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I. Chemical synthesis of CsPbBr; nanocrystals
I1.1. Chemicals

Lead bromide (PbBry, > 98 % Aldrich), caesium carbonate (CsyCO3z, 99 %, Aldrich), lead
acetate trihydrate (Pb(CH3C0O0)2.3H20, 99 %, Aldrich), oleic acid (OA, 90 %, Aldrich),
l-octadecene (ODE, 90 %, Aldrich), oleylamine (OLA, 80-90 %, Acros Organics), ethylac-
etate (CH3COOCH3 , 99 %, Merck-Schuchardt), hydrobromic acid (HBr, 48 %), dimethyl-
formamide (DMF, 99.8 %, Aldrich), acetone (VWR, 99.5 %).

I.2. Caesium oleate

In a three neck 50 mL flask, 350 mg of Cs,CO3 in 20 mL of ODE and 1.25 mL of OA
are mixed. The flask is degassed under vacuum for the next 30 minutes at 110 © C. The
atmosphere is then switched to Ar and the temperature is raised to 150 ° C for 10 min. At
this point the caesium salt is fully dissolved. The temperature is cooled down below 100 °

C and the flaks is further degassed for 10 min. The obtained gel is used as stock solution.



1.3. CsPbBr3 nanocrystals

Synthesis A of Nanosticks (NSTs): The nanosticks synthesis was carried out follow-
ing reported synthesis protocol in [1] with one major modification. The reaction precursors
and solvents were scaled up each by 8 times to improve yield and monodispersity of NPL
thickness. 735 mg PbBr, are dissolved in 5 mL dimethylformamide in a 20 mL vial thanks
to sonication. At room temperature and under ambient conditions 10 mL ODE, 1 mL OA,
1 mL OLA were taken in 250 ml flask and 0.8 mL of Cs (oleate) precursor was added under
vigorous stirring. Then lead solution is injected and after 10 sec., nucleation of CsPbBrj
nanocrystals was achieved by swiftly injecting 40 mL of acetone. The reaction contents were
centrifuged at 6000 rpm and obtained pellet was redispersed in hexane.

Synthesis B of Nanoplatelets (NPLs): The nanoplatelets synthesis was carried out
following reported synthesis protocol in [1] with one major modification. The reaction
precursors and solvents were scaled up each by 8 times to improve yield and monodispersity
of NPL thickness. 735 mg PbBr, are dissolved in 5 mL dimethylformamide in a 20 mL vial
thanks to sonication. At room temperature and under ambient conditions 10 mL ODE, 1
mL OA, 1 mL OLA were taken in 250 ml flask, with 240 L of HBr and 0.8 mL of Cs
(oleate) precursor was added under vigorous stirring. Then lead solution is injected and
after 10 sec., nucleation of CsPbBrs nanocrystals was achieved by swiftly injecting 40 mL
of acetone. The reaction contents were centrifuged at 6000 rpm and obtained pellet was

redispersed in hexane.

Name of the studied samples|Synthesis conditions (additive, solvent)
Al, A2, A3, A4 Synthesis A : 0 uL. HBr, Hexane
B1, B2, B3 Synthesis B : 240 uL. HBr, Hexane

TABLE 1, SI: Names and growth conditions of the studied samples. Samples have been
obtained from hexane diluted solutions with different nanocrystal concentrations, as

spin-coated or simply deposited drops on glass slides.



II. Spectroscopic data on nanosticks sample

II.1. Attributions of a MLs number in a CsPbBr; nanostruture to the band-edge

energies in absorption and luminescence from different groups

Assumed number of MLs: n=| 11 | 10 | 9 | 8 | 7 6 5 4 3 ]2
E(eV) ABS, this work 2.385|2.405|2.425|2.46|2.505|2.575(2.695, 2.700|2.86, 2.90
E(eV) PL, this work 2.47(2.515|2.585 2.70 2.90
ref [1] (main text ref [27]) 2.81 2.88 |2.94
ref [2] (main text ref [29]) 2.572
ref [3] (main text ref [30]) 2.56 2.610 2.67 [2.75]29
ref [4] (main text ref [26]) 2.44
ref [5] (main text ref [25]) 2.577 261 |2.73(2.87
PL, ref [6] (main text ref [28]) 2.455 2.53 2.61 2.7 12.88
PL, ref [7] (main text ref [31]) 242 |2.445|  2.485 2.555 |2.655

TABLE II, SI: Experimental values of the band-edge energies versus the assumed numbers

n of MLs of 0.58 nm. Data have been obtained mainly at room temperature from the

absorption spectra.




I1.2. Temperature dependence of optical absorption and luminescence
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Fig. S. 1: Sample A2, (a) Temperature dependence of the absorption. (b) Emission as a

function of temperature after laser excitation at 410 nm.
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Fig. S. 2: Absorption at 12 K and close to room temperature as a function of temperature

of sample A3.

11.3. Decomposition of the emission in Gaussian contributions
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Fig. S. 3: Decomposition in 6 Gaussian contributions of the emission at 4 K of sample A2.

Excitation is at 370 nm.
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Fig. S. 4: Peak energies observed in Fig 3 SI as a function of temperature (sample A2).

The colors code is the same as in Figs 3 SI.

11.4. Excitation power dependence of the emission
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Fig. S. 5: Emission at 4 K of sample A2 as a function of the power of excitation at 370 nm.
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Fig. S. 6: Integrated intensity of the 6 Gaussian contributions of the emission spectra
shown in Fig 5 SI as a function of the excitation power at 370 nm (sample A2). The colors

code is the same as in Figs S.3 and S.4.

II1. Theoretical support

II1.1. Multiband k.p model for O; semiconductors

In the framework of the k.p theory, we develop a 40-band model in cubic phase perovskites
for which the point symmetry group is Oj. For the clarity of the analysis, we begin by

introducing the procedure followed to build the Hamiltonian used in this work.

I11.1.1. Symmetry considerations

The present model involves both valence- and conduction bands having s, p, and d sym-
metries. Based on the character table of Oy group, which is given explicitly in Table III,

one can deduce



sy ~Tf T§) . se~T5 (I7)
pv~TF TF+T¢) . pe~T; (Dg +T%) (1)
dy ~ F; (F?g_g_g)) ) de ~ Ty (F(_s_g))

in which the subscript C(V) indicates the conduction band (CB) (valence band (VB)).
The symbol ” ~ 7 points out how the CB and VB states transform under O, oper-
ations. T'® (I'?) indicate the single-group (double-group) representations of O; group.
In Fig. S. 7, we represent schematically the model and indicate the corresponding
states to the bands involved in the present modelization. Under Oj operations, we
have (|Xac), [Yac).1Zac)) ~ L5y (ID:c),|Dsc)) ~ Ty o ([ Xav), [Yav) . |Zav)) ~ Ty,
(ID2v) s |Dav)) ~ T3y, (IXe) . |Ye) .1 Ze)) ~ Ties (1Xv)|Yv) . |Zv)) ~ T, |Se) ~ Ty,
|Sv) ~ T, [Su) ~ Ty, and | Sg) ~ Ty

O, E 8C5 6C5 6Cs 3Cy © 6S4 85 304, 60y Basis

rr 11 1 1 111 1 1 1 2+ y? + 22 =r?

r;y 11 -1 -1 1 1-1 1 1 -1 ff=>@*-y)y* 22122
;- 2-1 0 0 2 2 -1 2 0 D,=(322-7r%,D, =V3(2® —9?)
ry 30 -1 1 131 0 -1 -1 R Ry, R

ry 3 -1 -1 3 -1 0 -1 1 Yz, 2T, TY

ry 1 11 1 -1-1 -1 -1 -1 o x xyz

r, 1 -1 -1 -11 -1 -1 1 TYz

ry, 2-1 o0 0o 2-220 1 -2 0 xyz X D, xyz x D,

ry, 30 -1 1 -1-3-1 0 1 1 x,Y, 2

I3 x ayz x yz
ry 30 1 -1 -1-31 0 1 -1 fF X xyz x 2z
3 x xyz x zy

TABLE III, SI: Character table of group O and the basis functions for each irreducible
representation. Here (1,y,z) are the three Cartesian components of an ordinary vector and
(Rz, Ry, R.) are the three Cartesian components of an axial vector.

I11.1.2. Modeling electronic structure

In cubic symmetry, we are in no-crystal-field case. As a result, to solve the electronic

Schrodinger equation in cubic phase perovskites, we use the following Hamiltonian

H= HO + Hk.p + %so (2)
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where

Ho = L +U + LF

2mg 2myg
Hk.p = m’—iok.p (3)
Hso = EG.0

Here my is the free electron mass, and U is a potential having the lattice periodicity,
G = (VU x p) is the spin-orbit operator, o = (0,,0,,0,) are the Pauli spin matrices and
& = h/dmic.

Under Oy, operations, H, transforms like I'[” which is the unit representation of Oy group.

The coupling terms via Hy occur between the same levels, so that the matrix blocks cor-

h2E2
2myg

responding to H, are (Ergn + )I, where 7 is the unit matrix of the representation
dimension.

Once Hy matrix representation is obtained, we then derive the nonzero matrix elements
of Hyxp and Hso. They are obtained according to the following rule: the matrix elements of
a given operator O, namely (y%| O |¢7), is nonzero when the product I'Y @ ', ® I'"! contains

the unit representation (that is I'f" in Oy, group); here |x%) (O and |gbg>) is of I'? symmetry
(respectively I', and I'7) (a = +,e = £, = +).
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Fig. S. 7: Schematic illustration of the 40-band k.p model, the symmetries of the involved

bands and momentum matrix elements are represented.

II1.1.2.1. Hyp matriz elements

10

It is well known that the momentum p is an ordinary vector, hence (p,, py, p.) ~ (2,9, 2)
and according to Table III, the operator p transforms like I'; in the O, symmetry group.
One obtains 16 nonzero k.p matrix elements that we have classified as follows:

- Four coupling terms appear between the states having a I'; and I'; symmetry, namely
P = (h/myg) (Sc|ps liXv), Po = (h/mg) (Sq| px |iXv), Pa = (h/mo) (Sc| ps [iXac), and Py =
(fi/mo) (Sq| pa |1 Xac)-

- Four k.p matrix elements depicting the coupling between the states of I'; and I';
symmetry, denoted by Ps = (fi/mg) (Sv|p.|iXc), Py = (h/mo) (Su|p.|iXc), Py, =
(i/mo) (Sv| ps [iXav), and Py = (h/mo) (Sul pa [iXav ).



- Four k.p matrix elements resulting from the coupling between the states having a
I'7 and T’y symmetry, namely Py = (i/mo) (Xv|py|iZc), Pxa = (h/mo) (Xc|py iZac),
Py = (h/mo) (Xv|py|iZav), and Paa = (h/mo) (Xac|pyiZav) -

- Two coupling terms appear between the states of I'; and I' symmetry, denoted by
Py = (iXy|ps |D.c) and Psg = (iXac|ps |D.c).

- Two k.p matrix elements describing the coupling between the states having a I'; and
['s symmetry, namely Py, = (iXqv|p. |D.v) and Pj, = (iX¢|ps |D.v).

The entirely of these matrix elements are real-valued and considered as adjustable pa-
rameters. The energies related to the interband momentum matrix elements, P;, are defined
as Ep, = (2mo/h?) P?. We summarize in Fig. S. 7 all the k.p matrix elements involved in
this model.

The second-order terms of k, induced by the Hy, Hamiltonian, are also considered in
the present approach. Adopting similar method to that of the Luttinger-Kohn paper [8],
we obtain four matrix blocks describing the second-order corrections. One find them inside
I3 (Tfy +Tgy) VBs, I'yy (T, + Ty)) VBs, Iy (Tge + T'ge) CBs, and Iy (I'7, +T'y;)) CBs.
Formally, all these blocks-matrix have the same structure, for example the ones inside the

Iy VBs or I'; CBs are given explicitly in Ref. [9)].

1I1.1.2.2. Spin-orbit coupling

Let us now add spin and consider spin-orbit interaction effect into analysis. After ne-
glecting the k-dependent spin-orbit term, namely #%/4mic?* (VU x k) .o, we can mod-
eled the spin-orbit Hamiltonian as Hs, = £G.0. G being an axial vector, we have
(G2, Gy, G.) ~ (Rs, Ry, R.), hence the operator G transforms such as I'; under the O
operations. Ten spin-orbit interaction terms are obtained and listed according to Bloch
states symmetries, as follows

- Three coupling terms appear inside the p-like states in the CB and VB having a I's sym-
metry, namely A = 3 (Xy |G, [iYy), Ag = 3¢ (Xac| G |iYac) , and Ags, = 3§ (Xv |G, |iYac).

- Three coupling terms appear inside the p-like states in the CB and VB having a
[, symmetry, denoted by A = 3£(X¢| G, |iYe), AY = 36(Xav|G. |iYay), and AY, =
3§ (Xav|G. |iYe).

- Two coupling terms appear between the d-like states in the CB with a I'; symmetry and

11



p-like states in the CB or VB having a I'; symmetry, denoted by Asc = 2v/2¢ (D.¢| G, [iXc)
and AY, = 2v/2¢ (iX4v| G, | D.c).

- Two coupling terms appear between the d-like states in the VB with a I'j symmetry
and p-like states in the CB or VB having a I'T” symmetry, namely AY = 2v/2¢ (D.v| G, |iXy)
and AY,, = 2v/2¢ (D.v| G, i Xac).

The totality of the nonzero spin-orbit coupling terms are summarized in Fig. S. 8.

We derive the matrix representation of H after having projected the total Hamiltonian
on a finite basis, whose expression is given explicitly in Ref. [10]. We now apply the model

to calculate the band structure (BS) of bulk perovskites, CsPbX3 (X = I, Br, Cl).

IT1.2. Electronic properties

We begin our analysis by describing our strategy to optimize the k.p parameters needed to
accurately reproduce the band diagram of bulk inorganic perovskite compounds, CsPbX3.
Numerically, we differentiate two types of input parameters. The first ones are taken as
adjustable parameters such as (Ep, Ep,, Ep.,Ep,, Ep,,, Ep,, EP%, EPS\Zl, A, A(;>. They are
optimized so that our band diagram results match well the predictions of others authors [11,
12] who adopt calculations based on the density functional theory (DFT). The rest of input
parameters, namely (Ep2, Epyys Epags Epys Epyyy Epy, Epy  Epy, Al A, Age, AY, Ad80> ,

were intentionally taken null due to their smaller impact on CB an VB dispersions.

12
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Fig. S. 8: Effect of spin-orbit interaction within the 40-band k.p model.

I11.2.1. Band diagram

To establish the validity of the present model, we compare our results with the ones
available in the literature. In Fig. S. 9, we show the BS of cubic CsPbX3 (X = I, Br,
C1) simulated with the present 40-band k.p model. We can see that the conduction and
valence band edges are located at the point R = Z(1,1, 1) of the Brillouin zone and the three
materials have a direct band gap characters. The BS is given on a width of about 8 eV: the
VB over a 4 eV scale and the lowest CBs over a 4 eV scale over a wide range of k-vectors
along four directions (RM, RI', M X, I'X). Surroundings the R point, a quasi-isotropic
energy dispersion of the upper VB and the lowest split-off CB is observed. Numerical

values listed in Table IV outline the comparison of our results to those predicted from
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DFT calculations [11-13], or with the available experimental data given by Yang et al [14].
We obtain comparable magnitudes of the band-edge energies for the three materials. A
satisfying agreement is clearly obtained between the two approaches along the RM direction
for CsPblz and CsPbBrj (see the values of M and M in Table IV). The consistency of the
two approaches is also obtained along RI" direction, in particular for CsPbCl; and CsPbBr;
(see the values of I'y in Table IV). However, differences appear between our results and the
ones of others authors [11-13] for the upper VB along RT direction (see the values of T'¢
in Table IV). In part, this discrepancy might originate from missing interactions, especially
with the remote bands (mainly the f levels), which are not considered within the 40-band k.p
model. Moreover, the adopted values of the band parameters across the literature having
controversial estimations can explain such discrepancies. Note also that our predictions
on the band dispersions for both second CB and second VB clearly deviate with the ones
obtained by DFT calculations [11, 12].

The bandgap E, is adjusted to achieve best fit to the experimental data of Ref. [14].
One gets 1.74, 2.37 and 2.70 eV for CsPbXj3 (X = I, Br, Cl), respectively. These values are
in line with previous estimations given in Ref. [12] and one observe a disagreement smaller
than 12% in the worst case (CsPbCl;). In the case of CsPbBrs, our E, value agrees very
well with the value E, = 2.454 eV derived from recent DFT calculations [15]. The spin-orbit
coupling parameters is also evaluated and we obtain higher values as compared to the more
familiar I1I-V and II-VI semiconductors: 1.30 eV for CsPbls, 1.39 eV for CsPbBr3, and 1.58
eV for CsPbCl;. Our predictions are in line with the data available in the literature, namely
1.55 eV for CsPbl; and 1.543 eV for CsPbBrj obtained from DFT calculations [15]. Once we
have validated the (E,, Ac) estimations, we focus on the Kane energy Ep, = (2mg/h?) P3.
Our resulting estimates of Ep, range from 24 eV to 30 eV which are slightly lower than
theoretical results given in Refs. [11, 12]. In the case of CsPbBrj3, our value of Ep, = 28.41
eV agrees very well with the value Ep, = 27.88 eV derived from DFT calculations [15].

14
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Fig. S. 9: Energy band structure of bulk CsPbX3 (X=I, Br, Cl) obtained from the 40-band
k.p model.

111.2.2. Basic physical parameters

We test our estimations of the reduced exciton effective mass, p, and the exciton binding
energy, Fx, against the results reported in the literature. The values of the carrier effective
masses, (m., my), extracted from the present k.p model are summarized in Table V. In these

last predictions, we use the following relationships:

15



eV CsPbl; CsPbBrs CsPbCl;

Reference [12] [11, 13] Exp [14] k.p [12] [11, 13] Exp [14] k.p  [12] [11,13] k.p

Iy 4.4 477 4.15 471 5.11 497 560 555 5.74
i —-1.6 —1.66 —3.48 =25 =245 -3.66 -3 —3.11 —4.10
Mg 255 25 2.02 3.43  3.33 241 403 383 274
M —0.55 —0.6 —0.96 —0.86 —0.88 —-0.74 —-0.88 -1 —0.86

E,(Rs) 1.67 1.44 172 1.74 2.36 2 234 237 3.04 282 270
Ep, 416 3472 756 2381 399 3719 929 2841 40.10 37.19 29.81

TABLE 1V, SI: Electronic structure parameters obtained from the 40-band k.p model and
their comparison with the available data given in the literature.

E 2 1 Epv 2 1
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We use the (me,myp) values given in Table V to deduce the reduced exciton effective
mass 11t =m_ ! +m; ", one get 0.104 m(/0.117 mg/0.13 my for CsPblz/CsPbBrs/CsPbCly
which are consistent with the experimental results given in Ref. [14]. Our predictions are
significantly larger than early estimates obtained from DFT calculations [11, 12] especially
for CsPbl; and CsPbBrs. Note that, in the case of CsPbBrs, our p value is in line with
0.132my value predicted by Sercel et al [15]. The last parameter needed to estimate Ey is
the relative dielectric constant, €,. The approach detailed in Ref. [16] allows us to calculate
€., one get €, = 9.13 for CsPbls, 7.08 for CsPbBrs and 5.45 for CsPbCl3 which are in good
agreement with the available experimental data [14]. However, the present model predicts
the e, values slightly greater than the ones determined by DFT calculations [11, 12]. Having
determined (p(my), €,), we can estimated the exciton binding energy from the relationship
Ex = (ue*/8e3e2h?). We get 16.98 meV for CsPblz and 31.76 meV for CsPbBr; which are

very close to those given in Ref. [14]. Moreover, in the case of CsPbBrs, our prediction is

16



very close to that calculated by DFT [15], Ex = 33.7 meV. For CsPbCls, and from the
couple (p(mo),€,) = (0.130,5.45), we get Ex = 59.55 meV which agrees very well with the

experimental values of 60 meV given in Ref. [17] and 67 meV given in Ref. [18]. The present

model predicts basic physical parameters that are in good agreement with experiment.

CSPbIg

CsPbCls

Reference [12] [11, 13] Exp [14] k.p

[12] [11,13] k.p

Ep, 416 3472 756 2381
E, 1.67 144 172 174
me (mo) 0.086 0.11 0.279
my, (mg) 0.095 0.13 0.165
u(mo) 0.045 0.059 0.114 0.104
€ 5 632 10 913

Ex (meV) 24.48 20.09 15 16.98

28.41
2.37
0.308
0.188
0.117
7.08

CsPbBrs
[12] [11, 13] Exp [14] k.p
39.9 37.19  9.29
2.36 2 2.34
0.134 0.15
0.128 0.14
0.065 0.072  0.126
48 496 7.3
38.37 398 33

31.76

40.10 37.19 29.81
3.04 282 2.70
0.194 0.2 0.319
0.17 0.17 0.219
0.091 0.1 0.130
4.5 4.07 545
61.12 82.1 59.55

TABLE V, SI: Parameters determined from the 40-band k.p model and their comparison
with the available data given in the literature.
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