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S1. TA Kkinetics and determination of the average number of absorbed photons per nanoplatelet
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Figure S1. Decay kinetics of TA traces normalized at maximum amplitude after excitation with a pump photon energy equal
to Eyy (first column, red), E; 5 (middle column, green) and E_,,,; (right column, blue). The probe photon energy was taken at
the maximum of the PA: feature (top row), the HH bleach (middle row) and at the high-energy bleach feature around E, ;;, =
2.58 eV (bottom row). The probe photon energies varies during about 1 ps after the maximum TA amplitude has been reached,
due to the change of the shape of the TA spectra on this timescale, as discussed in the main text. Traces are shown for different
average numbers of absorbed pump photons per nanoplatelet, N,,,, which were determined as described below.

The average number of absorbed pump photons with energy Ej,;,, by a NPL is equal to

Nav(Epump) = IO(Epump) .U(Epump) VNPL' (Sl)

with I(Epymp) the laser fluence in a pump pulse, M(Epump) the absorption coefficient of a NPL with volume Vyp,. The

incident fluence was calculated according to

P
Iy (E =P
0( pump) Epump fi)ump 1'[7"2 4 (82)

where P,y is the pump power measured using a pinhole with radius v = 1 mm, and f,,m, = 2500 Hz is the frequency of
pump pulses arriving at the sample. The uncertainty of By, is about 0.1 mW, which stems from the laser instability during
time and inaccuracy of the overlap between the pump and probe laser pulses in the sample. Values of .u(Epump) were obtained
as described previously.! For photoexcitation to the HH exciton at 2.42 eV, the LH exciton at 2.58eV and into the continuum
at 3.10 eV this gives, u = 3.25Xx 10° cm™, u = 2.36 x 10° cm™'and u = 1.80 X 10° cm™2, respectively. The volume,
Vypr of the NPLs was calculated from their lateral sizes (L, = 25 + 3 nm, L, = 8 £ 1 nm) and their width of 4.5 monolayers

(L, = 1.37 nm) yielding Vyp, = LyLyL, = 280 + 45 nm?>? Figure S1 shows the measured HH bleach amplitude 2 ps after
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photoexcitation to the HH, LH excitons and into the continuum at 3.10 eV, as a function of N,,. As expected, the HH bleach
depends linearly on N,,. The uncertainty in the values of N, reflects that of B, and Vyp,, in Equations (S1) and (S2).
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Figure S2. HH bleach amplitude as a function of the average number of absorbed photons per NPL (N,,) at 2 ps after
photoexcitation with Ep,n, = Epy (red dots), E;y (green) and E,p,, (blue). The empty squares correspond to the values of
N,, during the experiments to obtain the data shown in Figures 2, 4 and 5 of the main text (i.e. N,, = 3.8 + 0.6, N,, = 3.3 +
0.5 and N,, = 2.8+ 0.5 for Eyy, E,y and E,,,,;, respectively). The grey line is a guide to the eye highlighting the linear

dependence of the bleach on N,,,.

S2. Definition of transient optical absorbance
Without the pump laser pulse the absorbance A, ¢ (fiw) at probe photon energy fiw due to NPLs with optical absorption cross

section g (hw) and volume density nyp;, in a cuvette with optical path length d is defined via the relation
Lo r(hw) = Ip(hw) 10740rr0®) = [ (hw) e=ohoInnrLd, (S3)
with Iy (hw) and I,¢¢(hw) being the incident and transmitted probe pulse fluencies. After the pump pulse, the presence of

excitons (X) and free electrons (e) and holes (%) causes the absorbance to change to A4,, (Aw) and the transmitted probe fluence

becomes
Iy (hw) = Iy (Aw) 10~4n(@) = [ (hw) e~Sonh®), (S4)
with the optical absorption signal after the pump pulse defined as
Son(hw) = A,, (Aw) In(10). (S5)

Our transient absorption setup provides the difference AA(hw) = A,, (hw) — Ayrr(hw). We obtain A,, (hw) by separately
measuring the steady-state optical absorbance A,(hw) of the NPL solution (which corresponds to 4,¢f(fiw) in the transient

optical absorption measurements). Hence, we use 4,, (Aw) = AA(hw) + Ay,(hw).

The optical absorption signal after the pump pulse is affected by the presence of excitons and charge carriers, which we

describe according to
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Son(hw) = [Ux(hw' IVX)[l - fX(hw' NX)] + Ucont(hwt Net Nh)[l - fcont(hw' Ne' Nh)]] nNPLd' (86)

with Ny, N, and , N, the average number of excitons, free electrons and holes in a NPL, respectively. The factors fy and f.qq¢
take into account the enhanced transmitted fluence of probe light due to (probe-pulse induced) photon emission from excitons
and Pauli blocking by charge carriers, respectively. Note, that in Equation (S6) we make the approximation that the cross
sections depend on the average number of excitons and charge carriers rather than their actual number. As discussed in Section
S6, the occurrence of quenching of excitons by charge trapping causes the cross sections of excitons and remaining charge
carriers to shift to higher energy. In the absence of photoexcitation of the sample by the pump pulse we have Ny = N, = N, =
0, and fy = feone =0, so that Equation (S4) reduces to the ground state absorption spectrum S,.(hw) =
Aopr(hw) In(10) = [0y (Aw) + O¢onc(hw)]nypLd. Note, that oy and g, depend on the center-of-mass (COM) motion of
excitons, which is determined by the lateral confinement in the NPLs, as discussed in Section S4 and in our previous work.>
We also take into account that the measured optical absorption, S,,,(hw), depends on the distribution of excitons and charge

carriers over (thermal) energy (kgT), see Sections S3 - S5.

S3. Transient absorption due to excitons
According to the Fermi’s golden rule, the rate for an optical transition of an electron between initial (i) and final (f) states is

given by’

2
ey = S Kl PP px(ho), (s7)

where the perturbation H;,,; describes the dipolar interaction between the electron and the electric field due to photons and
px(hw) is the density of exciton states at photon energy hw above the ground state. Photons are true bosons, while excitons
can to a good approximation be treated as bosons provided their mutual distances are much longer than their Bohr radius.**
Taking into account the bosonic nature of these species, the average rate of photon absorption over all NPLs with initial states

|NX, Ny>, of Ny excitons and interacting with N,, probe photons, to a final state [Ny + 1, N, — 1) is

(T x ) = Tx(ho) Z |(Ny + 1, N, = 1|B58| Ny, N, )| Py (h0) Py, (o) = -

Nx=0,N,=0

= Ty (ho) Z Ny (Ny + 1) Pyy (ho) Py, (hew)

Nx,=0,N,=0

In Equation (S8), 4 is the photon annihilation operator, Py is the exciton creation operator, Py, (hw) and PNy(hw) are the
probabilities of having a NPL with Ny excitons interacting with N,, photons of energy Aw. The probability Py, is determined
by the product of the number of pump photons absorbed in a NPL (Poisson distribution) and the quantum yield of excitons
with energy hw. The factor I'y(w) brings into account the optical transition dipole moment and density of final states. We

have taken this factor out of the summation, which implies that the optical absorption cross section oy (fiw, Ny) is assumed to
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be determined by the average number (Ny) of excitons in a NPL, rather than the actual number. Analogous to Equation (S6),

the average rate for emission of a photon with an exciton recombining to the ground state is given by

(Tys, ) = Ix(hw) Z [(Nx — 1, N, + 1|Pxa*|Ny, Ny)|2PNX(hw) Py, (hw) =
Nx=1,N,=0 (S9)

[ee)

L) Y Ne(Ny + 1)Py () Py (h)

Nx=0,Ny=0

The net rate resulting from both photon absorption and emission is then

(FY‘—)X )z(F)HX >_(FX—>V>

= Ty (ho) ) Z=0[NY(NX +1) = Ny (N, + 1)] Py, (h)Py, (h) = st

[oe]

=Ty(h) ) [Ny = Ne] Py ()P, (k) = Ty (ho) [ Ny (o) = Ny (heo)],

Nx,Ny=0

where we have used

Y Py (o) =1 and Y NPy (he) = N,(ho) .

N;=0 N;=0

(S11)

In Equation (S11) and below we explicitly specify the average number of excitons and photons at a particular probe photon
energy hAw by using the notation N;(Aw). In Equation (S10), the last term is due to spontaneous emission only. The stimulated
emission is cancelled by the Bose enhancement of the absorption.

The decay of the average number of probe photons Ny(hw, x) per unit path length at position x in the sample is

dN, (hw, x) 1
VT = _E(FVHX )V NNPL, (S12)

with ¢ the velocity of light in the sample and V is the volume encountered by the probe pulse. Since IV], (hw, x) is directly

proportional to the laser probe fluence I(hw, x), we can use Equations (S10) and (S12) to get
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1 dN,(hw,x) 1 di(hw,x) 1 (Tex )

NGoxn  dc IGwn  d NGwn c e
_ N, (hw,x) — IVX(ha),x)]
= —oyx(hw,Ny) n 14 —
X( X) NPL Ny(fla), x) (813)
_ Ny (hw, x)
= - ) N 1]—— B
oy (hw, Nx) nyp, N, (ho, x)]

with oy (hw,Ny) = Ty (Aw)V/c the optical absorption cross section. Note that the average number of excitons,
Ny (hw, x), depends on the position x due to absorption of the pump laser pulse along its path through the sample. Integrating
Equation (S13) over the optical path length yields

I(hw,d)
1 L (I(hw,d)\ Ny (hw, x)
I(J , 1) dl(hw,x) = In (m) = ~ox(he M) e ld f [N (ho, x)] dx (S14)

and the first term in Equation (S6) due to excitons is then found to be

P 3 _ 3 _ 1 : Ny (hw, x)
() = oy (o, W) (1= fx(ha)] mye, d = 03 (ho, By muend |15 [ | 75223 (515)
0 Y ’
so that
_ Ny (hw, x)
flhe) = - f 7] (516)

The factor fyx (hw) is determined by the bosonic nature of photons and excitons (i.e. the terms '+1' in Equation (S10)).

The initially photogenerated excitons or free electrons and holes will relax thermally. We assume this leads to formation
of HH excitons and charge carriers. We only consider HH excitons, since the population of excitons with higher energy is
negligible, as discussed before.® For a Bose-Einstein distribution of HH excitons over COM states their chemical potential, iy,
is an independent fitting parameter. Fortunately, for the size of our NPLs with each containing at most 4 excitons a Maxwell-
Botlzmann distribution is a good approximation, see Figs. 1 and 7 in our previous work.® For a Maxwell-Boltzmann distribution
Ny (hw, x) is proportional to a thermal energy distribution factor e " #"®=#x) where B = 1/k,T . Now the factor e ##x can
be included in the fitted amplitude of fy(Aw), see eq. S17. During time, excitons decay back to the ground state and
consequently Ny (hw, x) decreases with the time delay ¢ between the pump and probe laser pulses. These two effects are taken
into account by expressing Equation (S16) as the product of the thermal distribution factor and another factor describing the

decay of the total exciton population by photon emission (EM) according to

fe(hw) = e~ fy g (). (S17)
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Comparing Equations (S16) and (S17) shows that fy ) (t) is inversely proportional to the photon fluence, Ny (hw, x), of the
probe laser pulse. The latter is due to the bosonic nature of the photons and excitons. To the best of our knowledge, the
dependence of the transient optical absorption on the probe fluence has not been explicitly taken into consideration before.
Note that Equation (S15) depends on the ratio of the number excitons in a NPL and the number of probe photons arriving in a
NPL. For Ny » N, photon emission dominates the transient absorption spectrum Sy (fw), while for Ny « N,, the emission

becomes negligible. Finally, the contribution of excitons to S,,, [first term in Equation (S6)] is found to be

Sx(hw) = [oy(he, )[1 = e# £y g (©)]] ngprd. (S18)

As mentioned at the end of Section S2, for comparison with experiments we must average Equation (S18) over the occupation
of excitons in states with different COM translational energy and bring into account the lateral size distribution of the NPLs,

as well as effects of (in)homogenous broadening. This is described next in Section S4.

S4. Effects of exciton COM energy, NPL size distribution and disorder on transient absorption due to
excitons

Similar to our previous work, we write the wave function of an exciton as?

l'IIX (Ze' Zy T, R) = Uﬁz (Ze) UEZ (Zh)lIJrEI (I‘)Lljggyy (R) (S 1 9)

Here, zen is the coordinate of an electron (e) or hole (h) perpendicular to the plane of the NPL, r = re—rh and R = (mere+
mhrh)/(me +mh) are the relative and COM coordinates in the plane of the NPL, respectively, with me (mh) the electron (hole)
effective mass, and me + mh = M the total exciton mass. The COM motion of excitons in a NPL with lateral sizes L = (Ly, L,)

is described by the particle-in-a-box model with quantum numbers n = (n,, n,), yielding energies

B =+ T [(;_1)2 () ] 520

Here, J = HH, LH indicates the heavy and light hole excitons and E’ is the energy of excitons without COM energy. The
optical absorption cross section g/ for excitation from the ground state is proportional to a factor a’ taking into account the
relative motion of the electron and hole in an exciton, and also a factor, £,75°(L), in the optical oscillator strength arising from

the translational COM motion of the exciton in a NPL, i.e. ¢/ = a’ f, (L), with?

Ly Ly

ey = [ [ axay s ® 2 =
0

0

16L, Ly (1 — (=1D)™)(1 — (=1)"»)

(S21)
nins

Note that f;?°(L) is non-zero only if both n,, and n,, are odd. According to Equation (S21) oy in Equation (S18) depends on
n and L. For comparison with experiments, we need to average Sy (hw) over the occupation of states with different n and the

lateral size distribution D (L) of the NPLs. In addition, we take into account the homogeneous broadening due to exciton-
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phonon interaction by a Lorentzian profile with full-width at half maximum (FWHM) equal to I’ (Aw). The inhomogeneous
broadening due to disorder is described by a Gaussian with standard deviation given by &’. These two contributions to the
broadening are described by a Voigt-profile, V, centered at the energy of the n-th COM exciton state. This implies that the
optical absorption in Equation (S18) needs to be averaged by weighting with?

wy(ho,m L) = Y V(o - B - @)D (o), 8)
J=HH,LH (522)

Analogous to our earlier work, the transient optical absorption spectrum due to excitons is described by combining Equations

(S18) - (S22), leading to?

$c(hw) = " [ ALD@) full) wy (o1, D1 = i (©) ] o (523)

Comparison of Equations (S23) and (S18) shows that gy(hw, Ny = 0) =Y, [dLD(L) f,(L) wx(hw,n, L).> Note, that
contributions of internally excited excitons can be neglected, since the oscillator strength is much smaller than for ground state
excitons and their population is negligible.> ¢ The values of the parameters a’, I’ (hw) and &’ were taken from our previous

fits to steady-state abosprton and photoluminescence spectra of the same NPLs as studied here.?

S5. Transient absorption due to charge carriers

We now consider the transient absorption due to holes in the heavy hole valence band (VB) and electrons in the conduction
band (CB) with wave vector k, and angular momentum projection m;, = +3/2 for holes and m;, = £1/2 for electrons.
Transitions from the light hole VB are not taken into account, since these occur at energies above 2.8 eV [see Figure 1(a) of
the main text], which is larger than the maximum probe photon energy used in the transient absorption experiments, see Figure
1(b) of the main paper. Below we denote the probability averaged over all NPLs that an electron occupies a state in the VB as
f (k, m; h) and for an electron in the CB as f; (k, m je)' The net rate of photon absorption and emission in the presence of charge

carriers, analogous to Equation (S10) for excitons, is

(Toen) = (Tmen) = {Teny)

= Teneh) ) D D B [N lomy,) (1= £l ) = £k, ) (1= £y, )) (N, +1)] Py, (ho)
k

mj,,mj, Ny=0

(S24)

After optical excitation by the laser pump pulse, the factor N, f,, (k)(1 — f.(k)) describes reduced optical absorption due to
removal of an electron from the VB and/or population of an electron state in the CB (Pauli blocking),
while f, (k) (1 — ﬁ,(k))(Ny + 1) is due to emission of a photon via recombination of an electron and a hole. The prime (') in

the summation over k indicates that only electrons with a wave vector such that the energy difference between the CB and VB
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states equals the probe photon energy Aiw contribute to the Equation (S24). Note that in Equation (S24) I, (hw) takes into
account the optical oscillator strength. By defining the hole probability f;, (k) = 1 — f,(—k) we can rewrite Equation (S24) as

(Fyeren) = Toone ) )7 D > 8 1 [Ny (1=l homy) = £ellm,)) = £y (k)] By, (he).
k

mj,,mj, Ny=0

(S25)

To connect with the notation in Equations (S12-S15) we recall that the average number of probe photons interacting with a

NPL [see Equation (S11)] is
Ny (hw) = X, =0 Ny Py, (hw), (S26)

while the number of allowed optical transitions in a NPL at probe photon energy Aw is

Ntrans (hw) = Z ' Z 6|m]-h—mje ‘1' (827)

k mje,mjh

and the average number of electrons and holes Pauli blocking the optical transitions in a NPL are

Roh, )= )" D 8 o fellmy) ($28)

k mje,mjh

Nh(hw,x)zzr Z TN ful=k,m;,), (S29)

k mj,,m in
and finally the average number of photons emitted from a NPL due to the recombination of an electron-hole pair is

Ne,h (h(l); X) = Z ! Z 6|mjh_mje|'1 fc(k: mje)fh (_k' mjh) ' (830)

k mje,mjh

Note that the quantities above depend on the position x due to the reduction of the absorbed pump photons (and thus of excitons,

electrons and holes) along the path in the sample. By using the definitions above, we now get [analogous to Equation (S13)]
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1 di(hw,x) 1 (Toen)
I(hw,x) dx N, (hw, x) c

V nypr, =

= _Ucont(hw' Ne' Nh) NNpL

) N,(hw, x) + N, (hw, x) (S31)
< B Ntrans(hw) )

N p(haw, x) ]
Ny (ha), x)Ntrans (hw) '

where 0,pnt (hw, Ny, Ny) = Ny gns (Aw)Ta,: (Rw)V /c is the absorption cross section of the probe photons. By integrating
Equation (S31) over the optical path length, d, we obtain

d AT j—
N. N 1 [ [Ne(hw,x) + Ny (ho, x)
= —0cone(hw, N, Np) nypr.d |1 — EJ. dx
0

<I (hw, d)
In

I(h(l), 0) Nirans (hw)

(S32)

d —
1 J‘ N,y (hw, x)
=\ |= . dx|.
d Ny(hw' x)Ntrans (hw)
0

Hence, the second term in Equation (S6), describing the effect of free electrons and holes on the transient optical absorption

after the pump pulse, is found to be

N,(hw,x) + N, (hw, x)
Ntrans (h(/))

a
= = 1
Sconf(hw) = Ucont(hw: Ne, Nh) nnpeL dl1l- EJ. [
0

(S33)

d —
1J‘ N, (hw, x) d
d Ny(hw' x)Ntrans(hw) I
0

Analogous to our treatment of excitons, we assume a Maxwell-Boltzmann distribution of the charge carriers over energy and

take into account their decay during time by a factor f; (¢, x), so that we can write

N, (hw,x) = f,(t,x) e_B(%h“’_”e)
(S34)

Ny (ho, x) = f,(t,x) e_ﬁ(%h“’_”h),

with y, and u;, the chemical potential of electrons and holes, respectively. Scattering of electrons and holes between different
k values occurs on a timescale comparable to or less than the oscillation period of optical phonons (~150 fs). This timescale is
within the time resolution of our experiments, which is roughly the sum of the pump and probe pulse durations (~400 fs).
Therefore, we assume that the initial correlation of the & vectors of an electron and a hole produced by absorption of a photon

is lost and we can make the approximation

N, ,(hw,x) = N, (hw, x) N, (hw, x). (S35)

By combining Equations (S34) and (S35) we get
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d
IACE

Me _
cont(hw) - O_cont'(h(‘) Net Nh) nNPLd 1- [ B i #e) te B(M he #h)] d Nt—(ha))d
rans
d
2 (S36)
— e~ Blhw—pe un)lf_ fatx)
d N, hw' x)Ntrans(hw)
0
For equal densities of electrons and holes, their chemical potentials are related by’
Un(ue) = ‘B_l In [(1 + eﬁl‘e)me/mh -1 ] . (S37)

Note that we ignore the discreteness of electron and hole states due to the finite lateral deimensions of the NPLs. This is a
good approximation, since according to recent theoretical modeling the energetic spacing between the electronic states in CdSE
NPLS is a few meV,? which is comparible to energetic broading resulting from dephasing by e.g. electron-phonon scattering.’

In the classical regime the term S, is very negative, so that (S37) leads to

Bu= oy =g =In(2) 5 (838)
By defining factors that take into account the decay of charge carriers during time as

fe,(®) = (t,x) dx

eﬁ#e
N (hw) d J. fa
trans
(S39)
e Bluetup) fq (t,x)

Ntrans(hw) d N (hw X)

fe,(®) = dx

we get from Equation (S36)
Seone(10) = Geone (0, Nes ) xend [1 = £, (0) [e™ P 1) 4 P h0m28)] — f iy o], (s40)
where Ap is calculated according to the approximation in Equation (S38). Comparing Equation (S40) with (S6) yields
feone (0, M W) = f, (0[Pt ) 4 =Pt r-20)] o g (et (s41)

In Equations (S40) and (S41) the term with the factor f, (t) results from effects of Pauli blocking by charge carriers in the
valence and conduction bands, as well as electron-hole recombination by stimulated emission. The factor f¢, (t) is due to

spontaneous radiative electron-hole recombination.
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For fitting to the experimental data, Equation (S40) must be averaged over the NPL size distribution and broadened by
inclusion of a Voigt profile (analogous to Equation (S22) for excitons in Section S4). For the combined electron and hole

continua we get

+00

Weont (A, , L) = J. deyV(hw — €y; THH (hw), 681) O[e, — EFH — EHH — EFH (L)), (S42)

where THH(Aw) and S6HH represent the homogeneous and inhomogeneous broadening of transitions to the continuum,
respectively, 0 (x) is the Heaviside step-function and E{* is the HH exciton binding energy (here defined positive). Averaging

Equation (S34) using the relative weights of Equation (S35) yields
Scont (hw) = bcont Z J. dL D (L) Weont (h(/), n, L) [1 - fcont (hw' Ne' Nh)]' (S43)
n

where b,y is a constant analogous to a’ in Equation (S23).

S6. Transient absorption features PA; and PA, due to biexcitons and trions
The absorbance features (PA; and PA,) in the AA spectra in Figures 2 and 4 of the main text could be described by Gaussians

centered energy Ej;, with standard deviation &g, (/=1,2). We attribute these features to formation of biexcitons and trions by

absorption of a probe photon near a HH exciton or a charge carrier produced by the pump pulse, as further discussed below

and in the main text. We found from our fits that Ej;; and 8¢, depend on time. We attribute this to the time-dependence of the

number of excitons and charge carriers.

S7. Total transient absorbance
Taking into account the effects of excitons, charge carriers and biexcitons/trions we find that the total transient absorption

signal is given by

S(hw) = Sx(hw) + Scont(hw) + Spy, (hw) + Spy, (hw). (S44)

In what follows we define the probe photon energy by E, = hw. Combining Equations (S5), (S23), (S36) and adding the

contribution of biexcitons/trions (Section S6) the absorbance after the pump laser pulse is found to be

Aon(Ep, t)= Ax(E,) + Coff(EP) —Ax (Ep + AE(t)) o FlEy+AE®)] frem(t)
(S45)
— Cy (Bp + BE®)) fo, (8) = C; (B, + AE(D)) f2, (1)

+Gy (Ep B, (6,86, (8)) fay (O + Gz (Epy Eg, (8),66,(0)) fi, (©)
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Note that a time-dependent energy shift, AE(t), was needed to describe the presence of a double absorbance feature in 4,,, at
early times after HH excitation, and a high-energy shoulder of the HH peak after LH and continuum excitation (see Figure S3).
We attribute this shift due to Coulomb screening by free charge carriers or filling of charge traps (via free charges or exciton

quenching). In Equation (S45), the first two terms represent the ground state absorbance, which is equal to 4, (Ep) = Ax(E,) +
Cosr (Ep). The third term containing the factor —Ay (EZZJ + AE (t)) describes bleach due to (spontaneous) photon emission
from excitons. The fourth and fifth terms with factors — C; (EZZJ + AE (t)) and —C, (Ep + AE (t)) take into account bleach
due to Pauli blocking by holes in the valence band and electrons in the conduction band, as well as their radiative recombination.
We attribute the sixth term with the Gaussian function G, (Ep, Eg, (8),6¢, (t)) to the probe pulse producing a HH exciton near
a HH exciton or a charge carrier produced by the pump pulse. The probe pulse then forms a HH-HH biexciton or a trion
consisting of a HH exciton and an electron or a hole. The last term with the Gaussian function G, (Ep, Eg,(t), 6, (t)) is

attributed to contributions from the high-energy absorbance tail due to formation of a HH-HH biexciton by the probe pulse, or

formation of a LH-HH biexciton.

Comparing Equation (S45) with Equations (S23), (S41) and (S43) it can be seen that

Ax(E,) = axz f dLD(L)f,(L) wx(E, n, L), (S46)
Coff (Ep) = Econt Z J. dL D(L) Wcont(Ep' n, L) (S47)

Ay (Ep + AE(t)) = axz f dLD(L)f, (L) wy(E, + AE(£),n, L),

(S48)
Cy (B, +0E(®)) =
= Econt Z J. dLD(L) Wcont(Ep + AE(t),n, L) e_ﬂ(% (EP+AE(t)))
) (S49)
+ o P03 (Ep+AE(t))—Ay)] ’
=b - B((Ep+aE®)
C, (Ep + AE(t)) = beone Z f dL D(L) Weonc(E, + AE(),m, L) e ( ), .

where dy = ay /In(10) and byp; = beone /IN(10) , see Equation (S5).

In conclusion, transient absorbance spectra are modeled using Equation (S45). Analogous to our previous work,? the

spectral shapes of Ay, C,C; and C, take into account the COM motion of excitons, the lateral size distribution of NPLs and
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(in)homogenous broadening via wy (hw, n, L) and w,,,,; (Aw, n, L) in Equations and (S22) and (S43), respectively. The values
of the broadening parameters I'' (Aw), 8 and Fg (hw) and é‘é are taken from our previous study.? Note that the spectral shape
of w;(E,, n, L) is identical to that of w;(E, + AE(t),n, L) with the latter only being shifted by AE(t). Finally, in the fit of
Equation ( S45 to the experimental data the factors in Equations (S48)-(S50) and the Gaussian functions in Equation (S45) the
factors in Equation (S45) are normalized to their maximum and then multiplied by the functions f;(t), where i = EM, C,, C,,
G4, G,. The functions f;(t) take into account the decay of excitons and charge carriers by photon emission and non-radiative

processes (Auger recombination, trapping) in a phenomenological way.

Energy shift due to Coulomb screening and filling of
AE(t)
charge traps
frem(@®) Decay of excitons
fe,@®, fe, () Decay of charge carriers
fo, @), f5,(®) Decay of TA due to biexcitons/trions
Eg, (1), Eg, (1) Peak energies of the biexciton/trion features
86, (®), 66,(®) Spectral width of the biexciton/trion features

Table S1. Fitting parameters in Equation (S45). The time-dependence of the parameters obtained from fitting to experimental
data is shown in Figure S4.
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Figure S3. Time evolution of 4,,, spectra after excitation at E (left column, red), E; 5 (middle column, blue) and E.,,; (right
column, green). Spectra were obtained for similar N,,~3 [squares in Figure S1]. After E}, excitation, we resolve a double
peak at early time. This, as well as the portion of the spectrum between the HH and LH peak at higher excitation energies, can
be modeled by taking into account a time-dependent energy shift AE due to Coulomb screening and trap filling [see Equation
(S45) in Section S6]. The results obtained from fits of Equation (S45) are shown as dashed black curves. The grey curve at the
bottom of each column is the ground state absorbance spectrum (4,).
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Figure S4. Time-dependence of the fitting parameters (solid lines) in Equation (S45) with the uncertainty represented by the
shaded curves.
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