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Abstract 

During the last four years, CsPbX3 perovskite nanocrystals (PNC) have emerged as an 

excellent material for stimulated emission purposes, with even more prospective properties than 

conventional colloidal quantum dots. However, although the results under femtosecond 

excitation undoubtedly demonstrate potential performances, the achievement of more ambitious 

targets, such as stimulated emission under cw optical or electrical excitation, requires a better 

understanding of the physical and optical mechanisms responsible for the generation of the 

optical gain. In this publication, we establish intrinsic mechanisms underlaying the generation of 

amplified spontaneous emission (ASE) in PNCs with three different bandgaps (CsPbBr3, CsPbI3, 

and CsPbBr1.5I1.5). For this purpose, optical gain is characterized at cryogenic temperatures in 

order to avoid the influence of non-radiative channels. In particular, our experimental results 

provide physical evidences that single excitons are the dominant species in the ASE generation. 

Moreover, the particular shape of ASE spectra is well reproduced by the model that takes into 

account the reabsorption effects and the inhomogeneous broadening of the PL band. These 

results are a new milestone towards the full understanding of light generation in PNCs, and with 

the development of competitive active optoelectronic devices.  
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Introduction 

During the last years, colloidal quantum dots (CQD) have been extensively studied as a 

cheap alternative to epitaxial III-V semiconductors for optical gain purposes.
1,2

 Since the first 

demonstration of the amplified spontaneous emission (ASE) in 2000,
3
 a significant progress has 

been achieved
2
 including the demonstration of lasing under continuous wave operation in 2017,

4
 

and more recently, under electrical pumping in 2018.
5
  In particular, several important milestones 

have been overcome by means of thorough study of optical gain mechanisms in optically excited 

CQDs: (i) resolving the problem of Auger recombination by employing femtosecond (fs) 

excitation and densely packed QD films;
6
 (ii) understanding of the impossibility to obtain gain in 

neutral (uncharged) core-only QDs within single exciton regime;
7
 (iii) increasing absorption 

cross-sections using large-volume nanostructures;
8
 (iv) the introduction of permanent charges for 

reducing the gain threshold due to partial blocking of ground state absorption.
9
  

On the other hand, metal halide perovskite nanocrystals (PNCs) have recently emerged as 

a new class of colloidal nanocrystals with improved performances for active devices.
10

 

Compared with conventional CQDs, PNCs demonstrate larger absorption cross sections,
11

 

quantum yield of emission higher than 90 %,
12

 and higher packing density allowed by the 

particular nanocube geometry.
10

 In fact, PNCs reveal reduced ASE thresholds of ~μJ/cm
2
,
13

 

which is smaller than their counterpart for polycrystalline thin films 
14

 or conventional CQDs 

excited under similar conditions.
2 

Over the past 3-4 years, a dozen of papers have been devoted 

to study the mechanism of optical amplification in CsPbX3 (X = Br, I) PNCs.
13,15–27

 Most of 

these works, however, still required fs excitation pulses to avoid Auger recombination, hence 

further investigation is needed to achieve more ambitious objectives such as lasing under CW 

operation or electrical pumping. Indeed, the intrinsic mechanism underlying the optical gain in 

PNCs remains poorly understood. It is still under debate whether single- or bi-exciton regime is 

realized in PNCs under threshold excitation intensities, or if free carriers are the dominant 

mechanism in the stimulated emission process.
28

 In addition, it is not clear what is the role of 

self-absorption in ASE, how the photoluminescence (PL) inhomogeneous broadening can affect 

the ASE spectra, and what are the gain saturation mechanisms. Finally, according to the data 

published in different papers,
13,17,19,29

 ASE spectra broad at high intensity excitation, although 

this behavior has not been explained yet.  

In case of more traditional CQDs, it is established that the two-fold degeneracy of the 

band-edge states requires that, to achieve optical gain, at least some of the QDs in the sample 

must contain multiple excitons (that is, the average number of excitons per dot, 〈N〉, should be 

higher than 1).
1
 In spite of this, there arw data that single-exciton regime of gain can be achieved 

in case of high-quality CQD samples possessing low optical losses [X1]. The single-exciton gain 

regime is the most favorable from the point of view of minimizing losses, because the non-

radiative exciton-exciton recombination is impossible in this case. 

 

In case of PNCs the two-fold degeneracy of the band-edge states is also discussed in literature,
16

 

and in an absolute majority of works the conclusion is drawn about the bi-exciton optical gain 
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mechanism in PNCs at threshold pump intensities. 
15,23,30,31

 However, as our analysis shows, the 

conclusions is made on the basis of either some features of the luminescence decay kinetics, 

without any spectral evidences,
23

 or by the presence of a long-wavelength shift of the ASE band 

maximum relative to the spontaneous emission band
31

 and the quadratic dependence of the 

integral ASE band intensities on excitation fluency.
15

 In the present work, we show that the long-

wavelength shift of the ASE band maximum cannot serve as the evidence of the biexciton nature 

of the ASE band, because it may be a result of the PL reabsorption. In addition, taking into 

account self-absorption losses, inhomogeneous broadening and ASE saturation in PNCs, we 

propose a model reproducing the ASE spectra modifications with excitation fluency.  The data 

obtained in our low temperature experiments implemented with thin films of three different 

bandgap PNCs (CsPbBr3, CsPbI3, and CsPbBr1.5I1.5) enable us to conclude that the observed 

optical near-threshold gain requires less than one exciton per NC and is provided by a single-

exciton mechanism.  

 

Figure 1. (a-b) TEM images of CsPbBr3 (a) and CsPbI3 (b) NCs. (c-d) Size dispersion for CsPbBr3 (c) 

and CsPbI3 (d) NCs. (e) Experimental set-up. (f-g) Absorption (blue and left axis) and PL (green/red and 

right axis) of CsPbBr3 (f) and CsPbI3(g). (h-i) 3D image of PL as a function of excitation fluency for 

CsPbBr3 (h) and  CsPbI3 (i). All optical characterization was performed at 15 K. 

 

Experimental 

 CsPbX3 (X3=Br3, Br1.5I1.5, I3) were grown following the hot-injection method developed 

by Kovalenko et al.,
12

 after the modifications detailed in the methods section. The PNCs are of 

the cubic shape 
12

 (see TEM images in Figures 1(a) and 1(b)) with an average size (L) between 

11.8 nm and 13.8 with an average size dispersion of about 7 % (CsPbBr3) and 13.8 nm (CsPbI3), 
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as presented in Figures 1(c) and 1(d), respectively. Since the Bohr radius (a0) of these PNS 

ranges between 7 (CsPbBr3) and 12 nm (CsPbI3) the L/2a0 ratio is from 0.4 (CsPbI3) and 0.8 

(CsPbBr3), which corresponds to the weak confinement regime.  

 Then, 20 nm -1 μm thick CsPbX3 films were deposited on borosilicate substrates (see 

details of fabrication in the methods section). In order to prevent the influence of phonons or 

other non radiative channels in the generation of ASE, photoluminescence (PL) was studied by 

holding the samples on a cold finger of a closed-cycle He cryostat cooled down to 15K (see 

Figure 1e). In particular, absorption was characterized by measuring the sample transmittance of 

a xenon lamp light, and PL was measured in back scattering geometry by pumping the 

nanocrystals with a Q-switch Nd:YAG (1 kHz, 1 ns) laser doubled or tripled at 532 nm and 355 

nm, respectively. Excitation wavelength was chosen according to the absorption band edge 

measured for PNCs at cryogenic temperature (see blue symbols in Figures 1f-1g): 500 nm (2.35 

eV) and 685 nm (1.81 eV) for CsPbBr3, and CsPbI3 , respectively. The evolution of the PL 

spectra in PNCs films with the excitation fluency (Pexc) indicates that more than one physical 

mechanism influences the generation of optical gain, as illustrated in the 3D plots for 300 nm 

layers of CsPbBr3 (Figure 1h) and CsPbI3 (Figure 1i) PNCs. ASE spectra in CsPbI1.5Br1.5, films 

are similar to those measured with CsPbI3 and are summarized in the supporting information.  

 

ASE in PNCs 

 The behavior of CsPbBr3 thin films excited at 355 nm under increasing excitation fluency 

Pexc clearly presents three different regions (see Figure 2a). When Pexc< 3 J/cm
2
 the PL shows a 

Gaussian shape centered at 522.4 nm (2.3768 eV) with a Full Width at Half Maximum (FWHM) 

of about 10 nm (50 meV). Similar spectral shape has been reported in literature for these PNCs at 

cryogenic temperature 
19,32

 and can be ascribed to the spontaneous emission of an exciton 

(marked as X in Figure 2a). When Pexc=10 J/cm
2
, a narrow stimulated emission band 

(designated as SE in Figure 2a) appears on the long-wavelength side (526.6 nm) of the 

spontaneous emission, which is in agreement with the results previously reported with this 

material at room 
13

 or cryogenic
19

 temperature. Then, as Pexc is  increased up to 48 J/cm
2
 the SE 

band progressively narrows down to FWHM as low as1.37 nm (6.1 meV) and redshifts to 527.3 

nm. With a further increase of Pexc (>48 J/cm
2
) the SE band continues to redshift, but its 

spectral width broads, so that at Pexc ≈1.6 mJ/cm
2
 the FWHM reaches 4.4 nm (19.4 meV) with a 

maximum at 530 nm (2.3409 eV). Figure 2b shows a log-log plot of the FWHM and the 

integrated SE (ISE) band deconvoluted from the whole spectra (see details in the Supplementary 

Information) as function of Pexc with blue and green symbols, respectively. Clearly, the 

dependence of ISE as a function of Pexc follows the three different regions commented above. For 

low Pexc (<10 J/cm
2
)
 
ISE obeys the linear generation of light (ISE ∝ Pexc) due to a spontaneous 

emission process. However, above a threshold of Pexc>=10 J/cm
2 

ISE presents the superlinear 

dependence (ISE∝Pexc
2.3

) characteristic of ASE, followed by a saturation for Pexc>48 J/cm
2
. 

Indeed, there is a progressive evolution between SE and saturation that can be 

phenomenologically fitted (solid green line) by log(ISE)=0.65+0.95·log(Pexc)-0.52·log
2
(Pexc). 
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Taking into account the absorption coefficient at the excitation wavelength (355 nm) shown in 

Figure 1f (10 μm
-1

) and the size (L) of the PNCs, the absorption cross section () can be 

estimated as =·L
3
=1.6·10

-13
 cm

2
, which nicely agrees with the results previously published for 

this material. 
33,34

 In these conditions, the number of excitations per nanocrystal can be calculated 

as <N>=P·/h, and results in about 2.5 at the threshold fluency (see top axis in Figure 2b).   

 

Figure 2. Dependence of PL of 300 nm CsPbX3 layers on the excitation fluency obtained for PL spectra 

(a, c), integrated PL intensity (green/red symbols) and FWHM (blue symbols) (b, d) for the cases of 

CsPbBr3 (a, b) and CsPbI3 (c, d).  

 In case of CsPbI3 (see Figure 2c) the PL excited at 532 nm presents similar Pexc -

dependence regions. For P<10 J/cm
2
 the spectrum is well described by a Gaussian shape 

centred at 703.6 nm (1.76 eV) with FWHM of 18.4 nm, which corresponds to the spontaneous 

emission band of this material at cryogenic temperature.
32

 When Pexc >10 J/cm
2 

the spectra start 

narrowing down to 3 nm at Pexc<78 J/cm
2
; and, with a further increase of Pexc the spectra 

progressively broads up to 7.7 nm for Pexc =1.6 mJ/cm
2
. Figure 2d presents the evolution of the 

FWHM and integrated intensity with Pexc with blue and red symbols, respectively. Again, this 

log-log plot clearly distinguishes the three regions commented above: spontaneous emission (ISE 

∝ Pexc) for Pexc<10 J/cm
2 

, stimulated emission (ISE∝Pexc
1.8

) above a threshold of Pexc =10 

J/cm
2
, and saturation (ISE ∝ Pexc

0.3
) for Pexc>78J/cm

2
. There are, however, some interesting 

differences compared with the behaviour presented by CsPbBr3 PNCs thin films: (i) SE band is 

centered at the maximum of the spontaneous PL, hence this band does not redshift with Pexc; (ii) 

the border between SE and saturation is sharper here; (iii) in agreement with previous 

publications,
16

 absorption coefficient (0.5 μm
-1

) is smaller than that measured for CsPbBr3 (see 
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Figure 1g), and with it <N> is at the level of 0.2-0.3 at the threshold excitation intensity (see 

Figure 1d). 

Single exciton gain and self absorption  

As analysis of literature data on optical gain in perovskite nanocrystals shows, it is very 

inviting to say that the observed stimulated emission band is due to the so-called biexcitonic 

emission (biexciton - exciton transition).
27

 Indeed, it is commonly accepted for semiconductor 

quantum dots (QDs) such as CdSe etc., that the optical gain in these nanostructures may be only 

due to the biexciton-exciton transition that is a result of double degeneracy of the electronic 

states. 
3,7

 The bi-excitonic SE band usually appears at energies (EXX) which are lower than the 

one-exciton emission energy EX. The energy difference EbXX=EX-EXX is the so-called “the 

biexciton binding energy”. In our results with CsPbBr3 layers the energy difference between the 

spontaneous emission and SE band maxim is 20.8 meV that well correlates with results of other 

works.
16,23

 A reliable proof of the biexciton nature of the SE band is also considered to be the 

quadratic dependence of the integral SE band intensity on the excitation density at the initial 

stage of its occurrence. 
7,15

 In fact, we have such a dependence for both CsPbBr3 and CsPbI3 

PNCs samples (Figure 2b and 2d). Therefore, from the point of view of typical proofs we found 

in literature, we have experimental data, which are in line with the idea about biexcitonic origin 

of the SE band.  

 
Figure 3. Absorption in log scale (blue symbols) and PL spectra at 10 μJ/cm

2
 (cyan) and 1600 

mJ/cm
2
measured for CsPbBr3 (a) and CsPbI3 (b) layers of 300 nm thickness. 

 

However, a number of observations leads us to doubt the validity of such a conclusion. 

First is that, in case of CsPbI3 NCs, the SE band appears exactly at the maximum of the single-

excitonic spontaneous emission band (Figure 2c). It implies that the biexciton binding energy 

EbXX=EX-EXX=0 that is inconsistent with the biexciton SE emission model. Second, the ISE ∝ 
Pexc

2
 dependence found in the log-log curves presented in Figures 2c and 2d is correlated with 

the narrowing of the spectra; hence it must be definitively ascribed to an ASE mechanism, where 

it is well-known that the intensity of light follows a nonlinear dependence with the excitation 

fluency.
35

 – VC: I do not understand Finally, the overlap of the band edge absorption spectra 

with the PL emission suggests that the value of the PL vs absorption edge redshift is influenced 

by self-absorption effects (Figure 3). In the case of CsPbBr3 (Figure 3a) the absorption exhibits a 
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sharp Urbach tail (blue symbols) overlapping the spontaneously emitted PL (cyan line), in 

agreement with the results published elsewhere. 
16,33,36

  Due to this, PL experiences an 

asymmetric attenuation (10
-2 

and 10
-1

 μm
-1

 for the shortest and longest wavelength, respectively), 

and the ASE at the highest excitation (black line) is located at the region with a negligible 

absorption (>530 nm). On the other hands, according to previous publications, 
16

  CsPbI3 layers 

(Figure 3b) demonstrate lower (<10
-2 

μm
-1

) absorption intensity (blue symbols) in the PL band 

(cyan line). Consequently, EX-ESE=0 in this material and the ASE spectra (black line) does not 

exhibit a redshift with excitation intensity.  

 
Figure 4. (a-c) PL spectra of CsPbBr3 layers as a function of the excitation fluency measured for the layer 

thicknesses of 20 nm (a), 300 nm (b), and 1000 nm (c).  (d) FWHM as a function of the excitation fluency 

for the three different thickness. Threshold decreases with excitation fluency. (e) Shift of ASE peak as a 

function of the excitation fluency and thickness of the sample.  

 

Indeed, our SE spectra measurements for CsPbBr3 NCs samples of different thicknesses 

(Figure 4a-4c) unambiguously demonstrate that the difference EX-ESE decreases with the sample 

thickness. Of course, this decrease is certainly inconsistent with the biexciton SE emission model 

from one side and evidences in favour of self-absorption effect on the other hand. Indeed, metal 

halide perovskites (MHPs) are known to have strongly overlapping absorption and PL spectra 

that results in strong PL self-absorption.
37

 Especially favourable for reabsorption is the geometry 

of thin films, where the high confinement of light can enhance the intrinsic absorption or gain 

effects. 
38

 The effect results in a redshift of the PL band maximum, 
39

 and this is even more 



9 
 

dramatically the ASE, 
38

 because it is very sensitive to the optical losses. Here, we consider some 

kind of isotropic propagation through the PNC film, where a thicker layer results in a longer path 

for the emitted photons (see the model below for further details). Consequently, the expected 

reduction of ASE threshold for thicker layers (see Figure 4d) correlates with the red shift of the 

ASE peak (see Figure 4e).  

 

Therefore, our data on the SE spectra dependence on the sample thickness (Figure 4) 

unambiguously evidence that value of EX-ESE depends on the sample thickness and visually 

tends to zero with the thickness decrease (Figure 4e). The logical explanation of the Figure 4 

data is that the initial shift (about 4 nm) between the just emerging SE band and the spontaneous 

emission (mono-excitonic) band is due to PL self-absorption, which introduces losses in the 

region where PL and absorption overlaps. Thus, such a full-optical approach well explains our 

observations and does not require an introduction of biexcitonic emission at near-threshold 

excitation intensities and enables one to account for the observed SE by one-exciton mechanism. 

As is well established for conventional semiconductor QDs, such single-exciton SE is impossible 

for neutral (uncharged) QDs because of double-degenerate origin of their quantum states, but 

possible for charged ones (trions etc.).
16

 We believe that there are two possible explanations of 

the observed one-exciton gain in case of MHPs: i) photocharging of NCs due to well known for 

MHPs non-quenching trapping of one of carriers by shallow traps [X2], or ii) inapplicability of 

the state filling model for MHP NCs.  

Now we have to discuss the question of why we continue to observe a single-exciton SE 

band at excitation densities that provide up to 10 or more excitations per nanocrystal, although 

the formally calculated excitation density significantly exceeds the Mott density at which 

excitons should dissociate (10
17

 cm
-3

 at 15 K, see calculations in Supporting information)? We 

believe that there are several reasons for this. First, the nanosecond excitation we use is a quasi-

stationary mode in which the duration of the excitation pulse is longer or comparable to the 

lifetime of the excitations. Due to this, the excitons interact with each other (form biexcitons, 

annihilate) already during the excitation pulse that results in abrupt shortening of the PL decay 

kinetics (see Figure S2). Therefore, the formal use of the average number of excitations per pulse 

per nanoparticle poorly describes the situation: in fact, in the ensemble at any time there should 

be only single-excitons and some quantity of biexcitons. However, biexcitons are not visible 

spectrally at excitation densities up to 75 μJ/cm
2
; under more intense excitation, however, they 

can take part in the formation of the broadened SE band. One more reason why biexcitons (and 

possibly stimulated emission due to charge recombination in electron-hole plasma (EHP)) is not 

visible is that we detect integral emission when mainly long-lived species contribute to the PL 

profile, whereas contribution of short-lived species (emission from EHP and/or biexcitons) can 

be neglected. Only high temporal resolution spectrally resolved measurements can clarify the 

situation and give an idea about short-lived participants of the recombination processes [X3]. 

 

SE band broadening 

One more important question to be answered is a reason of the SE band broadening 

which starts when excitation fluency exceeds 100 μJ/cm
2
 (Figure 2a-2c). We believe that, 
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regardless of the nature of the SE band, a change in its shape can be the result of two effects: 

inhomogeneous broadening of the luminescence contour (see Figures 1f-1g), which correlated 

with the size dispersion, 
40,41

 (see Figures 1c-1d) and the gain saturation effect,
35,41

 which is most 

pronounced for the most intensely luminescent nanocrystals. Such saturation occurs in optical 

amplifiers 
35

 due to the lack of empty excited states along the optical path; and in the case of 

semiconductor nanocrystals it starts at the centre of the PL because the QDs with emission at this 

wavelength have the highest occupation probability.  In this way, the higher the luminescence 

intensity, the earlier the saturation is achieved. Therefore, when the gain saturation region is 

reached the spectral edges of the CE band grow in intensity faster than the central part of the 

band, as observed in Figures 2a and 2c.  

 

Modelling 

Taking into account the physical and optical mechanisms discussed in the previous 

section (exciton gain, self absorption, gain saturation and inhomogeneous broadening) we 

developed a model whose results are presented in Figure 5. For this purpose, we consider that the 

excitation beam homogeneously illuminates a diameter of 100 μm, and it is being attenuated 

while the pump beam is traversing the sample: 

𝑃𝑒𝑥𝑐 = 𝑃0𝑒−𝛼355(𝐿−𝑧)    (1) 

The number of electron hole-pairs (Neh) at each propagation step is given by:  

𝑁𝑒ℎ(𝑧) =
𝛼355·𝑃𝑒𝑥𝑐(𝑧)

ℎ
    (2) 

where  is the absorpiton coefficient? at the exciation wavelength (355 nm and 532 nm). Then, PL is 

generated isotropically through this cylinder,  

𝑃𝑃𝐿(𝑧𝑖, 𝜆) = 𝑄𝑌(𝑃𝑒𝑥𝑐) · 𝑁𝑒ℎ(𝑧𝑖) · 𝑃𝐿(𝜆)    (3) 

where Quantum Yield (QY) is defined as the ratio of the integral PL intensity to the excitation 

intensity and decreases continuously with increasing excitation energy density (see Supporting 

Information) and PL is the spectral shape of the spontaneous emission assumed as a Gaussian 

distribution centered at 520 nm (2.37 eV) with a FWHM of 10 nm (45.5 meV): 

𝑃𝐿(𝐸) =
𝑃𝐿0

𝑤𝑖𝑛·√𝜋/2
· 𝑒

−2
(𝐸−𝐸0)2

𝑤𝑖𝑛
2

   (4) 

Here, if one considers an inhomogeneous broadening of the PL in the QDs, the emission of a 

single nanoparticle is given by a Lorentzian distribution (w=2 meV and 130 QDs with a step of 1 

meV are considered): 
41

 

𝐿(𝐸𝑘) = 𝑃𝐿(𝐸) ·
1

4·(𝐸−𝐸𝑘)2+𝑤2
   (5) 

where the sum of the emission of all nanoparticles gives PL(E). In this way, each QD will emit 

light at each propagation step according to the following rate equations: 

𝑑𝑁

𝑑𝑡
= 𝐺 − ∑

𝑁

𝜏
·

1

𝑤𝑖𝑛·√𝜋/2
· 𝑒

−2
(𝐸−𝐸0)2

𝑤𝑖𝑛
2

𝑘    (6) 



11 
 

𝑑𝑛𝑘

𝑑𝑡
= 𝑁𝑘 −

𝑛𝑘

𝜏𝑟
−

𝑛𝑘
2

𝜏𝑥𝑥
− (𝑛𝑘 − 𝑁0) · 𝜎 ·

𝑆

ℎ·𝜗
   (7) 

𝑁𝑘 =
𝑁

𝜏
·

1

𝑤𝑖𝑛·√𝜋/2
· 𝑒

−2
(𝐸𝑘−𝐸0)

2

𝑤𝑖𝑛
2

   (8) 

where G is the number of electron-hole pairs per pulse, N the number of carriers in excited 

states, nk is the number of excitons with the energy k, τr the radiative recombination time, τxx the 

time of formation of biexcitons, N0 the threshold of stimulated emission,  the emission cross 

section, S the signal fluency and h the photon energy of the signal. Here, a saturation condition 

is introduced to include that the number of PNCs with emission at a given wavelength can not 

overcome the maximum density of nanocrystals (inverse volume correlated but the 

inhomogeneous size??). Finally, the evolution of the signal along the path is obtained by solving 

the propagation equation with a Runge-Kutta algorithm: 

𝑑𝑆

𝑑𝑧
= (𝑔 − 𝛼) · 𝑆 + 𝑁𝑒ℎ · 𝑃𝐿 · 𝜏𝑟 · 𝛿   (9) 

where PL is the shape of the spontaneous emission, δ a fitting parameter and g the gain given by: 

𝑔𝑘 = 𝜎 · 𝑛𝑘 · 𝑆𝑛𝑜𝑟𝑚   (10) 

where Snorm is the shape of the S in the previous step. The introduction of the wavelength 

dependent losses clearly results in the ASE spectra redshift (Figure 5b), while in case of α=0 

ASE does not demonstrate any redshift (Figure 5c). In both cases, the model reproduces the gain 

saturation mechanism proposed here and the consequent broadening of the ASE band due to the 

generation of stimulated emission at the tails of the PL band when the layers are pumped under 

high excitation fluencies (Figures 5b-5c). 

 

  
Figure 5 Modelling of the SE band broadening due to gain saturation effect: (a) schematic presentation of 

the experiment geometry; (b) results when self-absorption is inckuded in calculations; (c) results with 

negligible reabsorption effect.  
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Conclusions 

In summary, we stablish the role of the different species (exciton, biexciton, free carriers) 

and physical mechanisms (reabsorption effect, inhomogeneous broadening of the PL band, gain 

saturation) in the generation of optical gain in PNCs. Although biexcitonic emission is usually 

the preferred mechanism to explain the stimulated emission in these nanoparticles, our 

experimental data evidence that ASE is produced by a single exciton. In particular, the 

comparison of the ASE spectra in CsPbBr3 with different thicknesses reveals that the 

experimental redshift observed for ASE depends on the thickness, which is incompatible with the 

biexcitonic emission and suggests the influence of reabsorption effects. In addition, we establish 

the influence of the inhomogeneous size of the PNCs, which results in the gain saturation at the 

most intensively luminescent nanocrystals and the consequent broadening of the ASE spectra 

under high excitation fluencies. All physical and optical mechanisms are introduced in a rate 

equation model able to reproduce the experimental ASE spectra. These results help for a better 

understanding of the generation of light in PNCs, and the future development of ASE under 

continuous wave (or electrical) operation. 

 

Methods 

Synthesis of Colloidal solution. CsPbX3 NPs were synthetized following the hot-injection 

method described by Kovalenko and coworkers, with some modifications.
12

 All the reactants 

were used as received without additional purification process. Briefly, a Cs-oleate solution was 

prepared by mixing 0.41 g Cs2CO3 (Sigma-Aldrich, 99.9 %), 1.25 mL of oleic acid (OA, Sigma 

Aldrich, 90 %) and 20 mL of 1-octadecene (1-ODE, Sigma-Aldrich, 90 %) into a 50 mL-three 

neck flask at 120 °C under vacuum for 1 h, keeping a constant stirring. Then, the mixture was 

N2-purged and heated at 150°C until the Cs2CO3 was completely dissolved. The solution was 

stored under N2, keeping the temperature at 100 °C to prevent the Cs-oleate oxidation. 

For the synthesis of CsPbBr3, CsPbI3 and CsPbBr1.5I1.5 NPs, 0.69 g PbBr2 (ABCR, 99.999 %), 

0.87 g PbI2 (TCI, 99.99 %) or the corresponding PbBr2/PbI2 mixture, were mixed with 50 mL of 

1-ODE into a 100 mL-three neck flask. The mixture was heated at 120 °C under vacuum for 1 h, 

keeping a constant stirring. Then, 5 mL of both OA and oleylamine (OLA, Sigma-Aldrich, 98 %) 

were separately added to the flask under N2, and rapidly heated to reach 170 °C, injecting 

quickly 4 mL of Cs-oleate solution. Lastly, the flask was immersed into a bath ice for 5 s to 

quench the reaction mixture.  

For the isolation of PNPs, the colloidal solutions were centrifugated at 4700 rpm for 10 min. The 

NPs pellets were separated after discarding the supernatant and redispersed in hexane to prepare 

a concentration of 50 mg mL
-1

. 

Sample preparation.  PNPs were deposited on a commercial borosilicate substrate by using a 

commercial Doctor Blade applicator (Elcometer 4340) and post-baking at 100 ºC for 1 minute. 

These steps have been sequentially repeated until the film of PNPs reached the desired thickness 
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(20 nm-1 μm). Prior to the deposition substrates were carefully cleaned with acetone, ethanol and 

isopropanol during 10 minutes in an ultrasound bath. 

Absorption and photoluminescence. A commercial NanoCalc-2000 reflectometer (Mikropack) 

was used to measure absorption spectra in CsPbX3 films deposited on borosilicate substrates.  

Low temperature PL and TRPL. Samples were held in a cold finger of a closed-cycle He 

cryostat, which can be cooled down to 10K. PL was measured by using a Q-switch Nd:Yag (1 

kHz, 1 ns) laser doubled or tripled at 532 nm and 355 nm (CRYLAS 6FTSS355- Q4-S), 

respectively. The PL signal was dispersed by a double 0.3 m focal length grating spectrograph 

and detected with a back illuminated Si CCD. Time-resolved PL was carried out by using the 

same pumping laser, but analyzing the PL with a Hamamatsu C5658−3769 avalanche 

photodetector connected to a BOXCARDPCS-150 electronics from Becker and Hickl GmbH. PL 

under femtosecond operation was carried out by using PL a Ti:sapphire mode locked laser at a 

wavelength of 405 nm doubled by a BBO crystal. In this case, Time-resolved PL have been 

carried out with the Ti:sapphire laser in pulsed mode operation (pulse width 2 ps and 76 MHz of 

repetition rate) at the same wavelength. In this case, the emitted signal is collected by a Si 

avalanche photodiode connected to a time correlated single photon counting electronics. 
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