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Fine Structure of Excitons and electron-hole exchange energy in Polymorphic
CsPbBr; Single Nanocrystals

Julien Ramade?, Léon Marcel Andriambariarijaona?, Violette Steinmetz?, Nicolas Goubet?®, Laurent Legrand?, Thierry Barisien®*,
Frédérick Bernardot?, Christophe Testelin?, Emmanuel Lhuillier?, Alberto Bramati®, Maria Chamarro?.

All inorganic CsPbXs (X = Cl, Br, I) nanocrystals (NCs) belong to the novel class of confined metal-halide perovskites which currently arouses enthusiasm and
stimulates a huge activity due to outstanding properties across several fields of optoelectronics. A deep knowledge of the band-edge excitonic properties in
those materials is thus crucial to further optimize their performances. Here, high-resolution photoluminescence (PL) spectroscopy of single bromide-based
NCs reveals the exciton fine structure under the form of sharp peaks linearly polarized and grouped in doublet or triplet, which directly mirror the adopted
crystalline structure, tetragonal (Dan symmetry) or orthorhombic (D2n symmetry). Intelligible equations are found that show how the fundamental parameters
(spin-orbit coupling, 4so, crystal field term, T, and electron-hole exchange energy, J) rule the energy spacings in doublets and triplets. From experimental data,
fine estimations of each parameter are obtained. The analysis of the absorption spectra of an ensemble of NCs with a "quasi-bulk" behavior leads to
Aso=1.2010.06 eV and T=-0.34 £0.05 eV in CsPbBrs. The study of NCs individual luminescence responses having sizes comparable to the exciton Bohr
diameter, 7 nm, allows us to estimate the value of J around ~ 3 meV in both tetragonal and orthorhombic phases. This value is already enhanced by
confinement.

Introduction

The highly efficient and low-cost photovoltaic devices obtained from hybrid organic-inorganic perovskites have fueled a strong interest in
perovskite semiconductors.’=3 Notably, confined structures - from 0D to 2D - of the novel inorganic Cesium family (CsPbXs, X = Cl, Br, 1)
obtained through colloidal synthesis have recently emerged as a new class of nanomaterials with exceptional optical properties.*® The
photoluminescence (PL) properties of nanocrystals (NCs) - essentially OD - have been mostly investigated with the demonstration of a large
absorption cross-section,” high tunability through band-gap engineering (by complete or partial replacement of the halide anion) and quasi-
unitary room-temperature emission yields.> Their outstanding optoelectronic performances, which outclass the performances of 1I-VI
semiconductors counterparts,?? result from a high defect tolerance in terms of electronic structure.®1° Inorganic perovskite NCs also benefit
from improved thermal and photo-stabilities.8 Far advanced studies have confirmed lead-halide perovskite NCs as a high-gain medium with
a wide potential for room-temperature (RT) photonic applications: low- threshold amplified spontaneous emission and random lasing of
emitters coupled to spherical resonators!! or two-photon-pumped lasing.” In addition, quantum regimes of OD emitters with a reduced
emission blinking were evidenced.1215

CsPbX3 perovskites are direct bandgap semiconductors. They adopt different crystalline structures determined by the temperature and the
nature of their growth processes.! Their bulk band structure was determined in early calculation®17 and regularly upgraded.’®-20The band-
edge excitons of halide perovskite are Coulomb bound states, pairing a hole in the upper valence band (S =1/2, S, =+ 1/2) and an electron
from the lowest split-off band (J=1/2, J,=t1/2). For orthorhombic (tetragonal) crystal structures, the electron-hole exchange interaction and
the crystal field terms split the 4-fold degenerated bulk band-edge exciton into four (three) levels with an optically forbidden exciton state
at lowest energy.?! For NCs with size comparable or smaller than the Bohr diameter, the electronic quantum confinement modifies the
electronic density of states leading to a discretization of the whole spectrum, and is also at the origin of a blue-shift of the band-edge for
decreasing NC size. The electron-hole exchange interaction is proportional to the spatial overlap of the electron and hole wave-functions. A
sharp enhancement of the electron-hole exchange energy due to the electronic confinement has been already demonstrated in low-
dimensional systems.?2-26, Moreover the anisotropy of the confinement potential, mainly fixed by the NC shape, can lead to a fine exciton
structure deeply different from the bulk fine structure of the material.?”.28 Reduction of the orthorhombic or tetragonal symmetries by Rashba
effects can also be at the origin of a forbidden exciton state at highest energy or produce a four bright states manifold.®

A detailed understanding of the band-edge exciton states is of prime importance to explain the outstanding optical properties of inorganic
perovskite NCs and to explore their applications in nanophotonics and quantum optics or quantum information devices. The polarization
directions of the emitted photons,3° selection rules in absorption and emission are the basic parameters which come into play. More crucially,
the exciton manifold offers a model platform to implement quantum manipulation processes,3132 and the exciton energy-level splitting or
fine structure (FS) splitting is also a crucial parameter from the point of view of entangled photons generation, the maximization of the
entanglement requiring that the FS splitting energy remains lower than the radiative linewidth.33:34 FS splitting also pilots the temperature
dependence of both the dynamics and efficiency of the NC emission, in particular through the thermal equilibrium which is established in
the manifold and a possible exciton storage in optically dark states.3> The knowledge of the FS thus paves the way to accurate models for
intrinsic excitonic responses, and allows disentangling the various pathways that govern energy relaxation in NCs.

Here, we present a quantitative study of the band-edge exciton FS of single CsPbBr; NCs with sizes comparable to the Bohr diameter,
2ag ~ 7 nm. The polarization analysis of the low-temperature micro-luminescence (u-PL) confirms the existence of two characteristic FSS of
bright exciton states - doublet and triplet — which are respectively associated to the responses of individual NCs with tetragonal and
orthorhombic crystalline structures.?! The signature of a high-symmetry cubic phase is not observed in our experiments. Following a
perturbative approach based on the derivation proposed by Fu et al.,2! we demonstrate that the FS splitting in orthorhombic crystals is a
function of the spin-orbit coupling parameter, crystal-field term and electron-hole exchange interaction, as in tetragonal perovskites. Explicit
equations that connect those parameters are derived. The tetragonal spin-orbit coupling and crystal field are extracted from the absorption



spectra of an ensemble of "quasi-bulk" NCs. Experimental p-PL spectra of single NCs provide the energy differences (between peaks in
doublets and triplets) which, through the previous equations, lead to the estimation of the electron-hole exchange energy, J, associated to
the band-edge CsPbBr; exciton. We find a value J ~ 3 meV for both structures that does not change within the explored NC size range but
that is clearly affected by the electronic confinement. Our analysis also provide the absolute value of the additional orthorhombic crystal
field contribution, | |, with respect to the tetragonal one (]| | ~ 0.08 eV).

(b) -

Absorbance/ PL (arb.u.)

21 2.2 2.3 2.4 2.5
Energy (eV)
— (C) I I (d) Cubic (O, ) Tetragonal (D, )
=] - -t >
£ = '
= : P Jo=11/2
: Ve =3/2 Vs
@ ‘,‘.?,-\JZ- +3/2 B
c p—— \
S| Wope
Q 1Je=1/2 N, = +172 A
o : |
/2] | 1
k b . L
< Vband 'S"=1/2 |
T Spin-Orbit Crystal Field (T)
24 28 32 36 4.0 Coupling (Agp)
Energy (eV)

Figure 1: (a) TEM image of NCs synthesized at 180 °C (sample 1). The scale bar corresponds to 20 nm. Inset: size distribution in the
sample. (b) Absorption (black) and luminescence (red) spectra of the same sample in the low-energy range, at 11 K. (c) Entire
absorption spectrum at 11 K. (d) Scheme of the band structure evolution in perovskite NCs from the high-symmetry (cubic) phase to

the lower-symmetry tetragonal phase under the effect of Spin-Orbit coupling and crystal field. The upper valence band (denoted as

V band) states are denoted (S = %, Sh=+ %). In tetragonal NCs, three degenerate levels (A, B and C) compose the excited manifold

e = %, JE=+ %), e = %, JE=4 %) and (J¢ = %, JE =+ i). Sh- J¢ - are the z components of the total hole - electron - angular

momentum S" - J€.

Experimental methods

Chemical synthesis of CsPbBr; NCs is presented in detail in the Electronic Supplementary Information (ESI). For structural characterization
through transmission electron microscopy, the prepared solution was diluted and a drop was deposited for impregnation on a microscopic
grid. Samples elaborated for spectroscopic measurements consisted of a spin-coated deposited drop of a diluted solution onto a glass slide.
Transmission electron microscopy observations were performed with a JEOL-2010F working at 200 kV. X-ray diffraction patterns were
performed with a Philips X' pert operated at 40 kV and under 40 mA, using the Cu Ka. line (wavelength 1.54 A).

Optical transmission spectra were measured using a CARY 5000 double-beam spectrophotometer (Varian company) with a 4 A resolution.
For temperature-dependent studies, a commercial helium exchange gas cryostat was used. The temperature was monitored between ~ 11 K



and ambient temperature by Si diodes and controlled by heating of the gas. u-PL experiments were carried out as a function of temperature
using a confocal-like microscope. For this study, we worked mainly with an Ar continuous wave laser emitting at 475 nm, with an average
excitation power of 2.5 uW on a spot of = 1.5 um in diameter. The excitation laser beam is focused using a microscope objective with
NA = 0.6. The samples are mounted on the cold finger of a p-PL cryostat (Oxford Instruments) designed to compensate for thermal expansion
and to keep spatial position of the spot as temperature is changed. The luminescence collected with the same objective is analyzed in an
ACTON SP2760i Roper Scientific-Princeton Instruments spectrometer coupled to a nitrogen-cooled SPEC10 (RS-Pl) CCD camera, with an
overall spectral resolution of 50 peV. The objective located outside the cryostat is attached to a three-axes piezo stage, allowing to finely
scan the sample. Polarization measurements were performed by adding a motorized half-wave plate followed by an analyzer (the direction
of which is parallel to the grating grooves in order to obtain the largest response) placed at the spectrometer entrance.

Results and discussion

Figure 1a shows a representative transmission electron microscopy (TEM) performed on sample 1, grown at 180 °C. NCs present a cubic
shape whose size follows a Gaussian distribution centered at 16 nm with a full width at half maximum (FWHM) of 4 nm (see inset of Figure
1a). At 11 K, the first absorption peak (Figure 1b, black spectrum) is located at 2.33 eV (indexed as 1) and is characterized by a shoulder on
the high-energy side, at 2.36 eV (indexed as 2). Both features have been interpreted in bulk materials as the 1S and 2S excitons, respectively.1?

The energy difference between these two peaks is equal to 30 meV and allows to experimentally estimate the exciton binding energy (EBE)
to 40 meV. EBE is a very important parameter for evaluating light-emitting efficiencies and confinement effects in perovskite materials (see
below). From the classical formula which connect the EBE value to the exciton Bohr radius, ag, and injecting the calculated values of the
effective mass for electrons and holes for CsPbBr3 (me ¥mp ~0.15 in units of electron mass®), we find ag ~ 3.5 nm. In the high-energy range
of Figure 1c, we also observe a second sharp peak (denoted Il) at 3.44 eV and a group of three peaks at 3.68 (denoted IIl), 3.83 and 4.01 eV.
These energies compare well with peaks observed in bulk CsPbBrs crystals.1617 11 K macro-photoluminescence (PL, red spectrum in Figure
1b) presents a Stokes-shifted peak at 2.31 eV related with exciton emission, and a low-energy tail which is more clearly related to defects
or/and phonon replica emission. We also observe an "anomalous" temperature behavior of the peaks in the absorption and luminescence
spectra, i.e. a blue shift accompanied by a broadening of the peaks with increasing temperature (see ESI, Figure S2). The first absorption peak
increases in energy as the temperature increases, from 2.33 eV at 11 K to 2.38 eV at 290 K. This behavior has already been observed in
CsPbBrs bulk3® and nanocrystals,3” and in other hybrid perovskites.38 It is discussed in detail in the ESI section (Figure S3). As the described
spectral features clearly suggest, excitons in sample 1 have a bulk-like behavior. From the absorption spectrum and the calculation derived
by Yu in analogous low-symmetry bulk hybrid perovskites, we obtain the crystal field correction with respect to the cubic phase, T, and the
amplitude of the spin-orbit interaction in CsPbBrs; through the spin-orbit coupling parameter, As0.2° Both parameters fundamentally
characterize the electronic band structure and, to a larger extent, determine the exciton fine structure discussed in the next paragraphs. We
therefore associate the three peaks located at 2.33, 3.44 and 3.68 eV, denoted I, Il and Ill in the absorption spectrum of sample 1 (Figure 1c),
to optical transitions between the top of the valence band to the bottom of three bands (A, B and C) whose states result from a partial lifting
of degeneracy in the electronic states of the cubic structure (see Figure 1d). The shoulder observed in the absorption spectra at 3.05 eV was
identified in bulk material as due to a van-Hove singularity at the point M of the Brillouin zone.1” Using the values of the three positions in
energy, we finally obtain (see ESI) 450 = 1.20 £ 0.06 eV and T =- 0.34 + 0.05 eV, which are characteristic values in Pb-based compounds. 20:3°
We further assert that these extracted values are poorly influenced by the NC crystalline structure (tetragonal or orthorhombic) as well as
by the approximation consisting in assimilating excitonic and band-to band transitions (see developed justification in ESI).

For sufficiently small sizes, the concerted effect of polydispersity and confinement leads to the splitting in energy of the excitonic transitions.
This "spectral dilution" adds to spatial dispersion and makes easier the process which consists in isolating single NC responses in a high-
resolution micro-spectroscopy configuration. To that purpose, a highly polydisperse sample was elaborated (sample 2). Synthesis at much
lower temperature (110 °C) still provides cubic-shaped NCs (see ESI, Figure S1a); however sizes now range from 5 nm to 23 nm, with an
average size of 12.5 nm and a FWHM of 11.5 nm (see ESI, Figure S1b). Figure 2a contains low-temperature absorption and PL spectra of
sample 2 in the range 2.10 eV to 2.55 eV. Two important features should be emphasized: both spectra show more structures than the
corresponding ones for sample 1, and the majority of structures are blue-shifted. Moreover, the PL peaks are slightly Stokes-shifted
(=~ 20 meV) from the corresponding absorption peaks. The temperature dependence of these absorption and PL peaks follows a similar
behavior to the one of the energy gap in perovskite bulk materials (see Figure 2b and ESI, Figure S4). We come to the conclusion that at least
the three high-energy structures in absorption which share the same behaviors (as well as their images in PL) correspond to the responses
of different sub-populations present in the original NCs size distribution. Let us note that the lowest absorption peak (reversed black filled
triangle) and the second lowest PL peak (black filled triangle) do not share the same features and will not be further considered. The lowest
energy PL band is red-shifted by ~ 60 meV compared to the lowest absorption peak and is then more probably related with defects than to
an intrinsic transition. In the used pulsed regime, with a mean excitation power of a few ©W, and according to the one-photon absorption
cross section in the system (an upper value, o~ 1013 cm?2, was considered)®7:4%, no more than one electron-hole pair is created in a single
NC so that non-linear effects in the emission may be discarded. Then PL peaks observed at higher energy than 2.33 eV are clearly associated
to NCs with sizes comparable or smaller than the bulk Bohr diameter. A rough estimation of the expected blue-shift is obtained - for the sake
of simplicity - by considering the limit situation of strong confinement. Using the expression AE. = (3h?n2/2ud?) for the confinement energy
in a cubic box (with d, the length dimension of the NC cube, and x = 1/(m.1+mp1), the exciton reduced mass in free electron mass units), and
neglecting Coulombic effects, we find, for d = 2ag = 7 nm, a value of the excitonic transition £, + AE. = 2.6 eV. Whether slightly overestimated,
the result is globally consistent with the displacement of the absorption observed in sample 2. A good agreement for our estimation of the



NC size - energy relationship is also found with studies which addressed the size dependence of the NC band gap when taking into account
the increase of the gap with the temperature.>*!

In order to gain insights into the intrinsic properties of these CsPbBr3; NCs, low-temperature p-PL experiments were finally performed on
highly-diluted phases generated from sample 2, which possesses the highest polydispersity. Experiments were carried out using a home-
made microscope (see details in the ESI). Globally, 20 individual objects were studied; eleven of them present an excitonic FS composed of a
set of three peaks (upper spectrum of Figure 3a) adopting a Lorentzian profile with narrow linewidths between 0.2 and 0.7 meV, and an
energy spacing between two consecutive peaks varying from 0.2 to 0.9 meV (see ESI, Table S1). Another FS was detected, namely a doublet-
like excitonic band (Figure 3b, upper spectrum) where in first approximation, peaks possess comparable energy spacings and linewidths. To
initiate the interpretation, we will conform with the analysis made by Fu et al.2! where connections are established between the excitonic FS
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Figure 2: (a) Absorption (black) and emission (red) spectra of
sample 2 at 11 K. Squares and circles with the same patterns
denote the absorption and luminescence of the same level. Filled
triangles represent absorption and luminescence peaks which do
not correspond to the same level. (b) Evolution of both absorption
and emission peak positions with temperature.

and symmetry properties of the unit cell. Two structures are likely to coexist in our sample: the orthorhombic one which is found stable at
low temperature,*243 and the tetragonal one, possibly stabilized by the fast cooling applied to the mixture during the synthesis. Lowering the
symmetry from the tetragonal to the orthorhombic phase affects the band diagram very slightly (see ESI); inversely that strongly affects the

band-edge exciton structure for an exciton composed of a hole S* = ;, Jz =% % and an electron from the lowest J¢ = %, ;== %
conduction band. For tetragonal NCs, it is expected that the lowest level, [0p>, is optically inactive, and followed with increasing energy by a
linearly polarized bright state, |0s>, and two-fold degenerate circularly-polarized bright states, |+1>. In the orthorhombic structure, the upper



degenerate states split, revealing a three-bright-states FS with crossed linear polarizations (denoted |X>, |Y> and |Z>, where [X> and |Y> refer
to the split states - see Figures 3c and 3d).
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Figure 3: u-PL of two individual NCs at 5 K. (a) Typical triplet and (b) doublet measured with an excitation power in the uW range. The
upper spectra were measured without analyser. The middle and lower spectra were measured with an analyser oriented along the
respective polarization of each peak. Experimental data were fitted with multiple (two or three) or single Lorentzian functions. (c-d)
Representative schemes of the exciton fine structure for CsPbBrs, orthorhombic (c), and tetragonal, (d), phases. Polarization diagrams
are for the shown triplet (e) and doublet (f). Blue and red solid lines show the polarization axis of each peak.

To probe these theoretical predictions, the polarization of each PL peak was analyzed using a linear polarizer and a motorized half-wave plate
whose one neutral axis makes an angle @ with the transmission axis of the linear polarizer. Thanks to the great PL stability (see ESI, Figure
S6), a polarization diagram is built for each studied structure, each point representing the integrated intensity of one peak at a given
orientation of the half-wave plate, from ¢ =0° to ¢ = 180°, with respect to the linear polarizer (see, for instance, Figures 3e and 3f which
characterize a triplet and a doublet, respectively).

The results concerning triplets are unambiguous and will be described first. In triplets, two peaks present linear and crossed polarizations,
and are accompanied by a third peak of much lower amplitude and whose polarization is less well defined. Figure 3a shows such a
configuration. This is clearly in agreement with the theoretical scheme. The PL response of the peak associated to the state for which the
polarization direction is aligned with the setup detection axis, should ideally not be detectable; however, slight NC misalignments and PL
light measured in the angle of acceptance of the objective allow its manifestation. In our experiments, several configurations were observed
with a distribution in intensity varying in the triplet from one NC to the other, which were associated to different NC orientations. It is thus
globally difficult to disentangle geometric effects from thermal occupation effects to explain the relative weights of the peaks in the spectra.
However, when two equivalent - i.e., having their polarizations orthogonal in the sample plane - states are detected (case depicted in Figure
3a) one finds ratios in their integrated amplitudes fully coherent with populations imposed by the Boltzmann distribution. Within this study,
polarization measurements performed on doublets reveal exclusively two linear and perpendicular lines (Figure 3b, middle and lower spectra
and Figure 3f). Such a configuration is compatible with crystals having their ¢ axis in the plane of the sample. To the lowest energy | 08> state
is indeed associated a dipole polarized along c. As NCs lay down flat on the substrate with one of their crystallographic facet parallel to the
substrate surface, our polarizer will probe this direction but will also select the component of the field in the plane perpendicular to ¢ (which
contains the "detection" direction). It is moreover striking that the energy separation between both components of doublets is in average
markedly higher than any of the energy distances between the peaks in triplets (Figure 4a and ESI, Table S1). Let us note that the
measurements with long integration times do not show any hints of a third peak which would add to the doublet features. As a conclusion,
such doublets will be considered as typical responses of NCs with tetragonal structures, whose existence was previously revealed by
magneto-optical experiments.?!

At that point, a quantitative analysis becomes possible once the expressions of the FS energy splittings are known (see ESI, Section IV). For
orthorhombic crystals, we note in ascending order E,, EX3. and EX3, the energies of the FS bright states (see labeling in Figure 4a). The energy



splittings are connected to the electron-hole exchange interaction, J, and to the parameter ¢, the corrective orthorhombic crystal-field term
with respect to the tetragonal structure, by the following relations:

AE' = Ef —E, = J(1 - 3sin®6), with Ef = (E{, + EX)/2 (2a)
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where tan(20) = (E\E—A;?), leading to sin 8 = 0.48. In Equations 2a and 2b, J is the only parameter which fundamentally depends on the
SO0~

electronic confinement. The experimental mean values of the energy splitting EXs.- EX;.=0.55+0.20 meV, and energy difference
AE'=0.7510.22 meV lead to J=2.4meV £0.7 meV and |g=0.08 £0.04 eV. We note that similar or smaller energy differences were
obtained in previous studies for CsPbBr32! and CsPbls;.#* The transition energies of the studied triplets are distributed around 2.48 eV (see
ESI, Table S1), an energy which is slightly higher than the bulk lowest band-edge excitonic transition, 2.33 eV. The J value deduced from our
experimental spectra is thus characteristic of a moderate confinement, and should noticeably deviate from the bulk value?* (which, to our
knowledge, is still unknown in CsPbBrs).

Using an ab initio pseudopotential method, Zunger and coworkers have established a linear relationship between the inverse of ag* and the
bulk electron-hole exchange energy, J».%> Assuming that this result can be exported to perovskite materials only if we consider the exchange



splitting originating from a hole in the lower energy split-off valence band with S* = % (to ensure consistency in the comparison with band-

edge exciton in perovskite), we would obtain for CsPbBrs, J,  0.19 meV. Such a value is known to be underestimated (by more than a factor
two)*® as compared to experimental values, but may define a lower boundary for J,. M.A. Becker et al. have calculated a J = 0.29 meV that is
close to the bulk value calculated by Zunger.2? The ratio J/J, can also be estimated in a model, based on the envelope function approximation,
for an exciton inside a cube.?* The original derivation, reconsidered here for an expanded range of the d/2as parameter, leads to an
enhancement J/J, ~ 3.3 for d = 2ap (Figure 4b) which keeps in fair agreement with the estimation obtained by Zunger. We note that the J
estimated value compares well to the value obtained in (C4HgNHs3),PbBrs; quantum-wells 46 when we take into account the differences of
EBEs in these two materials and under conditions where dielectric constants are of the same order. In our case, the EBE is an order of
magnitude smaller than for (C4H9NH3),PbBrs, as a consequence we obtain an exchange energy an order of magnitude smaller. In a recent
investigation an estimation of the exchange energy could be obtained in an hybrid bulk compound (CH3NH3PbClyls.), through the analysis of
time-resolved Faraday rotation (TRFR) measurements.*” Amazingly this study places Jp, in the peV range whereas in this system the exciton
Bohr diameter is slightly lower than in CsPbBr; and the EBE is of the same order.*® Such discrepancy might thus have an extrinsic origin. For
instance the excitation regime used in the TRFR experiments leads to large carrier densities with long recombination times. Screening of the
Coulomb interaction may then play a decisive role and contribute to decrease J, in a drastic manner.20

Furthermore, there is no clear dependence of J on the excitonic transition energy, Eq (Figure 4c). This is essentially due to the small extent in
energy of the interval probed in our experiments. A rough model indeed shows that the typical variation of 60 meV reported here for Eq
leads, in the strong-confinement limit, to a variation of 0.7 nm in the size around the 7 nm value. The effective mass model predicts that the
exchange energy is enhanced by a factor proportional to ((11—3)3, where [ is the characteristic size of the NC (radius in spherical NCs or edge

length in cubes).23-2527.284543 A decrease of 0.7 nm in NC size should thus correspond to an enhancement of the J value of =30 %. Such
variations are thus in the uncertainty range of our measurements especially as the scaling evidenced experimentally may follow a law with a
lower power than the one fixed by the effective mass approximation.4530

This study also provides a first estimation (in absolute value) of the crystal-field variation induced by the lowering of symmetry from the
tetragonal to the orthorhombic structure. We moreover check that |¢ is small in front of the relevant energetic quantities (see ESI) and
validate the perturbation approach used in this work to derive eigenenergies corresponding to the orthorhombic band-structure energies.
Consistently, this a posteriori also justifies that an average absorption spectrum may be used to extract the T and Asp parameters of bulk
CsPbBr3; whatever the crystalline structure.

The panel of spectra retrieved in this work also allows the extraction of J for the NCs which are supposed to have a tetragonal structure. If
we note here EX and E5X the energies of the |0g> and degenerate |£1> states (diagram in Figure 4a), then the energy difference Es*-EX writes
as follows 21.46;

E¥ — EX = J(1 - 3sin?0). (3)

In the doublets, we find Es*-EX = 1.0 £ 0.2 meV, and we deduce the value J = 3.2 + 0.6 meV. The same splitting value was already measured
for PL doublets detected at 2.42 eV, at 2 K, for NCs.2! In our experiments, PL doublets were detected at ~ 5 K at energies between 2.46 eV
and 2.52 eV. As in triplets, the explored domain does not allow to observe a size dependence correlated to the enhancement of the exchange
energy by confinement. Finally two observations should be made in connection: first, the occurrences of the two types of excitons are energy-
independent which is consistent with the fact that each crystalline structure is represented in the different NCs populations as far as size is
concerned. Second, the uncertainty value that results from the available statistics seems to indicate comparable values for J in the explored
structures (tetragonal and orthorhombic), as expected, considering that each set of NCs is globally characterized by the same average level
of confinement.

Corollary our calculations place an optically forbidden state below the first emissive state with an energy separation 4Ep~ 1.1 meV in the
orthorhombic structure and AEp ~ 1.5 meV in the tetragonal one, for NC sizes comparable to the Bohr diameter. This energy separation
should increase for smaller sizes. Contrary to what is observed in the more studied II-VI and 11I-V semiconductor NCs, the dark state does not
seem to be partly allowed. This organization of the excitonic structure should thus have a strong impact on the emission properties, in
particular by thermal mixing of the lower energy states in the FS.3> The effective lifetime of the lowest energy state, |Z>, in triplets, Tef, is
measured around 80 ps at 5 K (see ESI, Figure S7). At temperature T, such that kgT < AEp  the feedback effects remain weak or negligible so
that test represents the intrinsic decay rate (including radiative and non-radiative contributions) of the |Z> state. Its surprisingly small value
obviously raises the question of its radiative nature. Among the possible channels, transfer to the dark state is at present time the most
plausible. Extensive temperature-dependent time-resolved studies are still required to probe the model and reach precise positioning of the
dark state.

Let us finally emphasize that the previous considerations are valid whether the FS splitting properties are indeed determined by the mixing
of carriers states resulting from spin-orbit interaction and crystal field effects. This picture comes as an alternative view on the FS splitting
issue that may also be considered under the angle of the Rashba effect.2® The latter phenomenon requires an inversion asymmetry to be
operative. Actually the structural fluctuations that may cause this loss of inversion symmetry are not known and the few studies which claim
they have probed a Rashba-type effect are still rare; so far they have all addressed hybrid perovskite compounds.5! In CsPbBrs3 cation
positional instabilities (in particular displacement of the Cs* cation) as well as surface effects are invoked.?® Nevertheless, in halide based
perovskite materials, movement of the halide ions may also contribute to large changes in the electronic charge distribution.52>3 Given the
very partial current state of knowledge about CsPbBr3; we thus finally stress the importance to progress in the identification of the dynamical
mechanisms that may trigger local electric field extending beyond the characteristic Rashba length scale.5!



Conclusions

In summary, we carried out a quantitative study of the electronic structure of tetragonal and orthorhombic CsPbBr; NCs. From averaged
absorption measurements performed in NCs which do not show confinement effects, the fundamental parameters defining the bulk band
structure near the gap have been determined: the tetragonal crystal field correction with respect to the cubic crystal
field, T=-0.34 + 0.05 eV, and spin-orbit splitting, Aso = 1.20 # 0.06 eV. The band—edge excitonic transition of CsPbBr; NCs with sizes close to
the Bohr diameter was explored at the individual object scale through p-PL experiments. We confirm that the excitonic FS is dominated by
three bright states giving clear spectroscopic signatures with well-defined polarization properties and correlated to the crystal symmetries:
doublets for tetragonal and triplets for orthorhombic crystal structures. The theoretical approach which laid the foundation of previous
studies was reconsidered. That led to a quantitative estimation of the electron-hole pair exchange interaction, J, in CsPbBr; (/ ~ 3 meV) and
placed a dark state ~ 1 meV below the first optically active state in both types of NCs. The amplitude of the correction (in absolute value)
which affects the crystal field amplitude when lowering the symmetry from the tetragonal to the orthorhombic phase could also be
determined (| £] = 0.08 eV). Finally, preliminary basic analysis indicates that J is very likely enhanced by confinement in the studied NCs. We
give a consistent and quantitative picture of the exciton structure in confined inorganic CsPbBrs that does not need to consider a
supplementary breaking of symmetry related to the Rashba effect, as proposed in the work of M.A. Becker et al..?° All these findings are
crucial to build accurate models of optoelectronic properties; they contribute to the exploration of the material potential having in view its
implementation in quantum information applications,244 and guide incipient studies on spin generation and manipulation.>* More
pragmatically, this work also paves the way for future studies dedicated to the localization of the dark FS state and its coupling to bright
states, along with the role of increased confinement on excitonic properties.
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