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Rationalizing the Amplified Spontaneous Emission
Mechanism in CsPbBr3 Perovskite Nanocrystals Films by
means of Optical Gain Measurements

Stefania Milanese, Maria Luisa De Giorgi, Marco Anni, Maryna I. Bodnarchuk,
and Luis Cerdán*

With their exceptional optoelectronic properties, CsPbBr3 perovskite
nanocrystals (NCs) are promising materials for light-emitting devices.
Elucidating their stimulated emission mechanisms is fundamental to grasp
the limitations hindering their use as electrically pumped lasers. In particular,
two questions remain open: why the Amplified Spontaneous Emission (ASE)
band is significantly shifted from the fluorescence one, and why the former
seems to suddenly emerge from, and coexist with, the latter. Here, these
questions are addressed through experimental ASE measurements, combined
with numerical simulations and a comprehensive assessment of the
performance of different analytical expressions used in the literature to
retrieve the optical gain from these experiments. This multi-facet study shows
that the ASE behavior in CsPbBr3 NCs thin films stems from four distinctive
processes: reabsorption due to a large overlap between the absorption and
fluorescence spectra, a strong contribution of excited state absorption within
the fluorescence window, the excitation of differently polarized waveguide
modes, and the coexistence of short- and long-lived localized excitons. The
results in this work delineate the best practices to analyze the optical gain in
perovskite samples, help to understand their ASE mechanisms, and provide
insights to boost their lasing efficiency.

1. Introduction

Thanks to their optical and electronic properties, lead halide per-
ovskites –with the general formula APbX3, with A a cation and X a
halogen anion (I−, Br−, or Cl−)– have become prominent materi-
als to implement photonic and optoelectronic devices,[1,2] includ-
ing solar cells,[3,4] nonlinear optical devices,[5] photodetectors,[6,7]

light emitting diodes,[8,9] and lasers.[10–13] The synthesis of these
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materials as colloidal nanocrystals (NCs)
or quantum dots has boosted their ap-
plicability further. First, because of their
facile and low-cost production, and their
ease of processing, they result highly attrac-
tive from a commercial point of view.[14]

And second, because the quantum confine-
ment effects arising from their nanoscale
nature lead to bright and narrow flu-
orescence bands with excellent photolu-
minescence quantum yields (PLQY).[15,16]

Furthermore, their bandgap and, with it,
the absorption and emission spectral po-
sition, can be swiftly tuned from the UV
down to the IR by changing the size,
shape, and composition of the NCs.[17,18]

A few months after their first
synthesis,[17] low threshold Amplified
Spontaneous Emission (ASE) and lasing
at room temperature were demonstrated
in CsPbX3 NCs thin films, both under
femtosecond[19] and nanosecond[20] pulsed
excitation. In addition, full ASE color tun-
ing across the entire visible spectrum was
achieved by compositional modulation and

size control,[20] opening the way for the employment of fully
inorganic perovskite NCs as photonic sources. The demonstra-
tion of high gain and low ASE threshold in CsPbBr3 NCs thin
films[21–26] further stimulated the research toward the implemen-
tation of fully inorganic perovskite NCs as active materials for las-
ing with different cavity geometries, such as Vertical Cavity Sur-
face Emitting Lasers,[27–30] Whispering Gallery Modes,[31–34] and
Distributed Feedback Lasers.[35,36] Understanding the origin and
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Figure 1. Experimental waveguided PL spectrum for sample NC-DDAB
at a pump fluence of 1.3 mJ cm−2 and a stripe length L = 0.45 cm. In-
set: Schematics of a typical experimental configuration to measure ASE
in thin films, where the excitation stripe, of length L, impinges normal to
the film (z-axis), and the PL propagating along the x-axis is collected by a
spectrometer.

mechanisms of their stimulated emission signatures and prop-
erties is fundamental to address their possible limitations and to
achieve much more efficient perovskite lasers, with the ultimate
goal of attaining continuous wave excitation[10,12] and/or electri-
cal excitation.[37]

CsPbBr3 NCs, and most perovskites for that matter, display
very distinctive ASE spectral signatures.[13,19,20,38,39] In conven-
tional organic materials –such as dyes, oligomers, or polymers–
, when the excitation density is increased, the photolumines-
cence (PL) spectrum gradually narrows down from a fluores-
cence spectrum to a well-resolved ASE band whose peak is close
to the fluorescence one.[40] In perovskite NCs, in contrast, the
ASE band is usually significantly shifted from the fluorescence
one, and, in addition, the former seems to suddenly emerge from,
and coexist with, the latter. In other words, the PL spectrum is
seemingly comprised of a strong background fluorescence sig-
nal, and a well-resolved, shifted ASE band, as we exemplify in
Figure 1. These features have led to a debate, which is not set-
tled yet, on which is the mechanism behind the ASE band shift.
Based on the accumulated knowledge on colloidal semiconduc-
tor NCs and quantum dots,[41] the ASE band was initially as-
cribed to either excitons[20] or biexcitons.[19] In the latter case,
the shift owed to the energy invested in dissociating the biex-
citons (binding energy ≈50 meV) during its recombination. In
the single exciton scenario, in contrast, it was observed that the
ASE peak overlaps with the edge of the absorption band (Ur-
bach tail), and thus the redshift would come from reabsorption,
i.e., the longpass filtering effect that the ground state absorption
has on the PL. More recently, it has been settled that, while dif-
ferent emissive states can be excited –free excitons,[42–45] local-
ized excitons bound to surface states,[42,43] biexcitons,[44,46–48] and
even trions (charged excitons)[44,49]–, at room temperature, and
mild excitation densities, the emission is dominated by localized
excitons.[42,47,50,51] Hence, there is currently a partial consensus
in that the ASE physical mechanism in CsPbBr3 NCs films can
be rationalized as coming from localized excitons, inhomoge-
neously broadened due to the NCs size dispersion, subject to light
reabsorption.[47,50,52,53]

Nevertheless, two facts suggest that reabsorption cannot fully
account for the experimental observations. First, the redshifts
due to reabsorption affect similarly ASE and fluorescence (as
shown in the Experimental Section of this manuscript), mean-
ing that there shouldn’t be such a large detuning between them.
In this sense, a recent work on CsPbBr3 NCs films reported
simulation results, assuming reabsorption and inhomogeneous
broadening as the effective mechanisms responsible for ASE,
and showed that the ASE and background fluorescence bands
are barely detuned.[50] Second, the analytical expressions used
to retrieve the optical gain in this kind of devices, like the ones
used for the Variable Stripe Length (VSL) method,[54] implicitly
account for reabsorption effects, but they usually fail in fitting the
experimental results. In fact, an alternative expression, initially
intended to account for the presence of both excitons and biexci-
tons in emission,[55] has been shown to fit better to the VSL data
in perovskite samples,[19,56] suggesting the contribution of differ-
ent emitters to the total emission. Accordingly, the mechanisms
behind the PL spectral signatures in CsPbBr3 NCs have yet to be
fully elucidated.

Here, we focus on the rationalization of the PL properties and
spectral signatures of CsPbBr3 NCs films by means of experi-
mental ASE optical gain measurements, guided by numerical
results and analytical assessments. In particular, our aim is to
answer why the ASE band peak is significantly shifted from the
fluorescence maximum, and, also, why the former seems to sud-
denly emerge from, and coexist with, the latter. As we rely on
ASE gain measurements to tackle this problem, in the first part
of the manuscript we carry out a comprehensive study of the
performance –against CsPbBr3 NCs thin films data– of different
analytical expressions used in the literature to retrieve the opti-
cal gain from ASE experiments. We conclude that only those ac-
counting for two signals (ASE plus background fluorescence) and
gain saturation are satisfactory. Finally, using this thorough anal-
ysis, together with polarization resolved ASE experiments and
time-resolved numerical simulations, we ascribe both the shifted
ASE band and the excess fluorescence background not only to
reabsorption, but also to excited state absorption and a coexis-
tence of short- and long-lived localized excitons. The results in
this work delineate the best practices to analyze the optical gain
in perovskite samples, help to understand the mechanisms be-
hind the PL signatures of CsPbBr3 NCs, and other perovskites in
general, and provide insightful information on how to boost the
efficiency of perovskite lasers.

2. Results and Discussion

We show in the inset of Figure 1 the prototypical pump/detection
configuration to study the ASE properties in waveguides. In it,
the sample, placed in the xy-plane, is excited by a laser beam prop-
agating along the z-axis, with a spot shaped as a rectangular stripe
with length much longer than its width, and whose end is placed
right up to the edge of the sample. The generated PL emission,
which is preferentially amplified in the direction set by the stripe,
is collected along the x-axis. The PL emission is acquired either as
a function of the pump excitation density, typically to retrieve the
ASE threshold, or as a function of the stripe length, to estimate
the optical gain, as explained in the Experimental Section.

Adv. Optical Mater. 2024, 12, 2401078 2401078 (2 of 14) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2024, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202401078 by C
ochraneItalia, W

iley O
nline L

ibrary on [26/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadom.202401078&mode=


www.advancedsciencenews.com www.advopticalmat.de

Figure 2. VSL method analysis: VSL experimental data (black points) and best fits (colored lines) for the different VSL expressions used in this manuscript
(see text for details) for: a) sample NC1 at a pump fluence of 1.5 mJ cm−2, b) sample NC1-HMDS at a pump fluence of 2.1 mJ cm−2 and c) sample
NC-DDAB at a pump fluence of 2.4 mJ cm−2. All the gain measurements have been performed at pump densities about 2-2.5 times above the ASE
threshold.

2.1. VSL Analysis

We have plotted in Figure 2 examples of ASE measurements
(black points), using the VSL method, for three different thin
film samples based on CsPbBr3 NCs. For those interested read-
ers, we have included in Table S1 (Supporting Information)
a collection of spectroscopic, ASE, and optical gain properties
of these samples. In addition, we have added in Figure S1
(Supporting Information) their losses’ coefficient spectra to-
gether with fluorescence microscope maps to assess the qual-
ity of the films. These examples are representative of the typ-
ical trends observed for this kind of material. Sample NC1 in
Figure 2a displays a nearly exponential growth at the whole
range of stripe lengths. Sample NC1-HMDS in Figure 2b, shows
this trend at mid and long stripe lengths, but it displays a
subexponential growth at the shortest ones. The PL in sample
NC-DDAB, Figure 2c, grows subexponentially at the shortest
stripe lengths, shows a nearly exponential increase at mid-stripe
lengths but, at the longest stripe lengths, it suddenly saturates to
a nearly constant value, as already observed previously by other
authors.[57–59]

As we explain in the Experimental Section, the optical gain
value, g, is obtained by fitting the adequate mathematical expres-
sion to these data. We have included in Figure 2 the best fits of the
VSL expressions considered in this work. For expressions VSL 1,
Equation (1), and VSL 2, Equation (2), in sample NC1 we have
to exclude from the fit the longest stripe lengths, as there are
clear signatures of gain saturation (Figure 2a). Both expressions
fit well to the data, and give almost the same results with gain
values of g = 22.7 ± 0.7 cm−1 and g = 23.0 ± 2.1 cm−1, respec-
tively. At the same time, the proportionality factors in expression
VSL 2, Equation (2), fulfill A1 ≫ A2, suggesting that there is no
obvious presence of two emitting species, or signals for that mat-
ter. The clear presence of gain saturation calls for the use of VSL
expressions accounting for this effect. Expression VSL Sat, Equa-
tion (3), fits almost perfectly to the experimental data at all stripe
lengths, yielding an optical gain of g = 26.5 ± 1.1 cm−1. This g
value is quite in agreement with the values obtained with VSL 1
and VSL 2. On the other hand, expression VSL Emp, Equation (5),
fits rather well the longest stripe lengths, but fails at the shortest.

In addition, it heavily overestimates the gain as compared with
the other VSL expressions, yielding values of g = 76 cm−1, with
a quite significant error of ±20 cm−1, as previously observed by
other authors.[57,60]

Sample NC1-HMDS shows a slightly different behavior
(Figure 2b). For VSL 1 we must exclude from the fit not only the
longest stripes, due to gain saturation, but the shortest ones as
well, due to a clear background signal. Under these conditions,
VSL 1 gives an optical gain value of g = 49.7 ± 2.4 cm−1. In con-
trast, for VSL 2 there is no need to remove the shortest stripes,
as the excess PL intensity in this range is accounted for by Equa-
tion (2). Thus, VSL 2 fits quite well to the experimental data and
yields an optical gain of g = 57.6 ± 2.4 cm−1. Obviously, this result
indicates the excitation of two independent contributions to the
PL signal, the origin of which will be elucidated along the follow-
ing pages. On the other hand, for expressions VSL Sat and VSL
Emp we must exclude the shortest stripes from the fit but, even
though, the fits are not fully satisfactory. VSL Sat fits just well to
the chosen points, and gives an optical gain that is slightly larger
than that of VSL 2 and with a larger error (g = 63.3 ± 5.0 cm−1).
VSL Emp, in contrast, fits only the largest stripes and gives, again,
a heavily overestimated and uncertain optical gain (g = 460 ± 240
cm−1).

Sample NC-DDAB is the most challenging sample in terms of
VSL expressions fitting, as we show in Figure 2c. For VSL 1 we
must only use three points at L ≈ 0.3 cm to avoid the gain satura-
tion and signal background regions, and, thus, to have a proper
fit. This translates into a huge uncertainty in the fitted optical gain
(g = 81 ± 29 cm−1). For VSL 2 we can use more data, but the fit is
still not highly satisfactory. Anyhow, this model yields a larger op-
tical gain and a smaller error (g = 147.0 ± 8.4 cm−1), and points to
the excitation of two independent signals in this sample. Finally,
we tried to fit VSL Sat and VSL Emp to the data, but the algorithm
did not yield a reliable solution. This unsuccessful attempt sug-
gests that the observed plateau in the PL intensity cannot be sim-
ply explained by a conventional gain saturation process –excited
state population depletion– but, rather, by extrinsic factors, such
as a film thickness inhomogeneity. Incidentally, these gain values
are comparable to those obtained in similar experimental condi-
tions, both for NCs[61] and bulk perovskite films.[62,63]
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Table 1. Applicability conditions and limitations of the different gain analysis methods assessed in this manuscript.

Expression Saturation Two Signals Intuitive Usage Physical Model

VSL 1 [Equation (1)] no no yes easy yes

VSL 2 [Equation (2)] no yes yes easy yes

VSL Sat [Equation (3)] yes no moderately moderate yes

VSL Emp [Equation (5)] yes no moderately easy no

VPI 1 [Equation (6)] yes no yes moderate yes

VPI 2 [Equation (8)] yes yes yes moderate yes

These results provide guidelines to choose a method to mea-
sure optical gains from VSL experiments, specially in perovskite
samples. We present in Table 1 some applicability conditions
that we considered that should be fulfilled to choose the best
analytical methodology. We have based these criteria on the ca-
pability of the VSL expression to capture experimental trends
(saturation and/or two signals), on some practical aspects (to
be intuitive and easy to use/implement), as well as on funda-
mental aspects such as the existence of a physical model from
which to derive the analytical expression, which is always desir-
able in Physics. From the information in Table 1, and the results
in Figure 2, we can conclude the following:

1. None of the proposed VSL models ticks all the boxes and,
hence, one must always ensure that the data chosen for the
fitting procedure comply with the assumptions behind the an-
alytical expression.

2. We do not recommend the use of the empirical expression
VSL Emp, Equation (5), as it cannot fit properly the shortest
stripes, even when there is just a single signal, and it is not
backed up by any physical model. In addition, it tends to heav-
ily overestimate the optical gain values.

3. Whenever possible, we recommend to use directly expression
VSL Sat, as it is not difficult to implement, is backed-up by
a physical model, and works rather well both when there is
a moderate gain saturation and in the absence of it (small-
signal regime). Although, if the fitted curve underestimates
the PL intensity at the shortest stripe lengths, it could mean
that there is a contribution of a background signal. In such
cases, one should use instead expression VSL 2 only for the
shortest stripe lengths to avoid gain saturation.

2.2. VPI Analysis

In the Variable Pump Intensity (VPI) method, the PL signal is
acquired as a function of the pump excitation density, typically to
retrieve the ASE threshold and peak wavelength. The interested
reader can find in Figure S2 (Supporting Information) the VPI
spectrographs corresponding to the three samples analyzed in
this work, where it becomes clear that ASE wavelength barely
changes within the pump fluence range used for these experi-
ments. As explained in the Experimental Section, we have re-
cently proposed a new methodology (expression VPI 1, Equa-
tions (6) and (7), in this manuscript) that allows to retrieve the
optical gain from the VPI method PL spectra.[64] In this section,
we will compare the results obtained with expression VPI 1 with

those yielded by VPI 2, Equation (8), that we are introducing in
this work. We implemented the modified version VPI 2 in view of
the necessity of accounting for two signals (ASE plus background
fluorescence) that came up when calculating the optical gain with
the VSL method.

For the sake of brevity, we will focus in the main text on the
results of sample NC-DDAB (Figure 3), but the analysis and con-
clusions drawn from this sample can be directly extrapolated to
samples NC1 and NC1-HMDS (Figures S3 and S4, Supporting
Information). First, we observe that both VPI 1 and VPI 2 allow
obtaining a very accurate fit of the emission spectrum above the
ASE threshold (see Figure 3a) even when VPI 1 assumes that the
whole PL emission comes from ASE (solid blue line) while, ac-
cording to VPI 2, the acquired PL spectrum is the combination
of a strong fluorescence background (dotted red line) and a dis-
tinctive ASE band (dashed red line). Concerning the emission
intensity, we have plotted in Figure 3b the experimental PL sig-
nal (green points) at 530.8 nm –the ASE peak wavelength– as a
function of the pump fluence. At a certain threshold pump flu-
ence (≈0.65 mJ cm−2), it shows the change in slope characteristic
of the onset of ASE. This change in slope is accompanied by a re-
duction in the Full Width Half Maximum (FWHM) due to the
preferential amplification of the wavelengths nearer to the gain
maximum (Figure 3c). In most publications, these two plots, to-
gether with the visual estimation of the threshold position, suf-
fice to conclude that the sample displays ASE and, by extension,
optical gain.

The experimental pump fluence dependence of the emis-
sion intensity (Figure 3b) can be excellently reproduced by the
best fits of both expressions VPI 1 (solid blue line) and VPI
2 (solid red line). However, we observe that, even if the good-
ness of fit of expression VPI 1 could suggest the presence of
only one signal, the results from VPI 2 suggest otherwise, in
agreement with the VSL analysis of Figure 2c. Indeed, below
ASE threshold the PL signal is dominated by a background
fluorescence contribution (dotted red line) that grows linearly
with the pump fluence, in accordance with its non-amplified
nature. It is only when approaching threshold that a strong
purely ASE signal (dashed red line) becomes noticeable and sur-
passes the fluorescence background. This is in agreement with
the experimental observation that, for perovskites in general, the
PL spectrum does not narrow down gradually from a fluores-
cence spectrum to an ASE band but, rather, the latter seems to
suddenly emerge from, and coexist with, the former. Actually,
this sense of emergence can be clearly visualized in Figure 3a,
strongly suggesting the presence of two contributions to the total
emission.
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Figure 3. VPI method analysis for sample NC-DDAB: a) Experimental PL spectrum (thick solid green line) at a pump fluence of 1.3 mJ cm−2, and best
fits for the models VPI 1 (solid blue line, Equation (6)) and VPI 2 (solid red line, Equation (8)). The dashed and dotted red lines show the contributions
of pure ASE and background fluorescence, respectively. We will follow the same color code in the remaining panels. b) Experimental PL intensity at peak
wavelength versus pump fluence (green points) and best fits for both VPI models. c) Experimental PL emission FWHM versus pump fluence (green
points). The dash-dotted vertical lines in (b) and (c) mark the position of the computed ASE thresholds. d) Losses coefficient 𝛼 spectrum (black line) and
gross gain 𝛾 spectra (at 1.5 mJ cm−2) obtained from both VPI models. For comparison purposes, we have included as well the stimulated emission cross-
section spectrum F/𝜆4 in arbitrary units (gray line). e) Net optical gain g versus pump fluence inferred from both VPI models. f) Proportionality factor
Ω𝜂 versus pump fluence retrieved from both VPI models. For the VPI 2 one, filled and hollow points correspond to ASE and fluorescence, respectively.
The stripe length for the VPI experiment was L = 0.45 cm.

The inclusion in the model of a non-amplified fluorescence
background has important effects on the values of the ASE
threshold and of the optical gain. The calculated ASE thresh-
old (vertical dash-dotted lines in Figure 3b,c) yielded by VPI 2 is
smaller than that by VPI 1 (0.70 vs. 0.88 mJ cm−2). This difference
can be understood recalling that, as described in the Experimen-
tal Section, the threshold is computed from the evolution of the
pure ASE term as a function of the pump fluence. Considering
that for VPI 2 the fluorescence background contribution is re-
moved from the threshold calculation, this model allows getting
evidence of the appearance of ASE at a lower fluence than in VPI
1, overall when the background contribution is important.

We have also determined the ASE threshold from the experi-
mental data using the methodology described in a previous pa-
per of our group.[65] The method that better allows determining
the onset of the ASE process is the so-called visual method, in
which the first evidence of emergence of the ASE band defines
the threshold. This method leads to a threshold value of 0.86 mJ
cm−2. Alternatively, in the Ipeak method, that allows the determi-
nation of the excitation regime in which ASE becomes the dom-
inant emission process, the threshold is the value coming from
the slope variation in the intensity growth with the excitation flu-
ence. This method yields an ASE threshold of (0.975 ± 0.037) mJ
cm−2. These values are basically comparable, within about 15%,
with the values calculated with methods VPI 2 and VPI 1, respec-

tively. This coincidence evidences the reliability of the calculated
values and confirms that VPI 2 is more suitable to determine the
excitation regime of the ASE onset, while VPI 1 allows to deter-
mine the excitation regime at which ASE becomes dominant over
the non-amplified emission.

We further observe that, attending to the rules governing the
ASE amplification process, a lower threshold is usually linked
to a higher optical gain. Indeed, we show in Figure 3d that the
gross optical gain 𝛾 retrieved by VPI 2 at the peak ASE wave-
length is larger than that by VPI 1. Given that the optical losses 𝛼
(black line) yielded by both methods are the same (𝛼 = 1.06± 0.01
cm−1 at 531 nm), then the net optical gain g should be larger for
VPI 2. This is confirmed in Figure 3e, where we plot the optical
gain g as a function of the pump fluence, as retrieved by meth-
ods VPI 1 and VPI 2. This difference evidences that the presence
of the background fluorescence signal has also important conse-
quences on the proper net gain determination.

Interestingly, the optical gains obtained previously from the
VSL analysis in Figure 2 were as well larger when a background
signal was considered for the fit (expression VSL 2), than when
only considering one pure ASE signal (expression VSL 1). Actu-
ally, both observations are related since, as we explained in the
Experimental Section, expression VPI 1 and VPI 2 are general-
izations of expressions VSL 1 and VSL 2, respectively. The pres-
ence of a linearly growing fluorescence background forces the

Adv. Optical Mater. 2024, 12, 2401078 2401078 (5 of 14) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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minimization algorithm to explore regions with smaller optical
gains so that expression VPI 1 can properly fit the experimental
data at both large and small pump fluences. At the same time,
it is forced to explore regions of larger proportionality factors
Ω𝜂. This can be clearly seen in Figure 3f, where we represent
Ω𝜂 obtained by methods VPI 1 and VPI 2 as a function of the
pump fluence. The values of Ω𝜂 for the pure ASE signal (filled
points) are significantly larger for VPI 1 than for VPI 2. In ad-
dition, the values of Ω𝜂 for the fluorescence background yielded
by VPI 2 (hollow points) are almost exactly the same as those
obtained for the pure ASE signal in VPI 1. From this analysis
we can draw several conclusions: first, these results suggest that
VPI 1 is indirectly detecting a strong background fluorescence,
even when it is a process not considered in its analytical expres-
sion (Equation 6). Unfortunately, one cannot access this hidden
information without the use of expression VPI 2. And second,
the results in Figure 3f suggest that, in sample NC-DDAB, there
is a strong contribution from a background fluorescent signal,
a fact that is in full agreement with the results in Figures 2c,
and 3a,b. Thus, we can use the values of Ω𝜂 rendered by VPI
2 as an indicator of the presence, and magnitude, of the excess
background fluorescence.

As a final comment on the net optical gains g, we observe that
the values obtained in the VSL analysis are significantly larger
than those obtained with the VPI analysis. We thoroughly ana-
lyzed this behavior in our previous publication,[64] and we can
explain it by noting that both VSL 1 and VSL 2 give a sort of
“small-signal” gain, while the VPI 1 and VPI 2 yield the “satu-
rated” gain corresponding to the stripe length used for the ex-
periments, which is significantly long for the sample NC-DDAB.
Note that the longer the stripe length becomes, the smaller the
fitted gain is, as there is a stronger saturation.

To complete the discussion on the VPI analysis, we summarize
in Table 1 the applicability conditions and limitations of both VPI
methods, as we did with the VSL expressions. In view of these re-
sults, the expression VPI 2, Equation (8), stands out as the best
analysis method among the ones we have assessed in this work,
since it works for any level of saturation in the gain, can detect
the presence of two signals, and, at the same time, is intuitive and
backed up by a physical model. Implementing the fitting proce-
dure for VPI 2 is not easy but, as we have already done so in the
stand-alone graphical user interface AgL,[64] it is moderately easy
to use, as it only entails a short learning curve. Nevertheless, the
expression VPI 2 is not free from caveats. For example, as there
are more fitting parameters, it can lead to larger uncertainties in
the fitting parameters when compared to VPI 1, as can be seen
in Figure 3 and Figures S3 and S4 (Supporting Information). For
the same reason, the fit flexibility increases, potentially leading
to unrealistic parameters. Thus, as with any other fitting method,
the results should not be blindly trusted. Finally, for the particular
case of perovskites, both VPI 1 and VPI 2 can fail for the largest
pump values, where the assumptions behind Equations (6), (7),
and (8) might be violated if, for example, new photophysical ef-
fects are activated. For instance, for NC-DDAB some of these ef-
fects, including gain saturation combined with inhomogeneous
broadening,[50] lead to an increase in the FWHM once a mini-
mum value has been reached (Figure S5, Supporting Informa-
tion). In such cases, one should remove from the fit those points
where the FWHM increases. This is analogous to removing the

experimental points with the longest stripe lengths in the VSL 1
and VSL 2 methods when there is gain saturation. Furthermore,
expression VPI 2, and VPI 1 for that matter, would lead to incor-
rect results in the case that there were two emitting species with
different fluorescence spectra (for instance excitons and biexci-
tons) or if there were two ASE signals, as these extremes are not
considered by the physical model behind VPI 2. Anyhow, we want
to stress that expression VPI 2 can be used to analyze any kind
of material as long as it displays both an ASE band and a fluo-
rescence background, and the former does not re-broaden when
increasing the pump fluence.

2.3. Origin of Shifted ASE Band

So far we have focused on analyzing the different analytical meth-
ods to obtain the optical gain from ASE measurements and on
assessing which is the best one. During such analysis we have
unambiguously shown that the CsPbBr3 NCs samples display
two independent contributions to the PL emission, one from
a pure and shifted ASE signal, and another one from an ex-
cess background fluorescence. However, we have not questioned
yet the origin of these two effects. Here, we will address the
reason behind the shift in the ASE band with respect to the
fluorescent one.

We can exploit the capabilities of the VPI expressions to ob-
tain photophysical information from the ASE measurements. As
we showed in a previous publication,[64] the optical gross gain 𝛾

in Equations (6) and (8) is proportional to the stimulated emis-
sion (SE) cross-section, to the ground state absorption (GSA)
cross-section, and to the excited state absorption (ESA) cross-
section. Whenever the contribution of ESA is not very relevant,
the gain spectrum resembles a combination of the two former
processes (SE+GSA). By the same reasoning, any deviation from
this combination in the VPI expressions results, could indicate
the presence of strong ESA.[66] Figure 3d shows the fitted gross
gain 𝛾 spectra yielded by VPI 1 and VPI 2, the losses coefficient
𝛼 spectrum (which is proportional to the GSA cross-section),
and the quantity F/𝜆4, which is proportional to the SE cross-
section (see Experimental Section and ref. [64]). As can be clearly
seen, the gross gain 𝛾 obtained by both VPI 1 and VPI 2 is sig-
nificantly different to the combination of 𝛼 and F/𝜆4, suggesting
that the effects of ESA are non-negligible. More on the contrary,
these results point to the presence of a very strong ESA band al-
most overlapping with the fluorescence window. In this sense,
VPI 2 predicts even a negative 𝛾 in the wavelength range 505–
525 nm, indicating that in this region the ESA cross-section is
much stronger than the SE one.[66] Notice that such ESA band
is detected as well for samples NC1 and NC1-HMDS (Figures
S3 and S4, Supporting Information), suggesting that it is not
a numerical artifact but, rather, a distinctive spectroscopic fea-
ture of CsPbBr3 NCs. In fact, previous works confirm the exis-
tence of an ESA band centered at this region in CsPbBr3 NCs
samples.[48,67–72]

We can thus conclude that the ASE band is shifted due to
a combination of a large overlap between the extinction coef-
ficient 𝛼 and fluorescence F spectra (black and gray curves in
Figure 3d) and a very strong contribution of ESA within the flu-
orescence window.

Adv. Optical Mater. 2024, 12, 2401078 2401078 (6 of 14) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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2.4. Origin of Excess Fluorescence Background

To address the origin of the excess background fluorescence, we
will explore in this subsection different processes that can lead to
multiple signals.

2.4.1. Differently Polarized Waveguide Modes

A first possible explanation could be related to the polarization de-
pendence of the waveguiding efficiency. It has been long known
that the pump polarization affects the emission polarization and
properties in ASE and laser devices.[73,74] For transversal pump-
ing and emitting centers (dipoles, actually) mostly fixed at a spa-
tial position and orientation, the trend is clear. If the pump field
is polarized along the y-axis (Figure 1), the emitters would pref-
erentially couple to the transverse electric (TE) waveguide modes
and the emission should be mostly polarized along the y-axis. If
excited with a polarization along the x-axis, the emitters could
couple to both the TE and transverse magnetic (TM) waveguide
modes and the emission should be mostly depolarized. All this
discussion holds if the position and orientation of the emission
dipole is fixed. But perovskites are characterized for having a no-
table charge carrier diffusion,[75,76] meaning that there is a high
chance that the orientation and position of the emission dipole
moment is randomized before emission. In other words, the
emission would be shared between the TE and TM modes, re-
gardless of the pump polarization. The amount going into each
mode would ultimately depend on the number of TE and TM
modes, on their coupling strength, and on the stimulated emis-
sion rate, as the dipole may not have time to be randomized be-
fore being stimulated to emit a photon. Accordingly, the pres-
ence of both TE and TM modes in emission could somewhat
contribute to the excess of spurious fluorescence signal.

To check this hypothesis, we run a polarization-resolved ASE
study on sample NC-DDAB. In Figure 4a,b we display the PL
spectra corresponding to the TE and TM modes when the sam-
ple is pumped, respectively, below and above threshold. At a low
pump fluence, both polarized modes display almost no differ-
ence in the output spectra, other than small changes in inten-
sity coming from pulse to pulse fluctuations. At a high pump flu-
ence, in contrast, the ASE band is much more pronounced for
the TE modes than for the TM ones, as the electric field in the
former type is more strongly confined to the waveguide, where
the light-matter interaction takes place (Table S2, Supporting In-
formation). While these results are obtained for a depolarized
laser as pumping source, analogous results are observed when
the laser is polarized, either along the y- or x-axis (results not
shown). Attending to the previous discussion, this is indirect evi-
dence of carrier migration and dipole orientation randomization.
In any case, the excitation of both polarizations could explain the
presence of two signals if a polarizer is not used in detection. This
is, the pure ASE signal could come mostly from the TE modes,
while the TM emission could be accounting for the background
fluorescence. Nevertheless, it is clear from Figure 4b that, even
with a polarization-resolved detection, the ASE bands for both
modes seem to emerge from a fluorescence background, as hap-
pens when no polarizer is used (Figure 3a). In fact, if we repeat
the VPI experiment using a polarizer in detection, and apply ex-

Figure 4. Polarization-resolved ASE analysis of sample NC-DDAB: PL
spectra for a pump fluence a) below threshold (0.14 mJ cm−2) and b)
above threshold (2.14 mJ cm−2) for the TE (blue curve) and TM (red
curve) waveguide modes. Proportionality factor Ω𝜂 versus pump fluence
retrieved from expression VPI 2 for the c) TE and d) TM modes. Same color
code than the previous panels; filled and hollow points correspond to ASE
and background fluorescence, respectively. The stripe length for the VPI
experiment was L = 0.45 cm.

pression VPI 2, Equation (8), we still detect a significant level of
spurious fluorescence. This excess is evidenced when compar-
ing the proportionality factors Ω𝜂, that we display in Figure 4c,d
for the TE and TM modes, respectively. In particular, when the
polarizer is added, Ω2𝜂2 ∼ Ω1𝜂1 for both polarizations, meaning
that the contribution from the background fluorescence is quite
important. Nevertheless, when no polarizer was used, this contri-
bution was significantly larger (Ω2𝜂2 ≫ Ω1𝜂1), as can be seen in
Figure 3f. These results allow us to conclude that the excitation
of TE and TM modes can partially explain the presence of two
signals, but it is not the definitive reason.

2.4.2. Spatial Inhomogeneities in the Excitation Stripe

An alternative contribution to the presence of two different sig-
nals could be a spatial inhomogeneity in the excitation stripe. In
most cases, the excitation spot is homogeneous in the longitudi-
nal direction (x-axis in Figure 1), but has a Gaussian or bell shape
transversal distribution (along the y-axis), meaning that the pop-
ulation inversion profile across the excitation spot follows (more
or less) the same pattern. At very low pump fluence, the popu-
lation inversion would remain below the threshold population,
and there would only be fluorescence. As the pump fluence in-
creases, the central part of the population inversion profile would
eventually cross the threshold, so that ASE would be excited in
that region. But in the wings, still below threshold, only fluores-
cence would be excited. In other words, two different regimes,
or signals, would coexist. While enticing, we can mostly rule
out this contribution, as the excitation spot is kept fixed across
experiments, but each sample shows a different level of back-
ground signal, with some of them even lacking it. Notice that this

Adv. Optical Mater. 2024, 12, 2401078 2401078 (7 of 14) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Time-domain analysis of the origin of two signals: Proportionality factor Ω𝜂 versus pump fluence retrieved from expression VPI 2 for samples
a) sim-500ps and b) sim-10ns. Filled and hollow points correspond to ASE and background fluorescence, respectively. c) Heat-map of the time evolution
of the PL intensity spectrum for sample sim-500ps excited at a pump fluence of 0.73 mJ cm−2. d) Time evolution of the FWHM (left axis, yellow line), and
the normalized wavelength-integrated ASE intensity (right axis, blue line), upon excitation with a 0.73 mJ cm−2 pump pulse of 500 ps (right axis, gray
line). e) Simplified depiction of the time evolution of the available population inversion in a real scenario (top panel), in the single signal approximation
(middle panel), and in the two signals approximation (bottom panel). The horizontal dashed line depicts the threshold population inversion.

conclusion holds regardless of the beam width along the y-axis,
as long as the beam shape is kept fixed. Furthermore, past works
have demonstrated the influence on the optical gain calcula-
tion of spatial inhomogeneities in the longitudinal direction, like
diffraction fringes at the stripe edges[77] or decaying pump inten-
sity due to a not sufficiently expanded beam.[78] Diffraction is not
an issue in our VPI experiments, as we are using stripe lengths
of 0.45 cm, where the diffraction effects are unimportant.[77] On
the other hand, Nitrogen lasers, as the one we have used, emit
a nearly top-hat square spot, meaning that the intensity is quite
homogenous across it. In any case, we expanded the beam and
selected only the central part, ensuring that the pump spot in the
sample surfaces was as homogeneous as possible.

2.4.3. Time-Domain Effects Due to Pulsed Excitation

A further step in understanding the origin of the background flu-
orescence signal can be taken by considering the timescales of the
pumping and relaxation processes. As with many other problems
in Physics, it is best to take a step back and set up a control ex-
periment. In our case, we decided to use spectrally-resolved VPI
data from numerical simulations of a polymer thin film doped
with a generic dye –lifetime 𝜏 f = 6 ns– (see Experimental Sec-
tion), in which we assumed a homogeneously broadened single
emitting species, a single waveguide mode, no scattering at all,
and a perfectly rectangular, homogeneous excitation region.[64]

We used simulation results from a dye doped polymer matrix
due to a lack of knowledge on the absorption cross-section and

emitter density, that are difficult to estimate for a NCs neat film.
We anyway underline that this difference is unimportant for our
purposes, as we intend to focus on time-domain effects. In par-
ticular, we generated sets of VPI data for pump pulse durations
shorter and longer than the fluorescence lifetime (samples sim-
500ps and sim-10ns, respectively). In principle, the application of
expression VPI 2 to these data should result, at most, in a small
contribution from a background fluorescence. In contrast, their
proportionality factors Ω𝜂, that we represent in Figure 5a,b, sug-
gest otherwise. In fact, for sample sim-500ps we have Ω2𝜂2 ≫

Ω1𝜂1, meaning that the background fluorescence contribution is
quite significant. For sample sim-10ns, this contribution is less
pronounced, but it is still strong.

Since the only parameter that changes in the simulation of
samples sim-500ps and sim-10ns is the pump pulse duration, it
is reasonable to postulate a time-domain effect, not captured by
the conventional VSL 1 and VPI 1 expressions, as the ultimate re-
sponsible for the background fluorescence. We show in Figure 5c
the spectro-temporal evolution of a single PL pulse from sam-
ple sim-500ps when excited above threshold. To help in the fol-
lowing discussion, we plot in Figure 5d the time evolution of
the pump pulse (gray curve), the wavelength-integrated PL signal
(blue curve), and the FWHM (yellow curve) corresponding to the
PL pulse in Figure 5c. In most experimental cases, the excitation
pulse has a temporal bell shape, meaning that the amplification
level changes with time. At short times, the pump intensity is
low, and the population inversion remains below the threshold
population, and there is only fluorescence (weak PL signal and
large FWHM). As time advances, the pump increases and the

Adv. Optical Mater. 2024, 12, 2401078 2401078 (8 of 14) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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population inversion reaches a critical limit, leading to the acti-
vation of ASE (large PL signal and small FWHM). Notice that
the PL signal is delayed with respect to the pump pulse, as the
molecules, once excited, remain in the excited state for a finite
time, governed by 𝜏 f, before the stimulated emission process be-
gins. In this sense, the shorter the excitation pulse is, the larger
the delay becomes. At long times, the pump intensity vanishes,
the population inversion is reduced below the threshold value
and, eventually, fluorescence is emitted again, with a temporal de-
cay dictated by the fluorescence lifetime. In other words, two dif-
ferent regimes coexist (fluorescence and ASE). It is not a discrete
scenario, though, as there is a gradual change of the ASE regime
along the duration of the pump pulse, or, rather, during the ex-
perimental acquisition time, as we show in Figure 5e (top panel).
This is, an infinite number of signals coexist. In contrast, most
theoretical treatments of this problem (including the VSL and
VPI methods) assume that the population inversion temporal
profile is a Heaviside step function (central panel in Figure 5e).
In particular, they implicitly perform a time-average of the PL
pulse (see ref. [64] for a demonstration), which can be seen as a
sort of Continuous Wave (CW) excitation. In this one signal sce-
nario, all the pulse is in the same PL regime, either fluorescence,
ASE, or saturated ASE. This first-order approximation (assumed
by expressions VSL 1, VSL Sat, VSL Emp, and VPI 1) works good
enough in many cases, but in others may not be that good, or
it may fail. A second-order approximation, that we illustrate in
the bottom panel of Figure 5e, consists of assuming that the pop-
ulation inversion has two different levels along the duration of
the pulse, and thus two different signals (ASE plus background
fluorescence) are allowed to coexist. Actually, this is the situation
captured by models VSL 2 and VPI 2, and that explains why they
can fit better to the experimental results.

So, in conclusion, there is not an excess of background fluo-
rescence. On the contrary, it is the expected behavior in a short
pulse excitation setting, that is identified as an additional signal
due to the simplified, time-averaged, nature of all existing analyt-
ical methods. In this sense, if we used a pump pulse much longer
than the emitter lifetime (quasi-CW state regime), we would ob-
serve that the background fluorescence would become weaker.
Actually, we can partially observe this in Figure 5a,b, where the in-
crease of the pulse length diminishes the amount of background
fluorescence, as evidenced by the reduction in Ω2𝜂2 with respect
to Ω1𝜂1. To cross-check that the previous discussion on the time-
domain effects is correct, we tried to detect the presence of back-
ground fluorescence in experimental data from non-perovskite
samples, in which one would not expect this kind of behavior.
Remarkably, we have found significant traces of it in a polyfluo-
rene sample[79] (Figure S6, Supporting Information), a Perylene
Orange doped PMMA sample[80] (Figure S7, Supporting Infor-
mation), as well as many other organic semiconductor and dye
doped polymer samples.[81–88]

2.4.4. Long-Lived Excitons

The previous discussion helps in deciphering the large excess
of background fluorescence observed in CsPbBr3 NCs samples.
Specially the results in Figure 5a,b, that show that the shorter
the pulse duration becomes –with respect to the fluorescence

lifetime–, the stronger the fluorescence background stands. In
this sense, CsPbBr3 NCs films display a multiexponential fluo-
rescence decay.[28,44,51,58,89,90] The short lifetime component, on
the (sub-)nanosecond scale, has been recently ascribed to a short-
range energy migration of localized excitons.[51] On the other
hand, the long lifetime component, of the order of tens to hun-
dreds of nanoseconds, can be traced back as well to localized
excitons, but delayed by the activation of a long-range diffu-
sion process.[51] The relative weight of each of the contributions
–and their impact on the ASE properties– depends on many
aspects, including the kind of capping ligand,[17,91,92] the de-
position technique,[20,58,60,93–95] the sample post-processing,[89,90]

the substrate treatment,[25,94] the ambient temperature and
humidity,[26,60,94–96] or the sample aging.[51] Coming back to our
problem at hand, the pump pulse duration to study ASE in
CsPbBr3 NCs in this work (≈ 3 ns) is longer than the lifetime of
the short-lived localized excitons (≈ 0.4 ns[51]). According to the
results in Figure 5, the PL signal generated by these localized exci-
tons should contribute moderately to the excess fluorescence (as
happened in sample sim-10ns). In contrast, the excitons delayed
by the diffusion processes, with a lifetime much longer than the
pulse width (≈90 ns[51]), cannot participate in the ASE process,
and only provide a fluorescence signal. As this signal accounts for
a large percentage of the total emission, the acquired PL spectra
display a huge contribution of excess background fluorescence.
Actually, Streak camera images of CsPbBr3 NCs samples pumped
above threshold back up this idea, as they show an initial fast de-
cay, due to stimulated emission, followed by a slow decay, due to
spontaneous emission.[19,28,58] In conclusion, the observed back-
ground fluorescence in CsPbBr3 NCs, when using a polarizer in
detection, has a twofold origin: an expected contribution due to
the non-amplified emission at the beginning and end tails of the
short pulse excitation (Figure 5d), and a very strong contribution
from spurious fluorescence emitted by long-lived localized states.

3. Conclusion

The ultimate goal of this work was to elucidate the origin of
the PL properties and spectral signatures of samples based on
CsPbBr3 NCs. Specifically, we were trying to answer why the
ASE band peak is significantly shifted from the fluorescence
maximum and, also, why the former seems to suddenly emerge
from, and coexist with, the latter. Given that the ASE characteris-
tics of perovskite waveguides involve different photophysical and
photonic processes, finding an adequate methodology to analyze
their optical gain is demanded in the first place. An ideal method-
ology should capture experimental trends like the gain satura-
tion and the background fluorescence, be intuitive and easy to
use/implement, and be derivable from a physical model.

In this work, we have carried out a comprehensive assessment,
based on these criteria, of the performance of different analyti-
cal expressions used in the literature to retrieve the optical gain
from ASE experiments, either VSL or VPI. Notice that, while we
have performed this analysis on CsPbBr3 NCs films, the conclu-
sions can be generalized to any other kind of gain media. We
have shown that most of the proposed models or expressions fail
in fulfilling these criteria in full and, hence, one must always en-
sure that the data chosen for the fitting procedure complies with
the assumptions behind the analytical expression. The exception

Adv. Optical Mater. 2024, 12, 2401078 2401078 (9 of 14) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2024, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202401078 by C
ochraneItalia, W

iley O
nline L

ibrary on [26/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadom.202401078&mode=


www.advancedsciencenews.com www.advopticalmat.de

to this is expression VPI 2, Equation (8), which stands out as the
best analysis method among the ones we have assessed in this
work, since it works for any level of saturation in the gain, can
detect the presence of two signals, and, at the same time, is intu-
itive and backed up by a physical model.

Leveraging the capabilities of this methodology to analytically
assess the experimental ASE measurements, together with the
insights provided by time-domain numerical calculations, we
can rationalize the ASE behavior in CsPbBr3 perovskite NCs
thin films by invoking four distinctive processes: reabsorption,
ESA, emission polarization, and long-lived localized excitons.
The ASE band is shifted due to a combination of a large over-
lap between the extinction coefficient 𝛼 and fluorescence F spec-
tra (black and gray curves in Figure 3d) and a very strong con-
tribution of ESA within the fluorescence window (red curve in
Figure 3d). Furthermore, the sense of emergence of the ASE
band from the fluorescence one –which is magnified by their
detuning– can be explained by an apparent excess of the lat-
ter. This excess may have, at the same time, a three-fold origin:
the excitation of both TE and TM polarized waveguide modes
(Figure 4), each with a different amplification regime; an ex-
pected contribution due to the non-amplified emission at the be-
ginning and end tails of the short pulse excitation (Figure 5d);
and a strong, yet spurious, fluorescence contributed by long-lived
localized excitons.

While this manuscript is focused on CsPbBr3 NCs samples,
its conclusions could be readily extrapolated to other kind of per-
ovskites materials, as they commonly show the same PL signa-
tures (ASE band shifted and emerging from the fluorescence
band), as well as trap states and multiexponential fluorescence
decays.[13,38,39,57,97–102] In fact, to judge by the abundance of these
PL trends in literature, it could be an inherent feature of col-
loidal inorganic semiconducting materials in general (Quantum
Dots,[39,55,103,104] or Wells,[39,105–108]) albeit that would need further
research for confirmation.

Based on the foregoing, the results in this work establish
guidelines to analyze the optical gain, help in understanding the
photophysics behind the ASE signatures of both CsPbBr3 NCs
and perovskites in general, and provide insightful information on
research avenues to increase the efficiency of the light-emitting
devices based on these materials.

4. Experimental Section
Samples NC1 and NC1-HMDS: The NCs were synthesized by adapt-

ing the procedure described in ref. [23]. All the details about chemi-
cals and NCs synthesis are reported in the original paper.[25] The NC1
and NC1-HMDS NCs average size is about (9 ± 2) nm. The NC1 solu-
tion shows an absorbance spectrum with a clear excitonic peak at 500
nm, a PL spectrum with a peak at 513 nm and PLQY of about 55%.[25]

The films were deposited by drop casting 10 μL of the NCs colloidal
solution on substrates (NC1 samples) and HMDS functionalized sub-
strates (NC1-HMDS samples). For the functionalization of the substrate:
30 μL of HMDS was drop cast onto the glass substrate and let dry.
The adsorbed HMDS was then annealed at 150°C for 30 min and the
films cooled down to room temperature for 1 h before NCs solution
deposition.[25]

Sample NC-DDAB: The NCs were synthesized according to a recently
developed approach.[109] Lead bromide (PbBr2, 99.999%), cesium car-
bonate (Cs2CO3, 99.9%), diisooctylphosphinic acid (DOPA, 90%), dido-
decyldimethylammonium bromide (DDAB, 98%), hexane (ReagentPlus,

⩾ 99%), acetone (⩾ 99.5%), toluene (ACS reagent, ⩾99.5%), cyclohex-
ane (ACS reagent, ⩾ 99%) were purchased from Sigma–Aldrich. Tri-
octylphosphine oxide (TOPO, min. 90%) was purchased from Strem
Chemicals. N-octane (⩾ 99%) was purchased from Carl Roth. All chem-
icals were used as received. PbBr2-TOPO stock solution (0.04 M) was
prepared by dissolving PbBr2 (1 mmol, 376 mg) and TOPO (5 mmol,
2.15 g) in octane (5 mL) at 100 °C, followed by dilution with hexane
(20 mL) and filtering through a 0.2 μm PTFE filter before use. Cs-DOPA
stock solution (0.02 M) was prepared by mixing 100 mg of Cs2CO3 to-
gether with 1 mL of diisooctylphosphinic acid and octane (2 mL) at
100°C followed by dilution with hexane (27 mL) and filtering through
a 0.2 μm PTFE filter before use. DDAB stock solution (100 mgmL−1,
0.215 M) was prepared by dissolving 300 mg of DDAB in 3 mL anhydrous
toluene.

Synthesis: In a 25-mL one-neck flask, 2 mL PbBr2-TOPO stock so-
lution was combined along with 3 mL hexane. Under vigorous stir-
ring, 1 mL of Cs-DOPA stock solution was swiftly injected. In 90 s a
stock solution of ligands (0.1 mL DDAB in toluene) was added to ini-
tiate the ligand exchange on the NC surface. In 1 min after the addi-
tion of ligands, the crude solution was concentrated by evaporating hex-
ane on a rotary evaporator down to less than 0.5 mL of residual sol-
vent. The NCs were precipitated from the concentrated colloid by adding
non-solvent. NCs were purified using acetone (crude solution:non-solvent
1:1, v/v), followed by solubilization of the obtained NCs in cyclohexane.
The concentration of NCs was about 9 mgmL−1. The DDAB NCs average
size is 8–8.5 nm. The DDAB NCs solution shows an absorbance spectrum
with clear excitonic peaks at about 508 and 494 nm and a PL spectrum
centered at 513 nm. Near to unity PLQY is reported in literature for DDAB-
capped CsPbBr3 NCs solution.[110–113] Thin films were deposited by spin
coating (@600rpm) the NCs solution on quartz substrates at room tem-
perature under a chemical fume hood.

Samples Sim-500ps and Sim-10ns: Two additional datasets of VPI data
were obtained by numerically simulating a conventional experimental sce-
nario: a 1 micron thick polymer film doped with a generic homogeneously
broadened dye (lifetime 𝜏 f = 6 ns) is transversally pumped at a wavelength
of 532 nm by a laser beam with a Gaussian temporal shape, spatially con-
formed as a stripe of length L = 2 mm and width b = 150 μm. The ade-
quate rate equations system was solved for several pump energies with
two different pump pulse durations, one shorter than 𝜏 f (𝜏p = 500 ps),
and another longer than this (𝜏p = 10 ns). These datasets are labelled as
samples sim-500ps and sim-10ns, respectively. For the full details about
the sample parameters and the system of equations, the reader is referred
to the original publication.[64]

ASE Measurements Set-Up: ASE measurements were performed by ex-
citing the samples with a LBT MNL100 Nitrogen laser, delivering 3 ns
pulses at a wavelength of 337 nm, with a repetition rate of 10 Hz. The
pump beam was focused onto the sample surface in a rectangular stripe
(4.5 mm length, 80 μm width). The emission was collected from the edge
of the sample, dispersed by a 0.75 m focal length spectrograph (Acton
750), and analyzed by an Andor air-cooled Si CCD. The spectral resolu-
tion is 0.5 nm. The experiments were carried out at room temperature;
in order to limit photodegradation, the PL and gain measurements were
performed with the samples under low vacuum (10−1 mbar). For the po-
larization resolved ASE analysis, a WP25M-vis polarizer was used along
the detection line.

Variable Stripe Length (VSL) Method: The VSL method is a very popu-
lar technique to measure the optical gain in active waveguides. In it, the
intensity of the edge-emitted PL is measured as a function of the excita-
tion stripe length at a fixed pump intensity. Then, a suitable mathematical
expression is fitted to these data to retrieve the optical gain as a fitting pa-
rameter. Several expressions can be found that describe the growth of PL
intensity (IPL) as a function of the stripe length L. In this work, the follow-
ing ones will be analyzed:

a) Expression VSL 1: First reported in ref. [54], it is the most commonly
used expression for any type of active material, including perovskites (see
ref. [78] and references therein). As such, it is the expression for which
the limitations and applicability conditions have been more thoroughly
studied.[77,78,114–117] It assumes an unsaturated 1D amplifier in which the

Adv. Optical Mater. 2024, 12, 2401078 2401078 (10 of 14) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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PL emission comes exclusively from ASE. Under these conditions, the
growth of ASE intensity IASE with the stripe length L reads:

IPL(L) = IASE(L) = A
g

(
egL − 1

)
(1)

where g is the net optical gain, and A is a strictly positive proportionality
factor that encodes the photophysical properties of the active medium, the
level of population inversion, and the excitation geometry.

b) Expression VSL 2: It is an extension of expression VSL 1, to measure
g when two emitting species contribute to the emission spectra (excitons
and biexcitons in the original publication[55]). Slightly different versions of
it have been used for perovskites,[19,56,94] and it reads:

IPL(L) =
A1

g

(
egL − 1

)
+ A2L (2)

where A1 and A2 are analogous to A in Equation (1).
c) Expression VSL Sat: Equations (1) and (2) are valid for stripe lengths

in which there is no gain saturation (small-signal regime). For moderate
levels of saturation, and only ASE signal, instead, the following expression
can be used:[118,119]

L =
IASE(L)∕Is

g + A∕Is
+

g

(g + A∕Is)2
ln
||||
A + (g + A∕Is)IASE(L)

A

|||| (3)

where Is is the saturation intensity. Unlike the previous expressions, Equa-
tion (3) is implicit in IASE(L), and thus must be fitted to a L versus IASE(L)
plot.[119] It has not been used so far in perovskites samples, but it has been
utilized for colloidal CdSe nanoplatelets,[107] which have similar ASE sig-
natures.

Notice that Equations (1) and (3) are derived assuming the same phys-
ical model, and are solutions, under different approximations (levels of
saturation), of the differential equation[119]

dIASE(x)
dx

= A + 𝛾
IASE(x)

1 + IASE(x)∕Is
− 𝛼IASE(x) (4)

where x is the propagation direction, 𝛾 the gross gain, and 𝛼 the losses
coefficient. Thus, g = 𝛾 − 𝛼. For Equation (1), no gain saturation is as-
sumed, or Is → ∞. For Equation (3), a moderate saturation is considered
with 𝛼IASE(x)/Is ≪ g.

d) Expression VSL Emp: Introduced in ref. [120] for II-VI semiconductor
NCs films, it is an empiric expression to quantify the gain in the presence of
saturation. It has been used before for perovskites in some instances,[57,60]

and it reads:

IPL(L) = IASE(L) = AegLs(1−exp(−L∕Ls)) (5)

where Ls is the saturation length.
Variable Pump Intensity (VPI) Method: The VPI method is by far the

most frequently used technique to analyze the ASE properties in active thin
films.[39] In it, the output PL intensity is acquired as a function of the pump
excitation value (energy, density, intensity, …) keeping the stripe length
fixed. For the VPI method, there are hardly any analytical expressions that
describe the growth of ASE intensity (IASE) as a function of the pump value
that can be fitted to the experimental values. In this work, the following
expressions are used:

a) Expression VPI 1: It is based on a physical model analogous to the
one behind expression VSL 1, Equation (1), but with an explicit depen-
dency on the pump value, generically denoted here as Ip. It was first re-
ported in ref. [64], and is given by:

IPL(Ip) = IASE(Ip) = Ω𝜂F
𝛾Δn − 𝛼

(
e(𝛾Δn−𝛼)L − 1

)
(6)

Δn(Ip) = Δn0

Ip∕Is
p,1 + (Ip∕Is

p,2)m

1 + Ip∕Is
p,1 + (Ip∕Is

p,2)n (7)

where the pump and wavelength dependencies have been removed from
the right-hand side (rhs) for notation simplicity. In them, 𝜂 = 𝜂(Ip) and
Δn represent different forms of temporally integrated spatially averaged
excited state populations, the latter taking into account how well this pop-
ulation and the photon flux overlap in time.[64] Δn0 is a normalization
factor that ensures that Δn = 1 at the maximum pump value. Is

p,1 and Is
p,2

are saturation intensities that, together with the exponents m and n (m >

n), determine at which pump value, and how fast, the population inversion
grows and saturates. Ω encodes information about the radiative proper-
ties of the active medium and the excitation geometry, and F = F(𝜆) is the
fluorescence spectrum. Notice that the net optical gain is g = 𝛾Δn − 𝛼.
For the full details on the formalism, the reader is referred to ref. [64].

b) Expression VPI 2: It is an extension to expression VPI 1 to obtain g
when both ASE and a background fluorescence contribute independently
to the PL spectra. Newly reported in this work, it reads:

IPL(Ip) =
Ω1𝜂1F

g

(
egL − 1

)
+

Ω2𝜂2F
𝛼

(
1 − e−𝛼L) (8)

with g = 𝛾Δn − 𝛼, and Δn given again by Equation (7). The second term at
the rhs of Equation (8) accounts for fluorescence propagating in the waveg-
uide mode, and is thus subject to losses. Incidentally, at the ASE peak, typ-
ically 𝛼L < 1, and, therefore, a Taylor expansion of the exponential can be
performed. Truncating at the first order, and making the substitution Ai =
Ωi𝜂iF, Equation (2) is found. Thus, Equation (8) is a higher-order analogue
of Equation (2), but with an explicit dependency on the pump value.

The analytical nature of expression VPI 1 allows computing, instead
of visually estimate, the ASE threshold if the adequate threshold criterion
is used.[64] For expression VPI 2, the ASE threshold is computed in the
same manner, but using only the first term in Equation (8). This is, in
this new model, the ASE threshold refers only to the pure ASE contribu-
tion, not the PL emission (ASE plus fluorescence background). The fitting
procedures for both VPI expressions are implemented in the stand-alone
graphical user interface AgL,[64] which is freely distributed by the developer
(LC) upon request.
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