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Abstract: Intraband relaxation in all-inorganic cesium lead tribromide (CsPbBrs) and hybrid
organic-inorganic formamidinium lead tribromide (FAPbBrs) nanocrystals is compared
experimentally using ultrafast spectroscopy. Carrier cooling is reported for both compositions
of nanocrystals over a similar range of particle sizes for different excitation energies, sample
temperatures, and excitation fluences. Hot carriers in CsPbBrs nanocrystal samples consistently
exhibit slower cooling than FAPbBr3 nanocrystal samples in the single electron-hole pair per
nanocrystal regime. In both compositions, long-lived hot carriers (>2 ps) are only observed at
excitation densities corresponding to generation of multiple electron-hole pairs per
nanocrystal—and concomitant Auger recombination. This evidence of prolonged hot carriers
only under conditions of multiple electron-hole pairs per nanocrystal, driven by the Auger
process, is distinct from previous reports in bulk hybrid perovskite materials of persistent hot
carriers at low excitation fluences. Time-resolved photoluminescence confirms the rapid
cooling of carriers in the low-fluence (single electron-hole pair per nanocrystal) regime.
Intraband relaxation processes, as a function of excitation energy, size, and temperature are

broadly consistent with other nanocrystalline semiconductor materials.

1. Introduction
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The emergence of hybrid organic-inorganic plumbotrihalide perovskite materials with organic
cations (methylammonium, MA, or formamidinium, FA) as optoelectronic materials of high
quality!'?! has focused research on unique properties that are reported to emerge from the
presence of organic cations versus other potential origins. For example, it has been long known
that the free rotation of organic cations in hybrid perovskites leads to a much larger dielectric
values at low frequencies.** In addition to claimed effects on the exciton binding energy,>~"]
carrier lifetime,[**) and Auger recombination,!'” the choice of cation has been implicated in

IL21' A prominent initial report indicated that hybrid

determining the rate of carrier cooling.!
perovskites support long-lived hot carriers at low excitation fluences, whereas all-inorganic
systems do not.[?! This was attributed to charge screening from the plastic crystal nature of the
organic cations.['>!*) The presence of persistent energetic carriers due to slow intraband
relaxation would mark out hybrid perovskites as promising materials to beat the Shockley-

14151 Byt the influence of cations on carrier cooling

Queisser limit in hot carrier photovoltaics.!
in plumbotrihalide perovskites remains contested. Initial accounts have been supported—for
example by reported slow intraband cooling in FAPbI; nanocrystals!'®—but also contradicted.
On one hand, other experiments on cooling relate slow intraband cooling in bulk all-inorganic
CsPbX;!':17! (above threshold fluences) or persistent hot carrier emission in bulk hybrid tin
trihalide perovskites at low temperatures, for which the organic molecules have reduced
rotational freedom.!'8 Other reports claim that cooling in both hybrid and all-inorganic systems

are comparable to other semiconductors, with sub-picosecond cooling times.[!!:1-20]

Here we present a study of intraband cooling in nanocrystalline perovskites of the
compositions FAPbBrs; and CsPbBrs synthesized by hot injection!?!*? as functions of size,
temperature, excitation photon energy, and excitation fluence. These measurements
disambiguate the role of several possible variables and provide a unifying picture in which

intraband cooling of all-inorganic perovskite nanocrystals is actually somewhat slower than
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hybrid perovskite nanocrystals in the low-excitation (less than one electron-hole pair per
nanocrystal) regime. This is consistent across all measured sizes, excitation energies, and
temperatures as well as in-line with theoretical predictions based upon the density of low-

11201 persistent hot carriers are only found under

energy phonon states (of the bulk material).[
high-intensity excitation conditions, greater than in the limit of one electron-hole pair per
nanocrystal, which is well-understood under the framework provided by past studies of Si or

GaAs!>*2% and other semiconductor nanocrystals.[?*31!

2. Intraband Cooling at Low Excitation Fluence in CsPbBr3 and FAPbBr3 Nanocrystals
2.1. Size-Dependence of Intraband Cooling

Figure 1 contains typical transient absorption data of CsPbBrz and FAPbBr3 nanocrystals in
solution collected with an average number of electron-hole pairs per nanocrystal of less than
one (here (n) < 0.2), here exciting with 3.1 eV photons. Crystal structures of these materials
appear consistent with literature reports—orthorhombic for CsPbBrs*2 and cubic for
FAPDbBrs.221 Both compositions show the formation of a bleach corresponding to the excitonic
absorption of the samples. Establishing a quasi-thermal energy distribution of photoexcited
carriers is reported to take less than 100 fs in bulk MAPDbI3®® and 300 fs in bulk CsPblz.l*"]
Here, non-thermal distributions of carriers, evidenced by changes in the shape of the Aa
spectrum at higher probe energies relative to the excitonic bleach, suggest thermal distributions,
in which carriers in equilibrium with each other (but not with the lattice), are established in
approximately 150 fs in both CsPbBr3 and FAPbBr3 nanocrystals at 295 K. After establishing
a quasi-thermal distribution, carrier temperature may be estimated by fitting the asymmetric

bleaching feature with a Boltzmann thermal distribution of the form

E
Aa = ae(_ﬁ) +b

where k is Boltzmann’s constant, E is photon energy, a is a scalar (negative where Aa < 0),

and b is an offset taking into account photoinduced absorptionon the higher-energy side of the
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bleach feature.[*?343% Qualitatively, regions of the spectral map that appear diagonal in Figure
la and 1b, which here last for ca. 1 ps, indicate continued carrier cooling to the band-edge. As
with most other reports of intraband relaxation in nanocrystals,*® predicted slowing of carrier
coolingt®" 31 —even in weak confinement—is absent. (The Bohr radius of CsPbBrs; has been
estimated as 7 nm!?! and the Bohr radius of FAPbBTrs has been estimated as 3.5 nm.1%) This is
true even though symmetric carrier masses should prevent electron-hole energy transfer
processes.”*!] The normalized spectral line-cuts in Figures 1c and 1d further confirm that the
high-energy spectral tail indicative of hot carriers is absent by 2 ps delay time. Under this
circumstance, the bleach formation time, which represents filling of the band-edge excitonic
state, represents a good indication of intraband cooling times.

Excitonic bleach kinetics for a series of nanocrystals ((n) < 0.2) of varying sizes are
shown in Figures 1le and 1f, with solid lines representing exponential fits to the data in open
circles. Earlier reports of semiconductor nanocrystal intraband relaxation show that the lifetime
increases with particle size.*2#3 Such a trend is apparent in Figure 1g for CsPbBrs, but not for
FAPDbBr3 nanocrsytals over a similar size range. Reports for intraband relaxation in MAPbBr3
nanocrystals also show this anomalous size-dependence.* Even for CsPbBrs nanocrystals, the
size-dependence of intraband relaxation times is weaker than is observed for other nanocrystal
compositions. One conceivable reason is that the plumbotrihalide perovskites studied here may
be less susceptible to coupling of low-frequency Pb-Br derived phonons with organic ligand
vibrational states on the nanocrystal surface, although experimental measurements of the low-
energy density of states are similar in CsPbBrs to other nanocrystals.[“>-%% These surface
phonons may still explain deviation of nanocrystals and bulk materials in intraband cooling
behavior. Another potential origin is that in most quantum-confined materials, the excess
energy of an electronic pump, which can also have a substantial influence on intraband
relaxation (described immediately below), is less readily decoupled from the particle size and

often not decoupled at all, with all measurements collected at the same excitation wavelength.
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Here, the size and excess energy are weakly coupled in the case of FAPbBr3; and almost totally
decoupled for CsPbBra.

2.2. Dependence of Intraband Cooling on the Pump Energy and Sample Temperature
Pump photon energy in excess of the semiconductor band gap (or the monitored feature[*351)
is well-understood to generate an initial population of carriers at higher quasi-temperature
which results in a longer total cooling time.[**52 Data consistent with this effect is observed
under low fluence conditions ({n) <0.2) for both CsPbBrz and FAPbBr3, as shown in Figure 2.
The fastest relaxation, essentially instrument-response limited, for the samples was observed
with 2.58 eV excitation, closest to the room temperature band-gaps, estimated from the
excitonic bleach at 2.50 eV for CsPbBrz and 2.39 eV for FAPbBTr3 for these particular samples.
For more energetic pump photon energies, shown in Figures 2c and 2d, the intraband relaxation
time increases substantially. CsPbBrs displays both slower cooling for a given excess photon
energy and greater sensitivity of changes in the pump energy compared to FAPbBrs. As
described above and shown in Figures 2e and 2f, the origin of the apparent increase in the
cooling time is the higher initial temperature of hot electrons that leads to a longer relaxation,
which remains less than 2 ps for all measurements with (n) <0.2.

Figures 3a and 3b show the temperature-dependent intraband cooling dynamics of the
samples performed on solid nanocrystal films, which facilitate measurements made in a vacuum
cryostat. Intraband cooling is not expected to be strongly affected by a solid versus solution
sample (differences measured in this case are very small), although outcoupling of heat from
the lattice (which itself has very low thermal conductivity®) to the surroundings will change
from a solution environment to a vacuum environment. Unlike bulk materials (particularly
CsPbBrsB4), the probed nano-sized samples exhibit no clear evidence of a phase transition
evidenced by a non-monotonic change in band gap.[®*-%° Transient absorption data taken at low
fluence ((n) = 0.1) at the excitonic bleach maximum in Figures 2¢ and 2d show the slowing of

intraband cooling with reduced temperatures, which occurs in both CsPbBr; and FAPbBr3
5
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nanocrystals. The change is more dramatic for FAPbBrs, but for all measured temperatures,
relaxation time was slower for CsPbBr3 than FAPbBr3. The changes in intraband cooling times
of the perovskite nanocrystals fall between CdSe nanocrystals (which do not change noticeably)
and PbSe nanocrystals, which show a substantial increase in intraband cooling times for
temperatures below 200 K. In past work, this change in the rate of intraband cooling with
temperature has been taken as an indication of the possibility that multiphonon processes help
to break the theoretical phonon bottleneck in quantum confined systems, a mechanism which
appears operative in this case as well.[*>51

Importantly, in no experiments at low fluence, whether as a function of nanocrystal size,
pump energy, or temperature, exhibit measureable populations of hot carriers lasting longer
than a few picoseconds in either all-inorganic or hybrid perovskite nanoparticles. For all
measurements described to this point, under similar conditions, CsPbBrs nanocrystals actually
show somewhat longer intraband relaxation times than FAPbBrs; nanocrystals. These results
contradict to at least two reports comparing bulk-like microstructures of MAPbBr3; and
CsPbBr3*?% and a detailed study of FAPbIs nanocrystals.*®! In those works, persistent hot
carriers lasting hundreds of picoseconds are reported to derive from screening by the well-
understood plastic crystal nature of hybrid plumbotrihalide perovskites.l®! Instead, our work is
more consistent with other findings on bulk and nanocrystalline MAPbX3,[1834446% showing
comparatively rapid intraband relaxation at low fluence, and theoretical predictions that the
larger density of states at low energies in hybrid perovskites yields faster carrier cooling.[!]
Indeed, intraband relaxation measurements using two-pump excitations (interband excitation
followed by intraband excitation) have also shown that cooling is faster in FAPbBrs; than
CsPbBrs and in both cases remains sub-picosecond up to carrier densities as high as 2x10 cm-
31201 For reference, 1 electron-hole pair per nanocrystal in a 10 nm cube represents 2x10'® cm’
3 although the comparison is not perfect due to the absence of carrier diffusion between

particles (here in solution).
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3. Intraband Cooling at High Excitation Fluence

With this foundation, measurements were performed as a function of excitation intensity. Two-
dimensional transient absorption data at high fluence for typical samples of CsPbBr; and
FAPDBr3; nanocrystals are shown in Figures 4a and 4b, respectively. Under conditions with
multiple electron-hole pairs per nanocrystal, persistent hot carriers are evident in the data to at
least 100 ps delay times, which is notably two orders of magnitude longer than under low
fluence conditions. In contrast to Figures 1c and 1d, Figures 4c and 4d show a blue tail of the
photoinduced bleach feature persist for hundreds of picoseconds. Direct comparison of the
exciton bleaching dynamics as a function of fluence shown in Figures 4e and 4f can undersell
differences in carrier cooling which occur in the multiple electron-hole pairs per nanocrystal
regime because it does not account for changes in the band-width of the bleaching feature. For
example, clear regions of carrier cooling are apparent in the two-dimensional maps or line-cuts
in Figures 4a-4d out to time delays of ~100 ps, but fitting of data at the excitonic peak in Figures
4e and 4f suggests an increase in lifetime of only ~30 percent for both CsPbBr; and FAPbBr3;
compared to the intraband cooling times at low fluence, albeit with a clear threshold in the

multiexciton regime. (See Figure S5)

To provide a better picture of carrier temperature with time, the blue tail of transient
absorption data was fitted with a Boltzmann distribution for several fluences to estimate the
temperature of carriers with time, as described above and in the experimental details in
accordance with previous literature.l'’** As noted above, at low fluences, carriers cool
exponentially on a sub-picosecond time-scale from initial carrier temperatures of ~1000 K for
CsPbBr; and ~1200 K for FAPbBTr3, essentially the same result from fitting the excitonic bleach
feature in TA directly, as noted above. Initial cooling rates determined from the derivative of
the carrier temperature estimates are ~0.3 eV/ps for CsPbBr3 and ~0.5 eV/ps for FAPbBr3, at

both high and low fluence. At higher fluences, which generate higher initial temperatures and
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more than one exciton per nanocrystal, hot carriers persist for much longer due to Auger-
recombination-derived heating.[?%2%%!) Carrier temperatures in this regime decay in a bi- or even
tri-exponential manner similar to earlier reports,''®! with the longer time-scale reasonably close
to the estimated Auger recombination times. (See Figure S6 and Tables S1 and S2) The
somewhat longer hot carrier bleaching observed under Auger recombination conditions for the
FAPDBI3; reflect longer Auger recombination times in the hybrid perovskite, which are shown
estimated for biexcitonic Auger recombination in Figure S6 from fluence-dependent TA data

and previously attributed to differences in the Coulombic interaction.[!%!

One of the largest possible contributions to the variety of literature findings on carrier
cooling rates in perovskites arises from differing excitation densities in measurements. In most
power-dependent studies, slow cooling occurs only above threshold fluences.!!734526263 which
may be related to persistent heating due to Auger recombination occurring with higher
excitation densities.”?! In nanocrystals, distinct from bulk materials, this applies when the
number of electron-hole pairs per nanocrystal is greater than one, due to quantization of
relaxation effects.! But Auger-derived slow cooling is hardly unique to hybrid perovskites: it

occurs in virtually all semiconductor materials,[2>-27:2:31,35.44.65.66]

4. Photoluminescence of Hot Carriers

Time-resolved photoluminescence experiments presented in Figure 5 confirm that persistent
hot carrier emission occurs at high excitation fluences, but not at low fluences, in these
perovskite nanoparticles. Figures 5a and 5b show two-dimensional maps of CsPbBrsz and
FAPDBr3, respectively, at an average of less than one exciton per nanocrystal followed in
Figures 5¢ and 5d by photoluminescence maps with many excitons per nanocrystal. As in
transient absorption maps, the data at high fluence show a broadening of the emission band at
early time. Line plots comparing the first 50 ps of emission from low-fluence and high-fluence

regimes to the time-integrated emission, confirm that substantial hot carrier emission is only
8



WILEY-VCH

observed at high fluence. In photoluminescence, the broadening is both to the red, most likely
from biexicton emission,®” and blue, arising from the thermal distribution of hot carriers. These
photoluminescence measurements display no evidence of a uniquely slow carrier cooling
behavior in either all-inorganic or hybrid organic-inorganic plumbotribromide perovskites.

5. Conclusion

Intraband relaxation of all-inorganic and hybrid organic-inorganic nanocrystals of similar band-
gap and structure has been examined as a function of the nanocrystal size, excitation wavelength,
sample temperature, and excitation density. These experiments suggest that in contrast to some
literature reports for bulk materials and some nanocrystals, carrier cooling in hybrid organic-
inorganic perovskite nanocrystals such as FAPbBrs is unremarkable—occurring on a sub-
picosecond time-scale at low excitation densities. In fact, experimental measurements
consistently show that in all-inorganic perovskite nanocrystal materials actually show
somewhat longer intraband relaxation under low fluence conditions for all sizes, temperatures,
and excitation energies used, as in fact predicted for the bulk materials theoretically.* Only
under conditions in which multiple excitons are generated per nanocrystal does the process of
speed of carrier cooling flip, with longer Auger recombination times in hybrid perovskite
nanocrystals resulting in longer persistent hot carriers. Upon the basis of these experiments, as
well as a growing body of literature identifying a“hot phonon bottleneck” which occurs only
above threshold excitation densities in bulk or nanocrystalline perovskites, neither all-inorganic
nor hybrid organic-inorganic perovskite nanocrystals displays dramatically more amenable
physics for hot carrier photovoltaics than bulk gallium arsenide, which in most respects they
closely resemble.

6. Experimental Section

Materials. Lead bromide (98 %), cesium carbonate (99 %), formamidinium (FA) acetate (99 %),
octadecene (90%), oleic acid (90%), and oleylamine (70%) were purchased from Sigma-

Aldrich. All solvents were ACS grade or higher.
9
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Synthesis. Synthesis of CsPbBrz and FAPDbBrz nanocrystals (NCs) followed literature
procedures of hot injection.?:?2 To prepare FAPbBr3 NCs, an injection solution of 521 mg
formamidinium acetate dissolved in 20 mL of oleic acid was dried under vacuum at 130 °C for
1 hour then stored at 50 °C for injections. For CsPbBr3, an injection solution of 407 mg cesium
carbonate was heated in 1.25 mL of oleic acid and 20 mL octadecene to 120 °C and held 1 hour
to dry, then cooled to 100 °C for injections. Reactions were performed with 69 mg lead bromide
dissolved at 120 °C under vacuum in a mixture of 5 mL octadecene, 0.5 mL oleylamine, and
0.5 mL oleic acid. Subsequently the reaction temperatures were adjusted to between 115 °C to
200 °C depending on the composition and desired relative size. As-synthesized samples were
highly fluorescent consistent with earlier quantum yield reports of >50 %.[2*22 Carrier cooling
dynamics were therefore not believe to be dominated by trapping.

Microscopy. Transmission electron microscopy (TEM) was performed using a JEOL 2100f

instrument with sizing analysis done in ImageJ.

X-ray Diffraction. X-ray diffraction data for the representative samples was collected using a
Cu k-a source with a Bruker D2 phaser instrument with samples prepared by drop-casting on

to a miscut silicon wafer.

Optical absorption. UV-visible absorption measurements were performed on liquid samples in

toluene using a Cary 50 spectrometer in 1 mm cuvettes.

Transient Absorption (TA) Spectroscopy. Except for low-temperature measurements, TA
measurements were performed on 1-mm pathlength cuvettes with particle dispersions in toluene.
For low-temperature measurements, drop-cast solid nanocrystal films were prepared on a
sapphire disk. Below room temperature, the sample spots show greatly-increased scattering of
the pump beam, attributed to crystallization of excess organic ligand. TA measurements were

performed with a white light probe generated using the focused 1.55 eV output of a Ti: sapphire

10
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amplifier through a sapphire or CaF plate. Pump excitations beams were made by frequency-
doubling a fraction of the amplifier output (for 3.1 eV) or using an optical parametric amplifier
to generate other pump photon energies. Time-resolution of the experiments was approximately
60 fs and spectral resolution approximately 13 nm as configured. Excitonic absorption rise
times were extracted from the experimental data by fitting with an exponential decay of the
form Aa = ae’/™ + b, where a and b are scalars. Boltzmann distributions were estimated

following literature examples by fitting the blue side of the excitonic bleach to a function of the

form Aa = ae(_kir) + b where k is Boltzmann’s constant, E is photon energy, a is a scalar, and
b is an offset reflecting photoinduced absorption.[1234%]
Ultrafast Photoluminescence Spectroscopy. Time-resolved photoluminescence was collected
using a single-photon-sensitive streak camera synchronized with a 3.1 eV pump excitation
beam made by frequency-doubling the output of a Ti: sapphire amplifier. Pulsewidth is
approximately 30 fs; instrument response for the time-resolved photoluminescence experiments
was approximately 10 ps as configured.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Time- and energy-resolved maps of transient absorption with 3.1 eV pump of
representative (b) 9.7 nm CsPbBrz and (b) 8.8 nm FAPbBrs nanocrystals. (c, d) Normalized
spectral line-cuts of the two-dimensional maps. (e, f) Kinetics of the excitonic bleach feature
for a series of () CsPbBrz and (f) FAPbBr3 nanocrystals of various sizes. Data presented as

open circles with solid single fit lines. (g, h) Extracted fits from (e, f) plotted against nanocrystal

size. Gray dashed lines in (c, d, e, f) indicate Ao = 0 for each respective trace.
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Figure 1. Transient absorption dynamics at the excitonic bleach of (a) 8.8 nm CsPbBr3 and (b)
8.8 nm FAPbBrsz nanocrystals at several pump excitation energies. The pump fluence was
adjusted in each case to the single-exciton regime, calibrated in detail for 3.1 eV pump and
adjusted thereafter using the bleach intensity. Data are shown in open circles with an
exponential decay fitted as a solid line. (c, d) Intraband relaxation times from experimental
fitting plotted against the excess energy of the pump beam. Energy in excess of the band gap
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was estimated based upon the center energy of the excitonic bleach of the semiconductor
nanocrystals. The band width of the femtosecond laser was used to estimate the error in the
excess energy. (e, f) Initial carrier temperatures estimated for different excess energies based
upon Boltzmann fitting of the blue tail of transient absorption bleaching just after thermalization
(100-200 fs delay). Gray dashed lines in (a, b) indicate Aa = 0 for each respective trace.
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Figure 3. Low-fluence transient absorption spectra collected at ~3 ps delay times with 3.1 eV
pump for (a) 9.7 nm CsPbBrsz and (b) 8.8 nm FAPbBr3 at the designated temperatures. (c, d)
Temperature-dependent bleaching kinetics at the excitonic bleach feature of the same samples.
Data in open circles and solid fit lines represent exponential fits to the data. (e, f) Scatterplots
of the interband relaxation time fitted in (c, d) against temperature. Gray dashed lines in (a, b,
¢, d) indicate Ao = 0 for each respective trace.
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Figure4. Time- and energy-resolved contour plots of transient absorption data with 3.1 eV
pump energy collected for (a) 9.7 nm CsPbBrs and (b) 8.8 nm FAPbBrs nanocrystals in the
multiple electron-hole pairs per nanocrystal regime. (c, d) Spectral line-cuts from (a) and (b),
respectively. (e, f) Transient absorption collected at several pump fluences at the excitonic
bleach. (g, h) Time-dependence of carrier temperature at different fluences for CsPbBr3 and
FAPDBr3 nanocrystals. Solid fit lines to the data in open circles represent monoexponential
decays in the single electron-hole pair per nanocrystal regime and polyexponential decays in
the multiple electron-hole pairs per nanocrystal regime. Fitting data are reported in Supporting

Information Tables S2 and S3.
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Figure 2. Time- and energy-resolved maps of photoluminescence of (a) 9.7 nm CsPbBrz and
(b) 8.8 nm FAPbBrs nanocrystals at low fluence with 3.1 eV pump excitation. (c, d)
Corresponding samples at high fluence (multiple electron hole pairs per nanocrystal) regime.
(e, f) Comparison of the integrated photoluminescence for the first 50 ps of emission under
high- and low-fluence conditions with the time-integrated emission under low-fluence

excitation (gray lines).
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Intraband cooling in all-inorganic CsPbBrs and hybrid organic-inorganic FAPbBr3
nanocrystals reveal longer cooling times in CsPbBr3 at low fluence. Persistent hot carriers

beyond 2 picoseconds are not observed in either set of nanocrystals except in the multiple
electron-hole pairs per nanocrystal regime.
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Intraband Cooling in All-Inorganic and Hybrid Organic-Inorganic Perovskite
Nanocrystals
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Figure S1. (a) Absorption of size-dependent series of CsPbBr3 nanocrystals. (b) TEM image of
8.0 nm CsPbBr3 NCs. (¢) Absorption of size-dependent series of FAPbBr3 NCs. (d) TEM image

of 10.1 nm FAPbBr3 nanocrystals.
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Figure S2. X-ray diffraction patterns of representative nanocrystal samples used in this work.

The data match previous reports of orthorhombic CsPbBr; nanocrystalst®?! and cubic FAPbBr;
nanocrystals.[??!

Counts (a.u.)

Table S1. Size of Nanocrystals Used in Work

CsPbBr3 Sample Size (nm) FAPbBr3z Sample Size (nm)
1 9.7+0.9 1 11.1+1.3
2 8.8+0.8 2 10.1+1.6
3 8.0+£0.9 3 8.8+1.1
4 7.4+0.8 4 7.8+1.1
5 7.0£1.0 5 6.4+1.0
25 - 10 =
a CsPbBr, b ] o CsPbBr3
A20 - 6=1.8x10" cm? »S e FAPDLBr3 " ?
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Figure S3. (a) Bleach intensity at 4 ps delay time as a function of fluence for 9.7 nm CsPbBr3
and 8.8 nm FAPbBr3. Solid exponential growth of the form A(1-e™°) permit extraction of an
absorption cross section.[®! The measurements were performed at 3.1 eV pump energy. Using
the cross-section of a sample thus measured, the electron-hole pairs absorbed at a given fluence
is calculated by multiplying the fluence by the cross-section.
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Figure S4. Early time transient normalized transient spectra of (a) 9.7 nm CsPbBr3 and (b) 8.8

nm FAPbBr3; nanocrystals at an average of 9.3 and 7.8 electron-hole pairs per nanocrystal,
respectively.
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Figure S5. Fluence-dependent lifetime of the excitonic maximum rise in (a) 9.7 nm CsPbBr3
and (b) 8.8 nm FAPbBr3; nanocrystals.
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Figure S6. Fluence-dependent differenced TA data for (a) 9.7 nm CsPbBr3; and (b) 8.8 nm
FAPbBr; nanocrystals. Estimates of the Auger recombination time associated with two
electron-hole pairs per nanocrystal are given on the plots. More systematic experiments to

ascertain the difference in Auger recombination times can be found in the literature (See main
text reference 10).
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Table S1. Fit parameters of carrier cooling of 9.7 nm CsPbBrs NCs at various excitation
fluences, indicated by the average number of electron-hole pairs per nanocrystal ((n)).

(n) 1(ps) T2 (ps)
0.06 0.19+0.08 --

0.1 0.26+0.05 --

0.4 0.32+0.10 --

1.2 0.38+0.01 --

3.0 0.33+0.05 4.78+0.98
9.3 0.59+0.10 43.8+7.8

Table S2. Parameters of single and exponential fits to carrier cooling of 9.7 nm FAPbBr3 NCs
at various excitation fluences, indicated by the average number of electron-hole pairs per
nanocrystal ({(n)).

(n) 1 (Ps) T2 (ps) 13 (ps)
0.05 0.04+0.01 N/A N/A

0.08 0.14+0.01 N/A N/A

0.3 0.12+0.01 N/A N/A

0.8 0.15+0.00 N/A N/A

2.5 0.15+0.01 10.1+2.3 N/A

7.8 0.12+0.01 2.5+0.2 53.3+29.2
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