in the spectra. This behavior is typical of the ASE
process, and the value corresponding to the slope change repre-
sents the so-called ASE threshold, that is the smallest excitation
density at which the ASE occurs®L.

The excitation density dependence of the PL spectra has been
also investigated at higher temperatures (57 K, 160 K, 210 K). The
obtained results (see Fig. (1| b-d) are qualitatively similar to the
ones at 13 K, with the presence of the ASE peak at high excitation
densities. Nevertheless, with the increase of the temperature, the
ASE threshold value gradually increases (about 0.18, 0.27, 0.98
and 2.8 mJ/cm?, for T=13 K, 57 K, 160 K and 210 K, respectively)
and the ASE intensity decreases (see Fig. a).

In order to investigate the origin of the observed ASE temper-
ature dependence we acquired the spectra from 13 to 300 K at
a fixed excitation density of 6 mJ/cm? (Fig. b), about 2 times
higher than the highest found threshold value. At each temper-
ature we also determined the ASE threshold by continuously in-
creasing the excitation density up to the beginning of lineshape
variation due to the ASE peak appearance. The threshold has
been thus estimated as the minimum excitation density allowing
the observation of the ASE contribution to the PL spectrum.

The spectra at low temperatures show (see Fig. |3| b) clearly
distinguishable peaks corresponding to the free exciton (FE), the
LowE band and the ASE contribution. The different intensity tem-
perature dependence of the FE and LowE bands and the increase
of the linewidth makes the FE exciton peak and the LowE one
progressively less distinguishable, while the ASE peak disappears
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Fig. 3 a: Excitation density dependence of the emission intensity at
the ASE peak wavelength at different temperatures. Inset: zoom of the
region corresponding to the ASE threshold at 13 and 57 K. The lines are
the best fit curves assuming a linear intensity increase below and above
the ASE threshold, that clearly have different slope .b: Temperature
dependence of the PL spectra at high excitation density (6 mJ/cm?). c:
Temperature dependence of the ASE threshold. The continuous line is
the best fit curve. d: Temperature dependence of the FE (black dots)
and LowE (red dots) peaks under ns-excitation. The lines are the best fit
curves. Inset: temperature dependence of the LowE/FE relative intensity
(the line is a guide for the eyes).

for temperatures above 230 K. The gradual worsening of the ASE
efficiency is also well evidenced by the temperature dependence
of the ASE threshold (see Fig. [3|c) showing a weak increase of
about 2 times up to 140 K and then a strong increase up to 5.8
mJem 2 at 230 K.

The individual intensity and peak wavelength of the three
peaks have been determined from a best fit of the spectra with
a multipeak function.

The temperature dependence of the FE and LowE peak intensi-
ties is reported in Fig. [3|d where we observe a weak temperature
increase in the low temperature range, followed by an exponen-
tial quenching at higher temperatures.

This behaviour is typical of the thermal activation of non radia-
tive processes, that can be reproduced by the following Arrhenius
equation:

1) = —20 &)

14+ Ze T
T

where I represents the integrated PL intensity for T= 0 K, AE
is the activation energy, kg is the Boltzmann constant, and 7; and
'Coe*% are the radiative and the thermally activated non-radiative
lifetime, respectively. It is straightforward to demonstrate that it
comes from the steady state solution of the rate equation describ-
ing the exciton population:

T =g——— e T @

A good agreement with the fit equation (see Fig. [3| d) is ob-
tained for the LowE peak with a single activation energy of 19+2
meV (see Table and a exciton lifetimes ratio % of 6.2+1.2 (Ta-

4| Journal Name, [year], [vol.], 1

ble [2). On the contrary the FE exciton shows the contribution
of two thermally activated processes. The first activation energy
is of 17410 meV, while the second is 130420 meV (Table [I.
The exciton lifetimes ratios are 0.62+0.30 and 23304190, re-
spectively (Table 2). The low activation energy is qualitatively
consistent with the values found for the low energy PL peak in
similar systems®2, suggesting a weak localization/binding energy
of the edge states. The activation energy of the free exciton band
quenching is instead of the typical order of magnitude of the ex-
citon binding energy in 2D perovskites©23, The difference in the
%’ values evidences a different relative importance of the temper-
ature dependent and temperature independent relaxation decay
times.

The clearly different intensity temperature dependence, acti-
vation energies, and exciton lifetimes ratios clearly confirms that
these two peaks are due to radiative recombination of two differ-
ent kind of emitters. The LowE/FE relative intensity (see inset of
Fig. |3|d) is almost constant to about 0.7 up to 240 K and clearly
increases up to 4 at room temperature. This result evidences that
at room temperature the PL spectrum is dominated by the LowE
emission (see Fig. [4]b).
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Fig. 4 Comparison of the PL spectra under ps (green line) and ns (blue
line) at 13 K (a) and 300 K(b). The black and red peaks are the best fit
of the FE and LE emission, respectively.

® 0
550 ®
f% %;;: S o '000.%@ e ©
— e @ ]
g 540+ © e 00°° i
£ s° ®e,%e,
< .
§530- ® e .; ° . LI . g
9 ®
2 5201 o reps LI
o ps
E 510+ e FEns % 4
3 e LEns R
o 500 - e ASEns L
0 50 100 150 200 250 300

Temperature (K)

Fig. 5 Temperature dependence of the peak wavelength under nanosec-
ond (filled dots) and picosecond (open dots) excitation regimes.

In order to quantitatively analyze the ASE threshold tempera-
ture dependence (Fig. [3| c) we observe that in case of excitonic
emission our systems behaves as a three levels laser system, that
is pumped at energy higher than the emission one, and efficiently
relaxes from the pumped level to the emitting one. In this case,



in order to have positive gain, the population inversion has to be
reached in the system, requiring to photogenerate a number of
excitons of at least one half of the number of electrons in the top
of the valence band, thus the threshold volumetric density of exci-
tons n,;, will be equal to N/2, where N is the volumetric density of
electrons in the valence band top. Moreover the volumetric den-
sity of excitons can be easily related, in steady state condition, to
the excitation density D, through the exciton lifetime 7, the sam-
ple absorption efficiency 7, the sample thickness d, the pump
time length Ar and the pump photons energy iv by the relation:

_ NapsDT

" dhvAt ®

from which we can deduce the temperature dependence of the
threshold excitation density D,j,, assuming that both a radiative
temperature lifetime, 7;, and a non-radiative thermally activated

AE . . .
lifetime, tpe*s7 , contribute to the exciton relaxation:

NdhvAt (1 1 _ae _AE
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Equation 4 predicts an ASE threshold increase with the temper-
ature, consistent with the observed experimental behavior.

In order to fully reproduce the experimental ASE threshold
temperature dependence (Fig. [3|c) two thermally activated non-
radiative processes are required, with best fit values of the activa-
tion energies of AE| ~13.3+2.5 meV and AE, ~138+18 meV (see
Table[T)), thus in accordance with the values determined from the
intensity temperature dependence of FE exciton band.

Finally, the temperature dependence of the three peak wave-
lengths, determined from the multipeak function best fit, has
been plotted in Fig. [5|. We observe that the best fit values of
both the FE exciton and LowE emission evidence a regular pro-
gressive blue-shift as the temperature increases.

Concerning the ASE peak (blue filled dots), we instead observe
a blue shift similar to the one of the exciton and the LowE bands
only up to 100 K. For higher temperatures between 100 K and 190
K a reduction of blue-shift is observed, followed by a temperature
independent ASE wavelength up to the ASE disappearance above
230 K.

3.2 Temperature-dependence of the PL spectra.

In order to rationalize the origin of the observed ASE tempera-
ture dependence we also performed PL measurements under ps-
pumping at low excitation density (about 1 uJem~2) in the range
from 13 K to 300 K (see Figlf|a).

The PL spectrum at 13 K (black curve in Fig@ a), exhibits five
distinct peaks: three weak peaks at about 446 nm (ascribed to
n=1 QWs), 473 nm and 489 nm, respectively, a dominant PL
peak at 533 nm and a further one at 549 nm, fully consistent with
the n=2, n=3, FE and LowE peaks observed under nanosecond
pumping. The similarity of the spectra under different excitation
is also evident from the lineshape comparison (see Fig. [4a), that
evidences only a different FE/LowE relative intensity.

As the temperature increases we observe a progressive intensity
decrease and a blue shift of the PL peak. Moreover we observe
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Fig. 6 a: PL spectra in the ps-regime as a function of the temperature.
The curves are stacked vertically for sake of clarity. b: temperature
dependence of the FE and LE intensity. The dotted lines are guide for
the eyes, while the gray lines are the best fit curves. Inset: temperature
dependence of the LE/FE relative intensity.

that the peak LowE becomes progressively less evident.

In order to explore in detail the PL temperature dependence,
the exciton peak and the LowE one have been separated by fitting
the PL spectra in the range 510-570 nm with a multipeak function
(see Fig[).

The temperature dependence of the two peak intensities (see
Fig. [6]b) evidences that the FE exciton peak is dominant in all
the temperature range, as also confirmed by the relative intensity
temperature dependence (see inset of Figl] b). After an initial
phase at low temperatures characterized by an interplay between
the two peaks, an exponential decrease of the intensity, typical
of the thermal activation of a non-radiative process, is observed
for temperatures higher than 160 K for both peaks. In the same
temperature range the relative intensity of LowE with respect to
FE starts to significantly decrease from about 0.56 at 140 K, to
just 0.02 at room temperature.

We observe anyway that, even if much weaker, the LowE peak
is clearly visible in the spectra even at room temperature (see Fig.
Ab).

The activation energy of the exponential intensity decrease
above 160 K has been determined through the best fit of the ex-
perimental intensities to Eq. The best fit value of AE was
240+ 20 meV and 142+ 9 meV for the FE exciton and the LowE
peaks, respectively (see Table[I)), whereas the exciton lifetimes ra-
tios % for the FE exciton and the LowE peaks are of (178+8)102
and (20+8)103 (Table . They are interestingly different from
the values obtained under ns excitation, suggesting that different
states are involved in the emission.

Concerning the temperature dependence of the peaks wave-
length we observe (see Fig. the presence of two different
regimes. Starting from 13 K the temperature increase leads to
a progressive blueshift of both the FE exciton and the LowE
bands, quantitatively very similar to the one observed under
ns pumping, up to 190 K. For higher temperatures we instead
observe a weaker blue shift for the FE exciton band and a clear
shift inversion, from blue-shift to red-shift, of the LowE band.
The inversion of the shift direction of the low energy band
suggests that above 190 K this band is due to the emission from a
state different from the LowE one, that we will call LowE, in the
following.
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Table 1 Activation energies inferred from the best fit procedure applied
to the experimental data describing the temperature dependence of the
FE, and LowE peak intensity and of the ASE threshold.

| ACTIVATION ENERGIES |

Excitation regime nsregime nsregime psregime
AE; (meV)  AE; (meV)  AE (meV)

LT phase

LowE 1942

FE 17+10 130420

ASE threshold 13.3+2.5 138+18

HT phase

LowE, 142+ 9

FE 240420

Table 2 Exciton lifetimes ratios from the best fit procedure applied to
the experimental data describing the temperature dependence of the FE,
and LowE peak intensity.

| EXCITON LIFETIMES RATIOS 7;/7 [

Excitation regime nsregime nsregime psregime
(AEY) (AE>)

LT phase

LowE 6.2+1.2

FE 0.62+0.30 2330+190

HT phase

LowE, (20+ 3)10°

FE (178+8)102

3.3 Discussion.

Overall our experimental results evidence that in the two different
excitation regimes the emission originates from the same states
only for low temperatures, up to 190 K, as evidenced by the good
agreement of the peak wavelengths and the wavelength shift. A
clearly different behaviour is instead observed above 190 K. The
different temperature dependence of the two bands contributing
to the sample emission under high energy density nanosecond
pumping with respect to low excitation density ps determines a
clear lineshape difference of the PL spectra at room temperature
(see Fig. [@b).

A plausible explanation of the observed trends is that at tem-
peratures above 190 K two different pairs of emitting states are
present in the films.

In particular, at 13 K the photoluminescence is likely due to
excitons (FE) and low-energy edge-states (LowE) typical of the
low temperature (LT) crystalline phase (represented in yellow in
Fig[7) . As the temperature increases, both the states blueshift
and at 190 K they intersect a “new pair” of states (in red in Fig.
[7). At T>190 the two new states, characterized by an energy
lower than the previous ones, dominate the PL emission at low
excitation density (ps-regime). On the contrary, in the ns-regime,
the peaks follow a regular trend suggesting that the emission al-
ways come from the same pair of states (LT states) (Fig. .

This behaviour suggests that the states dominating the ps PL
have a low density (minority phase), and are thus saturated un-
der much stronger nanosecond pumping, leading to a PL spec-
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Fig. 7 Energy scheme of levels as function of the temperature

trum always dominated by the majority phase. The much lower
excitation density used in the experiment with ps pumping in-
stead allows to observe always the emission from the states at
lower energy.

The observation of different emissive states with different den-
sity could be correlated to the well-known property of perovskites
of changing the phase (by increasing the temperature). Our ex-
perimental data do not evidence a macroscopic phase variation,
instead suggest the formation, at T > 190 K, of some domains of
high temperature (HT) crystalline phase.

The presence of a minority fraction of domains of the HT phase
is consistent with the recent report of existence, even at 4K, of
domains of the high temperature phase in (C,Hy,;NH3),Pbly,,
despite a crystalline phase variation temperature of 270 K&,
Further evidence of phase coexistence far from the macroscopic
phase transition temperatures, ascribed to the interaction of
nanostructured perovskites with the substrate, have been also re-
ported in layered organic-inorganic perovskites© and in CsPbBr
NCs©0,

We thus ascribe the FE peak under ps excitation to free excitons
of the low temperature (LT) phase up to 190 K and of the high
temperature (HT) ones at higher temperature.

The LowkE, state, visible above 190 K, shows a red-shift at
higher temperature, not consistent with the emission from a state
following the band gap. Furthermore it is worth to underline that
the temperature range in which (in ps-regime) the LowE, peak
inverts the shift perfectly coincides with the one is which the ASE
shift slows down and the ASE intensity begins to decrease (see
Fig. [B). Moreover the ASE disappears at the temperature at which
energy of the peak LowE, matches the ASE peak energy.

These results clearly evidence that the ASE properties are af-
fected by the temperature evolution of the peak LowE, and that,
in particular, the LowE, state is in competition with the ASE. We
tentatively ascribe LowE, peak to emission from charge transfer
state of the HT phase. Indeed, since at 230 K the energy of the
ASE level (in LT phase) and LowE; level (in HT phase) is very
similar (Fig. [7), a process of charge transfer at the interfaces of
different grains is highly probable. As a consequence, the sponta-
neous emission between the states in the HT phase is enhanced,
while the ASE process is hindered. So the presence of the charge
transfer state absorption limits the performances of these quasi-
2D materials.

The observed competition between LowE, and ASE is
fully consistent with the results on the ASE properties of



(PEA);MA(;,_1)Pbpl(3,,) suggesting the competition between
ASE and a charge transfer state within the band gap, localized
at the grain boundaries of the films=>4.

We finally underline that the PL quenching from which we de-
termined the activation energy of the FE and LowE, bands (under
ps pumping) takes place in the temperature range in which the
emission is due to the HT phase excitons and to the charge trans-
fer states. So we ascribe the obtained activation energies to the
binding energies of HT free exciton (240+ 20 meV) and charge
transfer states (142+ 9 meV), respectively. This explains the dif-
ference with the values obtained under ns excitations.

Overall our results allow to conclude that ASE is present from
the LT phase of the investigated samples, that dominates the PL
spectra at high excitation density up to room temperature. How-
ever the ASE properties at temperatures above 190 K are signifi-
cantly affected by the presence of the minority HT phase and of
charge transfer states competing with the ASE.

4 Conclusion

Temperature-dependent PL measurements were performed
in order to explore the emission properties of quasi-2D
BA3MA3PbsBr¢ perovskite films. We demonstrated that the films
are made of a mixture of wells with different thickness, even if
most of the emission mainly originates from the thicker wells.

By analyzing the temperature-dependent PL spectra, two tem-
perature regimes with different emission properties are identified,
ascribed to the coexistence of HT and LT crystalline phases, dom-
inating the PL spectra at low and high excitation density, respec-
tively.

The quasi-2D BA3;MA;3;PbsBr¢ perovskite shows ASE at low
temperatures in the range 13-230 K, whereas at higher temper-
atures the ASE disappears, due to the competition between ASE
and reabsorption from charge transfer states.
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