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Methods

Materials: Lead bromide (PbBra, 99.999%), cesium carbonate (CsoCOg3, 99%), oleic acid (OA, >99%),
oleylamine (technical grade, 70%), anhydrous hexane, acetone and toluene were purchased from Sigma-
Aldrich and used as received.

Precursor solution preparation: A Cs-oleate precursor solution was prepared by dissolving CsyCOg
(0.1 mmol) in oleic acid (10 mL) at 100 °C.5* A PbBry treatment precursor solution was prepared by
dissolving PbBrs (0.1 mmol) in a mixture of oleic acid (0.1 mL), oleylamine (0.1 mL) and hexane (10
mL) at 100 °C. A PbBrs synthesis precursor was prepared by dissolving PbBrs (0.1 mmol) in a mixture
of oleic acid (0.1 mL), oleylamine (0.1 mL) and toluene (10 mL) at 100 °C. All mixtures were vigorously
stirred and heated in order to dissolve the salts, after which transparent, colorless precursor solutions
were obtained.

Synthesis and treatment of CsPbBrs nanoplatelets: The CsPbBrs nanoplatelets (NPLs) were all syn-
thesized following the protocol of Bohn et al.>? In brief, for the synthesis of 4 monolayer (ML) CsPbBrs
NPLs, 150 ul. Cs-oleate precursor was injected into 1.2 mL PbBry synthesis precursor, while continu-
ously stirring the reaction solution. After ~5 s, 2 mL acetone was swiftly added in order to initiate the
crystallization of the NPLs. After 1 min, the stirring was terminated and the solution was centrifuged
(3500 rpm, 5 min) in order to separate the NPLs from unreacted precursor. For the synthesis of 6 ML
NPLs, all synthesis steps are the same as described above, except for the amounts of (precursor) solu-
tion (250 pL Cs-oleate precursor, 1 mL PbBry synthesis precursor with 0.3 mL acetone added, and 2.5
mL acetone). All syntheses were conducted under ambient conditions. To treat the NPLs, 0.1 mL of
the PbBry treatment precursor solution was added to diluted (1078 M) NPL dispersions under vigorous
stirring.

Steady-state optical spectroscopy: The absorbance of CsPbBrs NPL solutions was measured on a
Perkin Elmer Lambda 900 UV/VIS/NIR Spectrometer. The steady-state photoluminescence (PL) was
measured on an Edinburgh Instruments FLS980 Fluorescence Spectrometer, using a 450 W Xenon lamp
as the excitation source (excitation wavelength 405 nm). PLQY measurements were carried out in the
same device, using an integrating sphere. Solutions were measured in closed quartz cuvettes (pathlength
10 mm). Diluted solutions were prepared by adding 50-100 uL of the crude NPLs in hexane solution
(concentration 1078 M) to 3 mL hexane in quartz cuvettes, in order to reach an optical density at the
excitation wavelength of 405 nm around 0.1.5% 54

Transmission electron microscopy and z-ray diffraction: Transmission electron microscopy samples
were prepared by drop-casting a dilute solution of NPLs in hexane on a carbon-coated copper TEM grid
(400-mesh). TEM images and electron diffraction patterns were measured on a JEOL JEM-1400 TEM,
operating at 120 kV. X-ray diffraction samples were prepared by drying a concentrated solution of NPLs,
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the dry powder was put on a silicon wafer. X-ray diffraction patterns were measured using a Bruker D2
Phaser using a Co X-ray source (A = 1.79 A).

Streak camera measurements: The time-resolved photoluminescence streak camera measurements were
performed using a Hamamatsu C5680 streak camera setup. The samples were excited with a Chameleon
Ultra IT (Ti:Sapph) oscillator combined with a harmonic generator producing 140 fs pulses with a repeti-
tion rate of 80 MHz at a fluence of ~1 uJ cm™2 corresponding to an average number of excitons per pulse
of (N) =~ 0.03-0.04. This range is obtained by assuming an intrinsic absorption coefficient of CsPbBrj
at 400 nm in hexane of 7.7x10* cm™!, lateral dimensions of 8 nm x 8 nm and a NPL thickness of 2.4
nm (4ML) and 3.4 nm (6ML) giving absorption cross sections of 1.2x1071* ¢m? (4ML) and 1.7x10714
ecm? (6ML).5* The NPL dispersion was stirred during the measurement to minimize sedimentation and
beam damage by the laser. An excitation wavelength of 405 nm was used in order to match the settings
of the TCSPC pulsed laser. The time ranges of the streak camera measurements were 0.13 ns for the
high-resolution measurement and 1.22 ns for the low-resolution measurement. The time resolution of the
setup is 3 ps.

TCSPC measurements: Nanosecond time-correlated single-photon counting (TCSPC) measurements
were performed on an Edinburg Instrument FL.S920 fluorescence spectrometer, using a PicoQuant pulsed
diode laser (wavelength 405 nm) with a repetition rate of 0.5 MHz at a fluence of ~0.1 nJ cm~2. The
NPL dispersion was stirred during the measurement to minimize sedimentation and beam damage by
the laser. Emission events were time-correlated with the excitation pulses using an Edinburgh TCC900
computer card.
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Figure S1 | X-ray diffraction of CsPbBr3 nanoplatelets. X-ray diffraction pattern of (a) 4ML and (b)
6ML NPLs. The dashed lines show the characteristic lattice planes of a cubic perovskite crystal structure with a
lattice constant a = 5.897 A.56
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Figure S2 | Stitching of streak camera and TCSPC measurements. (a) The high-resolution streak
camera measurement was fitted to a single-exponential function A(t) (red, dashed) for delay times ¢ > 75 ps.
(b) The low-resolution streak camera measurement was fitted to a single-exponential function on the domain
0.1 ns < ¢t < 0.18 ns (red, dashed) and to a second single-exponential function C(t) on the domain ¢ > 0.7 ns
(black). (c) The TCSPC measurement was fitted to a single-exponential function D(t) on the domain 0.5 ns
<t < 3 mns. (d) We stitch the three measurements together by adjusting the relative intensity scales such that
A(133 ps) = B(133 ps) (red arrow) and C(1.43 ns) = D(1.43 ns) (black arrow). (e) The stitching procedure
yields the total decay curve ranging from the ps timescale of the streak camera to the ps timescale of the TCSPC
measurement. To obtain the quantum yield density ¢(¢) we normalized the total area under the decay curve to
the PLQY of the nanoplatelet samples.
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Figure S3 | The dark fraction and determination of the radiative rate. Here, we consider two scenarios
in which a sample of emitters, e.g. perovskite nanoplatelets, have non-unity PLQY but a quantum yield density
¢(t) that is qualitatively different. (a) The first scenario we consider is a sample in which all emitters are identical.
The quantum yield density is given by

o(t) = kmde*(kradJrkgr)t7

where the amplitude ¢(0) is equal to the radiative rate kraq, the nonradiative rate of the bright fraction is kB
and the PLQY is equal to kraa/(krad + /c,l?r). The red dashed line shows the quantum yield density for a unity
PLQY sample based on a radiative rate kq = 0.18 ns™! and k2 = 0 ns™'. A decrease of the PLQY (blue,
kB =0.42 ns7! and PLQY = 0.3) in this scenario will make the excited-state dynamics faster but the amplitude
is unchanged. (b) The second scenario is a sample in which we have two subpopulations, one with unity PLQY
(kl];)’r = 0 ns™ ') called the bright fraction and one with zero PLQY called the dark fraction. We can write the
quantum yield density as

A1) = Fhrage 29" £ (1 — fkaqe Fraathm)t

where f is the bright fraction and the PLQY equals the bright fraction f. The excited-state dynamics of the
dark fraction are completely masked by the instrument response function (IRF) of the TCSPC and streak camera
measurements because kD, > kmd,rﬁ,}F which effectively lowers the amplitude of the quantum yield density to
@(0) = fkraqa. The red dashed line shows the quantum yield density of a unity-PLQY sample based on a radiative
rate kraq = 0.18 ns™* and f = 1. Here, a decrease of the PLQY (blue, f = 0.3) corresponds to an increase of
the dark fraction which lowers the amplitude of the quantum yield density. (¢) To verify which of the scenarios
describe our nanoplatelet samples we measured the lifetimes for three independently synthesized 4-monolayer
nanoplatelet samples. The samples are nominally the same but differ slightly in PLQY. Based on the assumption
that we have a dark fraction of nanoplatelets we expect that the measured lifetime 7 = 1/kyaq is constant (blue)
for the three samples and the PLQY is different only because of sample-to-sample variations of the bright fraction
f. If we assumed one population of imperfect nanoplatelets, the PLQY = kyaa7 would scale linearly (red, dashed)
with the radiative rate. We observe that the lifetime is constant with different PLQY and therefore we assign
the non-unity PLQY to the presence of a dark fraction which lowers the PLQY and identify the fitted decay rate
Eraqa = 0.18 ns™! as the radiative decay rate.
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Delayed emission mechanisms with varying nonradiative rates

Temporary storage and release of excitonic charge carriers can result in photon emission with a rel-
atively long delay time compared to direct radiative emission. From the quantum yield density ¢(t) we
observe slower and faster dynamics with respect to radiative recombination. These observations can be
explained by two qualitatively different delayed-emission mechanisms. The first scenario is [1] hot-carrier
trapping where one of the charge carriers is trapped from a hot-exciton state. The second mechanism
is [2] cold-carrier trapping where the exciton cools down to the lowest-energy exciton state before a
charge carrier is trapped. Here, we will discuss the influence of a chemical treatment—which changes the
nonradiative processes—on the fraction of delayed emission to reveal the predominant delayed-emission
mechanism in perovskite nanoplatelets. We will assume that radiative recombination from a stored charge
carrier does not occur in our samples, because no trap-state emission is observed in the emission spectra
(Figure 2¢—d).

[1] In the scenario of hot-carrier trapping (Figure S3a) the trapping rate k{lr’;tp is in competition with
hot-exciton cooling k.. The probability that an absorption event leads to delayed emission

77h0t _ fkrad k?r(;tp (1)
delayed krad + knr k?r%tp 4 kc7

is the product of the probability for hot-carrier trapping and the probability for photon emission after
release. Because cooling rates are typically very fast 0.3 ps~', in this case k% must be similarly fast in

trap
order to compete with cooling.>® The probability that an absorption event leads to prompt emission

hot . fkrad kc (2)
nprompt krad + knr khot,trap + kc ’
is the product of the probability for hot-exciton cooling and the probability for photon emission after
cooling. From the two expressions above we observe that lowering of the nonradiative recombination rate
knr increases both ngf('jmpt and ngltaye q - However, both decay pathways to the ground state experience the
nonradiative quenching only once. Therefore the contribution of delayed photons to the total emission

hot k.hot
hot _ ndelayed _ trap (3)
Ldelayed = ~hot + hot - Jchot +k ’
nprompt ndelayed trap c

is independent of k,,. Figure S3b shows the contribution of delayed photons to the total emission before
(PLQY = 0.10) and after (PLQY = 0.44) treatment with PbBry. The constant contribution of delayed
photons to the total emission for hot-carrier trapping (red, dashed) does not match the measurements
and therefore we exclude hot-carrier trapping as the dominant mechanism underlying delayed emission.

[2] In the scenario of cold-carrier trapping (FigureS3c and e) the trapping rate kcold, trap 1S in compe-
tition with radiative and nonradiative recombination. The probability that an absorption event leads to
prompt emission is

7,]Cold — f Krad (4)
prompt krad + knr i kgf;g’
where ktcrojg is the trapping rate of cold charge carriers. Similarly, we can define the contribution of

delayed emission to the total decay. In this scenario charge carriers can cycle an arbitrary number of
times between the trap state and the lowest-energy exciton state. To obtain the total probability for
delayed emission we sum over all possible cycles n > 1 and multiply with the probability that a photon
is emitted from the lowest-energy exciton state:

ncold _ fkrad i kffig " (5)
delayed krad + knr + kCOId krad + knr + kCOld .

trap p,—1 trap
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cold

delayed 11 terms of all the rates as

The infinite sum is a geometric series which we can simplify writing 7

1d
cold f Krad kgl?ap (6)

aclayed = (e d ¥ Fur + ke D) (Rraa + Fur)

Using the expressions of the prompt- and delayed-emission probabilities derived above gives the fraction
of delayed emission

cold kcold
cold 77delayed trap (7)

X = = .
delayed 1d 1d 1d
n;?ompt 77331ayed kraa + knr kg’ap

We see that a large trapping rate ktcf,;g compared to radiative- and nonradiative recombination rates leads

to a high fraction of delayed emission. Next, we distinguish between two possibilities of how the treatment
affects the nonradiative rates. In the first possibility (Figure S3c), we assume that the treatment only
affects the nonradiative recombination rate ky,. In the second possibility (Figure S3e), we assume that
both nonradiative recombination and the trapping rate are affected by the treatment.

[2A] In the first possibility where only nonradiative recombination is affected by the treatment (Figure
S3c), we can use the relationship between the nonradiative recombination rate and the PLQY

fkrad
PLQY = ——— 8
krad + knr ( )
to express the contribution of delayed photons to the total emission mffgllgyed in terms of the PLQY:
1
1d
xg?elayed = 1 fkrad . (9)
T PLQY kT
In Figure S3d we compare equation S9 to the experimental relation between PLQY and z§l, 4. For a
fitted trapping rate of kcﬁlgp = 5.6 us~! we observe an increase of the contribution of delayed photons to

the total emission. Therefore we exclude this scenario to contribute to delayed emission.

[2B] In the second possibility for cold-carrier trapping, we assume that both the trapping rate kfﬁig
and the nonradiative recombination rate k,, change to the same extent, i.e. by the same factor (Figure
S3e). The contribution of delayed emission to the total emission is given by

1
T yed = T S (10)
* sg—rtam

cold

trap and the nonradiative recombination rate ki, .

where a is the ratio between the trapping rate k

In Figure S2f we compare equation S10 to the experimental relation between PLQY and xﬁ‘élliyed. For
a fitted constant ratio a = 0.039 we observe a decrease of the delayed emission fraction as a function
of the PLQY consistent with the experiments. We therefore conclude that cold-carrier trapping is the
dominant trapping- and release mechanism for excitons in 4- and 6-monolayer perovskite nanoplatelets
and that both trap states leading to nonradiative recombination and delayed emission are supressed by

the chemical treatment.
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Figure S4 | Mechanisms for delayed exciton recombination. (a) Scenario [1], in which hot-carrier trapping
from a hot-exciton state leads to delayed emission of photons. The treatment suppresses nonradiative recombina-
tion from band-edge excitons. (b) Fraction of delayed emission xggfayed for 4-monolayer perovskite nanoplatelet
sample before (PLQY = 0.10) and after (PLQY = 0.44) treatment with PbBrs. Assuming a constant trapping
rate Knot,trap and varying nonradiative recombination rate knr (equation S3) yields a constant delayed emission
fraction as a function of the PLQY. (c¢) Scenario [2A], in which cold-carrier trapping from a band-edge exciton
leads to delayed emission of photons. The treatment suppresses nonradiative recombination from band-edge ex-
citons. (d) Same as b, but now plotting the calculated zﬁcc’ll‘iycd in scenario [2A] (equation S9, ks, = 5.6 us™1).
(e) Scenario [2B], in which cold-carrier trapping from a band-edge exciton leads to delayed emission of photons.
The treatment suppresses both nonradiative recombination from band-edge excitons as well as nonradiative tem-

porary trapping. (f) Same as b, but now plotting the calculated mgg}‘;yed in scenario [2B] (equation S10, a = 0.039)
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Timescale between trapping and emission

To determine the timescale between trapping and emission of a delayed photon we have to solve the
rate equations for the population of the excited state Ng(t) and the trap state Np(t):

NE(t) = _(krad + ktrap)NE(t) + krelNT<t) (11&)
NT(t) = _krelNT(t) —+ ktrapNE(t)' (11b)

Here the excited-state population Ng(t) decreases in time due to radiative recombination k.4 and trap-
ping kirap and the population increases by release of charge carriers k1 by the trap state. The trap-state
population Nrp(t) decreases in time by release of charge carriers ke and increases by trapping kiap. We
can calculate expressions for both populations in time assuming that all initial population is in the trap
state (Ng(0) = 0 and Np(0) = 1). We obtain the population dynamics of the exciton state

 2kye K2 sinh(VK? — Akgaakrert/2)
B Vv K2 - 4kradkrel ’

where K = kyaq + Ktrap + krel. We can use these dynamics to calculate the average time (7) for a charge
carrier to de-trapped

Ng(t) (12)

JoS tNg(t)dt

() = > Na(t)dt

— — ktra
= krail + krell + kradk/zel’ (13)

-1

ol When we assume that

where the average time between trapping and emission is equal to (7) = k;ald +k
a charge carrier is only trapped once, or kirap < Krad, Krel-
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