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Lead halide perovskites nanocrystals (NCs) were recently found to exhibit extraordinary optical
amplification properties. The great majority of such studies, implemented ultrashort photon
pulses in the femtosecond regime to initiate the stimulated emission process. Yet the realization
of practical lasing applications based on such materials is crucially dependent on their ability to
sustain optical amplification at significantly longer timescales, at which major losses associated
with spontaneous emission and non-radiative recombination occur. Herein we demonstrate
highly efficient amplified spontaneous emission (ASE) from closed-packed films of
formamidinium lead iodide perovskite (FAPbIs;) NCs under excitation in the nanosecond regime.
Systematic optimization of the NCs processing and thermal treatment, yields solids that exhibit
high ASE net modal gain up to 604 cm™ and nearly-temperature insensitive ASE thresholds with
room temperature values as low as 140 pJ cm™. The efficient optical amplification using
excitation pulses comparable to the exciton lifetime combined with the excellent chemical
durability and air stability of FAPbI; NCs renders them as outstanding gain media for continuous

wave lasers in the red and near-infrared.



Colloidal semiconductor nanocrystals (NCs) are highly promising optical gain media combining
the attributes of solution-processing with large transition oscillator strengths, size-tunable, broad
optical gain spectra and potential for temperature-insensitive lasing operation rising from their
three dimensional quantum confinement.'” Since the first demonstration of the room-
temperature optical gain in NC solids ', significant progress has been achieved based on
synthetic and processing approaches allowing fabrication of densely packed NC films with
reduced energetic and spatial disorder > combined with a better understanding of the exciton fine
structure and nature of multicarrier interactions ~> and the implementation of appropriately
engineered structures such as core-shell NCs that allow suppression of losses associated with
surface and Auger recombination. ® The breakthrough demonstration of continuous-wave lasing
employing strain-engineered asymmetric NCs ° and multishell-core NCs '° to tailor the exciton
fine structure and the spontaneous emission lifetime, respectively, follow the respective
successes in colloidal quantum well gain media '' and opens new avenues towards efficient
colloidal nanocrystal lasers. The aforementioned progress has been based on metal chalcogenide
semiconductor NCs, benefitted from decades of material development and structure
optimization. The recent introduction of a new class of light emitting nanomaterials using lead
halide perovskites of the type APbX3; with A being methylammonium, (MA), formamidinium,
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(FA), cesium (Cs) and X being Cl, Br, I and combination thereo enables a further leap for

breakthrough achievements in colloidal NC lasers. Extensive work on fully inorganic CsPbX;

NCs has already produced impressive results in amplified spontaneous emission (ASE) and
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lasing across the visible spectral region with thresholds of just few wJ cm™ under

femtosecond excitation, already surpassing those observed in CdSe/ZnCdS core-shell NCs 7 2

and standing on par with record values reported in colloidal CdSe/CdS nanoplatelets ' >~ The

good lasing properties indicate that losses in the optical amplification process due to Auger



recombination, that in Cs-based NCs appear to occur at similarly fast timescales to those in
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traditional metal chalcogenide NCs and the retarded buildup of the stimulated emission due
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to slow thermalization of hot carriers are well counterbalanced by the suppressed non-

radiative recombination rising from the defect-tolerant electronic structure of perovskites. >
Despite the successes, majorly based on all-inorganic perovskite NCs, the ambient
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thermodynamic and chemical instability of CsPbl; thin films and crystallites renders such

materials not suitable for light emitting applications in the red. The recent facile synthesis of

14, 41

robust formamidinium lead iodide perovskite (FAPbl;) NCs appears to largely circumvent

the problem. Such NCs were found to exhibit outstanding optical properties with high quantum

yields above 70% '* and low ASE threshold under femtosecond excitation, down to 7.5 uJ cm™

' combined with a significantly higher crystal chemical durability compared to the Cs-based

counterparts in the red and near infrared region. Furthermore a recent report by Fang et al.*?,

provides evidence of significantly longer biexciton lifetimes compared to Cs-based NCs, making

them highly suitable candidates for continuous wave lasing applications.

Motivated by the potential of such emitters we report here on a comprehensive study of the ASE
properties of closed-packed FAPbI; NC films under excitation in the nanosecond regime. By
controlling the processing, purification and thermal treatment of the NC films, we can produce
two types of films containing isolated and partly sintered NCs, yielding distinct emission/ASE
characteristics. ASE from isolated NCs was found to show high net modal gain up to 604 cm™
and only weakly temperature sensitive ASE thresholds with room temperature values down to
140 uJ cm™, a record low for ns-excited ASE in colloidal NCs. On the other hand, impressive but
overall lower values of room temperature optical gain and ASE threshold values up/down to 502

cm™'/335 pJ cm™ were found in films containing sintered NCs, combined with a significantly



stronger dependence of the ASE on sample temperature. Tuning of the purification, processing
and thermal annealing parameters allow us to switch from the more quantum dot-like to the more
sintered, bulk-like ASE behavior through intermediate film phases, in which both types of modes

via the appearance of double ASE peaks are evidenced.

Results and Discussion

Distinguishing two types of FAPbI; NC solids

Our investigations employ as-synthesized FAPbI; NCs with cubic shape and average size of ~10
nm, estimated from the TEM image of Figure 1(a) and the Gaussian fitted NC size-histogram of
Suppl. Figure 1. The optical properties of the NCs dispersed in toluene are displayed in Figure
1(b), yielding energy gaps in the 1.64-1.62 eV range and bright photoluminescence (PL) peaked

at 1.6-1.58 eV.
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Figure 1. (a) TEM image of the studied, cubic FAPbl; NCs (b) Normalized absorbance and PL
spectra from FAPbI; NCs dispersed in toluene (Sol) and films processed out of the NC solution
with optical characteristics attributed to isolated (iso-NC) and partly sintered (sin-NC)

nanocrystals.



As spun, drop-casted or spin-coated films, subjected to purification using non-polar solvents (see
Materials and Methods section) were found to exhibit sharp band edges with band-gaps and PL
peaks slightly red-shifted i.e. by ~25-35 meV compared to the respective features of the as-
synthesized NC colloids as observed in Figure 1(b). The photophysical behavior, as further
supported by additional experimental evidence below in the text, is consistent with solids in
which the NC surface retains a considerable amount of the oleic acid ligands, preventing NC
aggregation and preserving the integrity of individual NCs, termed “isolated NCs” (is0-NCs)
films for the rest of the manuscript. On the other hand, films deposited via dip-coating or spin-
coating that have been treated using a processing protocol employing a polar solvent rinsing,
exhibited consistently larger bathochromic absorption and PL shifts up to 60 meV compared to
the respected values in colloids, with less well-defined band-edges and pronounced band-tail
contribution. It appears that treatment with a polar solvent results in partial detachment of the
weakly bound ligands from the surface allowing the NCs to pack and partly merge forming
“sintered NCs” (sin-NCs) films. The observation is supported by recent surface chemistry studies
on perovskite NCs which demonstrate the highly dynamic nature of surface ligand binding,
resulting in ligands loss during purification steps, especially when such processes involve polar

4344

solvents.”"'The ligand loss appears further pronounced in dip-coated films due to the elevated

temperature used during the film drying step.
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Figure 2. (a) Representative Arrhenius plots of the two types of NC films. (b) Impact of post-
deposition thermal annealing on the average PL lifetimes (top) and PL QY (bottom) of the two

film types. (c) PL shifts upon thermal annealing from iso- and sin-NC films.

Such a hypothesis is further supported by the two distinct temperature-dependent PL behaviors
of the two film types, represented in the Arrhenius plots of Figure 2(a) and the raw data of
Suppl. Figure 2(a) and 2(b) with the PL intensity of the necked (isolated) NC films, quenching
(growing) as temperature is raised. Both NC solids were found to exhibit a characteristic PL peak
dependence with temperature illustrated by Suppl. Figures 2(¢) and 2(d), that has been
previously observed in bulk- ** and nano- crystal ** films of FAPbI; and convincingly assigned to
a crystal structure transition from a tetragonal to an orthorhombic phase. The almost identical
and fully reversible temperature evolution of the PL peak in all films studied, can exclude the
presence of different perovskite crystal phases as the origin of the two distinct optical behaviors
observed. For the sin-NC films, analysis of the Arrhenius plots reveal an activation-type of PL
quenching yielding typically two linear regions with respected activation energies in the range of

10-14 meV and 60-90 meV. The former quenching process is attributed to exciton-LO-phonon



interactions, based on the measured 11.5 meV value of the LO phonon of FAPbI; 46 while the
latter mechanism is most probably related to exciton thermal escape from the NCs as the
respective activation energy matches the NC confinement energy i.e. the separation of the NCs
absorption edge from the bulk FAPbI; gap of ~1.48 ¢V.*’ The aforementioned model is also
consistent with the temperature-activated quenching of the PL lifetime, presented in Suppl.
Figure 3. On the other hand, the anomalous growth of the intensity and the PL lifetime (Suppl.
Figure 4(a) and 4(b)) with temperature in the iso-NC films appear consistent with a thermally
induced exciton detrapping process. The fluence-insensitivity of the PL transients (Suppl.
Figure 4(c)) and the strictly linear variation of the zero-delay PL intensity Suppl. Figure 4(d))
across the power density range used in our PL experiments, excludes the possibility that the
anomalous temperature variation originates in formation and recombination of multi- or charged-
exciton species. On the other hand the exciton detrapping model has also been used by Fang et
al.* in FAPbI; NC solids with the authors attributing the trapping to a surface dark exciton state.
In our study, evidence by low temperature PLE experiments displayed in Suppl. Figure 5,
indicate the presence of absorbing species in the gently-purified iso-NC films related to
unreacted Pbly precursors. Pbl,-rich regions were found to influence the charge carrier lifetimes
and PL emission yield in hybrid perovskites. ** Tt is thus probable that such defects are
responsible for the efficient low temperature trapping of excitons in the iso-NC films. From the
Arrhenius plots, a distribution of activation energies in the 10-30 meV range can be extracted
that provide an estimate of the exciton localization energies in such Pbly-related defects.

The thorough cleaning of the sin-NC films appears to largely remove such defects, yet both their
room temperature emission lifetime and the quantum yield (QY) does not concomitantly increase
compared to the less washed iso-NC films, that were typically found to exhibit slightly larger

room temperature PL lifetimes and QYs. It is plausible that the beneficial effect of washing off



byproducts of synthesis is counterbalanced by emission quenching introduced upon colloidal NC
necking.*” Thermal annealing, that appears as a necessary post-deposition processing step to
improve the solid-state mesoscale morphology and achieve high performance optical
amplification in the FAPbI; NCs, differentiates even further the optical behavior of the two types
of films. The impact of annealing becomes pronounced above 60 °C and is optimized for both
types of NCs at 90 °C, as witnessed by the monotonic enhancement of the emission intensity and
lifetime displayed in Figure 2(b) and Suppl. Figure 6. It becomes though evident that the
thermal treatment has a much stronger beneficial effect for the sin-NC films, i.e. for the
representative example of Figure 2(b) the PL lifetime/QY in the sin-NC films increases by a
factor of 2.5/4 compared to respective improvements by a factor of 1.7/2.2 in the iso-NC film.
Furthermore, annealing results in a significantly larger bathochromic emission shift in the sin-
NC films, lowering their PL peak energy down to ~1.51 eV upon annealing at 90 °C,
approaching the bulk FAPbI; gap of 1.48 eV as observed in Figure 2(c). The loss of confinement
is consistent with a more pronounced merging of the NCs induced by the thermal treatment in
such films. The optical data trends are further supported by microscopy measurements presented
in Figure 3 and Suppl. Figure 7 that probe the effect of polar solvent washing and post-
deposition annealing on the microstructure of iso- and sin-NC films. For sin-NCs, such
morphological changes are pronounced and are both visible in TEM and AFM images. Thermal
annealing at 85°C for 5 min is sufficient to activate the NC aggregation process, resulting in
sintering of ~30% of the imaged NCs as seen in the pre- and post-annealing TEM images of sin-
NCs in Figures 3(a) and 3(b), respectively. Furthermore AFM images of non-annealed sin-NC
films, subjected to a polar washing cycle, indicate that even before thermal treatment, NC
merging is observed as seen in Suppl. Figures 7(a) and 7(c). Upon annealing, NC merging

becomes significantly more pronounced, producing larger, one-dimensional structures, evident in



Suppl. Figures 7(b) and 7(d). In a fraction of the studied sin-NC films, the sintering is so
extensive that nanowires with length of tens of microns and submicron width and height i.e.
width of ~ 400-600 nm and height of ~100-150 nm for the representative example of Figure
3(d), are formed. On the other hand no consistent evidence of the formation of large
nanostructure assemblies exists in thermally treated iso-NC films as seen in Figure 3(c) , which
combined with the negligible red-shift of their PL spectra upon annealing displayed in Figure
2(c) indicates that the FAPbI; nanocrystals in such films remain largely in the as-grown,

confined state.
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Figure 3: Transmission electron microscopy images of polar-washed NCs on a TEM grid (a)
before and (b) after thermal annealing for 5 min at 85° C. Atomic force microscopy images
yielding the surface morphology of (¢) an iso-NC film and (d) a sin-NC film, both annealed at

90° C for 30 min. (e,f) AFM images of nanowires formed in films of sintered NCs imposed to the



aforementioned thermal treatment. From the graphs, estimates of the width (x) and height (y) of

the nanowires across different cross sections within the wires length, are provided.

Room-temperature amplified spontaneous emission under nanosecond excitation

Both types of NC films exhibit emission narrowing and threshold type behaviour for high
enough excitation fluences that signature the appearance of ASE. To achieve room-temperature
ASE, the films had to be subjected to an annealing step applied during or subsequent to
deposition. The influence of the thermal treatment on the optical gain characteristics is
elaborated later in the text. Films containing isolated NCs, exhibit ASE peaks in the vicinity of
the respective PL maximum, in the range of 1.55-1.57 eV as observed in Figure 4(a). On the
other hand films with partially necked NCs, exhibit consistently ASE on the lower energy wing
of the PL, as displayed in Figure 5(a), lying at or slightly above the FAPbI; gap, i.e. in the 1.48-

1.52 eV range, confirming the confinement loss of the NCs in such case.
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Figure 4: ASE excited from an iso-NC drop-casted film thermal-treated subsequent to film
deposition at 90° C: (a) ASE spectra at different excitation fluences. The y-axis is displayed in
logarithmic scale. (b) Integrated emission versus excitation energy density. Allometric fits of the
data with the respective fitted exponents are also displayed. The ASE onset is clearly defined by
the sub- to super-linear change of slope (c) Integrated intensity versus stripe length obtained
using the variable stripe length geometry. The fit using equation (3) and the extracted optical
gain parameters are also displayed. (d) Integrated intensity versus stripe distance from the
sample edge, for a constant stripe length. The method allows the estimation of the ASE optical

loss using the Beer-Lambert type of fit of equation (4)
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Figure 5: ASE from a sin-NC drop-coated film imposed to post-deposition annealing at 90 °C:
(a) ASE spectra at different excitation energies. (b) Integrated emission versus excitation energy
density along with allometric fits of the data. The ASE threshold is again defined by the sub- to
super-linear change of slope (c¢) Integrated intensity versus stripe length obtained using the
variable stripe length geometry along with fits and extracted optical gain parameters. (d)
Integrated intensity versus stripe distance from the sample edge, used for the estimation of the

ASE losses.

The ASE threshold is extracted from the excitation dependence of the integrated emission,
displayed in Figures 4(b)/5(b) for iso-/sin-NC films respectively. The former exhibit

consistently lower ASE thresholds down to 140 pJ cm™ and typical values in the range of ~150-



300 pwJ cm™ compared to a minimum threshold of 335 pJ cm™ and mean values in the 350-450 pJ
cm range for the bulk-like NC films. The threshold reported in the isolated NC solids appears to
constitute a record low for nanosecond-excited ASE from colloidal NC films. At the same time,
recent studies on ns-excited ASE in films of FAPbI; bulk crystals™ set an even lower, by as
much as a factor of 7, threshold bound, paving the way towards further optimization of the quasi-
continuous optical amplification properties of NCs based on the FAPbI; perovskite.

The ASE linewidth for the isolated NCs was measured in the range of 18-26 meV, being
typically larger than the respective linewidth in bulk-like films in which values as low as 10 meV
were obtained. Yakunin et al.'” reported on an inverse relationship between the ASE linewidth
and the ASE threshold in CsPbBr; perovskite NCs, as samples with low thresholds support a
larger optical gain bandwidth. Such an explanation appears consistent with our data, with films
containing mostly isolated NCs yielding lower ASE thresholds and larger FWHMSs compared to
the respective parameters of sintered NCs, indicative of a larger ASE bandwidth in the former
solids.

The efficiency of optical amplification is quantitatively accounted by the net modal gain G,
measured via the variable stripe length (VSL) method ! using sample excitation via a light stripe
with adjustable length and detection of the edge-emitted ASE as a function of stripe length, as
illustrated in Suppl. Figure 8. The VSL results are displayed in Figures 4(c)/5(c) for iso/sin-NC
films, respectively. The growth of the integrated intensity from the onset of ASE and through the
excitation regime where no saturation effects are visible, can be modelled by the following rate

equation *:

UAX) _ G (DI, x) — a(DIA, x) + ng(d) M

dx



Where g is the optical gain, a is the optical loss coefficient and n is a parameter proportional to

the spontaneous emission rate and to a geometrical factor dependent on the sample dimensions.

The optical gain g, loss a and net modal gain G parameters are connected via the relationship:
G =g —a(d) 2)

Integration of equation (1), using the boundary condition I(A, x=0) = 0, yields the following

fitting model of the experimental data:

I, x) = % (€% — 1) 3)

Where A(A) =n g(A). Model (3) produces good fits of the experimental data, as seen in Figures
4(c)/5(c) and yields the parameters G(A) and A()), with values of net modal gain as high as 604
cm™ and 502 cm™ for NC-like and bulk-like films, respectively. The absorption and scattering
losses defining the coefficient a can be estimated using a variation of the VSL method, in which
the excited beam is translated away from the sample edge, while keeping the stripe length fixed
to a value just above the ASE onset. The loss a can then be extracted by fits of the following
Beer-Lambert law function, as observed in Figures 4(d)/5(d) for iso/sin-NC films, respectively:
1(4,d) =1(,0) e~ “4)

Where I(A,0) the ASE intensity obtained with the pumping stripe at the edge of the film, and d
the distance by which the stripe is translated away from the edge. The optical gain g and the
parameter n can also be obtained from the fit extracted values of G and A using the relation (2)
and the equation defining the quantity A. All extracted optical gain parameters are displayed in
Figures 2 and 3 for the best performing iso/sin-NC films, respectively.

High net modal gain and low ASE threshold values are observed only after NC annealing during
or subsequent to solid state deposition. For films containing partly merged FAPbI; NCs, thermal
treatment at a minimum temperature of 60 °C appears as a prerequisite step to achieve ASE. For

150-NCs films, ASE was also observed in a small fraction of non-annealed films albeit at the



expense of higher fluence thresholds. The impact of post-deposition annealing on a film with
confined NCs is displayed in Figure 6. Baking up to 60 °C increases the net modal gain by ~1.5
times, mainly via reducing scattering losses by a factor of ~2.3. A further optimization of the net
modal gain up to an annealing temperature of 90 °C is observed, due to a modest increase of the
optical gain by ~20%. The highly favourable impact of annealing on ASE is consistent with the
strong enhancement on the intensity and dynamics of the luminescence discussed in the previous

section of the manuscript.
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Figure 6: Impact of thermal annealing on: (a,b,c) the gain characteristics and (d,e,f) the optical

losses, of the same film, containing isolated FAPbI; NCs.



Temperature dependence of the amplified spontaneous emission

Figures 7(a) and (b) show representative examples of the temperature variation of the ASE
threshold for iso- and sin-NC films respectively, imposed to post-fabrication annealing. For
isolated NCs, the threshold appears to strongly increase with temperature from 40 to 290 K by a
factor of ~5 and ~3 for the non-annealed and the annealed at 60 °C film, respectively. On the
other hand an almost temperature-insensitive onset of ASE is observed for the film annealed at
the optimum temperature of 90 °C with an overall threshold variation of less than 30% across the
temperature range probed. The origin of the temperature-insensitive threshold, observed in a
significant fraction of the iso-NC films studied, is not fully resolved. We hypothesize that it may
be the result of two competing mechanisms, namely thermally-activated exciton detrapping
evidenced by the anomalous growth of the emission intensity with temperature discussed earlier,
with quenching mechanisms that antagonize the population inversion such as non-radiative
recombination as temperature increases. In films containing mostly necked NCs, a strong growth
of the ASE threshold with temperature is observed for both pristine and thermally-treated
samples. An interesting observation is that in a subset of the sintered NC films, two ASE peaks
emerge at low temperatures, as illustrated in the example of Figure 7(c) for a film annealed
subsequent to deposition at 60 °C. The high energy peak 1 appears energetically coincident with
the PL maximum while the low energy peak 2 emerges in the long wavelength PL tail, red-
shifted by 20-45 meV in respect to peak 1 and the PL maximum as displayed in Suppl. Figure 9.
The two ASE features match the energetic position of the respective ASE peaks found in the iso-
and sin-NC films, as illustrated in Figures 4 (b)/5(b), respectively. The dual ASE is then
attributed to optical gain from a coexistence of phases within the film, with areas of isolated NCs
and domains in which merged NCs dominate, responsible for the peaks 1 and 2, respectively.

When the film is imposed to an additional annealing step to 90 °C, ASE peak 1 due to isolated



NCs vanishes and the ASE threshold assumes a temperature variation resembling the ASE peak

2, as the pronounced thermal treatment results in complete sintering of the perovskite

nanocrystals.
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Figure 7: Temperature dependence of the ASE threshold for a film containing intact NCs,
annealed at different temperatures subsequent to film deposition. (b) Evolution of the ASE
threshold with temperature for a film containing necked NCs. When annealed at 60 °C, the film

sustains two ASE peaks. (c¢) The emergence of the dual ASE at 220 K from the latter film.

The temperature variation of the ASE linewidths from the two categories of NC solids is shown
in the graphs of Suppl. Figure 10. As discussed earlier, films with confined NCs exhibit
typically broader ASE peaks compared to those of sintered NCs, attributed to an increased
optical gain bandwidth. The bandwidth appears to be further increased by thermal annealing up
to 90 °C, consistent with the concomitant decrease in the ASE threshold for both type of films
upon such thermal treatment. For both iso- and sin-NCs, the ASE FHWM overall increases with

temperature, assuming a similar pattern to that of the luminescence linewidth growth, however



ASE/PL narrowing is also observed in the temperature range of 50-130 K, where NC crystal

structure phase transitions occur, as discussed earlier in the text.

Conclusions

We report on the photophysical and optical gain properties of closed-packed films of FAPbI;
NCs under excitation in the nanosecond regime. The impact of purification, processing and post-
deposition thermal treatments on the integrity and confined state of the NCs is demonstrated,
resulting in two distinct emission and optical amplification behaviors attributed to films with
isolated and partly sintered NCs. The quantum dot-like films exhibit outstanding room-
temperature ASE characteristics under nanosecond excitation, with low ASE threshold down to
140 pJ em™ and high net modal gain up to 604 cm” which combined with the material
robustness in ambient conditions, makes them excellent candidates for applications in lasing

applications.

Materials and Methods

Chemicals: Formamidinium acetate (FA-acetate, Aldrich, 99%), lead (II) iodide (Aldrich, 99%),
lead (II) acetate (Aldrich, 299.99%) . octadecene (ODE, Aldrich, 90%), mesitylene (MS, Sigma-
Aldrich, 98%), oleic acid (OA, Aldrich, 90%), Oleylamine (OLA, Acros Organics, 80-90% or
STREM, 95%), HI (ABCR, 57 % aqueous solution with stabilizer), hexamethyldisilazane
(Aldrich, 99%), toluene (Aldrich, 99.8 %), hexane (Aldrich, 98.5 %), ethanol (Aldrich, absolute,
> 99.8%), acetonitrile (Sigma-Aldrich, > 99.5%), methyl acetate (ABCR, 99%), diethyl ether

(Sigma-Aldrich, >99.8%)



Synthesis: The FAPbl; NCs were prepared using the following two synthetic methodologies,
according to published procedures (14). It is noted that the two synthetic methods result in
nanocrystals with identical structural and photophysical properties, as elaborated in reference
(14).

Method 1. Pbl, (0.172 g, 0.374 mmol) and MS (10 mL) were added to a 50-mL round-bottom
flask, dried for 1 h at 120 °C and mixed with OA (2 mL, vacuum-dried at 120 °C) and OLA (1
mL, vacuum-dried at 120 °C). When the Pbl, was fully dissolved and the mixture was cooled to
80 °C, the preheated FA-oleate precursor (4 mL, prepared in advance as described below) was
injected. After 60 s of stirring, the solution was cooled to RT in a water bath. Preparation of FA-
oleate precursors: FA-acetate (0.521 g, 5 mmol), 16 mL of ODE (vacuum-dried at 120 °C) and
OA (4 mL) were added to a 50-mL round-bottom flask. The mixture was degassed for 10 min at
RT and then heated under nitrogen to 130 °C, which yielded a clear solution. Next, the clear
solution was dried for 30 min at 50 °C under vacuum. FA-oleate was heated to 100 °C before use

because it often precipitates when cooled to RT.

Method 2. In a 25 mL three-necked flask lead (II) acetate (76.0 mg, 0.234 mmol) and
formamidinum acetate (78.0 mg, 0.75 mmol) were dissolved in ODE (8.0 mL) and OA (2.0 mL).
The solution was dried at room temperature for 5 min and then at 80 °C for 30 min. At 80 °C a
solution of oleylammonium iodide (237 mg, 0.6 mmol) in toluene (2.0 mL) was injected under
N,. The reaction was cooled to room temperature immediately with the water bath. Preparation
of oleylammonium iodide: 60 mL acetonitrile and 38.4 mL oleylamine (0.11 mol) were combined
and heated to 50-60 °C. At this temperature 25 mL HI (0.19 mol) was added. Solution was

stirred overnight. Next, the solution was dried under vacuum, and the obtained product was



recrystallized multiple times from diethyl ether and then isolated as a white powder by vacuum-

drying at 80°C

Films processing:

(a) Processing and deposition of iso-NC films: The crude solution from the synthesis was
centrifuged for 5 min at 12100 rpm and the supernatant solution was discarded. The precipitate
was redispersed in 400 pL hexane and centrifuged again. The precipitate was suspended in 6 mL
of toluene and centrifuged at 4400 rpm for 3 min. Next, the precipitate was discarded and the
supernatant solution was filtered through a 0.45 um PTFE filter. Subsequently the solution was
concentrated under vacuum until the concentration of 40 mg/mL was reached. Immediately after
this step, 20-30 uL from the concentrated solution were spin-coated or dropped casted on a glass

substrate pre-cleaned with acetone and ethanol and pre-treated with hexamethyldisilazane.

b) Processing and deposition of sin-NC films: The crude solution from the synthesis was
centrifuged for 5 min at 12100 rpm and the supernatant solution was discarded. The precipitate
was dissolved in toluene (1.0 mL) and methyl acetate (250 pL) was added and the solution was
centrifuged again at 12100 rpm for 7 min. The supernatant was discarded whereas the precipitate
was dissolved in 4 mL octane and filtered through a 0.45 mm PTFE filter. Films were deposited
out of spin-coating using the same procedure with that described above for the iso-NC films or

via dip-coating using one of the two following methods:

a) Films were prepared on PEDOT:PSS treated glass slides by withdrawing the slide from octane
solution of FAPbI; NCs at a rate of 10 mm/min. The dipping and constant-rate withdrawing was

repeated 42 times to yield thick films.



b) 1 mL of FAPbI; NCs in octane was dried and precipitate. It was then redispersed in 3 mL
toluene. Films were prepared on PEDOT:PSS treated glass slides by withdrawing the slide from
the toluene solution at a rate of 10 mm/min and then baking the slide inside an oven at 82 °C for
3 min. Next, the slide was cooled to room temperature and immersed in pure toluene, withdrew
from it again with the rate 10mm/min and dried at room temperature. The sequence was repeated
40 times to yield thick films.

The aforementioned three deposition methods (spin-coating, dip-coating, drop-casting) resulted
in films with thicknesses widely varied in the ~150-500 nm range, measured by AFM
microscopy. The optimum ASE characteristics have been obtained with dip-coated and drop-

casted films with thicknesses in the range of ~250-350 nm.

Onptical Spectroscopy:

Absorbance of films was recorded with a Perkin Elmer Lamda 1050 spectrophotometer covering
the 200-3000 nm spectral range. Steady-state photoluminescence (PL) and amplified
spontaneous emission experiments were carried out using a 0.75 m Acton750i Princeton
spectrometer equipped with a 1024x256 pixels PIXIS charge-coupled device (CCD) camera with
spectral response in the range of 300-900nm. The films were excited at 532 nm, using the second
harmonic of a Quantel Brilliant Nd:YAG laser producing a 4 mm beam with pulse width of ~4
ns and repetition rate of 10 Hz. The energy density of the excitation beam was varied in the 1 —
4000 wJ cm™ range using neutral density filters. ASE and PL emission were detected using both
a side (stripe excitation spot) and a back-scattering (round excitation spot) geometry in our
experiments. A small improvement in the ASE threshold was found in the side detection
geometry. In the variable stripe length (VSL) experiments, a cylindrical lens (f ~ 200 mm) was

employed to convert the circular beam of the laser into a rectangular strip with dimensions of



~1.5 x 7.0 mm. The length of the strip was varied using a precision adjustable slit with
micrometer sensitivity of 5 pum. The VSL geometry is displayed in Suppl. Figure 6.
Photoluminescence quantum yield (PL QY) was measured according to the method described by
de Mello et al.”® using a 4 inch integrating sphere (Edmund Optics) coupled to the
aforementioned grating spectrometer via an optical fiber bundle. Temperature-dependent
PL/ASE measurements in the 10-300 K range were carried out by placing the samples in the cold

finger of a Janis CCS-150 closed-cycle refrigerator.

Time resolved photoluminescence (PL) was recorded on a FluoroLog FL3 Horiba Jobin Yvon
spectrofluorimeter using a monochromator based time correlated single photon counting
(TCSPC) method. The PL was excited by a 633 nm laser diode (DeltaDiode-633L) with a pulse
width of ~80 ps respectively, operating at 100-250 KHz. The system exhibits a time resolution of
~50 ps after reconvolution with the instrument response function. The PL decays were obtained
while monitoring the PL emission peak with a spectral bandwidth of ~2nm. The average
transient PL lifetime 1,, for TRPL decays was calculated from the relation:

. XA T
wNAT

where 7; are the decay times extracted from multi-exponential fits of the PL transients and A; the

corresponding decay amplitudes.
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