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S1 THEORETICAL ASPECTS

A Relative trion wave function

Similar to a helium atom or a negatively charged hydrogen ion, the three fermion com-

ponents in a negatively charged exciton (trion) make them composite fermions with two

sets of states. In fact, the two opposite spin electrons of an X− trion can be in a triplet

S = 1 or singlet state S = 0. The solution of the Schrodinger equation for the X− is

the following wave function: Φ(1, 2) = φ(1, 2) × χ(1, 2), where φ is the spatial and χ is

the spin part of the wave function. The appropriate way to approach the problem is to

introduce even and odd combinations of opposite spins, namely, triplet and singlet states

with total spin SZ = 0, de�ned as :1�3

|S(1, 0), SZ = 0〉 =
1√
2

(∣∣+
1

2
,−1

2

〉
− (−1)S

∣∣− 1

2
,+

1

2

〉)
(S1)

The Pauli exclusion principle forces the orbital part of these opposite-spin electrons to be

odd for S = 1, and even for S = 0. Symmetrized and normalized spatial wave functions

can be chosen as:

φ(ρ1, ρ2) =
1√
2

(
ξ1̃s(ρ1)ξñl(ρ2)± ξ1̃s(ρ2)ξñl(ρ1)

)
, (S2)

where ξñl(ρi) =
∑

n,l C(n, l)ϕn,l(ρ) are the eigenvalue solution of the relative exciton

Hamiltonian. In the case of a singlet state, the spin part of the wave function is antisym-

metric with respect to permutation of the electrons. The spatial part of the singlet wave

function is therefore symmetric with respect to permutation of the electrons ("+" in Eq.

S2). On the contrary, the spatial part of the triplet wave function is antisymmetric with

respect to permutation of the electrons ("-" in Eq. S2). We should note that whatever

SZ is, electrons can have the same spin, in which case SZ is equal to ±1, or opposite

spins, in which case SZ is equal to 0. As the orbital ground state must be even, electrons

in the X− ground state form a spin singlet state (S = 0, SZ = 0) with "+" in Eq. S2.
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B Calculation of oscillator strength

The predicted oscillator strength of the exciton or trion is calculated via

fX,X− = (Ep/2EX,X−)|
∫
drΨX,X−(r, r)|2 by our theory using numerical diagonalization

of the matrix resulting from the projection of the Hamiltonian. EX,X− is the exciton or

trion energy and ΨX,X− the corresponding wave function, Ep the Kane parameter. The

results are presented in Figures 2 and 3 (main text). For the exciton f is translated in

a radiative lifetime using an (angular) average local �eld factor 4 fLF deduced from the

intrinsic absorption at the exciton transition in Ref. 5 and using 6

ΓrX,theo =
4noutq

2
eEphEp

3πε0h̄
2c3m0

|fLF |2SX , (S3)

taking into account the symmetry of the transition related Bloch functions,7 we obtain the

in Table 1 (main text) displayed values. Eph is the photon energy, Ep the Kane parameter

taken from Ref. 8, SX = | 〈ΨX |δre,rh|ΨX〉 | the exciton e-h overlap integral from our theory

and nout the refractive index of the surrounding (ligands). The calculations are in very

good quantitative agreement with our experimental results. Minor deviations may result

e.g. from uncertainties of the dielectric function of CdSe, as the calculation of a lifetime

in principle involves the dielectric function and refractive index. We also remark that

calculating the radiative rate of trions from the oscillator strength is not possible with

the formula above, as the left electron has to be emitted in one of the weakly con�ned

conduction band states within an energy range of kBT , and the size varying DOS or

number of these states does not result in a simple analytical form like above. Hence, we

did not calculate radiative rates for trions in the main text. Instead we compare for trions

the resultant trion Bohr radius in Figure 2d main text, and show very good agreement

with the experimental �ndings there, so that our theoretical model consisting of exciton

and trion states is con�rmed quantitatively by the size dependent exciton radiative rates

and trion Bohr radii apart from the other arguments discussed in the main text.
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C Impact of smallest lateral dimension on the optical properties

CdSe nanoplatelets can be synthesized with di�erent lateral sizes and as a consequence

the exciton and trion properties can depend strongly on their lateral extent.9,10 Therefore,

varying the lateral size of these nano objects provides a rich playground for optimizing

the optoelectronic properties. In order to study the e�ect of lateral con�nement on the

excitonic and trionic optical properties, we display in Figure S1 a the exciton and trion

energy obtained by numerically solving the exciton and trion Schrödinger equation (Eqs.

2 and 3) in the main text for di�erent lateral aspect ratios AR. Figure S1 b and c show

the trion binding energy EBX− and Bohr radius aX− . In contrast to Figure 2 (main text)

we plot these properties as a function of the smallest dimension of the platelet Ly, for

di�erent lateral aspect ratios AR. Figures d to f show the resultant oscillator strength

and ratio of exciton and trion.
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Figure S1: (a) Exciton and trion transition energy as well as trion binding energy (b)
and trion Bohr radius (c) as a function of the shortest platelet dimension Ly for di�erent
lateral aspect ratios AR = Lx/Ly. (d), (e) exciton and trion oscillator strength as well
as the ratio of both (f). The curves in a-f look horizontally shifted in Ly (with respect
to their beginning) for di�erent aspect ratios, as we plot always the same platelet area
A = Lx · Ly range as in Figure 2 (main text). As a result quadratic platelets (1:1) have
a right shifted onset for their curves.

The energy of exciton and trion, the trion binding energy EBX− and the trion Bohr

radius aX− are very sensitive to the variation of the shortest lateral length Ly and as-

pect ratio R. Two regimes are recognized in our results: i) First, for small sizes, the
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energies decrease, while the trion Bohr radius aX− increases with the smallest size and

lateral aspect ratio. This is due to the fact that with increasing lateral size the quantum

con�nement becomes weaker and e.g. the trion is increasingly delocalized over the larger

NPLS size. ii) For large lateral size, a saturation behavior for both the energy and the

Bohr radius is observed for di�erent aspect ratios, see Figure S1 b. In fact, for sizes

beyond Ly ≥ 20nm, the e�ect of con�nement tends to become negligible. In this range

the energy is set by the relative motion of electron and hole rather than center-of-mass

motion, as we approache the ideal quantum well limit like in laterally extended TMDCs

materials, in which the center of mass (CM) motion of the particle is (quasi) free.

In order to provide further insight into the e�ect of the shortest lateral size on the

exciton and trion optical properties, we illustrate in Figure S1 d-f the dependence of the

exciton and trion oscillator strength fi(i = X,X−) and the oscillator strength ratio on

the shortest lateral size Ly for di�erent lateral ratio AR. We can clearly notice that

the oscillator strength increases with Ly due to the increasing overlap integral, while

there is a weaker aspect ratio dependence. We remark that e.g. for quadratic platelets

a quadratic L2
yscaling of the exciton oscillator strength is observed, resembling the area

(here A = Ly · Ly) scaling discussed in Eq. 1 in the main text. Notably, the oscillator

strength and their ratio mainly relates to the (coherence) area. The lateral aspect ratio

dependence of fX and fX− is less pronounced.

As stated previously, the nanoplatelets are a box-like nanostructures with a z con�ne-

ment to a few monolayers and a variable lateral (x,y) con�nement. Hence, depending on

their lateral sizes Lx and Ly, they can be in di�erent con�nement regimes, the strong

con�nement regime, an intermediate regime, and a Coulomb-dominated (weak con�ne-

ment) regime. For example for a 21x7 nm2 platelet, the 7 nm length suggests that strong

con�nement regime is closer, while the 21 nm length suggests weak con�nement. On the

other hand for 41x13 nm2 both lateral dimensions are in a weak con�nement regime.

Hence, both Lx and Ly lateral con�nement are relevant to determine the various prop-

erties of CdSe NPLs. In conclusion a proper understanding of the in�uence of lateral

con�nement requires to study the optical properties as a function of platelets area and
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for di�erent aspect ratios in order to capture both, the e�ect of x and y con�nement as

well as the e�ect of shape (regtangular for AR = 2 or 3 and squared for AR = 1).

D Strong con�nement limit for very small platelets

The smallest platelet (3.6x8.1 nm2, 29 nm2) is not in a weak or intermediate con�nement,

like the other, larger NPLs, since the size does not largely exceed the 2D exciton Bohr

radius. Using the theoretical model explained in the main text, we �nd exciton and

trion energies equal to 2.595 eV and 2.540 eV, which is not in good agreement with

US(EUS = 2.525 eV) and LS (ELS = 2.487 eV) experimental energies. The 3.6x8.1 nm2

is more quantum dot like, in contrast to our theoretical model in the main text, build on

the assumption of a weak to intermediate con�nement regime (more quantum well like

than quantum dot like).

Hence we did, analog to Figure 2 (main text), a calculation of the transition energies

in a strong con�nement approximation, in which the con�nement potential dominates

compared to Coulomb interaction. Though the shape of the wave function is almost

completely determined by the con�nement potential and is not in�uenced by the Coulomb

potential in a �rst approximation. So within the usual e�ective-mass and the envelope-

function approximation scheme, the electrons and hole wave functions are described by

the following Schrödinger equation:

(
− h̄2

2
∇ 1

mi(zi, ρi)
∇ + Vi(ri)

)
φini,mi,li

(ri) = Ei
ni,mi,li

φini,mi,li
(ri), (S4)

with i= (e,h) for the exciton and i=(e1,e2,h) for the trion. The single-particle functions

of electron and hole found in this way are used to calculate the exciton states within a

con�guration interaction scheme. For this purpose, we take the space spanned by the

products of the single particle states, i.e ΨX,(X−),J =
∏

i=e,h(i=e1,e2,h) φ
i
ni,mi,li

(ri).

Even if Coulomb coupling does not determine the shape of the exciton (trion) wave

function in the strong con�nement limit, it shifts the exciton (trion ) energy consider-

ably. In �rst-order perturbation theory, the Coulomb potential in a con�ned geometry
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is characterized by a set of matrix elements V
nj ,mj ,lj
ni,mi,li

, between i and j particles de�ned

as :V
nj ,mj ,lj
ni,mi,li

=
∫
dri
∫
drj|φini,mi,li

(ri)|2Vc(ri − rj)|φjnj ,mj ,lj
(rj)|2. Thus, the exciton and

trion energy are read respectively as: EX,J = Eg + Ee
ne,me,le

+ Eh
nh,mh,lh

+ V nh,mh,lh
ne,me,le

and

EX−,J = Eg + 2Ee
ne,me,le

+ Eh
nh,mh,lh

+ 2V nh,mh,lh
ne,me,le

− V ne2 ,me2 ,le2
ne1 ,me1 ,le1

.

We �nd 2.537 eV for the exciton energy, while 2.517 eV for the trion. This is in qualitative

agreement with the 2.525 and 2.487 eV found in the experiment. (See Figure S2.) This

only qualitative agreement occurs as the strong con�nement theory is not expected to

reproduce the results exactly, since in principle for this platelet, the x-direction (3.6 nm)

is in the strong con�nement, while the y-direction is in an intermediate regime, resulting

in the slight over estimation observed for the X and X− transition energies. The e�ect is

stronger for the trion due to its larger wave function extent. As only the smallest platelet

is calculated via this di�erent theory approach, we excluded the data point in Figure 2a

and c, as we do not have a continuous theory to draw continuous theory lines from strong

to weak con�nement regimes. The sample is further excluded from the time-dependent

analysis, as is showed fast degradation, so that we were not able to record appropriate

transients. (See also section S3C.)

S2 SYNTHESIS AND CHARACTERIZATION

4.5 monolayer (ML) CdSe nanoplatelets were synthesized according to Refs. 11, 12 and

13, characterized by transmission electron microscopy (TEM) showing di�erent average

lateral sizes. (See insets Figure S1) Absorption and PL spectra as well as TEM images are

shown in the same �gure for selected samples. The particles were redissolved in toluene

and embedded in a poly(laurylmethacrylate-co-methylmethacrylate) or PMAO polymer

on fused silica substrate for low temperature PL measurements. The volume fraction in

the polymer was kept below 1% to avoid any aggregation, as shown in Ref. 14, or FRET

e�ects. 15 The orientation of the platelets is random in the matrix. A Cryovac Conti IT

PL cryostat (3.5-300K) was used for low temperature measurements.

PL excitation was done by the 420 nm second harmonic of a 840 nm, 150 fs Coherent
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Figure S2: (a-d) Room temperature absorption and PL spectra of selected nanoplatelets
along with their TEM images (inset). The average lateral sizes are noted for each NPL
population.

Mira 900 HP laser through a lens, while detection was done through a 0.4 NA objective

with long working distance. A Hamamatsu C5680 streak camera was used for time-

resolved PL, while a Horiba IHR550 spectrometer with attached LN cooled CCD was

used for time-integrated detection. The average number 〈N〉 of photons absorbed (or

excitations created) per platelet and pulse is calculated via the intrinsic absorption using

Ref. 4. It is low in the experiments and ∼ 3 · 10−4 for the platelet size variation (see

Figures S3 and S4), while for the power dependent measurements it varies as indicated

in Figure S5 in Section S3. The laser with a spot size is ∼ 30µm.
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S3 TIME-RESOLVED AND -INTEGRATEDDATAAND

MODELING OF EXCITONAND TRION BY RATE

EQUATIONS AND A MASS ACTION LAW

A Rate modeling of experimental data in the trion plus exciton

model

4.5 monolayer (ML) CdSe nanoplatelets were investigated. Preparation was described

in section S1. Low temperature photoluminescence (PL) spectra of CdSe nanoplatelets

(NPLs) in Figure S3 show a double emission.16�21 The energy spacing strongly depends

on the lateral platelet size, and varies from 38 to 18meV. We refer in the following to

them as the lower state (LS) and the upper state (US) emission.
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Figure S3: (a-g) Time-integrated PL emission of 4.5 monolayer (ML) CdSe NPLs for
di�erent lateral platelets size at 4K and ∼0.2 W/cm2 (CW equivalent) 420 nm excitation.
Lateral area and size (Lx × Ly in nm2) are indicated. h): Level scheme of trion model.
Cave: E.g. ΓrX− , the trion decay rate coe�cient for the radiative trion decay, results
in a free continuum electron in |cont.〉 and the radiative decay of an electron and hole
to the (crystal) ground state |0〉, so there are two outgoing arrows related to the same
rate constant. Similar behavior relates to KF

X− and Kion
X− . Therefore each two arrows are

involved for one rate constant.

The nature and the origin of these emission bands remains under debate both from

theoretical and experimental considerations.16,18�20,22 Di�erent scenarios have been dis-

cussed: i) an exciton plus negative trion,18,22,23 ii) exciton plus a LO phonon replica,19
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iii) charge transfer excitons (excimers)16 between at least two platelets, iv) an exciton

plus biexciton,24 v) excited and ground state excitons20 and an excitonic center of mass

�ne structure.10 Although in a �rst paper we attributed the double emission to an exciton

ground and excited state ,20 recent further results by Shornikova and Antolinez et al.22,25

and their trion emission identi�cation make it necessary to revisit our and other inter-

pretations based on further data, as we will show in the following. Except the trion plus

exciton explanation, discussed below, the other cases can be excluded by the experimental

data. (See Section S4)

LS and US emission peaks: Figure S3 shows the time-integrated 4K PL emission

of CdSe NPLs with varying lateral dimensions under 150 fs pulsed 420 nm excitation of

a frequency doubled Coherent Mira 900F laser, while Figure S4 shows the time-resolved

emission using a Streak Camera, see Section S2 for details. The same applies for the time

integrated spectra. The laser with a spot size ∼ 30µm produces a low average number

of excitations 〈N〉 < 3 · 10−4 per platelet so that multiexcitonic e�ects like bimolecular

Auger Recombination can be excluded in the following rate modeling. (See also section

S4 iv.) In the detection spot >103 platelets are contained so that we have an ensemble

measurement with random orientation. In the following we discuss here cases i) exciton X

plus a negatively charged exciton (Trion) X−, and in section S4 the alternative scenarios

ii) exciton plus LO-phonon replica, iii) exciton plus excimer, iv) exciton plus biexciton

and v) excited and ground state exciton.

Exciton X plus a negatively charged exciton (Trion) X−: We test the assump-

tion that the lower state (LS) is an emission of charged excitons (trions) while the upper

state (US) is due to a neutral exciton. Charged excitons (trions) appear frequently in

2D transition metal dichalcogenides (TMDCs) and indications for a neg. trion in CdSe

platelets have been found.18,26 For a negative trion, the two opposite-spin electrons of

an X− trion can be in a triplet state S = 1 or singlet state S = 0. We refer to their

singlet con�gurations in which they appear as bound states (generally below the energies

of neutral excitons). The observation of triplet trions is more elusive.1,2,27,28 To model
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the trion plus exciton emission, we evaluate the experimental time resolved PL decay

(Figure S4) of our samples (Figure S3) at low temperature (T = 4K) using a numerical

model, which accounts for population transfer between exciton and trion states under

pulsed excitation. Fitting the experimental transients numerically with that model we

compare the resultant power dependence of the integrated PL intensity calculated by our

theoretical model with the experimental �ndings for CdSe NPLs of di�erent size (Fig-

ure S5). The model (Figure S2 h) takes four levels into consideration: the crystal ground

state |0〉, the electron state |continuum〉 (from e-h continuum), the excitonic |X〉 , and

trion state |X−〉. In fact, due to the high exciton binding energies (∼200meV)29�31 and

resulting strong correlation in CdSe nanoplatelets, we have assumed that excitons are

formed instantly upon excitation and that the ionization of an exciton to an unbound e-h

pair can be neglected, as at 4K (kBT = 0.34meV) this is a very unlikely process. (See

Supplemental Material, section S3 B) The pulsed generation of excitons by 150 fs laser

pulses is modeled via a generation rate G(t), broadened to a gaussian pulse representing

the instrument response (3.5 ps). Taking into account the radiative Γri and non radiative

Γnri recombination rate (i = X,X−) as well as the scattering rates of population transfer

between the four states, the dynamics of exciton, trion and electron (see level scheme in

Figure 1) can be described via:

dnX
dt

= G(t)− nX
(

ΓrX + ΓnrX

)
− nXneKF

X− + nX−Kion
X−nph

dnX−

dt
= −nX−

(
ΓrX− + ΓnrX−

)
− nX−Kion

X−nph + nXneK
F
X−

dne
dt

= nX−Kion
X−nph − nXneKF

X− (S5)

where, nX(t), nX−(t), ne(t) are the the exciton, trion and electron densities. The non-

radiative recombination rates are generally assumed to be a thermally activated process

according to Γnri = Γ0,nr
i e

−Ei
KBT . Here, Γ0,nr

i is an approach frequency factor and Ei is

an activation energy assumed to be identical for exciton and trion state. These activa-

tion energies are due to a concurring thermally activated non-radiative processes.20,29,32

However, as demonstrated in Ref. 34, the quantum yield approaches unity below 50K
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Figure S4: (a-f) Time-resolved PL dynamics at 4K (420 nm, 150 fs 75.4MHz repetition
rate laser, 0.2W/cm2 excitation density producing a low average number of excitations
〈N〉 < 3 ·10−4 per platelet) of exciton and trion for di�erent CdSe nanoplatelets, obtained
from Voigt �ts (analog to Figure 1, main text) to the time dependent emission (recorded
by a streak camera) at each displayed data point in time as well as �ts to rate equation
S5. Inset g): Radiative exciton lifetime vs. platelet area with 1/area �t according to Ref.
33.

in nanoplatelets32,34 and TMDCs,35 so that numerical evaluation of our model results in

a vanishing non-radiative contribution at 4K. Alternatively the reported radiative rates

(Tables 1 and S1) for exciton and trion can be considered e�ective decay rates, summing

up the radiative plus a minor non-radiative contribution.

KF
X− ,Kion

X− are the formation and the ionization rate constants of the trion, given by the

Saha equation in 2D:36

ne × nX
nX−

=
gegX
gX−

meMX

2πh̄2MX−
kBTe

−E
BX−

kBT =
Kion
X−

KF
X−

(S6)
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ge ,gX and gX− are the degeneracy factors of the electron, exciton and trion in the

nondegenerate regime, where Boltzmann statistics applies. MX = me + mh and MX− =

2me +mh are the mass of the exciton and trion, respectively, with me (mh) the electron

(hole) e�ective mass. EB,X− is the trion binding energy, equal to the energy separation

EB,X− = ∆E = EUS −ELS between X (US) and X− (LS). The ionization rate of a trion

to an unbound electron and exciton is given by: Kion
X− = γ0

X−n∆, γ
0
X− the phonon-assisted

scattering rate between the two levels, n∆ = 1/(e(∆E/kBT ) − 1) the Bose occupation

number of phonons for an energy spacing ∆E taken form Figure S3. (We calculate the

trion binding energy, equal to ∆E also theoretically in the main text.) We assume

a background charge density of one electron per platelet, which is involved in the trion

formation, see reasoning at the end of this paragraph. It is assumed to stem from residual

charges on the platelets, e.g. from the host matrix or a desorbed charged oleic acid ligand

leaving a net negative charge behind. But to investigate the nature of this process is not

the focus of our paper. (See also further comments at the end of this section.)

Due to the low excitation densities in our experiments, which are even for the power

dependent measurements below 〈N〉 < 5 · 10−2 per platelet, we do not take into account

multiexcitonic e�ects like bimolecular Auger recombination in the rate modeling, as dis-

cussed above. Nonradiative trion Auger decay is not included, as: 1) The QY of NPLs

is near unity at 4K in CdSe platelets,32,34 ruling out signi�cant contribution as for the

excitons. 2) On the other hand an electron shakeup25 from the trion state to an highly

excited state (by the full total trion energy), which is still a laterally quantized electron

state in the conduction band, has low probability. This is because the trion wave function

is s-like, while these highly excited states beyond d-, f-like states have multiple knots in

their wave function, and hence transition (overlap) integrals and subsequently rates are

expected to be (very) low.

We are thus left with three adjustable parameters, the exciton radiative rate ΓrX ,

the trion radiative rate ΓrX , and scattering rate γ0
X− , and exploiting the experimental

evidence for γX− � ΓrX ,Γ
r
X− .20 Hence, for low T the PL decay is a function of only these

parameters for �ts. Table 1 summarizes the �t results displayed in Figure S4 (a-f). We
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Table S1: The experimental �tting parameters of the rate equation model (Eq.S5) for
nanoplatelets of di�erent size as well as the exciton radiative rates (theo.), as obtained
from theory in the main text.

Size (nm2) 17× 6 21× 7 29× 8 30× 10 30× 15 41× 13
Area (nm2) 102 147 232 300 450 533
∆E (meV) 36 32 26 24 20 18

ΓrX(ns−1) 8 14 27 35 53 64
ΓrX−(ns−1) 1.6 1.9 2.5 3.3 4.1 4.6
γ0
X−(ns−1) 62 77 111 96 78 32

ΓrX,theo(ns
−1) 11 16 26 34 50 62

see that the rate constants (Table 1 and identical table S1 here) get higher and the overall

dynamics of the exciton and trion gets faster for larger NPLs.

The integrated PL intensity measured as a function of the pump power or average

number of photons absorbed 〈N〉 per NPL is displayed in Figure S5 (a-c). (We studied

selected samples of the full size range only.) The average number of photons absorbed

(or excitations created) per platelet is calculated via the intrinsic absorption using Ref.

4. For comparison, we plot in panels (d-f) the results of our rate equation model based

on the �t results in Table 1. We see good agreement. In all cases at low excitation

power, the PL signal, scaling with population times radiative rate constant, increases

linearly, as expected for excitonic transitions. At high excitation densities the trion and
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Figure S5: Time integrated luminescence of the exciton and trion as a function of 〈N〉
from experiment at 4K (a-c) and exciton-trion modeling (d-f).

exciton PL begins to saturate, since the trion (LS) intensity will be limited by the initial
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(background) concentration of electrons in the platelets. The saturation of the exciton

state (US) at high excitation density is not expected at �rst glance. Due to the low number

of excitations per nanoplatelet 〈N〉 � 1 multiexcitonic e�ects or state �lling up to higher

states37,38 can not account for it. As the observed saturation is well reproduced in our

model, it results from the dynamical equilibrium between excitons, trions and resident

electrons, given by the mass action law. The agreement of theory and experiments both

in time resolved and integrated data directly substantiates the trion based (LS) emission,

in contrast to the other models (discussed below), which can not reproduce both time

resolved and integrated data at the same time. Minor deviations may arise e.g. from

slight photo darkening phenomena at elevated excitation densities.

For our rate equations we use a density of one background electron per nanoplatelet.

This is substantiated by the following estimation using Astakhov et al. ,39 which relates

the trion to exciton radiative rate ratio to the trion Bohr radius ΓrX−/ΓrX ≈ neπaX− . Using

either the parameter ranges of the experiments in Table 1 and the experimental trion Bohr

radius in Figure 2 (main text) or the theory predictions results in approx. 1 electron per

nanoplatelet, as used in the rate equations above as uniform density delocalized over the

whole platelet. There are no indications for localized defect formation, especially not as

the radiative rates of the trions in Table 1 scale with the platelet area, so that trions and

original electrons are not expected to be defect bound, where such a scaling would not

occur due to localization.

B Mass action law for exciton formation

In the rate equation we have assumed that excitons are formed directly upon excitation

due to the high exciton binding energies (∼ 200meV,29,30 discussed in the main text) in

CdSe nanoplatelets, the ionization of an exciton to an unbound e-h pair is neglected and

hence continuum excitation by laser excitation leads to direct exciton generation. This

can be justi�ed by using the Saha equation for the e-h to exciton dynamics. In fact,

with respect to the mechanism leading to an equilibrium between free excitons nX ,free
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electrons ne, and free holes nh we apply the Saha equation;36,40�42

nhne
nX0

=
gegh
gX

mhme

MX

KBT

2πh̄2 exp
(−EBX
KBT

)
=
Kion
X

KF
X

(S7)

Here, ge, gh, and gX0 are the degeneracy factors of electron, hole, and exciton in

the nondegenerate regime, where our measurements take place and where Boltzmann

statistics applies. Kion
X is the ionization rate of an exciton to an unbound e-h and KF

X

is the formation rate of an exciton from an unbound e-h pair. Since the exponential

term in Eq. 1 decays rapidly to zero due to the large value of exciton binding energy

(EBX ∼ 200 meV). Hence Kion
X goes to zero and KF

X is high, and results in sub time

resolution (detection system) formation of excitons. Therefore we can safely neglect (for

the temperature we are interested, 4K) the generation of the free electrons and holes

from excitons and we assume a direct generation of excitons under optical excitation.

C Impact of the dark-bright �ne structure in the trion model

Fine structure:

Owing to the strong con�nement in nanoplatelets the splittings between the lowest dark

and next bright exciton level is a few meV, so that at low temperatures of a few Kelvin the

nanocrystals emission is contributed by the two lowest energy levels only. In fact, in CdSe

NPLs, the exciton ground state is a dark state with angular momentum projection ±2 on

the quantization axis, it is separated by a few meV from the �rst excited bright exciton

state with angular momentum projection ±1. Bright excitons can relax to the dark

state by spin-�ip of either the electron or the hole. This process is assisted by emission

or absorption of acoustic phonons. 17,18,43�45 In order to take into account the e�ect of

an exciton dark state on the dynamics of the exciton and trion we include the exciton

scattering between bright and dark states. We use a series of coupled rate equations for

a four-level system describing each of the bright and dark excitons as well as the trion,

as illustrated in Fig. S6b. We consider multiple relaxation channels including population

relaxation (Γri , i=XB, XD, X
−), scattering between bright states and long-lived dark
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states (ΓBD and ΓDB), as well as exciton-trion population transfer (Kion
X− and KF

X−).

These processes are captured by the following expressions

dnXB
dt

= G(t)− nXB
(

ΓrXB + ΓnrXB

)
− nXBneKF

X− + nX−Kion
X−nph

− ΓBDnXB + ΓDBnXD

dnXD
dt

= −nXDΓrXD + ΓBDnXB − ΓDBnXD

dnX−

dt
= −nX−

(
ΓrX− + ΓnrX−

)
− nX−Kion

X−nph + nXBneK
F
X−

dne
dt

= nX−Kion
X−nph − nXBneKF

X− , (S8)

where nXB and nXD correspond to the optically bright and dark state populations, char-

acterized by their radiative rates ΓrXB and ΓrXD. The conversion rate from the bright to

dark state and from the dark to the bright state is given by: ΓBD = γ0
BD(nδEBD

+ 1)

and ΓBD = γ0
BDnδEBD

, where γ0 is the zero temperature relaxation rate, which refers

to the spin �ip rate and nδ =
1

e(δEBD/KBT ) − 1
is the Bose Einstein phonon occupation,

δEBD ∼ 5meV is the bright dark energy splitting.18 We use additional data on the dark-

bright splitting from Ref. 18 for the following modeling.

To study the role of the dark exciton ground state (XD) on the bright exciton (XB)

and trionX− decay kinetics we plot in Fig. S6 (a) the normalized population (or PL emis-

sion) of the trion state calculated numerically by solving the above rate equation for �xed

values of ΓXB = 34.5ns−1, ΓXD = 0.0396ns−1 ,18 ΓX− = 3.0ns−1, γ0
X− = 95.5ns−1 and

di�erent values of scattering rate γ0
BD for a 30×10nm2 (300 nm2) platelet. We can clearly

notice that with increasing γ0
BD from 35ns−1 to 95ns−1, the trion decay becomes slightly

faster, since the dynamics of the exciton and trion are interconnected. The presence of a

dark state in�uences the trion kinetics slightly as seen in a comparison of the with and

Table S2: Resulting parameters utilized for modeling the exciton and trion dynamics in
Figure S6.

ΓrXB[ns−1] ΓrXD[ns−1] ΓrX− [ns−1] γ0
X− [ns−1] γ0

BD[ns−1]
30× 10nm2 15 0.0396 18 1.25 95.5 35 18

S19



10-4 10-3 10-2

10-5

10-4

10-3

10-2

10-1

100

0 20 40 60 80 100

0
BD(ns-1)

0
BD=  0 ns

-1

0
BD= 95 ns

-1

35
55
75
95

26
45
65
85

Ti
m

e 
in

te
gr

at
ed

 
PL

 e
m

iss
io

n 
(a

rb
. u

ni
ts

)

Excitation per particle <N>

Trion
Exciton

0
BD=0 ns -1

300 nm2

0
BD=35 ns -1

No Dark State:
(d)(c)

(b)

0
BD=35 ns -1

PL
 E

m
iss

io
n 

(a
rb

. u
ni

ts
)

Time (ps)

Trion
Lower State (LS)
Experiment: Theory:

Trion

(a)

Trion
Exciton

With Dark State:

Figure S6: Impact of dark-bright splitting on the kinetics of 4.5ML CdSe NPLs with
30× 10nm2 (300 nm2) lateral size and for �xed value of ΓrXB = 15ns−1, ΓrX− = 1.25ns−1,
ΓrXD = 0.0396ns−1 and γ0

X− = 95.5 ns−1 and di�erent values of the scattering rate γ0
BD.

Modeling by the dark-bright rate equation system. a) Trion emission modelling with
parameters in Table S2. b) Level scheme. c) Decay dynamics of the lower state for
di�erent γ0

BD in comparison to experimental transient PL of the lower state with γ0
DB = 35

ns−1 and without scattering into the dark state γ0
DB = 0 ns−1. d) Resultant power

dependence (as a function of the average number of excitations per platelet) of time-
integrated PL emission with (γ0

DB = 35 ns−1) and without the dark state (γ0
DB = 0

ns−1).

without dark (exciton) state (see Figure S6 c) as well as the experimental transient. For

a typical γ0 = 35ns−1, 18 we �t our parameters to reproduce the experimental results (c)

and �nd that as compared to the case without dark state the radiative decay rates of the

exciton and trion decrease not dramatically, from 34.5ns−1 to 15ns−1, and from 3.0ns−1

to 1.25ns−1 (Table S2), while the behavior of the total emission of e.g. the trion and

exciton is not strongly altered and the emission does not decrease dramatically (d). We

clearly notice that the trion to exciton ratio is constant in both cases (ΓX−/ΓXB = 0.08).

Hence it is clearly shown, that introducing a dark state will not have a strong impact on

the behavior of the integrated PL measurements.
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S4 ALTERNATIVE LO-PHONONREPLICA, EXCIMER,

BIEXCITONAND S- AND P-EXCITONHYPOTHE-

SES

In this section, we will argue, that alternative scenarios for the double emission (as listed

above), ii) exciton plus a LO phonon replica,19 iii) charge transfer excitons (excimers)16

between at least two platelets, iv) an exciton plus biexciton,24 v) excited and ground

state excitons20 and an excitonic center of mass �ne structure10 can be ruled out based

on experimental time-resolved, time-integrated and power-dependent data. For this we

use the comprehensive dataset presented in section S3 of this supporting information

and Figure 1 of the main text. These data represent a comprehensive dataset of these

measurements at 4K in the following.

i) Trion plus exciton � See section S3

ii) LO-phonon replica

Here the double emission is assumed to stem from a zero-phonon peak and its �rst

LO phonon replica. In Ref. 19, Tessier et al. have observed a double emission line

with 25meV energy spacing and as it nearly matches the LO phonon energy in CdSe

nanoplatelets,46 they concluded that the red-shifted emission line is LO-phonon replica

related. In Figures 1 (main text) and S2, we plot the time-integrated PL emission of

the investigated 4.5 monolayer (ML) CdSe NPLs for di�erent lateral platelets size at

4K. In line with recent results,16�21 the energy spacing strongly depends on the lateral

platelet size, and varies from 38 to 18meV by a factor of ∼ 2 with increasing lateral

platelet size from 8.6 × 3.6 nm2 (29 nm2) to 41 × 13nm2 (533 nm2). Using Raman mea-

surements it has been shown that all in-and out-of-plane LO-phonon modes have energies

between 22-25meV.46,47 Hence, we can exclude that this energy spacing is related to a

zero-phonon peak and its �rst LO phonon replica. This is in line with Diroll et al.,16 who

demonstrated that the energy spacing does not correlate with the Raman determined
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LO-phonon energy for platelet thickness variation. Also the time resolved data presented

in Figure S4contradict the LO replica, as the dynamics of both states is strongly dissimilar.

iii) Excimers

We exclude the formation of excimers (excitons delocalized over two platelets, stacking

atop each other) plus neutral exciton emission (for the upper emission) as the reason for

the double emission, as presented by Diroll et al.,16 since the conditions are di�erent.

Our sample platelets are embedded very dilute and isolated in a host polymer, as demon-

strated in Ref. 14. Hence we do not have stacking and the related excimer formation

can not occur.This is in contrast to Diroll et al., where concentrated solutions have been

investigated, leading to predominant stacking. Another point relates to the strongly ex-

tended nature of charge transfer (CT) excitons. We calculated the e-h envelope function

overlap integrals and related radiative rates (not shown here.) They are considerably

lower for a CT exciton than for an exciton in one nanoplatelet due to the large inter

platelet spacing of ∼4 nm (given by the ligand length). Hence, a charge transfer state

spanning two platelets would result in much slower relaxation, that is not observed ex-

perimentally.20

iv) Exciton plus biexciton

Among the considered options for the (LS) state is the biexciton.24,48 Using again coupled

rate equations to describe the dynamics of exciton and biexciton levels including the Saha

equation and �tting the observed PL decay with that model, we can �t the PL dynamics

reasonably. However, the excitation density dependence obtained from the modeling of

the transients in Figure S7 shows a near quadratic increase for the biexciton, while a

near linear for the exciton, in contrast to the experimental results in Figure S5. At high

densities the experimental curves (Figure S5) tend to saturate, while the biexciton model

shows no saturation as shown here below. A further argument against biexcitons is the

S22



low excitation density 〈N〉 < 3 · 10−4 at which the transient PL is recorded, as Poisson

statistics results in a negligible probability for absorption of two photons within one laser

pulse. We thus exclude that the lower energy (LS) state is related to biexciton emission.

In depth discussion: We use coupled rate equations, taking three levels into con-

sideration (see sketch above Figure S7: The crystal ground state |0〉, the exciton |X〉,

and the biexciton |XX〉, as well as the non-resonant generation rate G(t) of excitons,

assuming sub time-resolution population transfer (cooling)49 to the exciton level. The

populations nX(t) and nXX(t) are given by the coupled rate equations:

dnX
dt

= G(t)− nX
(

ΓrX + ΓnrX

)
− 2n2

XK
F
XX + 2nXXK

dis
XX + nXXΓrXX

dnXX
dt

= −nXXΓrXX − nXXKdis
XX + n2

XK
F
XX (S9)

with ΓrXX the biexciton decay rate, Kdis
XX = γXX0 n∆ the dissociation rate of the biexciton,

where γXX0 between both states. The biexciton KF
XX formation rate is given by F (T ) =

Kdis
XX/K

F
XX , with the equilibrium constant F (T ) obtained by the mass action law between

excitons and biexcitons.50

n2
X0

nXX
=

g2
X

gXX

M2
X

MXX

kBT

2πh̄2 e
−∆XX
kBT = F (T ) (S10)

∆XX is the biexciton binding energy, the energy di�erence of both states. As we have

seen in Figure S2 the energy spacing decreases with increasing lateral size. gXX is the

degeneracy factor of the Biexciton, MXX = 2MX the biexciton mass.
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Figure S7: a-f) Time-resolved PL dynamics of the exciton (blue line) and biexciton
(pink line) at 4K for di�erent size of CdSe nanoplatelets (from 17 × 6 nm2 to 41 ×
13nm2) calculated by numerically solving the rate equation (eq. S9) and the parameters
displayed in table S3. Experimental data as in Figure S4 with average excitation 〈N〉 <
3 · 10−4 per platelet. LS (blue line), US (dark red line) refer to the experimental data.
Above: Energy level scheme used for our rate equation model (eq. S9). (g-l) Time
integrated luminescence of the exciton and biexciton as a function of the average number
of excitations per platelet 〈N〉 for g)17 × 6 nm2 and h) 21 × 7 nm2 i) 29 × 8 nm2 , j)
30× 10nm2, k) 30× 15nm2, l)41× 13nm2 lateral dimensions, modeled by eq. S9.

The rate equations describe the generation of the exciton, the decays of the exciton

and biexciton as well as interconversion between them. For the excitonic level three pro-

cesses increasing its occupation are possible: Direct generation of the exciton via optical
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Table S3: The �tting parameters utilized in the biexciton rate equation model (Eq. S9)
for nanoplatelets of di�erent size.

Size (nm2) 17× 6 21× 7 29× 8 30× 10 30× 15 41× 13
Area (nm2) 102 147 232 300 450 533

ΓrX(ns−1) 18 27.2 50.2 60 76 91
ΓrXX(ns−1) 7.6 11 18 24 38 46
γXX0 (ns−1) 35 68 118 120.5 130 138

excitation, recombination or dissociation of a biexciton (see scheme in Figure S7). On

the other hand, the exciton recombination and the biexciton formation are depopulating

this level. For the biexciton only its formation rate populates this level. The possibility

of a direct biexciton creation from the system ground state is not taken into account due

to the very low probability of such a two photon absorption process according poissonian

statistics given the low average number 〈N〉 < 3 · 10−4 of absorbed photons per platelet

and pulse.

There are two crucial parameters of the rate equation model�the relative biexciton to

exciton radiative rate ratio (ΓrXX/Γ
r
X) and the zero temperature scattering rate between

exciton and biexciton state γ0
XX , which is typically considered higher than the biexciton

and trion rates (γXXX � ΓrX ,Γ
r
XX). Table S1 reports the numerical �t results for them.

Again vanishing non-radiative rates are found at 4K as discussed in the main text. We

can see a clear monotonic rise in recombination rate versus lateral size, while the ratio of

biexciton decay rate to the exciton ΓrXX/Γ
r
X stays nearly constant. Table S3 and Figure

S7 show the size dependence of the decay rate and the impact of the ΓrXX/Γ
r
X ratio on the

shape of the theoretical curves. Although there is agreement with the �tted time-resolved

data in Figure S7, the �t results in table S3 result in strongly di�erent power dependencies

(Figure S7.(g - l)) as compared to the experiments in Figure S5. In the low-density limit

(in which the transients are recorded), the biexciton intensity increases superlinearly,

while a linear growth of both emission intensities is observed in experiments. At high

densities the experimental curves (Figure S5) tend to saturate, while the biexciton model

shows no saturation. A further argument against biexcitons is the low excitation density

〈N〉 < 3 · 10−4 as Poisson statistics results in a negligible probability for absorption of

S25



two photons within one laser pulse. We thus exclude that the lower energy (LS) state is

related to biexciton emission.

Further details on the biexciton state: A biexciton is a bound state of two

electrons and two holes. It is often described approximately as a bound state of two

excitons, where the interaction between the excitons is treated as a perturbation. This

approximation is justi�ed if the binding energy of the biexciton (the energy di�erence

between the two free excitons and the Biexciton) is much smaller than that of the exciton.

If this is the case, the relaxation process of the biexciton re�ects various features of exciton

relaxation. Radiative decay of the biexciton is then described as an annihilation of one of

the two excitons in it. It is very e�cient because the annihilation can occur at any unit cell

within the large wave function extent of the biexciton. This is called the giant oscillator-

strength e�ect. Phonons are supposed to interact with a biexciton as if they interact with

two excitons in this perturbational treatment, where the change in the internal motion

of the biexciton by lattice deformation, etc., is neglected. Actually, since the CdSe NPLs

are characterized by high exciton binding energies (of 200meV), we can safely assume in

our rate equation (Eq. S9) that the biexciton is formed by two interacting excitons.31

v) Excited and ground state excitons

In the next part we test the double emission attribution to the S- and P-type ground

and excited state exciton emission only.20 Recently, Richter9 and Specht et al.10 showed

that there can exist a substructure of exciton states. S-like ground and and P-like excited

exciton states (scheme above Figure S8) are now included in the rate equations.

The model �ts the experimental transients (Figure S8 (a - f)) reasonably well and there

is i) a faster excited state (higher rates) as compared to the ground state and ii) an LO

phonon bottleneck between US and LS state, resulting in the highest γ0 for the 29x8 nm
2

(232 nm2) platelet like in the other models. Further increasing radiative rates with in-

creasing lateral platelet size are obtained, in line with a GOST e�ect.33 Figure S8 (g - l)

displays the resultant time integrated PL intensity (IX,S, IX,P ) as a function of 〈N〉 from

the model. It deviates at higher densities considerably from the experimental power de-
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pendencies in Figure S5. As shown Figure S8 (g - l) both S- and P -exciton lines display

a linear dependence, while a saturation behavior is observed in experiments, ruling out

the model due to the higher density behavior. In contrast, the trion model is capable

of reproducing the experimental data very well, especially the saturation, based on a

�nite background density of charges for trion formation. Hence, an excitonic �ne struc-

ture alone can be excluded to be the reason for the observed double emission. A trion

based lower state emission and exciton upper emission however can explain all discussed

observations. However, based on Ref. 10, the exciton state has a substructure due to

weak lateral center of mass quantization in the nanoplatelets, which is not resolved in ex-

periments due to inhomogeneous broadening (lateral size dispersion) and �nite line width.

In depth discussion: S-like ground and and P-like excited exciton states (scheme

above Figure S8) are now included in the rate equations:

dnX,P
dt

= G(t)− nX,P (ΓrX,P + ΓnrX,P )− nX,Pγ0(n∆ + 1)+

+ γ0n∆nX,S

dnX,S
dt

= −nX,S(ΓrX,S + ΓnrX,S)− γ0n∆nX,S + nX,Sγ0(n∆ + 1) (S11)

Here nX,P/X,S is the density of P- and S-excitons with radiative rate ΓrX,P/X,S and ΓnrX,P/X,S,

respectively, for non-radiative rates, de�ned near Eq. S5. This rate vanishes at 4K

analogously to the discussion there. γ0n∆ the thermally activated (XS → XP ) and

γ0(n∆ + 1) the (XP → XS) scattering and relaxation rates. γ0 is the zero temperature

scattering rate between XP and XS. n∆ is the Bose-Einstein statistics factor for LO-

phonon mediated scattering between LS and US. Table S4 shows the obtained model �t

parameters from the transients in Figure S8 (a-f).

The model �ts the experimental transients (Figure S8(a - f)) reasonably well and there

is i) a faster excited state (higher rates) as compared to the ground state, ii) an LO phonon

bottleneck between US and LS state, resulting in the highest γ0 for the 29x8 nm
2 (232 nm2)
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Figure S8: (a-f) Time-resolved PL dynamics at 4K and �ts of the S-exciton and P-exciton
state model for varying lateral size. Experimental data as in Figure S4. Sketch: Energy
level scheme used. (g-l) Time integrated luminescence of the exciton and biexciton as a
function of the average number of excitations per platelet 〈N〉 for g)17 × 6 nm2 and h)
21×7 nm2 i) 29×8nm2 , j) 30×10nm2, k) 30×15nm2, l) 41×13nm2 lateral dimensions,
as obtained from modeling by eq. S11.

platelet like in the other models. Further increasing radiative rates with increasing lateral

platelet size are obtained, in line with a GOST e�ect.33 Figure S8 (g - l) displays the

resultant time integrated PL intensity (IX,S, IX,P ) from the model.

On the other hand the calculated integrated PL intensities for the S- and P-state as

a function of 〈N〉 deviate at high densities considerably from the experimental power
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Table S4: Fit parameters obtained from the S- and P-exciton model.

Size (nm2) 17× 6 21× 7 29× 8 30× 10 30× 15 41× 13
Area (nm2) 102 147 232 300 450 533

ΓrXP (ns−1) 6.7 13 20 40.3 47.5 58
ΓrXS(ns−1) 2.5 3.4 5.7 7.8 9.5 13
γ0(ns−1) 47 76 105 89 58 29

dependencies in Figure S5. As shown Figure S8 (g - l) both lines display a linear de-

pendence while a saturation behavior is observed in experiments. Further, while at low

densities the time-integrated intensity ratio of both emissions is constant (Figure S5), at

elevated intensities the time-integrated intensity ratio changes strongly in experiments,

whereas the model �t (Figure S8) predicts intensities still following parallel lines in loga-

rithmic representation. State �lling can also not account for the experimentally observed

saturation, as at the densities are far below one excitation per platelet.

In contrast, the trion model is capable of reproducing the experimental data very

well, especially the saturation, based on a �nite background density of charges for trion

formation. Hence, an excitonic �ne structure alone can be excluded to be the reason

for the observed double emission. A trion based lower state emission and exciton upper

emission however can explain all discussed observations. However, based on Ref. 10, the

exciton state has a substructure due to weak lateral center of mass quantization in the

nanoplatelets, which is not resolved in experiments due to inhomogeneous broadening

(lateral size dispersion) and �nite line width.

S5 COMPARISON OF THE PLATELET RESULTS

WITH

LITERATURE

We remark, that as shown in the Supporting Materials section S4, alternative explana-

tions (exciton plus LO-phonon replica, excimer, biexciton, S- and P-excitons) for the

double emission can be ruled out based on time-resolved, time-integrated and pump-
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power dependent data. The exciton plus trion emission and our presented modeling in

contrast is consistent with all present experimental observations from this paper:

1) The energy spacing of the two states; we showed by theoretical calculations, that it

corresponds to the trion binding energy (18-36meV).

2) The temporal PL dynamics of the double emission.

3) A linear increase of the oscillator strength of both exciton and trion emission with size,

observed in experiments, is explained by our theory.

4) A low oscillator strength and radiative rate of the lower, trion emission, all in good

agreement with theory and explained by weaker localization of the third carrier, as com-

pared to the exciton. This allows to observe energetically higher lying exciton emission

due to a bottleneck and much higher oscillator strength of the exciton. This sets the

platelets apart from e.g. stronger con�ned quantum dots, where the trion to exciton

oscillator strength ratio is closer to unity (compare trend in Figure 2h, main text) and

lowest state emission is observed only.

5) The existence of an LO-phonon bottleneck between the states and resultant resonance

e�ects of the transition rate with varying platelet size.

6) Saturation e�ects in the power dependence of the two emissions based on Saha equi-

libria and a �nite background charge density.

The presented trion plus exciton model for CdSe nanoplatelets is also compatible with

reported �ndings in literature:

i) The low energy transition (trion) is weak or indiscernible in low temperature ab-

sorption, as the trion transition oscillator strength is much lower (by more than an order

of magnitude) than for the exciton. (See also Figure 2 and Table 1 of the main text.)

Arguments for that can be found in the low temperature absorption in Ref. 18, where

indications for a weak low energy shoulder are observed. Although the thickness of that

sample is 1ML more, the ratio of the area under curve of the two peaks (trion by exciton)

is below 0.1, in line with the predictions of our model (0.07 for 4.5ML). A further argu-

ment relates to the trion formation process: The matrix element for the application of
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Fermi's Golden Rule is di�erent for direct photo-creation of a trion by an above bandgap

excitation (e-h pair) in presence of an excess electron as compared to photon absorption

by exciton generation and subsequent trion formation. The latter is the more probable

process as in the resonant case the exciton oscillator strength is higher and in a non

resonant excitation, like in our case, coulomb correlation to an exciton is fast, since it is a

second order process, as compared to a third order process for direct trion formation from

three carriers. Therefore, in absorption, exciton absorption dominates (reasoned also by

the presented calculations, showing considerably lower oscillator strength of trions), while

in emission both excitons and subsequently formed trions decay radiatively.

ii) The (nearly) vanishing degree of circular polarization of the lower state (trion)

emission in magnetic �elds18 up to 10T22 and the related g-factors.26 In Ref. 18 and

22 Shornikova et al. demonstrated using an external magnetic �eld that the alteration

of the recombination dynamics is very di�erent for the two emission bands. While the

PL decay of the exciton line is strongly a�ected by a magnetic �eld, no magnetic �eld

e�ect is found for the dynamics of the low-energy line, a behavior typical for trions in

colloidal nanocrystals.51,52 They interpret this as an indication of trions with a bright

ground state.

iii) The existence of electron shakeup lines in single platelet emission spectra clearly

supports the negative trion attribution.25

iv) Biadala et al.17 have recently calculated a lower radiative exciton recombination

rate (as compared to Table 1 of the main text) and explained it with the existence of a

dark (forbidden) exciton ground state split by a few meV from the higher bright exciton

state. However their model does not take the presence of a lower trion state with low

oscillator strength into account, so that lower values are not unexpected. In our study

the ratio ΓrX−/ΓrX can get slightly larger in the presence of a lowest dark excitonic state,

however it will not have relevant impact on our integrated PL measurements, especially

not on our parameter ranges. This is tested with respect to the dynamic behavior of trion

and exciton is section S3C.

v) Cobaltocene (electron donor) treatment of nanoplatelets results in a reduction of PL
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intensity with donor concentration (Ref. 16). This may be be explained by the increasing

trion formation probability and their lower oscillator strength, resulting in decreased QY.

vi) An increase of the trion to exciton oscillator strength ratio with hydrostatic pres-

sure can be explained by a di�erent change of the screening of exciton and trion due

to alteration of the dielectric surrounding once the ligands are compressed (higher ep-

silon), see also Figure 3 (main text). The observed increase of the energy spacing with

pressure, can be interpreted as the result of a negative hydrostatic deformation potential

constant53 in addition to a well width shrinkage changing the con�nement of exciton and

trion di�erently.

vii) The increase of the trion emission with increasing stacking, as observed in con-

centrated solutions in literature (Ref. 16), can be explained by e�cient Förster Resonant

Energy Transfer in nanoplatelets,54 increasing with the stack column length. In a stack

of increasing length the excitonic excitations can hop15 to a charged platelet, acting as an

e�ective excitation sink, as it provides a lower energy (trion) state for the population. The

FRET probability for excitons is high due to the high oscillator strength and co-planar

orientation of donor and emitter dipoles,7 so that excitonic excitation hops e�ciently

from platelet to platelet in a stack. Trions in contrast have lower oscillator strength (as

discussed above) and can couple only (weakly) to other trion states in platelets beneath,

but totally not to exciton states there because of the energetic resonance condition for

Förster transitions. There is an energy missmatch. Therefore the excitation gets localized

to the platelet, which contained the free electron before the exciton was transferred to

it. This exciton to trion population transfer and subsequent trion localization due to a

high tunneling barrier by imposed by the ligands between platelets produces enhanced

trion emission as compared to exciton emission, so that the trion to exciton emission

ratio increases with aggregation and stacking.

vii) We also remark, that the trion as lowest state is also compatible with the existence

of long lived trap states,55 as e.g. a trion is strongly polarizable by ambient, �uctuat-

ing charges in the dielectric surrounding (organic shell), further decreasing its oscillator

strength temporarily or producing some metastable dark or grey state. As trions are po-
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larizable and composite charge carriers, they produce both real and imaginary response

in a optical pump-THz probe experiment, so that on long timescales, when the exci-

ton population has decayed, real and imaginary part of the induced transient absorption

decay similarly (See Ref. 56).

viii) A last argument for a trion origin of the low energy emission comes from recent

�ndings that better passivation of the platelets leads to a reduction of the trapped back-

ground electrons and lower trion emission.57 The results are also in line with electron

donor addition experiments, showing reduced (total) PL emission with increasing donor

concentration,16 as the the trion oscillator strength is lower than the exciton oscillator

strength and hence for that room temperature experiment the ratio of radiative to non-

radiative recombination is worse.

However, some observations may look contradictory to the exciton plus trion origin of the

double emission and the observed properties at �rst glance, but are not: ix) It may be

argued against trion formation that: Trions have low binding energies,58,59 smaller than

the ∆E range observed. However Califano et al.60 report binding energies of 30-50meV

for strong con�ned CdSe quantum dots, while for larger dots lower values of ∼15meV

have been observed. Hence the values for our strongly z-con�ned nanoplatelets are not

unexpected. As seen in the main text, the trion binding energy from our calculations are

in-line with our experiments (See also Figure 2 main text).

x) The trion lifetime should be shorter than the exciton lifetime.16,61 As we prove in

Figure 2 (main text), the latter is not necessarily correct for di�erent lateral platelet sizes,

as the oscillator strength ratio varies with lateral size.

Hence we can state that the trion plus exciton state model is consistent with all these

eventualities and present data.

S33



References

1. Andronikov, D.; Kochereshko, V.; Platonov, A.; Barrick, T.; Crooker, S.; Kar-

czewski, G. Singlet and triplet trion states in high magnetic �elds: Photoluminescence

and re�ectivity spectra of modulation-doped Cd Te/ Cd 0.7 Mg 0.3 Te quantum wells.

Phys. Rev. B 2005, 72, 165339.

2. Combescot, M.; Shiau, S.-Y. Excitons and Cooper pairs: two composite bosons in

many-body physics ; Oxford University Press, 2015.

3. Hichri, A.; Jaziri, S.; Goerbig, M. Charged excitons in two-dimensional transition

metal dichalcogenides: Semiclassical calculation of Berry curvature e�ects. Phys.

Rev. B 2019, 100, 115426.

4. Achtstein, A. W.; Antanovich, A.; Prudnikau, A.; Scott, R.; Woggon, U.; Arte-

myev, M. Linear Absorption in CdSe Nanoplates: Thickness and Lateral Size Depen-

dency of the Intrinsic Absorption. J. Phys. Chem. C 2015, 119, 20156�20161.

5. Geiregat, P.; Tomar, R.; Chen, K.; Singh, S.; Hodgkiss, J. M.; Hens, Z. Thermody-

namic Equilibrium between Excitons and Excitonic Molecules Dictates Optical Gain

in Colloidal CdSe Quantum Wells. The Journal of Physical Chemistry Letters 2019,

10, 3637�3644.

6. Rajadell, F.; Climente, J. I.; Planelles, J. Excitons in core-only, core-shell and core-

crown CdSe nanoplatelets: Interplay between in-plane electron-hole correlation, spa-

tial con�nement, and dielectric con�nement. Phys. Rev. B 2017, 96, 035307.

7. Scott, R.; Heckmann, J.; Prudnikau, A. V.; Antanovich, A.; Mikhailov, A.;

Owschimikow, N.; Artemyev, M.; Climente, J. I.; Woggon, U.; Grosse, N. B.; Acht-

stein, A. W. Directed emission of CdSe nanoplatelets originating from strongly

anisotropic 2D electronic structure. Nat. Nanotechnol. 2017, 1155�1160.

8. Ithurria, S.; Tessier, M. D.; Mahler, B.; Lobo, R. P. S. M.; Dubertret, B.; Efros, A. L.

S34



Colloidal nanoplatelets with two-dimensional electronic structure. Nat. Mater. 2011,

10, 936�941.

9. Richter, M. Nanoplatelets as material system between strong con�nement and weak

con�nement. Phys. Rev. Materials 2017, 1, 016001.

10. Specht, J. F.; Scott, R.; Castro, M. C.; Christodoulou, S.; Bertrand, G. H.; Prud-

nikau, A.; Antanovich, A.; Siebbeles, L.; Owschimikow, N.; Moreels, I., et al. Size-

dependent Exciton Substructure in CdSe Nanoplatelets and its Relation to Photolu-

minescence Dynamics. Nanoscale 2019,

11. Ithurria, S.; Dubertret, B. Quasi 2D Colloidal CdSe Platelets with Thicknesses Con-

trolled at the Atomic Level. J. Am. Chem. Soc. 2008, 130, 16504�16505.

12. Bertrand, G. H. V.; Polovitsyn, A.; Christodoulou, S.; Khan, A. H.; Moreels, I. Shape

control of zincblende CdSe nanoplatelets. Chem. Commun. 2016, 52, 11975�11978.

13. Achtstein, A. W.; Prudnikau, A. V.; Ermolenko, M. V.; Gurinovich, L. I.; Gapo-

nenko, S. V.; Woggon, U.; Baranov, A. V.; Leonov, M. Y.; Rukhlenko, I. D.; Fe-

dorov, A. V.; Artemyev, M. V. Electroabsorption by 0D, 1D, and 2D Nanocrystals: A

Comparative Study of CdSe Colloidal Quantum Dots, Nanorods, and Nanoplatelets.

ACS Nano 2014, 8, 7678�7686.

14. Naeem, A.; Masia, F.; Christodoulou, S.; Moreels, I.; Borri, P.; Langbein, W. Gi-

ant exciton oscillator strength and radiatively limited dephasing in two-dimensional

platelets. Phys. Rev. B 2015, 91, 121302.

15. Guzelturk, B.; Erdem, O.; Olutas, M.; Kelestemur, Y.; Demir, H. V. Stacking in

Colloidal Nanoplatelets: Tuning Excitonic Properties. ACS Nano 2014, 8, 12524�

12533.

16. Diroll, B. T.; Cho, W.; Coropceanu, I.; Harvey, S. M.; Brumberg, A.; Holtgrewe, N.;

Crooker, S. A.; Wasielewski, M. R.; Prakapenka, V. B.; Talapin, D. V.; Schaller, R. D.

Semiconductor Nanoplatelet Excimers. Nano Lett. 2018, 18, 6948�6953.

S35



17. Biadala, L.; Liu, F.; Tessier, M. D.; Yakovlev, D. R.; Dubertret, B.; Bayer, M.

Recombination dynamics of band edge excitons in quasi-two-dimensional CdSe

nanoplatelets. Nano Lett 2014, 14, 1134�1139.

18. Shornikova, E. V.; Biadala, L.; Yakovlev, D. R.; Sapega, V. F.; Kusrayev, Y. G.;

Mitioglu, A. A.; Ballottin, M. V.; Christianen, P. C.; Belykh, V. V.; Kochiev, M. V.,

et al. Addressing the exciton �ne structure in colloidal nanocrystals: the case of CdSe

nanoplatelets. Nanoscale 2018, 10, 646�656.

19. Tessier, M. D.; Mahler, B.; Nadal, B.; Heuclin, H.; Pedetti, S.; Dubertret, B. Spec-

troscopy of Colloidal Semiconductor Core/Shell Nanoplatelets with High Quantum

Yield. Nano Lett. 2013, 13, 3321�3328.

20. Achtstein, A. W.; Scott, R.; Kickhöfel, S.; Jagsch, S. T.; Christodoulou, S.;

Bertrand, G. H.; Prudnikau, A. V.; Antanovich, A.; Artemyev, M.; Moreels, I.;

Schliwa, A.; Woggon, U. p-State Luminescence in CdSe Nanoplatelets: Role of Lat-

eral Con�nement and a Longitudinal Optical Phonon Bottleneck. Phys. Rev. Lett.

2016, 116, 116802.

21. Erdem, O.; Olutas, M.; Guzelturk, B.; Kelestemur, Y.; Demir, H. V. Temperature-

dependent emission kinetics of colloidal semiconductor nanoplatelets strongly modi-

�ed by stacking. J. Phys. Chem. Lett. 2016, 7, 548�554.

22. Shornikova, E. V.; Yakovlev, D. R.; Biadala, L.; Crooker, S. A.; Belykh, V. V.;

Kochiev, M. V.; Kuntzmann, A.; Nasilowski, M.; Dubertret, B.; Bayer, M. Negatively

Charged Excitons in CdSe Nanoplatelets. Nano Letters 2020, 20, 1370�1377, PMID:

31960677.

23. Kudlacik, D.; Sapega, V. F.; Yakovlev, D. R.; Kalitukha, I. V.; Shornikova, E. V.;

Rodina, A. V.; Ivchenko, E. L.; Dimitriev, G. S.; Nasilowski, M.; Dubertret, B.;

Bayer, M. Single and Double Electron Spin-Flip Raman Scattering in CdSe Colloidal

Nanoplatelets. Nano Letters 2020, 20, 517�525.

S36



24. Louyer, Y.; Biadala, L.; Trebbia, J.-B.; Fernée, M. J.; Tamarat, P.; Lounis, B. E�-

cient biexciton emission in elongated CdSe/ZnS nanocrystals. Nano Lett. 2011, 11,

4370�4375.

25. Antolinez, F. V.; Rabouw, F. T.; Rossinelli, A. A.; Cui, J.; Norris, D. J. Observation

of Electron Shakeup in CdSe/CdS Core/Shell Nanoplatelets. Nano Letters 2019, 19,

8495�8502.

26. Shornikova, E. V.; Biadala, L.; Yakovlev, D. R.; Feng, D.; Sapega, V. F.; Flipo, N.;

Golovatenko, A. A.; Semina, M. A.; Rodina, A. V.; Mitioglu, A. A.; Ballottin, M. V.;

Christianen, P. C. M.; Kusrayev, Y. G.; Nasilowski, M.; Dubertret, B.; Bayer, M.

Electron and Hole g-Factors and Spin Dynamics of Negatively Charged Excitons in

CdSe/CdS Colloidal Nanoplatelets with Thick Shells. Nano Lett. 2018, 18, 373�380.

27. Esser, A.; Runge, E.; Zimmermann, R.; Langbein, W. Photoluminescence and radia-

tive lifetime of trions in GaAs quantum wells. Phys. Rev. B 2000, 62, 8232.

28. Jones, A. M.; Yu, H.; Ghimire, N. J.; Wu, S.; Aivazian, G.; Ross, J. S.; Zhao, B.;

Yan, J.; Mandrus, D. G.; Xiao, D., et al. Optical generation of excitonic valley co-

herence in monolayer WSe 2. Nat. Nanotechnol. 2013, 8, 634.

29. Achtstein, A. W.; Schliwa, A.; Prudnikau, A.; Hardzei, M.; Artemyev, M. V.; Thom-

sen, C.; Woggon, U. Electronic structure and exciton�phonon interaction in two-

dimensional colloidal CdSe nanosheets. Nano letters 2012, 12, 3151�3157.

30. Benchamekh, R.; Gippius, N. A.; Even, J.; Nestoklon, M.; Jancu, J.-M.; Ithurria, S.;

Dubertret, B.; Efros, A. L.; Voisin, P. Tight-binding calculations of image-charge

e�ects in colloidal nanoscale platelets of CdSe. Phys. Rev. B 2014, 89, 035307.

31. Grim, J. Q.; Christodoulou, S.; Di Stasio, F.; Krahne, R.; Cingolani, R.; Manna, L.;

Moreels, I. Continuous-wave biexciton lasing at room temperature using solution-

processed quantum wells. Nat. Nanotechnol. 2014, 9, 891.

32. Scott, R.; Kickhofel, S.; Schoeps, O.; Antanovich, A.; Prudnikau, A.; Chuvilin, A.;

Woggon, U.; Artemyev, M.; Achtstein, A. W. Temperature dependent radiative and

S37



non-radiative recombination dynamics in CdSe-CdTe and CdTe-CdSe type II hetero

nanoplatelets. Phys. Chem. Chem. Phys. 2016, 18, 3197�3203.

33. Feldmann, J.; Peter, G.; Göbel, E.; Dawson, P.; Moore, K.; Foxon, C.; Elliott, R.

Linewidth dependence of radiative exciton lifetimes in quantum wells. Phys. Rev.

Lett. 1987, 59, 2337.

34. Achtstein, A. W.; Marquardt, O.; Scott, R.; Ibrahim, M.; Riedl, T.; Prudnikau, A. V.;

Antanovich, A.; Owschimikow, N.; Lindner, J. K. N.; Artemyev, M.; Woggon, U.

Impact of Shell Growth on Recombination Dynamics and Exciton-Phonon Interaction

in CdSe-CdS Core-Shell Nanoplatelets. ACS Nano 2018, 12, 9476�9483.

35. Robert, C.; Lagarde, D.; Cadiz, F.; Wang, G.; Lassagne, B.; Amand, T.; Balocchi, A.;

Renucci, P.; Tongay, S.; Urbaszek, B., et al. Exciton radiative lifetime in transition

metal dichalcogenide monolayers. Phys. Rev. B 2016, 93, 205423.

36. Hichri, A.; Ben Amara, I.; Ayari, S.; Jaziri, S. Exciton center-of-mass localization and

dielectric environment e�ect in monolayer WS2. J. Appl. Phys. 2017, 121, 235702.

37. Kono, S.; Kirihara, A.; Tomita, A.; Nakamura, K.; Fujikata, J.; Ohashi, K.; Saito, H.;

Nishi, K. Excitonic molecule in a quantum dot: Photoluminescence lifetime of a single

In As/ Ga As quantum dot. Phys. Rev. B 2005, 72, 155307.

38. S¦k, G.; Musiaª, A.; Podemski, P.; Misiewicz, J. On the applicability of a few level

rate equation model to the determination of exciton versus biexciton kinetics in quasi-

zero-dimensional structures. J. Appl. Phys. 2010, 108, 033507.

39. Astakhov, G. V.; Kochereshko, V. P.; Yakovlev, D. R.; Ossau, W.; Nürnberger, J.;

Faschinger, W.; Landwehr, G. Oscillator strength of trion states in ZnSe-based quan-

tum wells. Phys. Rev. B 2000, 62, 10345�10352.

40. Ross, J. S.; Wu, S.; Yu, H.; Ghimire, N. J.; Jones, A. M.; Aivazian, G.; Yan, J.;

Mandrus, D. G.; Xiao, D.; Yao, W., et al. Electrical control of neutral and charged

excitons in a monolayer semiconductor. Nat. Commun. 2013, 4, 1474.

S38



41. Szczytko, J.; Kappei, L.; Berney, J.; Morier-Genoud, F.; Portella-Oberli, M.; De-

veaud, B. Determination of the exciton formation in quantum wells from time-

resolved interband luminescence. Physical review letters 2004, 93, 137401.

42. Aouani, N. B. B.; Mandhour, L.; Bennaceur, R.; Jaziri, S.; Amand, T.; Marie, X.

Thermodynamic equilibrium of screened exciton system by electron�hole plasma in

the two-dimensional structure. Solid State Commun. 1998, 108, 199�204.

43. Maddux, C. J.; Kelley, D. F.; Kelley, A. M. Weak Exciton�Phonon Coupling in

CdSe Nanoplatelets from Quantitative Resonance Raman Intensity Analysis. J. Phys.

Chem. C 2018, 122, 27100�27106.

44. Efros, A. L.; Rosen, M.; Kuno, M.; Nirmal, M.; Norris, D. J.; Bawendi, M. Band-edge

exciton in quantum dots of semiconductors with a degenerate valence band: Dark

and bright exciton states. Phys. Rev. B 1996, 54, 4843.

45. Labeau, O.; Tamarat, P.; Lounis, B. Temperature Dependence of the Luminescence

Lifetime of Single C d S e/Z n S Quantum Dots. Phys. Rev. Lett. 2003, 90, 257404.

46. Cherevkov, S. A.; Artemyev, M. V.; Prudnikau, A. V.; Baranov, A. V. Anisotropy of

electron-phonon interaction in nanoscale CdSe platelets as seen via o�-resonant and

resonant Raman spectroscopy. Phys. Rev. B 2013, 88, 041303.

47. Sigle, D. O.; Hugall, J. T.; Ithurria, S.; Dubertret, B.; Baumberg, J. J. Probing

Con�ned Phonon Modes in Individual CdSe Nanoplatelets Using Surface-Enhanced

Raman Scattering. Phys. Rev. Lett. 2014, 113, 087402.

48. Caruge, J.-M.; Chan, Y.; Sundar, V.; Eisler, H.; Bawendi, M. G. Transient pho-

toluminescence and simultaneous ampli�ed spontaneous emission from multiexciton

states in CdSe quantum dots. Phys. Rev. B 2004, 70, 085316.

49. Sippel, P.; Albrecht, W.; van der Bok, J. C.; Van Dijk-Moes, R. J. a.; Hannappel, T.;

Eichberger, R.; Vanmaekelbergh, D. Femtosecond Cooling of Hot Electrons in CdSe

Quantum-Well Platelets. Nano Lett. 2015, 15, 2409�2416.

S39



50. Spiegel, R.; Bacher, G.; Forchel, A.; Jobst, B.; Hommel, D.; Landwehr, G.

Polarization-dependent formation of biexcitons in (Zn, Cd) Se/ZnSe quantum wells.

Phys. Rev. B 1997, 55, 9866.

51. Liu, F.; Biadala, L.; Rodina, A. V.; Yakovlev, D. R.; Dunker, D.; Javaux, C.; Her-

mier, J.-P.; Efros, A. L.; Dubertret, B.; Bayer, M. Spin dynamics of negatively charged

excitons in CdSe/CdS colloidal nanocrystals. Phys. Rev. B 2013, 88, 035302.

52. Pinchetti, V.; Shornikova, E. V.; Qiang, G.; Bae, W. K.; Meinardi, F.; Crooker, S. A.;

Yakovlev, D. R.; Bayer, M.; Klimov, V. I.; Brovelli, S. Dual-Emitting Dot-in-Bulk

CdSe/CdS Nanocrystals with Highly Emissive Core- and Shell-Based Trions Sharing

the Same Resident Electron. Nano Letters 2019, 19, 8846�8854.

53. Antanovich, A.; Achtstein, A. W.; Matsukovich, A.; Prudnikau, A.; Bhaskar, P.;

Gurin, V.; Molinari, M.; Artemyev, M. A strain-induced exciton transition energy

shift in CdSe nanoplatelets: the impact of an organic ligand shell. Nanoscale 2017,

9, 18042�18053.

54. Rowland, C. E.; Fedin, I.; Zhang, H.; Gray, S. K.; Govorov, A. O.; Talapin, D. V.;

Schaller, R. D. Picosecond energy transfer and multiexciton transfer outpaces Auger

recombination in binary CdSe nanoplatelet solids. Nature Materials 2015, 14, 484.

55. Rabouw, F. T.; van der Bok, J. C.; Spinicelli, P.; Mahler, B.; Nasilowski, M.;

Pedetti, S.; Dubertret, B.; Vanmaekelbergh, D. Temporary Charge Carrier Separation

Dominates the Photoluminescence Decay Dynamics of Colloidal CdSe Nanoplatelets.

Nano Lett. 2016, 16, 2047�2053.

56. Kunneman, L. T.; Schins, J. M.; Pedetti, S.; Heuclin, H.; Grozema, F. C.; Houte-

pen, A. J.; Dubertret, B.; Siebbeles, L. D. A. Nature and Decay Pathways of Photoex-

cited States in CdSe and CdSe/CdS Nanoplatelets. Nano Lett. 2014, 14, 7039�7045.

57. Yu, J.; Zhang, C.; Pang, G.; Sun, X. W.; Chen, R. E�ect of Lateral Size and Surface

Passivation on the Near-Band-Edge Excitonic Emission from Quasi-Two-Dimensional

CdSe Nanoplatelets. ACS Applied Materials & Interfaces 2019, 0, null.

S40



58. Patton, B.; Langbein, W.; Woggon, U. Trion, biexciton, and exciton dynamics in

single self-assembled CdSe quantum dots. Phys. Rev. B 2003, 68, 125316.

59. Dacal, L. C. O.; Ferreira, R.; Bastard, G.; Brum, J. A. Binding energy of charged

excitons bound to interface defects of semiconductor quantum wells. Phys. Rev. B

2002, 65, 115325.

60. Califano, M.; Franceschetti, A.; Zunger, A. Lifetime and polarization of the radiative

decay of excitons, biexcitons, and trions in CdSe nanocrystal quantum dots. Phys.

Rev. B 2007, 75, 115401.

61. Jha, P. P.; Guyot-Sionnest, P. Trion decay in colloidal quantum dots. ACS Nano

2009, 3, 1011�1015.

S41


