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Supplementary Fig. 1 | Schematic hot-carrier cooling with Auger processes in
semiconductor nanocrystals. (a) Hot-carrier cooling via intraband Auger-type energy
transfer. A hot electron (red dot) can be cooled by Auger-type energy transfer to densely
spaced hole states (e.g., CdSe NCs), then the hot holes (red circle) can relax rapidly via a
cascade of single phonon emissions (green arrows). (b) Phonon bottleneck effect induced
slow hot-carrier cooling in symmetric conduction and valence bands with discrete energy

14

levels. (€) Hot-carrier re-excitation by interband Auger-recombination of carriers at band
edges, also called Auger-heating.
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Supplementary Fig. 2 | Representative TEM images of MAPbBr; NCs with relatively
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The size distribution was modeled with a Gaussian distribution.



Supplementary Fig. 3 | (a) Top- and (b) side-view SEM images of MAPbBr; bulk-film.
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MAPDBBr; NCs dispersed in toluene and the bulk-film counterpart. (C) The energy of the
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Supplementary Fig. 5 | Pseudocolor TA spectra for (a) small and (b) large sized
MAPDBBr; NCs in solution at low pump fluence (left panel) with initially generated <Ny>
~0.1 and high pump fluence (right panel) with <Ny> ~2.5 following 3.1 eV
photoexcitation.
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Supplementary Fig. 7 | (a) Pump fluence dependent time-resolved PL of the medium
MAPDbBr; NCs under 3.1 eV photoexcitation. (b) Normalized PL intensities of three
different sized MAPbBr; NCs as a function of pump fluence measured at time At = 4 ns.
(c) Occupation probability (%) as a function of the number of e-h pairs per NC at
different average e-h pairs per NC. See Supplementary Note 3 for discussions.



a : ( Il NC:
1600 - + sma s
— " <Ng>~0.14 4 medium NCs
X 4 L= large NCs
@ " , ~2.1x 10" cm™ e bulk-film
= -
& 1200 .
@ Tig
g
2 oo e
) 1 O
= n At
w L] ;"
&) et
400 el
- il
..'looa...'o:'vOIC
0.0 04 08 12 16
Time (ps)

o

Carrier temperature (K)

- "+ small NCs
2000 4 . <N>~25< 4 medium NCs
f .®  large NCs
i n,~1.5x 10" cm™®* bulk-film
»
1500 - ie
[ 3
1000 - . I .“‘:.J' .
- %’ " [ ]
L A4 W .
L ]
500 - . . * ,“:“ I“
. @
LA L ¥
1 10 100
Time {ps)
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Supplementary Fig. 9 | Normalized photobleaching dynamics probed at the band edges
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Photoexcitation energy: 3.1 eV.
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Supplementary Fig. 10 | Room temperature Raman spectrum of as-prepared MAPDbBr;
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Supplementary Fig. 11 | (a) Normalized bleaching dynamics probed at the band edge for
colloidal CdSe NCs with different diameters (shown in legend) at low pump fluence.
Solid lines are the single exponential growth fitting curves. The inset schematically
shows the hot-carrier cooling process via Auger-type energy transfer. Pseudocolor TA
spectra for CdSe NCs (~ 2.5 nm in diameter) at (b) low pump fluence with initially

generated <Ny> ~0.1 (left) and high pump fluence with <Ny> ~2.5 (right).
Phtotoexcitation energy: 3.1 eV.
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Supplementary Fig. 13 | UPS spectrum of (a) EDT-treated and (b) post-annealed EDT-
treated MAPDbBr; NCs films and (c) Bphen film on ITO substrates. The valence band
maximum (VBM) is determined by linear extrapolation of the leading edge of the valence
band to the background intensity, which is 1.9 £ 0.1, 2.3 £ 0.1 and 2.9 = 0.1 eV for (a) —
(c), respectively.
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Supplementary Fig. 14 | (a) ATR-FTIR spectra of as-prepared MAPbBr; NCs (green),
EDT-treated NCs (orange) and 70 °C annealed EDT-NCs (blue). XPS sulfur (S) 2p
spectra of (b) non-annealed and (c) 70 °C post-annealed EDT-treated NCs film. S 2p can
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NC surface. See Supplementary Note 9 for discussions.
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Supplementary Fig. 15 | (a) AFM image of un-treated medium MAPbBr; NCs film. (b)
Representative TEM image of EDT-treated MAPbBr3; NCs.
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Supplementary Fig. 16 | Pseudocolor TA spectra for (a2) medium MAPbBr; NCs film,
(b) EDT-treated NCs film and (C) on EDT-treated NCs film/Bphen bilayer at low pump
fluence (left panel) with initially generated <Ny> ~0.1 and high pump fluence (right
panel) with <Ny> ~2.5. It is obvious that the high energy tails are reduced for EDT-

NCs/Bphen following 3.1 eV photoexcitation.
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and Bphen - illustrated for the case of hot-electron extractions. Excess energy of
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Supplementary Fig. 18 | (a) Linear absorption spectra of Bphen film on glass. (b)
Negative TA spectra of Bphen (blue dot: 300 nm pump with intensity of 20 pJ cm?, gray
dot: 400 nm pump with intensity of 40 pJ cm™), perovskites NCs (black dot, 400 nm
pump with intensity of 15 uJ cm™) and EDT-NCs/Bphen (orange dot, 400 nm pump with
intensity of 15 uJ cm™) at 2 ps after excitation. () Pseudocolor TA spectra of EDT-
NCs/Bphen excited with 400 nm light at pump intensity of 15 pJ cm™. (d) Normalized
negative TA spectra of Bphen excited with 300 nm light and EDT-NCs/Bphen pumped
with 400 nm light and probed at 1300 nm. Solid lines are fitting curves with bi-
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Supplementary Fig. 19 | Normalized band-edge bleaching dynamics of EDT-NCs film
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fluence with 3.1 eV photoexcitation. See Supplementary Note 13 for discussions.
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Supplementary Fig. 20 | (a) Normalized TA spectra for annealed EDT-treated medium
MAPbBBr; NCs film with (blue dashes) and without (red dashes) Bphen extraction
layers at low fluence with <Ny>~ 0.1. Inset shows the un-normalized TA spectra at 0.8
PS. hot is determined to be ~83 %. (b) Extracted hot-carrier temperature as a function of
delay time for two samples. (C) Normalized TA spectra for MAPbBr; bulk-film (~240
nm thick) with (blue dashes) and without (red dashes) Bphen extraction layers at low
pump fluence with 2x 10"7cm™. Inset shows the un-normalized TA spectra at 0.8 ps.
Mhot 18 determined to be ~16 %. (d) Extracted hot-carrier temperature as a function of
delay time for two samples. Photoexcitation energy: 3.1 eV.
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Supplementary Fig. 21 | (a)-(d) Cross-sectional SEM images of EDT-NCs film with
different thickness. Scale bar is 100 nm.
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Supplementary Table 1. List of the time delays after excitation for hot carriers cooled
to 600 K with the initially generated carrier densities and the excess energies above the
band-edges in different materials. Slower delay times at equivalent photoexcitation
excess energies and carrier densities are preferred.

low pump fluence high pump fluence
naterials photoexcitation delay time carrier delay time | carrier Technique
after . after density & Ref
CIsS
excess energy (eV) . density . 18
excitation (x107em’) excitation (x10
(ps) (ps) cm”)
CdSe
nanorods ~1.1 ~0.8 ~55 ~3 ~22 TRPL'
(solution)
MAPDL ~0.7 ~0.5 ~6.4 ~1.1 ~6.4 TA?
thin films
~0.8 ~0.3 ~5.2 - - TA’
MAPbI; 1 15
thin films ~1.4 ~0.7 ~5.2 TA?
~20 ~6.0
As thi
GaAs thin ~1.7 - ; 2 ~6.0 TA®
film
InN thi
e ~0.3 - - ~1.4 ~6.0 TA*
film
MAPDBBTr;
< ~ ~ ~
bulk-films 0.1 2.1 0.8 15
MAPbBr; ~0.7 (s) ~15 ~10 (s) ~37.5
NCs ~0.7 ~0.6 (m) ~2.6 ~18 (m) ~6.5 TA
(solution) ~0.5 (1) ~1.4 ~32(1) ~35 | (ourwork)
MAPDBr; ~0.8(s) ~15 ~9 (s) ~37.5
NCs (thin ~0.6 (m) ~2.6 ~16 (m) ~6.5
film) ~0.5 (1) ~1.4 ~28 (I) ~3.5

(s) = small; (m) = medium; (1) =large.

*For sake of clear and easy comparison of hot-carrier cooling lifetimes reported for different materials in
the literature, the hot-carrier cooling lifetime is defined as the time interval from pulse excitation till the
cooling of hot-carriers to 600 K, which is useful for hot-carrier solar-cells. This temperature is used as the
benchmark because previous theoretical calculations'*'? have shown that for 7, > 600 K, there is still an
appreciable hot-carrier conversion efficiency (i.e., > 40%) over a wide range of absorber bandgaps.
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Supplementary Notes

Supplementary Note 1. Weak confinement in MAPbBr; NCs

The exciton Bohr radius ag of MAPbBr; was reported to be ~2 nm’. Given that the radius
of our NCs (from ~2.5 to 5.6 nm, see size distribution histogram in Supplementary Fig.
2) is larger than ag, our NCs are thus in the weak confinement regime. Hence, the small
blue shift of emission (from 525 to 517 nm, Supplementary Fig. 4) of NCs with reducing
NC size is due to the weak confinement effect. In the weak confinement, the first exciton
resonance of NCs as a function of NCs radius a can be written as’:

2

Ers = Ego + 4 (™2) B, (S1)
where E, is the bandgap energy without quantum confinement while the second term
represents the confinement energy, p is the electron-hole reduced mass, M=mj; + my,, Ey
is the exciton binding energy. Using equation S1 above and the reported values of the
effective masses mj;~0.29, mj,~0.31,” the absorption edges of our NCs can be reasonably
well-fitted (Supplementary Fig. 4c) to yield a bandgap of Ey ~2.38 eV and binding
energy of E, ~50 meV, which is close to the reported values for MAPbBr; NCs®. These
fitting results further validate the weak confinement in our perovskites NCs.

Supplementary Note 2. Analysis of TA spectra

The analysis and interpretation of the TA spectra of halide perovskites are well-
documented in the literature™ > °. Our TA spectra of MAPbBr; perovskites (bulk and
nanocrystals) are similar with that of previous studies. The positive TA peak (at ~2.3 eV
as shown in Supplementary Fig. 6) arose from ground states bleaching (GSB) due to the
state-filling of the carriers at the band edge. At the high energy side of the GSB peak, the
first slope (i.e., the steeper one closer to the GSB peak) is dependent on the ground state
transitions which affect its width and shape; while the second gentler slope of the high
energy tail (e.g., start at ~2.5 eV in Supplementary Fig. 6) is resulted from the hot-carrier
distribution. The negative part (photoinduced absorption) of this high energy side is
caused by the photoinduced change of the imaginary part of the refractive index”; while
the negative part of the low energy side of the GSB is attributed to bandgap
renormalization®,

Hot-carrier temperature 7, is extracted by fitting the high-energy tail of the TA spectra
with a Maxwell-Boltzmann function. When the difference between the carrier's energy
and the Fermi level is large as compared to kgT (i.e., E—Ef > kgT ), the Fermi-Dirac
distribution function can be approximately described with an exponential — i.e., a
Maxwell-Boltzmann distribution:

E¢—E
kgT

(82)

1 ~
E-E; ~ €Xp
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Approximating the Fermi—Dirac distribution by a Maxwell-Boltzmann distribution for
hot-carrier energies >Er is a valid and generally accepted practice to extract the hot-
carrier temperature 7,. For our intrinsic (untreated) perovskites NCs and bulk-film, the
Fermi level is located between the valence and conduction band edge (~0.4 eV below the
conduction band minimum from our UPS data (Fig. 4a)). Thus, the generated hot-carriers
is far from the Fermi energy (~ 1 eV above). Although the Fermi level may shift slightly
towards the band edge (~0.1 eV) under intense photoexcitation, the energy difference is
still very large (i.e., E—E¢ > kgT (~25 meV at room temperature)). Thus, the high
energy tail of the TA spectrum can be fitted using a Maxwell-Boltzmann distribution to
extract 7.

Supplementary Note 3. Determination of absorption cross-sections of NCs
Based on the Poisson distribution of initial photon occupancies in NCs, the probability of
<Ny>i

_ 10 .
e <No> 1% where <Ny>=Jo is the

a NC to contain i e-h pairs is given by P; =
initially generated average number of e-h pairs per NC (J is the pump fluence, o is the
absorption cross-section of NC). When the delay time after photoexcitation is much
longer than multicarrier recombination (e.g., Auger recombination), the NCs will mainly
recombine with single exciton emission, hence the late-time PL intensity is proportional
to occupation probabilities of photoexcited NCs as Ip, X (1 —Py) = (1 —e/9) .
Supplementary Fig. 7 shows the pump fluence dependent TRPL of the pump fluence
dependent TRPL was normalized at time # = 4 ns when multicarrier recombination is
completed and PL intensity represents the emitting NCs with only one electron-hole pair.
o of NCs can be obtained by fitting the data with equation of 1 — /9 (solid lines). The
fitted o are 8.5+0.5x107"°, 3.240.2x10™"* and 6.8+0.3x10"* cm? from small to large NCs,
respectively.

Supplementary Note 4. Discussion on hot-carrier lifetimes

It is important to note the complex interplay of the hot-carrier cooling times due to
several factors:

(1) the pump energy (i.e., carriers’ excess energy — typically, higher the excess energies
lead to longer hot carrier lifetimes);

(i1) the initial hot-carrier densities (i.e., typically higher carrier densities lead to longer
hot carrier lifetimes); and

(ii1) the energy loss rate at a specific hot-carrier temperature (as shown in Fig 2a in
manuscript where the energy loss rate changes over several orders of magnitude for hot-
carrier temperatures spanning from 1600 to 300K) — typically, lower hot carrier
temperatures yield smaller energy loss rates. (It should be noted that the listed lifetimes

below are the time intervals from pulse excitation until the cooling of hot-carriers reach
600 K.)
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Without specifying the above parameters/conditions, it is difficult to generalize and very
unfair to compare the hot-carrier lifetimes among different materials. Furthermore, the
measured hot-carrier lifetime could be limited by the time-resolution of the experimental
techniques used, thereby yielding artificially longer lifetimes that are limited by the
system temporal response rather than its intrinsic hot-carrier lifetime. For example,
measurement of the hot-carrier lifetime by the TRPL technique using a streak camera or
TCSPC system will be constrained by the system resolution of these equipments (i.e.,
~10 ps for most streak cameras, as high as ~1 ps for Hamamatsu systems and typically
~50 ps for TCSPC systems). On the other hand, the TA or fluorescence upconversion PL
techniques have much higher system temporal response of <150 fs, which would identify
more authentic hot carrier lifetimes of the material. Hence, due care must be taken for a
fair comparison of the reported values in the literature.

To ensure a fair comparison of the hot-carrier temperature and cooling dynamics, we
present an extensive compilation of the materials (to the best of our abilities) complete
with the consideration of the abovementioned parameters (i.e., carrier densities, carrier
temperatures, pump energies and techniques) in Supplementary Table 1. Furthermore, it
should be noted that the hot-carrier cooling lifetime in Table S1 is defined as the time
interval from pulse excitation untill the cooling of hot-carriers reach 600 K (for point (iii)
above). This temperature is used as the benchmark because previous theoretical
calculations'" '? have shown that for 7, > 600 K, there is still an appreciable hot-carrier
conversion efficiency (i.e., > 40%) over a wide range of absorber bandgaps). We also
wish to highlight that as the hot carrier distribution approaches thermal equilibrium with
the lattice (300 K), the energy-loss rate will become much slower (see Fig. 2a). Although
these pseudo “hot-carriers” give rise to a long lifetime, they will in fact have little
contribution to the operation of a hot-carrier solar-cell. Therefore, this should not be
compared here.

Supplementary Note 5. LO-phonon model

The energy loss rates per carrier J, was determined by extracted 7c with —1.5k,d7/dt. Jr
can be fitted with the following model:

fle fle _fl‘(D‘ 0

J, = z@(em _ Q)M(L)Z o T (S3)

2110 No(Tc) \hw@y

where 710 is the characteristic LO-phonon decay time, 7, is the acoustic phonon
temperature, hw, is the phonon energy (~42 meV) and Npo(7) is the LO-phonon
occupation number at temperature 7. The fitting from Fig. 2a yielded a comparable 7, for
the MAPbBr; NCs (~310 K) and bulk-film (~305 K), while 71 ¢ is ~340 fs, 220 fs and 180
fs for small, medium and large NCs, respectively, in contrast to a fast 7o of ~ 150 fs for
the bulk-film.
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Supplementary Note 6. Photo-bleaching build-up dynamics at band-edges

Apart from the approach of fitting the high energy tail of PB peak to elucidate the hot-
carrier cooling properties, an alternative method is to probe the intraband relaxation of
the photoexcited carriers high above the band-edge. This can be achieved through
monitoring the buildup of the band-edge bleach as the recombination of the band-edge
carriers (~ns) is much slower than its intraband relaxation process (from several to tens of
ps). This latter approach is commonly used for investigating the hot-carrier dynamics in
115 given the overlapping PB
bands from the discrete energy levels make resolving their hot-carrier distribution

strongly confined quantum colloidal semiconductor NCs

extremely challenging. We apply this latter approach for a fair comparison of the hot-
carrier cooling of perovskites NCs with that of conventional inorganic semiconductor
NCs (e.g., CdSe NCs).

Supplementary Note 7. Auger-heating model
Auger decay lifetimes of MAPbBr; NCs are extracted from the pump fluence dependent
band-edge photobleaching dynamics (Supplementary Fig. 9f), which exhibit a sublinear

dependence on the NC volume (Vyc) as Tayg~ \/m (Fig. 3b). This behavior agrees
with recent observations of biexciton Auger recombination in weakly confined CsPbBr;
NCs'®, but contrasts with the linear dependence of Taug On NC size for strongly confined
systems''. The sublinear dependence can therefore be attributed to the weaker
confinement in our perovskites NCs.

Given that Auger recombination is a three-particle process, the Auger-heating rate in NCs
is therefore proportional to ~n°, where n is the effective carrier density at the band-edge.
Hence, the evolution of the hot-carrier population can be described by the following
equation:

dnpot(t) _

e = —Any o + Cn3 (S4)

where the first term represents the relaxation of the hot-carriers unrelated to Auger
heating, and the second term corresponds to the Auger heating contribution; C refers to
the Auger recombination coefficient of the carriers at the band-edge. Within the lifetimes
of the hot-carriers, one can neglect single exciton recombination given its long lifetime
(of several ns). As a first approximation, the band-edge carriers recombine through the
dominant Auger process given by: n(t)~e~t/%Aug_ Direct integration of this equation
yields the time evolution of:

nhot(t) = nhoto(l - D)e_At + De3t/Taug (SS)
where Nyt 1 the initial population of the generated hot-carriers and D equals to
C/(A — 3/Taug)- Equation S4 therefore predicts that the hot-carrier population decays bi-
exponentially, with one of its lifetime corresponding to Tpyg/3.
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Considering the Fermi-Dirac distribution of hot-carriers, the effective hot-carrier density
can be calculated using the relation’:

3
Mor~ (T )2 e(Frre/ete (s4)

Fig. 3c shows the normalized calculated hot-carrier densities as a function of decay time

at different pump fluences.

Supplementary Note 8. Estimation of hot-carrier diffusion length

The hot-carrier diffusion length in MAPbBr; can be estimated as follows. Firstly, the
carrier’s diffusion coefficient depends on the defect density of the fabricated material.
The reported electron diffusion coefficient D ranges from ~1 cm?s™ for polycrystalline
perovskite thin films'® to 5 - 8 cm”s™ for bulk MAPbBr; at room temperature (~300 K)'
* Secondly, D also depends on the carrier temperatures® (7%) in the relation D =
ukgT./e. For NCs-film, taking 800 K as the average hot-carrier temperature, the lower D
value of 1 cm’s”, and hot-carrier lifetime of 1 ps at low pump fluence, the hot-carrier
diffusion length obtained by L = \/DyotThot ® 16 nm. The high pump fluence at hot-
carrier lifetime of ~32 ps yields a diffusion length of L = 90 nm. Considering that our
perovskites/Bphen sample was excited at the Bphen side, and the initial exponential
carrier distribution in semiconductors after fs laser pulse excitation””, higher
concentration of hot-carriers in perovskites closest to the Bphen can thus be more easily
injected into Bphen. For NCs-film, given that some Bphen molecules could penetrate into
the upper layer of the NCs film, and the hot-carriers undergoing rapid hopping®, the
extracted ~70% hot-carrier transfer efficiency for ~35 nm thick NCs-film at low pump
fluence is therefore reasonable. For bulk-film, taking 400 K as the average hot-carrier
temperature, the higher D values of 5 cm?s™, and hot-carrier lifetime of 0.15 ps at low
pump fluence, the hot-carrier diffusion length will be & 10 nm. Therefore, the ~15%
transfer efficiency for bulk-film is also reasonable.”

Supplementary Note 9. FTIR and XPS analysis on ligand exchange

FTIR spectroscopy of EDT-treated MAPbBr; NPs revealed highly efficient removal of
the original oleic acid and oleylamine ligands (Supplementary Fig. 14). The removal of
these ligands is clearly observed from the reduction of the CH, stretching at 2921 and
2841 cm™. The complete removal of C=O stretch at 1710 cm ' along with the
disappearance of wagging vibration of N-H at 800 cm ' and C-O-H bond at 1384 cm™'

further supports the EDT ligand exchange of oleic acid and oleylamine ligands** >’

XPS analysis of Sulphur in non-annealed and post-annealed EDT-treated MAPbBr; NCs
reveals two sets of S 2p doublets, with the 2p>” peak position at binding energies ~162.5
eV and ~164.2 eV (~162.7 eV and ~164.3 eV for post-annealed) arising from bound
thiolate and unbounded thiol of EDT to the surface of the NC respectively”
(Supplementary Fig. 14). The ratio of bound-to-unbound thiol groups in the NC without
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post-annealing is ~1.04, which increases to ~1.47 with post-annealing of the NC at 70 °C.
Thus, post-annealing treatment further increases the electronic coupling of EDT-NCs
with Bphen.

Supplementary Note 10. Effects of photocharged NCs and trions in NCs films on hot-
carriers

Supplementary Fig. 9e shows the comparison of photobleaching dynamics at the band-
edges between medium NCs in solution and spin-coated film. From the exponential
fitting (solid curves), the lifetime changes from ~ 4.5 to ~3 ns at low pump fluence, the
acceleration maybe due to the existence of the photocharged NCs. At high pump fluence,
another fast decay with lifetime of ~ 290 ps except for the Auger recombination emerges
in the spin-coated NCs films, which can be attributed to trions (photocharged excitons).
However, they only induced the broadening in the lower energy side of GSB (see the
appearance of a bleaching tail at lower energy side for NCs-films in Supplementary Fig.
16 as compared with Supplementary Fig. 5 for NCs in solution in the pseudo color TA
spectra). The reduced energy of trions may be due to the exciton-exciton interactions™. It
is obvious that the trions in the NCs-film would not affect the dynamics of hot-carriers
located at the higher energy side of the GSB.

Supplementary Note 11. Control experiments to validate the hot-carrier transfer

The MAPbBr; NCs film demonstrate similar hot-carrier cooling dynamics with/without
the EDT-treatment. Without the EDT-treatment, the NCs demonstrate similar hot-carrier
cooling dynamics with/without the Bphen extraction layer. Furthermore, we did not find
any obvious change in the hot-carrier properties in the NCs films that underwent the
exact same processing in the thermal evaporator except no Bphen layer was actually
deposited.

Supplementary Note 12. PIA signal of transferred charge carriers in Bphen

For the pristine Bphen film, upon excitation above band-gap with 300 nm light (refer to
the absorption spectrum in Supplementary Fig. 18a), there is a very broad photoinduced
absorption (PIA) in NIR range (Supplementary Fig. 18b — blue dots), typical of organic
semiconductors (e.g., P3HT, PCBM). Its intensity increases gradually with increasing
probe wavelength. We tentatively assign the PIA bands primarily to the absorption by the
photogenerated radical anions and/or excited singlet absorption in Bphen. Control
experiments with 400 nm excitation (below bandgap) of Bphen (at both low and high
pump fluence) yielded a null (PIA) signature (Supplementary Fig. 18b —gray dots),
indicating the absence of photogenerated radical anions and/or excited singlet absorption
in Bphen.
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For the EDT-NCs/Bphen sample (with NCs-film thickness ~ 50 nm), the NCs are
selectively excited with 400 nm light. At low pump fluence, there is no measureable TA
signal. This could be due to the even weaker TA signal (of the indirectly generated
radical anions) that is below the detection limit of our TA setup (at 10™* AT/T). At higher
pump fluence (i.e., at ~15 puJ cm™, corresponding to <N>~2.5), we observed a weak PIA
band similar to pristine Bphen (Supplementary Fig. 18b — orange dots and Supplementary
Fig. 18c). However, any further increase of pump power would lead to the degradation of
the perovskite.

The control experiments also show that there is no TA signal from the EDT-NCs/Bphen
sample under 500 nm excitation (i.e., with negligible excess energies for photoexcited
carriers in NCs) and NCs film alone under 400 nm excitation (Supplementary Fig. 18b —
black dots) up to high pump fluence. These experiments therefore indicate that the
observation of PIA in EDT-NCs/Bphen hybrids should be caused by the hot-charge
carriers injection into Bphen from the NCs. Nonetheless, there is also the possibility of an
alternative explanation of excited singlet absorption induced by hot-state energy transfer
from NCs to Bphen.

Furthermore, the relaxation of PIA possesses one fast decay lifetime (~70ps for pristine
Bphen, and ~25ps for NCs/Bphen) and one slow decay lifetime (~1ns for pristine Bphen,
and ~0.5 ns for NCs/Bphen) (Supplementary Fig. 18d). The fast decay could be due to
the carrier trapping to defects for pristine Bphen and additional electron back-transfer to
the NCs for NCs/Bphen. The slow decay could be the recombination of radical
anions/excitons in the Bphen and with holes in NCs in the NCs/Bphen hybrids.

Supplementary Note 13. Estimation of back-electron transfer time
The back transfer of injected electrons from Bphen to NCs would induce an increase of

the relaxation time of electrons in NCs in the TA signal. We thus estimate a back-electron

transfer rate (%) from the change of the relaxation rate of NCs' bandedge bleaching
bk

1 1 1 1

)by —=——

TNC/Bp Tbk TNC  TNC/Bp

between EDT-NCs film (TL) and EDT-NC/Bphen bilayers (
NC

At low pump fluence (<Ny>~0.1), the invariance in the relaxation dynamics for the EDT-
NCs film and the EDT-NC/Bphen bilayers (Supplementary Fig. 19a) indicates a very
small back-electron transfer rate and a long back transfer time beyond our measurement
time window, which may be due to the rapid trapping and localization that hinder the
carriers from drifting back to the NCs film. The long 7y, therefore is beneficial for the
hot-electron injection. At high pump fluence (<N¢> ~2.5), there is an obvious lengthening
of Tyc/sp (Supplementary Fig. 19b). Using the above relation, the estimated back-

electron time Ty is ~80 ps. The reduced back-electron transfer time (i.e., increased back-
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electron transfer rate) is consistent with the reduced hot-electron injection efficiency from
72% at <N¢>~0.1 to 58% at <Np> ~2.5.
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