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Abstract

Cesius lead halide perovskite colloidal nanocrystals are among the most promising
perovskite systems for light emitting devices applications, due to their high fluorescence
quantum yield and high optical gain at room temperature. In this Letter, we report
on the first investigation of the temperature dependence of the Amplified Spontaneous
Emission (ASE) properties of thin films of CsPbBrs nanocrystals. We demonstrate
that ASE is strongly temperature dependent, with a complex variation in temperature
of the ASE intensity, threshold, and peak wavelength. The joint investigation of the
photoluminescence (PL) spectra below and above the ASE threshold allows us to con-
clude that the temperature increase results in the formation of disordered sub-domains
emitting in the low energy tail of the PL spectra, leading to the existence of three
emission regimes with transitions at about 90 K and about 170 K, with individually

different temperature dependences.

Introduction

Lead halide perovskite thin films are receiving an increasing attention in the last few years,
initially stimulated by the impressive performances improvement of solar cells, recently reach-
ing a record power conversion efficiency of 22.7%.' Beyond the excellent photovoltaic prop-
erties, allowed by the combination of high absorption cross sections, large carrier diffusion
length and low trap density,?? lead halide perovskites also show excellent optical properties,
like high photoluminescence Quantum Yield (QY),* fully tunable emission from the blue
to the near infrared,* % by adjusting the material chemical composition”® and exploiting
the quantum confinement in nanostructures, low Amplified Spontaneous Emission (ASE)
threshold and high optical gain at room temperature.?'® These properties, together with
the possibility of deposition from solution, have been recently exploited for the realization
of the first optically pumped perovskite lasers, using different cavity geometries like verti-
cal microcavity lasers,!! whispering gallery mode lasers,'® random lasers'? and Distributed
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Feedback lasers.

The high applied interest of the solution-processed perovskites thin films also stimulated
the research on the basic photophysical processes affecting the material properties. In this
frame the investigation of the optical properties as a function of the temperature, starting
from cryogenic temperatures, is a very powerful tool, and it has been to date exploited to

14,15

investigate the effects of the variation of the excitation-phonon coupling, of trapping or

14,16 15,17

detrapping processes, of exciton dissociation and of crystalline phase variation on

14-17,20-23

the absorption,'®! the photoluminescence, and the excitation relaxation dynam-

ics1416:17.21°23 of herovskite thin films.

Despite the rich scenario of temperature-induced processes affecting the basic photo-
physics of perovskite thin films, the ASE temperature dependence investigation is to date lim-
ited to few experiments, on polycrystalline bulk thin films of MAPbI3%4% and of CsPbBrj,2°
evidencing effects of the crystalline phase transitions and of the exciton trapping and de-
trapping processes, respectively. On the contrary the temperature dependence of the ASE
of thin films of colloidal perovskite nanocrystals has been to date not investigated yet.

In this paper, we report on the first investigation of the temperature dependence of the
Amplified Spontaneous Emission properties of a thin film of CsPbBrs nanocrystals between
10 K and 290 K, excited by a Nitrogen laser (3 ns pulses at 337 nm, repetition rate 10 Hz).
We demonstrate that the temperature decrease to 10 K results in a considerable increase of
the optical gain, and in a strong decrease of the ASE threshold. A complex temperature
dependence of the ASE peak energy, intensity and threshold is observed, evidencing the
presence of three different emissions regimes, namely below 90 K, between 90K and 170 K,
and above 170 K, with individually different temperature dependence. The joint investigation
of the emission properties above and below the ASE threshold indicates the formation of new
emitting species at low energy at characteristic temperatures of 90 K and 170 K, ascribed

to partially disordered crystalline sub-domains. We demonstrate that the ASE properties of

the films are strongly affected by the formation of these domains, and are mainly determined
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by the emission properties of the species emitting at lower energy.

Experimental section

Nanocrystal synthesis, thin film deposition and characterization

The CsPbBr3 nanocrystals have been synthesized by following the report of Protesescu et
al.? but with some modifications. The detailed procedure is described in the Supporting
Information.

The photoluminescence Quantum Yield (PLQY) has been measured in solution against
Fluorescein in NaOH 0.1M (excitation wavelength 488 nm).?"

The nanocrystals shape and dimensions have been investigated by using a Hitachi HT7700
EXALENS microscope operated at 100 kV.

The active film has been deposited by drop casting on glass substrates, at room temper-
ature and in air. In order to improve the film morphology the film was left to dry under a
Petri dish, thus slowing the solvent evaporation.

The film morphology has been investigated by a JEOL JSM-6480LV SEM measurements,
operated at 10 kV.

The fluorescence maps were measured by a Nikon Eclipse C1 fluorescence inverted mi-
croscope (20X DIC Plan Apochromat objective, 0.50 numerical aperture), by exciting with
a spectrally filtered mercury lamp in the range 470-490 nm and collecting the fluorescence

in the range 520-560 nm.

PL, Amplified Spontaneous Emission and gain measurements

A LTB MNL 100 nitrogen laser, delivering 3 ns pulses at 355 nm, with a peak energy up to
155 pJ was used as excitation source of the PL, ASE and optical gain measurements. The
pump laser has been focused by a cylindrical lens on a rectangular stripe with length up to

4mm and width of 100 gm. The laser excitation density has been varied by a variable neutral
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filter. The sample emission was collected from the sample edge, after waveguiding along the
pumped stripe, spectrally dispersed by a Acton 750 spectrometer, and detected by a Andor
Peltier cooled CCD. The spectral resolution was about 0.5 nm. The sample temperature
has been changed by a closed circle He cryostat, allowing to change the temperature in the

range 10K-290K.

Results and discussion

As a first step in our experiment, we investigated the excitation density dependence of
the PL spectra, at room temperature (290 K). The PL spectrum shows, at low excitation
density, a single emission resonance, peaked at 513.7 nm (2.414 eV) with a full width at
half maximum (FWHM) of 22.8 nm (108 meV, see Fig. 1 a). As the excitation density
increases a progressive intensity increase is observed, with a clear lineshape variation due
to the appearance of a narrow band peaked at about 526.7 nm, progressively dominating
the emission as the excitation density is further increased. These features are comparable
to the ones previously reported in similar samples both under femtosecond and nanosecond
pumping,!® and are ascribed to ASE. The ASE band appearance results in a clear slope
variation of the total intensity dependence on the excitation density (see inset of Fig.1 a).
We estimated an ASE threshold of about 2.55 mJem™2 by continuously increasing the pump
excitation density and determining the minimum excitation density that allows to observe
the ASE band appearance in the spectra. The optical gain spectrum, measured with the
variable stripe method at an excitation density of 6.0 mJcm™2, shows a single peak at 525.6

! (see Fig. 1 ¢).

nm with a maximum value of 12.9 cm™

When the temperature is decreased to 10 K (see Fig. 1 b) we observe, at low excitation
density, a PL peak red-shift to 521.5 nm (2.377 eV) and a FWHM reduction to 7.8 nm
(35.6 meV). As the excitation density increases a clear ASE band is observed, peaked at

530.5 nm, with a strongly reduced threshold of 147 pJem™2. The temperature reduction
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Figure 1: a): Excitation density dependence of the PL spectra at room temperature (290 K).
A clear ASE band is visible at 526.7 nm. Inset: excitation density dependence of the total
PL intensity, showing the slope increase across the ASE threshold. b): Excitation density
dependence of the PL spectra at T=10 K. ¢): net gain spectrum at T=10 K and T=290 K.

also leads to a considerable enhancement of the net optical gain, reaching the remarkable
maximum value of 241 cm™! (see Fig. 1 ¢) at an excitation density of 930 uJem™2. Thus the

temperature decrease to 10 K allows to increase the maximum gain value of about 19 times,
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at an excitation density 6.5 times lower, evidencing a considerable enhancement of the gain
properties.

In order to have a clear understanding of the temperature dependent processes affecting
the optical gain in our sample we thus measured the emission spectra at a common excitation
density of 4.6 mJem™2 (above the room temperature ASE threshold).

The obtained results, reported in Fig. 2 a as a 2D map, show a complex temperature
dependence, in particular as the temperature increases we observe that:

1) the ASE peak position shows a progressive linear (in energy) blue shift (see Fig.2 b) up
to 90 K with a best fit slope of 250 + 4ueV /K | followed by a weaker blueshift up to 170 K
with a slope of 67£7ueV /K, then a red-shift up to 270 K, and finally a blue-shift up to 290 K;

2) The integrated spectrum intensity is almost constant up to 50 K (see Fig. 2 c), then
a strong intensity reduction is observed up to 90 K, followed by a weaker quenching up to
170 K. A strong intensity recovery is observed up to 230 K, finally followed by a further

quenching up to 290 K.

3) The ASE threshold shows a strong initial increase up to 90 K (see Fig. 2 ¢), followed
by a weaker increase up to 190 K. Then an abrupt decrease is observed between 190 K and

210 K, followed by a continuous threshold increase up to 290 K.

Overall, these results evidence the existence of two common temperatures at which the
temperature dependences change, namely 90 K and between 170 K and 190 K, suggesting
the presence of three different emission regimes.

In order to rationalize the previous results we also investigated the PL temperature
dependence below the ASE threshold, at a common excitation density of 150 pJem™2.

The PL spectrum at T=10 K (see Fig.3 a) shows a main narrow peak at 521.5 nm (2.377
eV), with a FWHM of 8.6 nm (39.2 meV).
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Figure 2: a): 2D map of the PL spectra temperature dependence above the ASE threshold.
The red dashed line evidences the peak wavelength position. b): Temperature dependence
of the ASE peak energy. ¢): Temperature dependence of the total intensity and of the ASE
threshold.

When the temperature increases clear variations of the lineshape, the PL peak energy,
and the PL intensity are observed. In particular we observe that the intensity of the sharp

peak dominating the PL at T=10 K strongly decreases at 30 K, giving rise to a much broader
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Figure 3: a): Temperature dependence of the PL spectra temperature below the ASE thresh-
old. b): 2 D map of the spectra (normalized to the peak value) evidencing the temperature
dependent shift of the peak wavelength (dotted line). c¢): Temperature dependence of the
total intensity. d): Temperature dependence of the PL peak energy. The lines are the best
fit curves of a linear fit.

and featureless spectrum, redshifted of 1.1 nm (5 meV) (see Fig.3 d), and with a FWHM
increased to 11.4 nm (51.7 meV). When the temperature is further increased the following
features are observed:

1) The PL peak energy (see Fig.3 b and d) shows a linear blue shift with a best fit slope of
239 + 13ueV /K up to 170 K, with a clear slope reduction down to 48 + 5ueV /K at higher
temperatures;

2) the PL intensity (see Fig. 3 c) initially shows a very strong intensity decrease between 10
K and 90 K (about 95% intensity reduction), followed by a much weaker intensity decrease

up to 170 K, and then by a very clear recovery (7 times) up to 290 K;

The linear blue-shift of the PL peak energy has been already demonstrated in many

14,16,17,20,21,25

perovskite materials, evidencing a different behavior with respect to typical

inorganic semiconductors, whose PL peak energy typically decreases as the temperature in-
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creases.?® This behavior evidences that in these materials the blue-shift induced by thermal
expansion? dominates over the band gap renormalization due to the increase of the interac-
tion with phonons (leading to a red-shift).3® The best fit value of the peak energy blueshift
up to 170 K is in good agreement with the one found in similar NCs in literature,'” while
the slope variation above 170 K has not been observed to date.

Concerning the PL intensity we observe that previous investigations on CsPbBry NC-
sallowed to observe an intensity quenching as the temperature increases, generally around

6 and

10% in NCs realized at high temperature, both in thin films!” and in inert matrix,?
much higher in NCs synthesized at room temperature.?32 A PL intensity increase with the
temperature has been instead recently observed in formamidinium lead triiodide NCs, and
ascribed to thermally induced exciton detrapping from surface state, while the same material
in thin films only shows a strong quenching. !4

The investigation of the PL spectra temperature dependence, based on a multigaus-
sian fitting (see Supplementary informations), evidences that the spectra can be reproduced
with the superposition of two gaussian curves up to 170 K, while a third gaussian at high
wavelength is needed to reproduce the spectra at higher temperatures (see Fig. S3). The
presence of distinct peaks in the PL spectra of perovskites has been often reported to date,
and ascribed to a wide variety of processes, like the coexistence of a majority crystalline

15,22,23,33

phase with inclusions of a different crystalline phase, emission of free excitons and

23 9,34

donor-acceptor pairs,“® or emission of free excitons and bound excitons. In particular
the coexistence of a narrow PL peak and a broader red shifted peak has been observed at
T=10 K in CsPbBr3 NCs films® and in microstructures of FAPbBrs, and ascribed to the
coexistence of free excitons and bound excitons emission, respectively.?* According to this
attribution the lineshape variation between 10 K and 30 K could be ascribed to a varia-
tion of the peak at high energy from a narrow free exciton peak at 521 nm to a broader

bound exciton peak at 524.4 nm, with a increase of the total linewidth and a decrease of

the emission intensity. In the temperature range between 30 K and 90 K both peaks show
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a strong and quantitatively comparable quenching (see Fig. S4), leading to a total strong
PL intensity decrease but a constant relative contribution to the total intensity (see Fig.
S5). This behavior suggests that the two gaussian peaks simply come from a non gaussian
PL lineshape, showing a similar temperature evolution across the emission spectral range,
due to energy migration/transfer from the smaller nanocrystal to the larger ones, within the
Gaussian size distribution (see Fig. S1 b), as also observed in CsPbBr3 NCs solutions.®0 As
the temperature increases a clear blue shift of the low wavelength peak (peak 1) is observed,
while the high wavelength peak (peak 2) shows a weak redshift (see Fig. S6).

The intensity quenching in this temperature range evidences a trapping by non shallow
radiative defects, that is always thermally activated.?® A further explanation could be a
temperature induced increase of the self absorption, that produces particularly evident effects
in the used waveguide collection geometry, due to the thermal broadening of the exciton
absorption peak.® In the range between 90 K and 170 K the weak total intensity decrease
is due to the interplay between the intensity decrease of peak 1 (3.7 times) and a strong (7.4
times) intensity recovery of peak 2, leading to a progressive increase of the peak 2 relative
contribution to the total intensity. This behavior evidences the formation of a new specie
emitting in the low energy side of the spectra. Above 170 K a further emission contribution
in the low energy side of the spectrum appears, described by peak 3, accounting for about
20 % of the total emission intensity, with a comparable relative intensity decrease of peak 1.
This new emission feature initially redshifts up to 210 K, and then blueshifts.

This analysis thus evidences that the PL and ASE variation around 90 K and 170-190 K
are related to the formation of two new emitting species in the high wavelength range of the
spectra, described by a peak initially red-shifting and then blue shifting.

We also observe that the intensity variations of the gaussian peaks is strictly related to
the peak wavelength temperature dependence, both of the spontaneous emission and of the
ASE band (see Fig. S6). In particular both PL and ASE peaks show an identical blue shift

up to 90 K, determined by the temperature dependence of the peak wavelength of peak 1.
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Above 90 K, the decrease of the ASE blueshift slope and of the ASE threshold increase takes
place in correspondence of the peak 2 intensity recovery, reflecting the strong dependence
of the ASE band on the variation of the emission properties in the low energy tail of the
PL spectrum, where self absorption is negligible. A remarkable correlation is also observed
between the ASE peak wavelength and the peak wavelength of peak 3, above 170 K, clearly
evidencing that ASE originates from the emitter at lower energy. The general intensity
recovery and improvement of the ASE properties above 170 K is in apparent contrast with
previous reports of PL quenching of the PL intensity of CsPbBrs NCs, both in neat films'”

6 ascribed to exciton thermal dissociation. We ascribe this effect

and in inert polymer matrix, !
to the interplay between emission quenching due to exciton dissociation and a dominating
reduction of self absorption due to the decrease of the exciton absorption below the energy
gap, overall leading to an increase of the intensity collected from the waveguide edge.?”

Concerning the attribution of the temperature induced formation of emitting states at
low energy, we exclude any role of macroscopic crystalline phase transitions, as CsPbBrj is
characterized, both in bulk and in NCs, by an average orthorhombic crystal structure,3*4°
while phase transitions toward tetragonal and cubic phases only take place above room
temperature.®® We also exclude relevant roles of trapping and detrapping processes, recently
observed to affect the ASE properties of CsPbBrs bulk polycrystalline thin films,?® due
to the observed complex temperature dependence of the PL lineshape. While in general
a thermally activated trapping (detrapping) could lead to a temperature dependent PL
quenching (enhancement) the full explanation of our results would require a too complex
interplay between trapping and detrapping processes, i. e. a trapping with a very low
activation energy leading to a global PL quenching up to 90 K, followed by a simultaneous
trapping induced PL quenching at low wavelength and a detrapping at high wavelength
between 90 K and 170 K, and finally a general detrapping induced PL increase above 170
16,17

K, in contrast with the PL quenching reported in previous experiments.

The thermal activation of the increase of emission in the high wavelength range, with the

12
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simultaneous intensity decrease at short wavelength is instead qualitatively consistent with
the thermal activation of energy migration/transfer from small nanocrystals (emitting at
short wavelength) toward the large ones (emitting at high wavelength) within the nanocrys-
tal size distribution (see Fig. S1). In this case at low temperature the small available thermal
energy should prevent long range energy migration, only allowing spontaneous energy mi-
gration toward low energy (down-hill migration),*! resulting in a temperature independent
lineshape. As the temperature increases the thermal activation of energy migration toward
high-energy sites (up-hill migration) allows a long range migration toward deeper energy
minima, thus overall increasing the emission at high wavelength at expenses of the one at
low wavelength. Our results are anyway not consistent with this expected dependence in
many points. First of all the low temperature data (up to 90 K) evidence the presence of
two peaks with similar intensity decrease up to 90K, compatible with the absence of ther-
mally activated energy migration. However this does not lead to a temperature independent
lineshape, as we observe a continuous broadening at high wavelength evidenced by the peak
2 redshift. A further important difference between our data and the expected behavior of
thermally activated energy migration is the presence of two temperatures at which both the
spontaneous emission and the ASE temperature dependences strongly change, while long
range energy migration typically shows a single activation energy.

Our results are instead consistent with the recent attribution of the complex X-ray spectra
of CsPbBr3 NCs to the presence within the NC of a nearly ordered orthorombic subdomains,
separated by a network of twin boundaries, with a number increasing with the temperature.4°
Similar conclusions have been also recently obtained in order to explain the presence of
multipeak PL spectra in polycrystalline solution processes perovskites thin films, attributing

.21 The presence of two

the subdomains to different order level of the organic component
clear transition temperatures between the different observed emission regimes, namely 90 K
and 170 K, suggest that the twin boundaries formation requires specific value of the lattice

parameters, that are temperature dependent due to the thermal expansion. Moreover the
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temperature dependence of the peak wavelength of peak 2 up to 110 K, and of peak 3 and of
the ASE peak above 170 K, showing a red-shift followed by a blue-shift, is consistent with an
initial temperature induced increase of the subdomains dimensions, followed by a dominant
contribution of the lattice expansion induced blue-shift. The formation of these disordered
domains results in the increase of the emission at low energy,?' and clearly modifies the PL

spectra, strongly affecting the ASE properties.

Conclusions

In conclusions we investigated the temperature dependence of the spontaneous and stimu-
lated emission of CsPbBrs NCs in thin films, evidencing the presence of three different emis-
sion regimes, ascribed to the formation and the temperature evolution of partially disordered
sub-domains, strongly affecting the macroscopic ASE properties of the films. Our results im-
prove the understanding of the perovskite NCs light amplification properties, demonstrating
that the total ASE properties of NCs thin films are mainly determined by the emission

properties of a minority distribution of sub-domains emitting at low energy.

Supporting Informations

Nanocrystals materials and synthesis details; TEM characterization of the shape and the
size of the NCs (Fig. S1); PLQY in solution; SEM and fluorescence microscopy of the film
morphology (Fig. S2); details of the multigaussian fitting; temperature dependence of the
number of gaussian peaks (Fig. S3); Temperature dependence of the peaks intensity (Fig.

S4), relative intensity (Fig. S5) and peak wavelength (Fig. S6).
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