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Abstract

Organometal halide perovskites have recently attracted widespread attention among sci-
entists, as they combine the advantages of low-cost processability with strong light ab-
sorption, band-gap tunability from the near-infrared to the visible region of the
electromagnetic spectrum, efficient light emission and charge transport. Such combina-
tion of features is unique among solution-processed materials and makes perovskites ap-
pealing for several optoelectronic applications, in particular those related to energy
sustainability, which could help the advent of a new generation of low-cost but efficient
solar cells and large-area light-emitting devices.This chapter reports a critical review of
the efforts that scientists have made until now to understand the photophysics of organo-
metal halide perovskites. We address the ongoing debate on the nature of the photoexcit-
ed species, namely the role played by free carriers and excitons, the determination of the
exciton binding energy as a measure of the Coulomb interaction strength in these materi-
als, the competition between radiative and non-radiative processes, the role and density
of charge carrier traps, and last but not least a critical analysis of those phenomena at the
base of laser action, highlighting the most relevant results and possible solutions to issues
that still remain open.

Keywords: Hybrid perovskites, excitons, free carriers, amplified spontaneous emission,
laser

1. Introduction

Organometal halide perovskites are solution-processed semiconductors showing efficient
charge transport, favorable emission properties, strong light absorption and optical gap
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tunability from the visible to the near-infrared spectrum [1-16]. Such interesting properties
make these materials very appealing for the realization of solar cells and optical emitters [17-
19]. Despite the widespread research activities on these novel semiconductors, some funda-
mental aspects of the photophysics underlying perovskites have been elusive, especially for
what concerns the excited state dynamics [20-29]. For instance, due to the hybrid organic—
inorganic nature of organometal perovskites, in principle it is not clear if the excited state
properties are dominated by bound or unbound electron-hole states, that is excitons or free
carriers. While initial reports assumed the presence of excitons, much like in organic materials,
recent optical spectroscopy evidences have emerged that the majority of band-edge optical
excitations at room temperature appears to be free carriers [6,22,30].

The architecture of a solar cell depends on this feature. Indeed, if the majority of photoexcited
carriers happens to be bound electron-hole states, a heterojunction is necessary to split charges
and then produce a current flow in a photovoltaic device. On the other hand, if photoexcitation
results in the formation of free carriers, the solar cell structure is simplified, since charges are
already separated and can be easily collected at the electrodes.

A lively debate has then started to understand the physical reasons that underpin the preva-
lence of free carriers over excitons. Clearly, within such debate, a precise and reliable deter-
mination of the exciton binding energy is of paramount importance. Reports of exciton binding
energies have varied widely, from less than 5 meV to over 50 meV [22,30-37]; it has even been
suggested that the exciton binding energy may be temperature-dependent, due to ionic
screening effects [33,34,38].

Beyond the potential application in photovoltaics, organometal halide perovskites exhibit also
excellent emission properties. In fact, amplified spontaneous emission (ASE) was also dem-
onstrated for photoexcited carrier densities above a threshold value [17-19], representing the
tirst step towards a laser device. Until now, many experiments probed optical amplification
under impulsive excitation, meaning that the pumping pulse duration is much shorter than
the typical lifetime of the excited states of the crystals [17-19,39—41]. In these kinds of experi-
ments, ASE occurs within a sub-nanosecond time window, which is far from the continuous
wave (cw) operation of a real laser device. Hence, it is not clear how long these materials can
sustain optical amplification and what warming issues and parasitic processes are involved.
Understanding these features is crucial in the perspective of the realization of a perovskite-
based cw laser [19].

The aim of this chapter is to summarize the progress made in understanding the physics of
excitons and free carriers in perovskites, both in the low excitation regime relevant for solar
cells and in the high excitation regime needed for optical amplification. Experimental results
obtained from optical spectroscopy measurements carried out in the Department of Physics
of the University of Cagliari will be analyzed and critically compared with results published
by other research groups.

Sections 2-5 of this chapter describe the absorption and the emission properties of pure and
mixed methylammonium lead iodide perovskite films (MAPbI; and MAPbI, Cl,, respective-
ly), showing that the prevailing excited species in these materials is a correlated electron-hole
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plasma at room temperature, from injected carrier densities typical of solar illumination to
those typical to obtain light amplification [30].

An investigation about amplified spontaneous emission in organolead halide perovskites is
provided in Sections 6-10, where both the temporal and the spectral photoluminescence (PL)
signals have been studied under short- and long-pulsed excitation at high laser fluence,
focusing on the physical parameters that allow or inhibit optical amplification in methylam-
monium lead iodide and bromide (MAPDbBr;) perovskite thin films.

2. Exciton binding energy in perovskite films

A large absorption coefficient across the visible spectrum and the consequent efficient solar
light harvesting is one of the strong points of perovskites. Initial works rationalized the strong
absorption close to the energy-gap and the nature of optical excitations close to the band-gap
in terms of excitons, as in organic semiconductors; further investigations have recently
converged to state that photoexcitation results in the generation of free carriers in a wide range
of pumping intensities, even at ones comparable to solar illumination, as typical of inorganic
semiconductors. Such finding is consistent with small values of the exciton binding energy,
for which thermal energy is sufficient to ionize excitons in free electrons and holes.

A reliable framework usually adopted in solid state physics to estimate the exciton binding
energy is Elliot’s theory of Wannier excitons [42], which is valid for bulk semiconductors
having exciton binding energies much smaller than the energy gap (Wannier excitons). Such
theory accurately describes the optical transitions near the band-gap in inorganic semicon-
ductors like GaAs and GaP [43,44] and models the shape of the optical absorption coefficient
a(hw) by the following equation:

N 27, E O0|\hw—E
a(ha))oc:i‘;Z‘(pj(r=O)‘25(ha)—Ej)oc:—i‘; Z4ﬂj3Eb 5<hw—E]t.’)+ ”\/T’z( alb g) )
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The absorption coefficient depends on the weighted density of electron-hole pair states, with
the weight provided by the probability for an electron and a hole to be at the same position,
that is | ¢,(r=0) |2 while ¢, represents the wave functions of bound and unbound states.

represents the transition dipole moment between conduction and valence bands, and #iw is
the photon energy involved in the transition. In the third expression of Eq. (1), the first term

describes the transitions to bound exciton states Ejb, while the second term takes into account
the band-to-band transitions above the energy gap E,. 6(x) and 0(x) are the Dirac-delta and

the Heaviside step function, respectively, and E, is the exciton binding energy.
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Eq. (1) can be used to fit the measured absorption spectra of perovskite films, provided that it
is convoluted with a bell-shaped function accounting for line broadening. In addition, the
introduction of the joint valence-band energy-momentum dispersion leads to a better approx-
imation between theory and experiment, as it overcomes the limits of the parabolic bands
approximation. Upon these improvements, Eq. (1) can be modified as follows:

£ B
3 E-E,
1-e &
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The density of states has been developed in series at the first order for small values of b, which
is a factor that takes into account the non-parabolic dispersion. The hyperbolic secant function

of width I" accounts for thermal and inhomogeneous broadening; «,,; is a constant that is

scal

adjusted in order to obtain the right scaling between the model and the experimental absorp-
tion spectrum; in the fitting procedure, we also allowed for absorbance offsets often found in
experimental curves due to unbalanced reference or zero spectra in spectrophotometers.

In order to establish that the model can describe the absorption of MAPbI; perovskite films,
regardless of the particular morphology and growth conditions of each sample, we fitted Eq.
(2) with a least square method to several absorption spectra reported in literature by different
research groups. The binding energy is obtained as a fitting parameter, and the fitting range
has been extended as much as possible at low and high energy in order to minimize uncer-
tainties connected to the calculation procedure. Published data were extracted from the pdf
files through the CurveSnap software, freely available online.

First, we analyzed the absorption measurements at low temperature, where the broadening is
less pronounced and therefore the fitting procedure is more sensitive to the value of the exciton
binding energy. Figures 1a,b show a comparison between the absorption spectra reported by
D’'Innocenzo et al. and our experimental data, recorded at 160 and 170 K, respectively [22,30];
the relative contributions of excitons and free carriers to the absorption spectrum are also
shown. While the broadening is different in the two cases, the values of the exciton binding
energy are comparable and coincide within the uncertainty. Figures 1c—f show the same
analysis carried out at room temperature, applied to absorption spectra reported in references
[5,22,45]. Even at room temperature, the fitted values for E, do not differ more than 20% from

the average of 23 meV. Such value is intermediate between the binding energy typical of
Frenkel excitons in organic semiconductors (>100 meV) and the one typical of Wannier excitons
in inorganics (<10 meV) [46,47].

The overall picture emerging from the analysis of optical absorption data seems therefore
converging towards a value of 23 meV for the exciton binding energy. These results are in
contrast with what observed with magnetometry, as some recent publications have reported
values of the exciton binding energy that depend on temperature, as a consequence of
screening effects. Such works report exciton binding energy to be nearly 15 meV at low
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Figure 1. Absorption spectra in MAPbI, perovskite films. The red empty circles represent the theoretical fits to the ex-
perimental data (continuous black lines). The contributions to the absorption due to both excitonic and band-to-band
transitions are modelled in the framework of the Elliott’s theory of Wannier excitons. The dotted green lines are rela-
tive to excitonic transitions, while the continuous blue lines are relative to band-to-band contributions with the inclu-
sion of Coulomb interactions between electrons and holes. (a,b) Absorption spectrum reported by Saba et al. at 170 K
and by D’'Innocenzo et al. at 160 K, respectively [22,30]. (c,d,e,f) Absorption spectra reported at room temperature by
Saba et al., Sutherland et al., D'Innocenzo et al. and Stranks et al., respectively [5,22,30,45].

temperature and a few meV at 300 K [33,34,38,48], while previous works with similar
techniques reported values as large as 50 meV [31,49]. Since the interpretation of magneto-
metry data requires several analysis steps, at the moment it is not clear what the origin of
this discrepancy is.

3. Emission properties from free carriers

Linear absorption spectroscopy is extremely useful to obtain information about the optical
response and quickly highlights benefits and disadvantages of the material in terms of light
harvesting, which represents the main ingredient for photovoltaics applications. Further
insight into the electronic properties is provided by the study of the excited state emission
properties, as the techniques probe how optical excitations populate the available states.
Particularly, photoluminescence under pulsed, femtosecond excitation is useful in determin-
ing relaxation rates and excited state dynamics.

Emission in MAPbI; and MAPbI,_ Cl, perovskites occurs close to the excitonic resonance and
the high energy side of the PL peak overlaps with the continuum of band-to-band transitions
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in a wide excitation range, as shown in Figure 2a. Short-pulse excitation experiments show
that the PL signal rises instantaneously after the laser pulse arrival; the time decay of photo-
luminescence can be observed from Figures 2b,c. Two different samples are presented,
MAPbI; and MAPbI; ,CL, perovskites; absorption and emission properties are quite similar in
both perovskites, since chlorine content has been determined to be a small fraction, not larger
than 2%. However, the dynamics of the PL is different in the two samples, with much longer
decay in the MAPDI; ,CL, film; several reports in literature state that the role of Cl is to alter
the perovskite crystallization dynamics and, as a result, MAPbI; ,CL, perovskites have lower
trap densities than what observed in MAPDI; [50,51], with a corresponding longer excited state
lifetime. Inset in Figure 2a shows a clear difference between perovskites with and without
chlorine in terms of PL lifetimes at low laser intensity, according to what reported in literature.
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Figure 2. (a) Transient photoluminescence spectra for mixed MAPbI; Cl, films at 300 K, integrated in 60 ps (temporal
resolution of our streak camera), compared with the absorption spectrum at the same temperature (gray shadow). Pho-
toluminescence was excited by 130-fs-long laser pulses with a repetition rate of 1 kHz and 3.18 eV photon energy. The
legend reports the injected carrier density, calculated from laser pulse fluence and film absorbance. Inset: time resolved
PL signal from mixed MAPbI; Cl, (blue line) and pure MAPbI; (red line) films, relative to an excitation density of at
1.7x10"7cm. The different mean PL lifetime is attributed to different trap densities in the samples. (b,c) Transient PL
signal as a function of the injected electron-hole pair density at the film surface in MAPbI; Cl, (b) and MAPbI; films
(c). The initial decays of the signal are fitted by an exponential function (black dotted lines). The injected carrier densi-
ties are relative to the PL spectra shown in (a).

Radiative recombination processes can be investigated studying the intensity of the photolu-
minescence signal immediately after the laser excitation (PL;), before electronic states are

depopulated by slow recombination mechanisms. The electron-hole pair density n, at the

sample surface, injected from a short laser pulse, can be estimated multiplying the laser pulse
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fluence times the absorption coefficient of the sample at the excitation wavelength. The
evolution of PL, with 1, shows what type of carrier prevails as outcome of the photoexcitation.

Figure 3 shows PL, as a function of n,in MAPbI; and MAPbI,_Cl, perovskites. The PL intensity

scales quadratically in the injected carrier densities from less than 10' to 10" cm?®, which
corresponds to laser pulse fluence values from less than 0.1 to about 10 puJ/cm?. Such quadratic
scaling is the signature of bimolecular recombination and is consistent with the radiative
recombination from a gas of unbound electron-hole pairs [52]. On the other hand, isolated
excitons should give rise to monomolecular recombination, with the PL intensity linear in the
exciting laser fluence. PL, tends to saturate above 2.5x10' cm™, as a consequence of the band

filling.
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Figure 3. MAPDbI; and MAPbI, Cl, photoluminescence emission intensity estimated at =0 (PLO) as a function of inject-

ed electron-hole density (lower axis) and laser pulse fluence (upper axis). PL, values relative to laser pulse fluences

higher than 100 yJ/cm? could not be extracted from experimental decays, since they were much faster than the tempo-
ral resolution of our instrument. The black-dashed lines represent the PL, quadratic dependence on 11, and are re-

ported as a guide for eyes.

Focusing only at time zero, all the recombination processes that occur later after laser excitation
are neglected. On the other hand, they can be investigated studying the quantum yield (QY),
defined by the ratio between the time-integral of the PL signal (TIPL) and the laser fluence ¢.

Figure 4a shows the QY as a function of the laser fluence, which can be explained in terms of
interplay between radiative and non-radiative recombination processes. The rise of the QY

below 1,~10" emis due to the fact that carrier trapping is the fastest recombination process

in such excitation regime, while radiative recombination becomes faster for growing carrier
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densities, so that a larger fraction of optical excitations recombine radiatively. The increase in
QY reaches a maximum above no~1017 cm3, as the radiative recombination rate overcomes
the carrier trapping and becomes the fastest recombination channel; under such conditions, a
further increase in the radiative recombination rate only makes recombination faster, but it
does not significantly increase the fraction of carriers that recombine radiatively, which is
already close to unity. For even higher excited densities, above 1,~10" cm=, non-radiative
density-dependent Auger recombination, whose rate is cubic in the density, and therefore
increases faster than the radiative rate, becomes dominant, causing the observed QY decrease
[30]. The remarkable high values of the QY (30% for MAPbI; and 70% for MAPbI, ,Cl,) are
reached for injected carrier densities close to the amplified spontaneous emission thresholds
reported for these materials [18,19].
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Figure 4. Photoluminescence quantum yield and photoluminescence decay rates for the two perovskite samples
(MAPDI, red triangles, MAPbI,,Cl, blue squares). (a) The emission quantum yields are calculated as TIPL/ ¢, where ¢
is the laser pulse fluence. The injected carrier density is calculated multiplying the laser pulse photon fluence by the
absorption coefficient of the films. As a reference, the laser pulse fluence directly measured in the experiments is also
reported on the top axis. Initially, the QY grows with fluence for both films, as the bimolecular recombination becomes
faster and a growing fraction of the injected excitations recombine radiatively, instead of being trapped. At excitations

4x10" cm™, non-radiative Auger processes dominate. The absolute QY is scaled to match theoretical predictions. The
maximum QY values are about 30% for MAPbI; and 70% for MAPbI, Cl.. The dotted lines represent predictions from
a rate equation model accounting for the main relaxation channels for electrons and holes. Simulations take into ac-
count the exponential spatial profile of the electron-hole density created by laser pulses. The very good agreement be-
tween model and data indicates that the main photophysical processes are accounted for in the model. (b) Decay rates
for the transient PL signal plotted as a function of the injected carrier density on bottom axis and the laser pulse flu-

dPL 1
ence on top axis. The rates, defined as kPL=[T . W}t:O’ are extracted from the data in Figures 2b,c. Such rates

represent the initial decay and should not be mistaken for the average photoluminescence decay rate obtained by fit-
ting the entire decay with an exponential function. The error bars represent the standard deviation from a least square
fit to an exponential decay and are reported only when they exceed the size of the marker. The rates are very similar
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for the two samples (although the average exponential decay rates are significantly different) and grow together for
growing injected carrier densities. Such rates measure the intrinsic density-dependent bimolecular and Auger recombi-
nation processes. The dotted lines represent the results of the rate equation used to model the experimental data: the
agreement with the experiment is satisfactory also in this case.

Also the analysis of the initial PL decay rate at time zero, extracted right after laser pulse
excitation, confirms our interpretation of the hierarchy of the recombination rates. Figure 4b
shows that the initial PL decay rate increases with 1, as a consequence of the activation of

density-dependent recombination mechanisms. Differently from the average PL decay rate,
calculated at low excitation intensity, which is different in various samples (inset in Figure
2a), the initial PL decay rate is quite similar among them. This fact reflects that while the mean
PL decay time is sensitive to extrinsic effects like traps and defects, which are significant in all
solution-processed semiconductors, the initial PL decay rate is dictated only by intrinsic
nonlinear processes [30]. For growing excitation densities, the initial recombination rates
increase in both perovskite samples, as radiative and Auger recombination become faster and
faster.

4. Recombination rates

Fundamental parameters of semiconductors can be estimated theoretically by analyzing
absorption and photoluminescence experimental results. As well as the absorption coefficient
and the emission wavelength, bimolecular and Auger recombination rates represent two
constants that characterize the material and can be used as figures of merit for some optoe-
lectronic applications. Values of the bimolecular recombination constant from 10! to 10° cm?
s have been reported in literature for MAPDbI; and MAPbI,_,Cl, perovskites [20,30,53]. One
would expect that for such an intrinsic process similar values are to be obtained in all samples.
Such wide range of reported values can be attributed to the different methods used to calculate
it. It is common to extract the bimolecular constant from the PL decay curves, fitting them to
a multi-power decay. Such method, however, does not provide reliable estimates whenever
applied to noisy curves with several competing processes that are simultaneously relevant; in
the particular case of perovskites, a monomolecular decay from trapping, a bimolecular one
from radiative recombination and trimolecular one for Auger need to be accounted simulta-
neously, all convoluted with the temporal resolution of the experimental apparatus. On the
other hand, extracting the bimolecular constant from the absorption coefficient is a widely
used method in solid state physics that makes use of the symmetry between absorption and
emission processes and is completely independent on non-radiative recombination processes.
In order to extract the bimolecular coefficient, one has to fit the absorption spectrum with the
Kubo-Martin-Schwinger relation, as detailed in references [54,55]. Our estimate of the bimo-
lecular constant in MAPDbI; perovskites, extracted from absorption, is 2.6x10"° cm? s™, a value
included between the two extrema reported in literature.

Differently from the bimolecular constant, the Auger recombination rate could significantly
change among samples, as it increases with the defect density of a crystal, which can depend
on the synthesis method and the surface morphology [56,57]. Recent works report Auger
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recombination constants from 10% to 10*cm® s™ for pure and mixed methylammonium lead
iodide perovskites. Our estimates of 2x10% cm® s for MAPbI; Cl, and 4x10% cm® s for
MAPDI; perovskites are consistent with other published results [20,30]. Auger recombination
rate is higher in pure iodide perovskites than in those with chlorine, according to the less
crystallinity in samples synthesized without Cl.

5. Steady-state photoluminescence

The experimental results obtained under impulsive regime have provided numerical estimates
of fundamental parameters in perovskites and a clearer view of the excited state dynamics.
Nevertheless, such kinds of experiments do not investigate what occurs when samples are
continuously excited and there is interplay between absorption and relaxation processes, as
happens in steady-state operation. In perspective of the realization of perovskite-based
working devices, it is important to have a deep understanding of these processes, as real
devices work under continuous operation. A reliable instrument of investigation of the steady-
state properties is represented by experiments carried out exciting samples under cw pumping
or with pulses much longer in time than the PL lifetime of the excited states.
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Figure 5. Steady-state photoluminescence. (a) Photoluminescence signal as a function of the intensity of the exciting
laser. The empty markers represent the measurements obtained with a cw Nd:Yag 532 nm laser; the filled markers are
instead measured in quasi-cw conditions, exciting the samples with 300-ns-long laser pulses from a Q-switched 527 nm
Nd:YIf laser; the pulse duration is much longer than all the relevant relaxation rates, so that steady-state conditions are

expected to be achieved during laser excitation. The PL signal grows as [ 32 for a wide range of excitations. Investiga-
tions were extended from laser intensities much lower than the solar one to intensities large enough to generate popu-
lation inversion and optical gain. The unusual 3/2 power law is attributed to intra-gap trap states with only electrons
or only holes, but not both of them. The dashed black line shows the PL dependence in laser intensity as a result of the
trap model, under the assumption that electrons are the trapped species. (b) shows a sketch of the relaxation of optical
excitations under steady-state conditions (VB is the valence band and CB the conduction band).
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Figure 5a shows our experimental results carried out under cw excitation, spanning light
intensities from 10 to 10* W/cm?. Below 100 W/cm?, the PL signal follows a 3/2 power law in
the laser intensity for five decades excitation intensity. Such 3/2 power dependence implies
that the radiative recombination is not the only process that governs the electron-hole dynam-
ics under this regime; otherwise a linear dependence of the PL in the laser intensity would be
expected, if radiative processes would be dominant. The particular 3/2 power law could be
explained accounting the role of intra-gap states that act only on one kind of carrier, meaning
traps only for electrons or only for holes (Figure 5b). Above 10> W/cm?, the deviation from the
3/2 power law to a linear dependence is attributed to the increase of radiative recombination
with respect to carrier trapping [30]. Trap density is estimated to be of the order of
10'%-10"cm, in agreement with what reported by other works [6]. Despite such large trap
density, carrier trapping does not prejudice electronic properties, as PL lifetimes exceed several
nanoseconds from intensities smaller than solar illumination to those typical to obtain light
amplification. Hence, the resulting carrier mobility is sufficiently high to justify the remarkable
transport properties and the efficient charge collection in perovskite-based solar cells reported
in literature.

6. Organolead halide perovskites as active media in laser devices

The strong absorption at the band-edge, in addition to the ambipolar transport with high
carrier mobility and gap-tunability, makes organometal halide perovskites very promising not
only for the realization of solar cells but also as optical gain media in laser devices, as high-
lighted by many reports showing amplified spontaneous emission under intense photoexci-
tation [17-19,39,45,58]. Deschler et al. and Xing et al. reported optically pumped lasing and
amplified spontaneous emission from perovskites arranged in cavity resonators and in cavity-
free configuration, respectively [17,18]. Recently, Zhu et al. reported threshold densities of the
order of 10" cm™ from single-crystal lead halide perovskite nanowires, which is a value about
two orders of magnitude smaller than what was reported by the previous works [39]. In the
light of these results, itis clear that organometal halide perovskites have a potential application
as active media in laser devices. However, demonstrations reported up to date report ASE
under impulsive excitation, a condition well away from real laser devices, which work under
continuous operation. Probing emission properties with ns-long-pulse excitation simulates a
regime more similar to what happens in a real device, and provides further information about
the potentialities and the shortcomings of perovskites as optical gain media [19]. The first
report about nanosecond excitation is the one published by Sutherland et al., which shows
lasing from MAPDI; perovskite thin layers deposited on spherical glass resonators, exciting
samples with 2-ns-long pulses [45]. Nevertheless, this regime is still far from a real cw
excitation and other experiments are required to have a deeper understanding of emission
properties in perovskites [19]. Results obtained in different excitation regimes, from the
impulsive to the quasi-cw, and improvements of our experiments with respect to other works
are reported in the following sections and compared with the most recent researches.
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7. Lasing and ASE under impulsive excitation

ASE in MAPbI; and MAPDbBr; perovskite thin films manifests itself through a sharp peak that
appears under short-pulse excitation in the low energy side of the PL spectrum of both films,
when the injected carrier density reaches a threshold value. Figure 6 shows emission spectra
at different excitation intensities from methylammonium iodide and bromide perovskite thin
films at room temperature.
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Figure 6. Time integrated photoluminescence spectra of MAPbI; (a) and MAPDbBr; (b) perovskites at 300 K. Emission
was excited by 130-fs-long laser pulses with a repetition rate of 1 kHz and 3.18 eV photon energy. Spontaneous and

amplified spontaneous emissions were detected by a CCD camera. From top to bottom: laser fluence = 90 [ J/cm?, 70 U
J/em?, 40 W J/em?, 30 U J/em?, 20 W J/em?, 10 UL J/cm?,

ASE threshold densities are calculated by averaging the laser fluence times the absorption
coefficient at the excitation wavelength over the film thickness. Even if samples realized with
the same procedure are excited with the same laser source, they show slightly different values

of the ASE threshold, but for most samples the threshold is in the interval 2-5 x 10 em=[19].

Such values are comparable to the ones reported by Xing et al. (1.7x10'® cm= in MAPbI, films),
who investigated MAPbX; (where X = Cl, Br, I) thin films under short-pulse excitation [18].
The dispersion of the ASE thresholds among the same set of samples can be attributed to their
surface morphology, which is the main responsible for optical losses. Instead, the large
difference in ASE values reported in various publications can be associated to the sample
architecture, in addition to the issues originated from the surface morphology. In the experi-
ments reported by Deschler et al., MAPbI; Cl, perovskite layers were placed between
dielectric and evaporated gold top mirrors [17]. The same perovskite layers show ASE in
cavity-free configuration, but at fluences above 1 mJ/cm? about two orders of magnitude
higher than what observed in both our results and the ones reported by Xing et al. [18]. The
remarkable low lasing thresholds reported by Zhu et al. (1.5 x10'® cm™) are attributed to both
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the high crystallinity of nanowires and their morphology, as the linear shape of nanowires acts
as waveguide [39].

Even though such investigations are extremely useful in perspective of the realization of a
perovskite-based laser, they are not sufficient to state if these materials could be effectively
employed as optical gain media. Actually, experiments carried out under impulsive regime
do not take into account any interplay between laser excitation rates and relaxation processes
that occur in real cw lasers, as the carrier injection is ultrafast and the emission occurs imme-
diately after, when pumping has already stopped. Real lasers work under cw operation, a more
complicated condition than what happens under impulsive regime, as excitation and emission
occur at the same time and optical amplification is observed until the population inversion
condition is kept. Under cw excitation, issues connected to warming could considerably affect
the light emission properties, especially at high-injected carrier densities (above 10" cm™),
where non-radiative Auger recombination begins to compete with optical emission [19,30].

8. Amplified spontaneous emission under ns excitation

Investigation of emission properties under excitation pulses having duration comparable or
longer than the PL lifetime supplies the limits of the ultrafast pumping. Under 4-ns long-pulse
excitation, ASE is observable at room temperature in both MAPbI; and MAPDBT; thin films at
threshold densities of the order of 10 - 15 kW/cm? (~40-60 p J/cm?) [19]. Such values are
comparable with what reported by Sutherland et al. (65+8 u J/cm?), who excited perovskite
layers of ~75nm in thickness with pulses of 2 ns [45]. At this excitation intensity, the PL lifetime
of our samples, measured under femtosecond laser excitation, is about 1 ns, which is a value
lower than the 4-ns laser pulse.
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Figure 7. Quasi-steady-state stimulated emission in trihalide perovskite films. Photoluminescence was excited at dif-
ferent temperatures by 300-ns-long laser pulses with a repetition rate of 6 Hz and 2.35 eV photon energy. (a-d) Time-
integrated photoluminescence spectra of MAPDbI; (red lines) and MAPDbBr; (blue lines) perovskites detected by a CCD
camera; ASE occurs at cryogenic temperatures (180 K), but disappears around 220 K.

Despite using excitation pulses of 4 ns could be considered a quasi-cw excitation regime, such
pumping is not sufficient to guarantee if perovskites can act as active media in a real device.
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Using 300-ns-long pulses as laser source, no ASE is observed at room temperature in any
perovskite film. A very small hint of amplification is observed at 220 K and a clear ASE peak
appears at lower temperatures, as can be observed from Figure 7. Such findings suggest that
some processes connected to temperature clearly affect the ASE threshold density under cw
excitation. ASE inhibition is likely due to the higher amount of energy deposited by the long
pulses, which results in more warming than what obtained under short-pulse excitation [19].

9. Optical thermometry

The plasma temperature can be extracted from PL spectra by fitting the high energy tail of the

emission peak to a Ae “£/5Tr Boltzmann function, where A is an arbitrary multiplication factor,
E the photon energy, k; the Boltzmann constant and T}, the plasma temperature [59].

Inset in Figure 8 illustrates the fitting procedure and shows the plasma temperature as a
function of the laser fluence. As one may expect, the plasma temperature increases for
increasing laser fluence. The main plasma heating sources under photoexcitation are due to
the excess energy of the laser photons with respect to the energy gap and to non-radiative
processes from both carrier trapping (at low intensities) and Auger recombination (at high
intensities) [19]. Sample excitation with different laser wavelengths, from energies higher than
the energy gap to about resonant with it, shows direct effects of excess energy on plasma
temperature. Experimental results, reported in Figure 8, show that both contributions are
significant, as larger excess energy causes larger warming, but some warming occurs even for
quasi-resonant excitation, when Auger is the main source of heating. The role of Auger
recombination is also evident at high densities by the rapid increase of the plasma temperature
with the excitation intensity.

More significant warming effects can be observed using 300-ns-long excitation pulses and
measuring the time-resolved PL evolution at different lattice temperatures T| and, for each

T,, at different excitation intensities. Here, the thermometry is applied to each of the spectra

in the time-resolved spectrogram and therefore yields information about the temporal
dynamics of the plasma temperature. At low excitation intensities, the time-resolved PL signal
follows instantaneously the laser pulse, while for densities comparable and higher than ASE
threshold, a clear temporal reshape of the PL signal is observed. Such process is evident at high
laser intensity even when ASE is not noticeable from PL spectra as shown in Figure 9c,d. The
temperature dynamics helps providing a physical explanation, showing that the temporal
reshape is accompanied by an increase in the plasma temperature.

Both the temporal reshaping and the observation of ASE only at low lattice temperature under
long-pulse excitation can be interpreted in terms of decrease of the radiative efficiency with
increasing laser intensity. Such process is a consequence of the plasma warming generated
during the intense pulse [19]. An interesting point is that every time ASE is observed, it stops
when the plasma temperature overcomes about 370 K, independently from the initial tem-
perature of the lattice (Figures 9e,f).
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Figure 8. Plasma temperatures of a MAPDI; film as a function of the laser fluence. The empty markers represent the
measurements obtained exciting the sample at a lattice temperature of 300 K with 130-fs-long laser pulses at repetition
rate of 1 kHz and different photon energies; the filled markers represent the opposite regime, with 5-ns-long laser puls-
es at a repetition rate of 10 Hz and different photon energies. The arrows represent the ASE thresholds for the two
excitation regimes. The corresponding average excitation power density during the ns laser pulses is also reported on
the top axis as a reference; such axis does not apply to measurements under fs excitation. The excess energy was calcu-
lated as the difference between the excitation photon energy and the energy gap (1.55 eV); the wavelength indicated in
brackets is the actual central wavelength of the excitation laser. Inset: plasma temperatures are extracted fitting the
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high energy tail of photoluminescence spectra with a Ae exponential function, representing a Boltzmann ther-

mal distribution, E being the photon energy, T the temperature, k the Boltzmann constant and A an arbitrary mul-

tiplication factor. The blue lines represent the fitting functions.

As a confirmation, one can measure the ASE threshold densities carried out under short-pulse
excitation as a function of the lattice temperature, from 300 K to 160 K. Experimental results,
reported in Figure 10, show that ASE threshold fluence follows a quadratic dependence in the
lattice temperature in both MAPbI; and MAPbBr; perovskites [19]. Since absorption does not
change significantly from room temperature to 160 K, such dependence cannot be ascribed to
a variation of the injected electron-hole pairs density with temperature, but to the influence of
temperature on the radiative recombination rate. Indeed, it is known that the radiative rate of
an electron-hole plasma is inversely proportional to the plasma temperature [52].
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Figure 9. Photoluminescence was excited at different lattice temperatures by 300-ns-long laser pulses with a repetition
rate of 6 Hz and 2.35 eV photon energy. (a,b) Time-resolved PL spectrograms of a MAPDI, film, acquired with a gated
intensified camera at different lattice temperatures. (c,d) Corresponding PL temporal profiles, which demonstrate a
narrowing of the emission profile with respect to the exciting laser pulse duration; we attributed the effect to stimulat-
ed emission and Auger recombination. (e,f) Plasma temperature extracted from MAPbI; photoluminescence spectro-
grams in panels a,b, at different lattice temperatures, with the fitting procedure reported in the inset of Figure 8.
Significant warming occurs during the excitation pulse and limits the duration of ASE.
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Figure 10. ASE threshold fluence as a function of the lattice temperature in MAPbI; and MAPbBr; perovskites, under
short-pulse excitation. The dashed lines are fits of measured values to a quadratic dependence of the ASE threshold on
temperature.
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10. Comparison with nitride semiconductors

Table 1 compares the values of parameters relevant to optical amplification obtained for
perovskites to those known for nitride semiconductors at room temperature. Such comparison
is very instructive in perspective of the realization of a perovskite-based cw laser. In fact, the
advancement of nitride-based lasers has overtaken the problems concerning warming with
success and may serve as a useful guide to improve perovskite device performances.

Ty, (M) Tye(DIS) Yalcm® s) Ry, (K kKW cm?)
Perovskites [18,19,39,60] 10%-10'® 1-3 4x1028 2.4
Nitrides [61] 108-101° 2.5 5x102 05

Table 1. Comparison between perovskites and nitrides ASE threshold density 1, , lifetime at ASE threshold Ty, ,

Auger recombination constant 7, and thermal resistance R, respectively. Values are relative to room temperature.

It can be observed that 7, that is, the carrier lifetime at ASE threshold density, is slightly

longer in nitrides than in perovskites, thanks to the significantly lower value of the Auger
recombination coefficient y,, which has a value almost two orders of magnitude smaller than

in perovskites. Auger recombination is the major responsible for the efficiency reduction in
nitride-based LEDs at high power and the value of y, is higher in the presence of disorder due

to defects [56,57]. It is therefore important to reduce the Auger recombination coefficient in
perovskites, for example, acting in order to decrease both the trap density and the ASE
threshold, for example, improving the crystallinity and the surface morphology quality.
Another crucial parameter is the thermal resistance y ,, which is about four to eight times higher

in perovskites than in nitrides. Furthermore, the substrate on which perovskites are deposited
could seriously contribute to enhance the value of the thermal resistance, thus increasing the
ASE threshold, particularly under long-pulse excitation. Such arguments make the outlook for
perovskite-based cw lasers very promising, provided that a great effort should be made in
terms of reduction of ASE threshold, Auger recombination and thermal resistance.

11. Conclusions

This chapter has reviewed the most recent progresses concerning the investigation of the
photophysical properties in organolead trihalide perovskites. The absorption spectrum in
MAPDI; perovskites shows the influence of excitonic states at the band-edge, even if there is
evidence that the majority of photogenerated carriers results in free electrons and holes, in a
wide excitation range at room temperature. Based on a large body of optical absorption data,
the exciton binding energy is estimated to be 23+4 meV by applying the Elliot’s theory of
Wannier excitons to published absorption spectra; the estimated value stays constant from
cryogenic to room temperature. This value is in contrast with what evidenced by magneto-
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metry measurements, which provide temperature-dependent values of the exciton binding
energy. Additional investigations should be addressed to understand the origin of the
discrepancy between what observed by optical spectroscopy and magnetometry.

Trap density in perovskites is significant, like in most solution-processed semiconductors, and
its effects emerge particularly under continuous excitation. Although trapping has a negative
impact in optoelectronic devices, its capture cross-section happens to be low, as attested by
the typical PL lifetime in perovskites exceeding several nanoseconds. The resulting values of
carrier mobility can exceed 10 cm? V- s and justify the efficient charge collection reported for
perovskite-based PV devices.

Emission properties can also play an essential role in the development of new devices based
on hybrid perovskites. Many reports provide evidence of amplified spontaneous emission
from perovskite thin films under short-pulse excitation, with ASE threshold densities compa-
rable to those of the best state-of-art organic crystals. Under cw pumping, warming suppresses
light amplification, in the same way it happens in nitride semiconductors. Similarities between
these latter and hybrid perovskites could suggest a way to improve light emission perform-
ances in perovskites, in perspective of the realization of a real perovskite-laser.
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