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Supplementary Figures

Figure S1. Size analysis of CsPbBr3; nanocrystals
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Figure S1: Transmission electron microscopy (TEM) size analysis for CsPbBrs; nanocrystals used in this work.
(a) The size distribution for all three different sized samples and (b) representative TEM image of the nanocrystals.
Scale bar: 50 nm.



Figure S2. Size analysis of MAPbBr3; and FAPbBr3 nanocrystals
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Figure S2: Transmission electron microscopy (TEM) size analysis for MAPbBr; and FAPbBr; nanocrystals used

in this work. (a) and (c) The size distribution for all three different sized samples and (b) and (d) representative
TEM image of the nanocrystals for MAPbBr; and FAPbBr; respectively. Scale bar: 20 nm.



Figure S3. Linear absorption spectra of MA- and FAPbBr3; nanocrystals
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Figure S3: Linear absorption spectra for (a) MAPbBr; and (b) FAPbBr; nanocrystals used in this work.



Figure S4. Pump-probe plots of 6 and 12 nm CsPbBr3 nanocrystals.
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Figure S4: Representative pseudocolour pump-probe plots of (a) 6 nm and (b) 12 nm CsPbBr; nanocrystals
collected with 470 nm pump excitation at a low fluence corresponding to <N> ~ 0.10.



Figure S5. Fluence dependent rise time dynamics of CsPbBr3 nanocrystals
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Figure S5: Rise time dynamics of the main photobleaching peak in the pump-probe spectra of the three sizes of
CsPbBrs. The spectra were collected with 400 nm excitation in a range of fluences corresponding to <N>~ 0.1 —
2.0.



Figure S6. Size-dependent rise time dynamics of MA-/FA-PbBr3; nanocrystals
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Figure S6: Rise time dynamics of the main photobleaching peak in the pump-probe spectra of three sizes of (a)
MAPDBTr; and (b) FAPbBrs. The spectra were collected with 400 nm excitation at low fluence corresponding to
<N> << 1.0 (c) Summary plot of the fitted TA rise times obtained for all nanocrystal compositions and sizes.



Figure S7. Push—probe solvent response Kinetics
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Figure S7: Fitted solvent response obtained using a push wavelength of 2200 nm and monitored at probe
wavelength of 512 nm. The extracted push pulse duration is 135 + 5 fs. Note that the short-lived ringing after 16.4
ps can be observed here because the fluence is ~5.0 mJ/cm?, far higher than that used in our experiments (< 3.0

mJ/cm?), where such ringing is not observed.



Figure S8. Pump—probe plots of 8 nm NCs in the presence of the push pulse
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Figure S8 Push-induced effect on the PP spectrum of 8 nm CsPbBr; NCs. (a) The relationship between AAA,
AApush on and AApush ofi. AAA was calculated by taking AAA = AApush on — AApush oft. HeNCe, a positive AAA signal
indicates a reduction of a bleach signal or an increase in PIA signal with the push pulse, while conversely a
negative AAA signal indicates an increase in the bleach signal or a reduction in PI1A signal in presence of the push.
(b) PPP spectra of CsPbBr3 NCs in a 4.5 ns time window with the presence of the 2200 nm push pulse. The arrow
indicates the onset of push arrival. (c) Spectra in (b) zoomed into the first 2 picoseconds illustrating hot carrier
cooling effects on the spectral features. (d) Spectra in (b) zoomed into the time windows of 15.5 — 17.5 ps
illustrating the effect of the push pulse. The spectra were collected with pump wavelength of 470 nm at fluence
equivalent to <N>~ 0.1 and push wavelength of 2200 nm at 5.0 mJ/cm?. A high push fluence was used to clearly

highlight the effect of the push.



Figure S9. Push—probe plots for nanocrystal samples
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Figure S9: Normalized pseudocolor contour plots of the push—probe spectra obtained for (a) 6 nm (b) 8 nm and
(c) 12 nm CsPbBrj3 colloidal nanocrystal solutions collected using a push fluence of ~5.0 mJ/cm?, which is much
higher than the range of push fluences used in our experiments. The spectra were collected by placing the chopper
in the path of the push beam. No multi-photon absorption induced signals was observed at this high push fluence,
while a minor contribution from the optical Stark effect around the region corresponding to the bandgap value of
the PNCs within the pulse duration can be observed. This effect can be minimized by limiting the push fluences
below some threshold value of ~3.0 mJ/cm? and occurs within the pulse duration (~150 fs), and hence will not
affect the relaxation dynamics.

Figure S10. Push fluence dependence on the fraction of pushed carriers

045

040

0.35

0.30

O
o
O
3

05 1.0 15 20 25

=)

35
Push Fluence (mJ/cm?)

Figure S10: Dependence of the fraction of pushed hot carriers (N2, /N2,4) on the push fluence for all three sizes
of CsPbBr; nanocrystals. The solid lines are linear fits to the data.
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Figure S11. Push fluence dependent PPP Kinetics
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Figure S11: Push fluence dependent PPP delta Kinetics at the XB1 peak for (a) 6 nm and (b) 8 nm CsPbBr;
nanocrystals. The pump fluence was kept at values corresponding to <N> ~ 0.1.
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Figure S12. Difference analyses of push-induced spectral changes
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Figure S12: Difference analyses of push-induced spectral changes for 6, 8 and 12 nm nanocrystals. The black
and red solid lines represent the AAA spectra at 0.3 and 0.5 ps, respectively. The difference spectra (dashed lines)
of the two AAA spectrai.e. AAA(t=0.5ps) — AAA (t = 0.3 ps) reveals a contribution from both X1 and X2 exciton
states, perhaps suggesting their participation in the carrier cooling process. The representative pump-probe (TA)

spectra are overlaid in gray solid lines to highlight the peak positions.
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Figure S13. Pump fluence dependent PPP Kinetics

a e —
1.0 <N>0 - 6nm -
0.06 0.12
029 © 058 |
. o 117 o 175
E o 292
(o}
Z 0.5
3
0.0 -

T
1.0
Push—Probe Delay (ps)

T
0.5

Figure S13: Pump fluence dependent PPP delta kinetics at the XB1 peak for (a) 6 nm and (b) 8 nm nanocrystals.
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The pump fluences are expressed as the average number of photogenerated excitons per NC (<N>).

Figure S14. Normalized amplitudes of pump fluence dependent changes
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Figure S14: Variation of the pump and push induced bleach amplitudes (Apump and Apush respectively) versus Neqiq
(proportional to pump fluence) for (a) 6 nm and (b) 12 nm nanocrystals. The amplitudes are normalized to their
initial value to highlight their saturation behavior. The pump fluences are expressed as the average number of
photogenerated excitons per NC (Ncoig), assuming Poissonian statistics for exciton generation. The amplitudes can
be described by a simple phenomenological saturation model, A «< 1 — exp (—N,o1q/Nr), With the saturation
threshold density Nz. In 6 nm NCs, Axump increases faster, which leads to an overall decrease in N2, /N2, with
Neoia - The reverse trend of Apush and Apump IS observed for 12 nm NCs, which leads to an increase in
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N2, /N2,4 with N,,,4, as shown in Figure 4b in the main text.
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Figure S15.

Fluence dependent pump-probe XB1 kinetics
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Figure S15: Normalized pump-fluence dependent bleach recovery kinetics for the XB1 peak of (a) 6 nm and (b)
12 nm CsPbBr; nanocrystals. The pump-probe spectra were acquired with pump wavelength of 470 nm at several
fluences as indicated in the plots. The bold solid lines are global exponential fits to the data to extract the lifetimes.
The biexciton Auger recombination lifetime (txy) is indicated in the respective plots.

Figure S16. Global fit of fluence dependent pump-probe XB1 kinetics
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Figure S16: Global fit of the pump-fluence dependent bleach recovery kinetics for the XB1 peak of (a) 6 nm and
(b) 12 nm CsPbBr3 nanocrystals to the kinetic model detailed in Note 3. Open circles denote the data points while
solid lines denote the fits. The fitted bimolecular recombination rate constants (k,) are denoted in the respective

panels.
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Figure S17. Global fit of fluence dependent PPP kinetics

Y
(=2

w1017 6 nm NCs <1017 12 nm NCs

Npot/Neotd = 0.05 Nhot/Neota = 0.09

Gr o i\’r/rut/llvuuld = 0.17 1 8 A'Nvfwt/]vcuhl' =021 ]
IT\IJA(J’./"\IYI!()IU' =022 G- 1\7}1()4, /]v(rnIrI = 0.33 ]
4+ © A’”ﬁm!‘. / “?Vr!r)ﬁrf =034 | o l\rimt/ ]\rﬂn.ﬁd = 0.42

= 173 £ 0.02ps? = 283 £ 0.03pst ]

Pushed Carrier Density (cm™?)
Pushed Carrier Density (cm™)
.

9t ol

0 preeeess Ul@e-é O

155 160 165 17, 175 180 185 155 160 165 170 175 180 185
Time (ps) Time (ps)

Figure S17: Global fit of the push-fluence dependent push delta for (a) 6 nm and (b) 12 nm CsPbBr3; nanocrystals
to the kinetic model described in the main text (also detailed in Note 3). Open circles denote the data points while
solid lines denote the fits. The fitted carrier-phonon scattering rate constants (k._,,) are denoted in the respective
panels.

Figure S18. Simulated PPP dynamics from the kinetic model
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Figure S18: Simulated PPP dynamics obtained with the kinetic model described in Note 1. (a) Simulated cold
and pushed carrier populations over time. (b) The total hot carrier density over time.
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Supplementary Notes

Note 1. Distinquishing the hot phonon effect and intrinsic phonon bottleneck effect

The hot phonon effect and intrinsic phonon bottleneck effect are distinct mechanisms that
should not be confused with one another. However, they are sometimes simply referred to as
the “phonon bottleneck effect” in the literature without further elaboration, which causes some
confusion. In early reports by the Group I11-V and 11-VI semiconductor communities, the
former mechanism is referred to as the hot phonon effect.1® On the other hand, the latter
mechanism is referred to as the phonon bottleneck effect by the quantum dot community.*’ In
the halide perovskite community, the hot phonon effect is most commonly referred to as “hot

phonon bottleneck”,®* while the latter is referred to as “intrinsic phonon bottleneck™! 12 or

just “phonon bottleneck”.*® ** In this work, we refer to each mechanism as “hot phonon effect”
and “intrinsic phonon bottleneck™ respectively to better distinguish them, since we are
discussing both effects in this manuscript.

There are several aspects where both effects are distinct, as illustrated in the schematic
shown in Figure S19. The first is by distinguishing the carrier densities at which each effect
starts to dominate. The hot phonon effect, as its name implies, dominates when the material is
photoexcited with excess energy and at elevated carrier densities (typically >10*® cm?).
Because carrier cooling proceeds in a cascade process of LO phonon emission from hot carriers
and the subsequent LO phonon decay, the limiting process becomes the rate-determining step
that forms the basis of this “bottleneck”. In the case of polar halide perovskites, the efficient
LO phonon interactions and small LO phonon energies (< 20 meV in most compositions™®)
cause a fast build-up of nonequilibrium LO phonon population following photoexcitation.
Furthermore, the inhibition of the Klemens channel for LO phonon decay increases the net
lifetime of the LO phonons.t® These effects cause a rapid build-up of a hot phonon bath that

slows down the hot carrier relaxation. However, when the carrier density is low such that the
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build-up of a hot phonon population cannot be achieved, the influence of the hot phonon effect
will be minimal and the hot carrier relaxation process will only be limited by the intrinsic LO

phonon lifetime of the material (hundreds of fs for halide perovskites'?).
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Figure S19: Distinction between the hot phonon and intrinsic phonon bottleneck effect as discussed in the
manuscript and in Note 1. The physical mechanism that forms the basis of each effect is different and they
dominate at different carrier densities.

Meanwhile, the intrinsic phonon bottleneck arises because of the discretization of the
density of states typically exhibited in semiconductor nanomaterials such as quantum dots,
where quantum confinement effects come into play. When a semiconductor shrinks in size, the
bulk continuum states start to become more discrete with increased inter-level energy spacing
(AE).> 1" Because of this discretization, hot carrier cooling proceeds via these discrete energy
steps due to energy conservation. The quantization of phonon energies necessitates hot carrier

relaxation to occur through the emission of multiple phonons so that their combined energy is
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equal to the energy of the inter-level energy spacing between each successive energy level i.e.,
AE = nhw where n is the number of phonons with frequency w, as illustrated in Figure S19.
This multi-phonon emission process is much more inefficient and thus becomes the rate-
limiting step in hot carrier relaxation. Therefore, in smaller nanostructures with increasingly
strong quantum confinement effects, the inter-energy spacing AE increases and so does the
number of phonons n required for each successive step which causes the process to become
less probable, thereby slowing the hot carrier relaxation. This is the basis behind the mechanism
of the intrinsic phonon bottleneck. Since this mechanism is only dependent on AE and not the
phonon build-up, it will dominate the hot carrier relaxation process regardless of the fluence as
long as AE > hw. This explains the apparent insensitivity in the cooling dynamics toward the

pump fluence dominated by this intrinsic phonon bottleneck as we observed in our study.
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Note 2. Detailed discussion regarding the effect of increasing N ,,

We first start by discussing the case of increasing N2y, /N2,,4, that is, increasing the push
fluence while keeping the pump fluence fixed, as in the case of the push-dependent studies
detailed in the main text and Figure 3. In this case, the pump fluence is fixed so that the pump-
induced cold carrier amplitude A, is fixed before the push arrival. Then, any changes in
the fraction N7, /N2, can be straightforwardly ascribed to the change in push fluence and
thus N2,,. In general, N?,, /N2 ,, increases with push fluence, which is expected because N_,,
increases with push fluence while N2, is fixed. Therefore, the observed changes in t,,; can
be straightforwardly attributed to the action of changing the push fluence. In this work, for
example, we observe an increase in t.,,;, Which we attributed to the increase in pushed hot
carriers.

In the case of our pump fluence-dependent experiments, where we vary the pump fluence, and
hence, N2,;, and monitor changes in .,,;, an added complexity arises because changing the
pump fluence not only changes A, but also A, (Figure S14). The interpretation would
be straightforward as in the case of the push-dependent experiments if A5, remains constant
while only A, varies, so any observed trends in 7.,,, can be directly attributed to the
change in N2 ;. In our case, because both Apump and A, varies, we need to consider the
dominant factor that drives the change in the fraction of hot-to-cold carriers (N2, /N2 ,4) or its
inverse (N2,,/Np,:), Which is by examining their saturation behavior. The saturation behavior
can be described by a simple phenomenological saturation model, assuming exciton generation
in each isolated PNC follows Poissonian statistics. Then, the amplitudes can be described by
the equation A « 1 — exp (—N_,o;4/Nr) With Ny being the threshold saturation density.'® We
reiterate our results of the pump-dependent experiments (increasing N2,,;) here for brevity.

For all NC sizes, we observe an increase in t,,,; With the increase in N2, (Figure 4a and
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Figure S13). In Figure 4b of the main text, for small (6 nm) NCs, we observe that N2, /N2 4
decreases with increasing N2,,. On the other hand, for large (12 nm) NCs, we observe that
N?,. /N2, increases with increasing N2,;. Once again, we reiterate that the observed
increase in 7.,,; cannot be straightforwardly assigned to the increase in N2, here, since
NP, /N2, changes differently for both sizes. We will discuss the case of each NC size (large
and small) separately.

For the small 6 nm NCs, the decrease of N7, /N2 ,, with N2, can be due to two cases;
a dominant increase of N2,, or a dominant decrease of N ,,. We examine the saturation
behavior of A,y and Ay, in Figure S14a to verify the likely case here. In Figure S14a,
we observe that the increase in Ay, overshadows the increase in A, because of the larger

Apush H

0
threshold saturation fluence (N7) of Ay,m,. This implies that the decrease in % = 5

cold  Apump

mainly dominated by the more rapid increase in A, rather than the latter case. In this case,
the observed increase in 7.,,; should be attributed to the increase in N2 ;.

On the other hand, for the large 12 nm NCs, the increase of N7, /N2, with N2, can
similarly be due to two cases; a dominant increase of N, or a dominant decrease of N2,,,.
Once again, we examine the saturation behavior of A,,,,,, and A,,,s, in Figure S14b to verify
the likely case here. In Figure S14b, we observe that A,,s, has a larger N and hence the
increase in Ay, overshadows the increase in Apy,my, a trend that is reversed from the small

0
NCs. This implies that the increase in % = Zpush s attributed to the more rapid increase in

cold  Apump

Apysn that causes the quantity to diminish with N2 4. In this case, the observed increase in
Tcoor ShOUld be attributed to the increase in N ,.
Therefore, the interpretation of the increase in t.,,, With N2, for both NC sizes are

different, as discussed in the main text.
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Note 3. Details of the kinetic model

The kinetic model described in the main text is based on a system of coupled rate equations
each describing a sub-population of the total carrier (exciton) density. Assuming that hot

exciton relaxation proceeds via the two pathways of exciton—phonon and exciton—exciton

scattering interactions, the pushed-induced hot exciton population nﬁ”Sh can be described by

the following differential equation®®:

d ngush
dt

= GPUN(L) — koo (ne — nf2P )" — k" (1)

GPYSh(t) is the generation term describing the effect of the push pulse, k._. and k._,n are rate
constants for exciton—exciton and exciton—phonon scattering respectively, and total n is the
cold exciton density. Note that the quantity n, — n°** in the second term on the right-hand
side represents the total cold excitons at each point in time, which is evaluated by taken the
difference between the cold exciton population and total HC population nf2t®, kc_pn Was
determined from global fitting of the push-dependent PPP kinetics obtained at low n, to Eq.
(1) (Figure S17), while the reported value of k._. (~ 1.1x 10"* cm®ps™) was used.'® The total

hot exciton population is given by nt°® and is the sum of the push-induced HCs and the

background HCs from Auger heating (AH) denoted by ni, i.e., nft% = nP*" 4+ nf# We

treat n2"*" and nf” as separate populations because the former, which is induced by the push

pulse, describes an initially non-thermalized HC population, while the latter, which results from
the energy transfer from the Auger recombination of quasi-thermalized excitons in the pump-
induced cold exciton bath, can be treated like a quasi-equilibrium “background” of HCs with a
lifetime equal to the Auger heating lifetime. Thus, the population of n; 7 can be described by:

AH
dnj,

dt

= kyng — koo 2)
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1 . . .
where kA7, ~ — is the Auger heating cooling rate constant, and we use a value of 7, ~ 30
TAH

ps for our calculations, according to the values reported in the literature.'> 16 Generally, the
reported value of 7, is tens of picoseconds, and we found that small changes do not affect the
calculations too much so long as the values are in the same order, since T,y > Tcp01-
Accordingly, nt° is described by the following differential equation:

total push AH
dnp™ dny dnj,

dt_dt+dt

(3)

It should be noted that in Eq. (1), we assume that the interaction between n>™*" and ng* is

minimal and can be neglected, which is reasonable because nff' constitutes only a small

fraction of the total exciton population so the dynamics of nﬁ“h is mainly dominated by the

interactions with n.. The cold exciton population n, is described by the following differential
equation, assuming that photogenerated excitons recombine via single exciton and exciton—

exciton Auger recombination processes:

dn dnP¥sh
dtc = Gpump (t) - klnc - kzng - Cfllt (4)

GPY™P(t) is the generation term describing the effect of the pump pulse, k, and k, are the
monomolecular and bi-molecular rate constants describing the exciton and exciton—exciton
Auger recombination, respectively. Here, we have assumed that Auger recombination of
excitons scales quadratically,® given that the Auger rate in PNCs follows standard volume
scaling.?! k, and k, were evaluated from the global fitting of the fluence-dependent TA bleach
dynamics to Eqg. (4), with the exclusion of the push-induced term (Figure S16).

The generation term G (t) was modelled as simple Gaussian pulses:

G(t) =AXxexp (— M) (5)

207
where t, is the arrival or time-zero of the pulse, o is the pulse width and A is a constant that is
proportional to the fluence. Finally, 7,,,; was evaluated by:*®
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push

dt

push (6)
anuSh dnh

Tcool =

push
h

N
where NP = nP*" (¢ = t?**") is the initially generated number of hot excitons by the push
pulse.

A representative example of the simulated pump-push-probe dynamics is shown in Figure
S18a, where it can be observed that the simulation reproduces the general shape of the

experimental PPP kinetics. From Figure S18b, the contribution of HCs from AH to the total

HC population is clearly illustrated.
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