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S1 Bulk parameters of CsPbX;

We investigate the excitonic fine structure in CsPbX3 NPLs with and without
dielectric effects. CsPbX3 (X = Br, I, Cl) parameters are given in Table S1.
E, is the band-gap energy, ¢; is the relative dielectric constant and ex is
the high-frequency dielectric constant. Some of the numerical parameters
are taken from experimental studies.'™ In absence of data in literature, we
assumed ey = e, = 4.07 for CsPbCls.5 The exciton Bohr radius values, ax,
are calculated following the relationship ax = %elao where pux = 0.126 my
for CsPbBrs,! py = 0.114 my for CsPbls! and px = 0.202 mq for CsPbCls.?2
Ep, are the Kane energy for cubic phase perovskites.® aq is the Hydrogen
Bohr radius.

Numerical values given in Table S2 summarize the tetragonal parame-
ters used in this work. They are calculated using the 16-band k.p model in
tetragonal bulk crystals.” We denote by A¢ the spin-orbit coupling and 7'
the tetragonal crystal field coupling, both defining the phase parameter, 6,
according to the relationship tanf = (QIAC) with 0 <60 < (EPSW, EPs,z)
are the related energies to the anisotropic interband momentum—matrix for
the = (= y) and z polarizations, (Ps,, Ps.). These Kane energies (Ep, , Ep, )
are defined as Ep, = 270 P3 pand Epg . = o P% .. mg denotes the free elec-
tron mass.

S2 Derivation of the Long Range Hamiltonian

Excitonic fine structure is calculated using pair states formed by the lowest
electron and hole states only. The CB and VB states are respectively:

je=2,12— +3) = OélXcU—iﬁ\YcUJrv!Zcﬂ]
Je = 5,05 = —%> —a|Xe ) +if Yo 1) —7[Zc )] (S1)
’jv_27jz_ >_‘S T>7 ]v:%a];):_%>:’5v¢>

Excitonic fine structure is then calculated using pair states formes by the
lowest electron and hole states only. The hole states are deduced from the
VB electron states ‘jv = %,jg = j:%> via the time-reversal operator Z. Four
electron-hole pairs can be obtained (see Eq (12) of the main text). Using a
basis formed by {|+1),|—1),|05);|0p)}, the long-range (LR) contribution
to the electron-hole exchange interaction is represented by the matrix:
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Table S. 1: Summary of basic physical parameters used in calculating the excitonic
fine structure splittings.

Compound E, (V) ¢ ex ax (nm) FEp, (eV)

CsPbBr;® 2.342 7.3 4.45°¢ 3.07 28.417
CsPbl;* 1.723 10 4.3¢ 4.64 23.817
CsPbCls® 3.056 6.56 4.07¢ 1.72 29.817

@ Reference [1];° Reference [2];° Reference |3];¢ Reference [4]; ¢ Reference [5];/
Reference [6].

X4 20qg 0 0
> by
HLR — (SJd Od Z?Z 8 (82)
0 0 0 O

The matrix elements of the HX operator can be calculated according to
the general expression of the LR interaction®?’

L [ Te T\ _ ij iy — )6, —1r) S (r — 1
Hm’n/ _Zﬂm’zn Vc(re rh) (I‘e rh) (re rh)

mn e Ty ig n' m 87“287“@
(S3)

V¢ is easily deduced from Ve by replacing €; in the denominator by ex which
is the dielectric constant at the exciton resonance; m, m’ (n, n’) are the Bloch
states of the electron in the conduction band (the hole in the valence band),
and (r.,r.) and (rj, ;) denotes the coordinates of the electrons and holes,
respectively. Z is the time-reversal operator to use in the hole convention.
0", is given by
In' m

(| e [T0) (T py )
mg (Ep, — E9) (B, — Ep)

i, =
m'In
In' m

(S4)

where p; (p;) is the i (j) component of the p momentum; E (v = m,m/, n,n’)
is the v*" band energy.

To derive the expression of the LR Hamiltonian, it is then necessary to
calculate (0%Uc/0riorl) and (0*We/Oriorl). First, we consider the con-
tribution of Uc. From the Equation (9) and in the reciprocal space (wave
vector q), one deduces:
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Table S. 2: Numerical values of the tetragonal parameters used in this work. They
are determined from the 16-band k.p model [7].

Compound Ac (eV) T (meV) 60 (°) Epg. (eV) Epg, (eV)

CsPbBrs 1.49 147 40.4 15.65 16.80
CsPbl; 1.43 155 39.56 17.03 19.81
CsPbCl; 1.55 148 37.65 15.24 17.21
3250 1 /d ( e? qiqj) 1— 774 q. ( )
- = expiq.(r, —r
oriorl  (2m)° 4 coex ¢* ) 1+n* —2n?cos(2¢.L.) b "

(S5)

(=€)~ The associate LR contribution can then be

Recalling that n = CEE

written:

(2%)3 /qu(Q)Qm'zn (q)expiq. (re — 1) 8 (re — 1) 0 (v, — 1)) (S6)

In' m
in which one has defined the function

e? 1 1—nt
F(q) = - ST
(q) €0€EXx q2 1 + 774 - 2772 COS<2QZL2) ( )

and the operator

Qn (@) = 2 Dy, (D)4, (38)
n.-m ’i,j In’ m
The explicit form of the matrix representation of 9,7, (q) in the basis

{[+1),[-1).|05);|0p)} is: In/ m

i ozng q? ) ( aPs .q )2 ( aPs .q ) i
i — R 2vPgs ,q, R 0
( +62P§,yqz _ZBPS,yQy \/_’Y 524 _Z/BPS,yqy
1 a?P;.q? ) ( aPs.q >
— c.c. ol —V2~vPs .q. et
2 ( +B2P3 4, V2rFsaa +iBPs yqy
c.c. c.c. 292 P% .42 0
i 0 0 0 0
(S9)
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where c.c. denotes the complex conjugate. (Psg, Psy, Ps ) are the nonzero
matrix elements of the momentum operator p according to the Dy, point
group symmetry. !0

Using the exciton wave function and its parity, it is possible to write the
contribution of Uy :

Ezc/l{ - E22 2?; Epg, quq F(q) |f dr¥(r, r) exp z'q.r|2 (510
> .2
—i—% 2frln0 Ep,, [ dag’F(q) | [ dr¥(r,r)expiq.r|
i = E_222§r2z Eps, [ dag;F(q U drV(r,r) expiq. r’ (s11)
+§2 Qiio Ep,, [ dqq;F(q U deW (r,r) expiq. r|
2,72 hQ 2
X = E2 2m EPSZ /dqqu ‘/dr‘l’ r,T)expiq.r (S12)

where Ep, = (2mo/h*) PS; (j = x,y, 2).
The contributions X} (A = 0,0d, z) of W¢ will depend on:

?We _ 1 [d e2 w) 2n(1—n?) cos(g=L-)
orior] (2m)? q coex ¢° 14+n*—2n2 cos(2q-L-) (813)
x exp [iqy. (pe — pn) + iq:(ze + 2n)]

Doing a similar derivation, the associate LR contribution can then be
written:

/qu(q)Dm/ (q) exp [iq). (pe — pr) + iq:(2e + 21)] 0 (e — 1) 6 (),

(27T)3 In' ;rLL
(S14)
where one has defined the function

Glq) e 1 2n(1 —n?)cos(g.L:) (515)
coex ¢2 1+ n* — 2n? cos(2q, L)

The contributions of W¢, namely $}¥ can then be derived and are similar
to XY, with the square r-integral ‘f dr¥ (r,r) exp iq.r‘2 replaced by
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/drllf(r, ) exp iq.r/drllf(r, T)expiq.t (516)

with r = (z,y, 2) and v = (z,y, —z). Due to the parity of the function ¥(r,r)
both integrales are equal. This leads to the same expressions as for ¥, with
F(q) replaced by G(q).

Finally, the LR coupling coefficients Xy are written according to eqs (S9-
S11) with F(q) replaced by

e 1 (1-n%cos(q.L.)
coex ¢> 1+ n? — 2ncos(q. L)

D(q) = (S17)

and it is then possible to estimate the whole LR couplings:

Yg = (O[ZEPS’IIa; + 52EPS,,y]y) AM
2
Yod = (_042Epsyz]l« + BQEPS,,ny) Aw (S18)
2
Y. = 29?Ep, LA 3r?af N (a0

L,
; _ 1 n e 1 : e .
with A = SE2 2mp dex 7l The integrals I; (j = z,y, z) are written as
/ r?s*u? sin u, sin®u, sin®u, 31
z = W22 & 2,2 1 12,2 .2 2 -3 0(uz) (519)
résfuy + sfuy +reu;  ug u;, (ug_%)
2,2 .2 .9 .2
s*u sin® u, sin” u,, sin”u
Ly :/ 22,2 2y2 2,2 2 s 2 ’ 22 50(u) (520)
resfuy + sfuy +rius o ug (O (uz_%)
I r?u? sin® u, sin®u, sin®u, 301
2 W22 - 5202 1 22 2 w2 5 a2 50(uz) (S21)
v Y # * 4 (uz - T)
; ; _ (1-n?) _ _ .
in which 0(u,) = T ey T = L,/L,and s = L,/L, are the anisotropy
parameters.
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S3 Coulomb interaction enhancement factor and
self-energy potential in CsPbBr; NPLs
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Figure S. 1: Upper panel: Enhancement factor as the ratio of the modified
Coulomb potential (Eq. (7) in main text) to the ‘usual’ e-h electrostatic poten-
tial, Vo (re,rp) = f%m, for ze = zp, = 0 (median NPL plane) in CsPbBrs
(e1 = 7.3); solid lines: L, = 2.90 nm ~ ax (5 ML); dash lines: L, ~ 10 x ax. As
expected, the enhancement factor reaches E—; at long wnter-particles distances with
a more extended transition for larger thicknesses NPLs. Lower panel: plots of the
‘self-energy’ potential (Eq. (6) in main text) in a CsPbBrs NPL as a function of
the NPL thickness (rn= 4 ML, m = 5 ML and o = 50 ML) and outer dielectric

constant, €3 (red curve: eo = 1, green curve: e = 2 and blue curve: ea = 7.0).
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S4 Near band-gap energies of CsPbl; and CsPbCl;
NPLs
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Figure S. 2: (a) Free e-h pair energy Ep (black line) and excitonic energy Ex
with different dielectric mismatches, for CsPbls. The dashed line correspond to the
bulk gap energy Ey4. (b) Energy difference A = Ex — Eep, with different dielectric
mismatches.
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Figure S. 3: (a) Free e-h pair energy E.p, (black line) and excitonic energy Ex
with different dielectric mismatches, for CsPbCls. The dashed line correspond to
the bulk gap energy E4. The black symbols are experimental data from Re 1 and
Ref. 1% (b) Energy difference A = Ex — Egp, with different dielectric mismatches.
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S5 Exciton binding energy of CsPbl; and CsPbCl;
NPLs
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Figure S. 4: Binding energy Ey of the e-h pair including the Coulomb interaction
and the dielectric effects with different dielectric mismatches, in (a) CsPbly NPLs
and (b) CsPbCls NPLs. The dashed line corresponds to the bulk binding energy R:
(a) R = -15.5 meV; (b) R = -63.4 meV.
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S6 Wave function normalization factor and vari-
ational Bohr Radius versus the NPL thikness
for CsPbBr;
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Figure S. 5: (a) Normalization factor N (a, () of the trial function versus the thick-
ness L, with different dielectric mismatches, for CsPbBrs NPL. N (a,() is normal-

ized by the 2D factor Nop = 1/% associated to the exciton wave function in a
X

perfect 2D system. (b) Effective Bohr radius normalized by the bulk Bohr radius
ax.

In absence of dielectric effect, the wave function normalization factor
N(a,{) tends to Nop = 1/% , the value associated to the exciton wave
X

function in a perfect 2D system (L, = 0), as confirmed by the blue curve
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(e9 = 7.3) on Figure S.5a. The effective Bohr radius, a, shows the expected
behavior, converging to %< for L, = 0 (see Figure S.5b). In presence of
dielectric effects, the coefficient N (a,() increases with n = 222, giving an
extra contribution to the fine structure splitting. Due to the single self en-
ergy potential induced by the image charges, a lateral confinement appears,
reducing the effective Bohr radius as shown on Figure S.5b.

S7 Fine structure splitting for CsPbl; NPLs in
the cubic and tetragonal symmetry
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Figure S. 6: Bright-Bright splitting AE and Bright-Dark splitting épp, in CsPbls
NPLs with an Oy, cubic symmetry (upper curves) and a Dyy, tetragonal symmetry
(lower curves). Different dielectric mismatches are considered, the outside dielectric
constant o varying from 10 to 1. The vertical line gives the value of the exciton
Bohr radius.
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S8 Fine structure splitting for CsPbCl; in the
cubic and tetragonal symmetry
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Figure S. 7: Bright-Bright splitting AE and Bright-Dark splitting dpp, in CsPbCls
NPLs with an Oy, cubic symmetry (upper curves) and a Dy, tetragonal symmetry
(lower curves). Different dielectric mismatches are considered, the outside dielectric
constant €o varying from 6.56 to 1. The vertical line gives the value of the exciton
Bohr radius.

S9 Energy levels configuration: a summary

To be comprehensive, four cases should be considered. For each symme-
try, Dy, (tetragonal) or Dayy, (orthorhombic), the fine structure spectrum will
depend on the ¢ axis orientation: (i) orthogonal to the platelet plane (Z
orthogonal to the platelet plane if using the notation of the main text), or
(ii) ¢ lying in the platelet plane.
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The energy levels are obtained by the diagonalization of the SR and LR inter-
action Hamiltonian given by equations (14) and (15). The resulting excitonic
structures are briefly described below.

Please note that the eigenenergies calculated below (X, ¥, ¥ with
k = XY, Z) are absolute energies that place the fine structure levels on an
absolute scale with a ground dark state setting the zero (energy 3, = 0).
In contrast AE, AF; and AFE, used in the main text are energy differences.
For clarity reasons, and as a reminder, their definition are provided in each
of the addressed cases.

We finally emphasize that, with the used convention for the | X) and |Y)
states (ie. |X) = \% [|+1) — |-1)], |Y) = \% [[+1) +|—1)]), the dipoles as-
sociated to |X), |Y) and |Z) oscillate along the x, y and z physical axis,
respectively.

1. Dy, Z (= c axis) orthogonal to the NPL plane.

In the 2D limit, I, = I, = 0 and I, # 0 in the ¥, and .4 terms (LR
interaction matrix). We thus obtain:

S = Soq =0 and Sy = 272EPS’ZIZA37T o

WV (a, Q) (522)

Moreover o = 8% = <% and 4? = sin® § (see main text).

Summing the LR and SR contributions, one finds for the eigenvalues
(equation (20) in the main text):

¥y = JAggmak W(“ OF o2 9 for |£1)

Yy, = [4ASR + 3EPS’ZIZ7TA] Tay W(Z OF « 92sin20 for 05)
(523)
The fine structure consists of a degenerate doublet, |£1) and a higher
energy singlet, |Z). We find that ¥, = X <« ¥y and AE=Y, —

Y;. Here (and below) ‘<’ means that the energy of the |0p) state is
significantly larger.

2. Dyy, Z parallel to the NPL plane.
One has to consider I, = I, = 0 and I, # 0. y (and the dipole
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associated to the |Y') state) is orthogonal to the NPL plane. This leads
to:

3 aX

Y4 = Yoa = 3°Epy , [,A—>|N(a,()]* and Xz =0 (S24)

Taking into account the SR interaction contribution (and noticing that
a, B and 7 parameters, that depend on the symmetry, are unchanged
as compared to the previous case), one finds the eigenenergies:

Sy = % ASR+3EPSny7rA] XN (a,¢)[2 cos? @ for|Y)
Yx = 9ASR““§X IN(a, ¢)|? cos? 0 for | X)  (S25)
Yy = ASRMX N (a, ¢)|? x 2sin? 0 for | Z)

Y x # Xz and the states degeneracy is fully lifted. The state having its
dipole orthogonal to the NPL plane is the highest energy one.

We note that Y x < X7 < Xy. Here the smaller splitting will be noted
AFE, = E;— Ex while the larger is AFy = Ey —FE;. We refer the reader
to the main text and to the first sections of the SI for a quantitative
estimation of the energy differences in CsPbBr3 and CsPbCl;, CsPbl;
compounds respectively.

3. Doy, Z orthogonal to the NPL plane.

First we take I,=I,—0 and I, #0 to evaluate the X; and ¥,; terms
(LR interaction contribution). They are given by eq. (S22) . Then one
has to diagonalize the SR interaction hamiltonian in its ‘more general
form’ with o # 3 # 7. A basic derivation provides the eigenvalues 2072,
2/3? and 27?2 for the matrix part in (14). The final eigenenergies thus
reads (equation (22) in the main text):

Sy = $Agpma’ St W OF 52 for |Y) = % [[4+1) + |-1)]
2
Sx = %ASRWG§<W(L—Z)IO‘ for|X) = 5 [l4+1) — [~ 1)

Yz = [3Ask + 6Ep, I.mA] Wa?)’(—W(Zf)lz'y2 for | Z)
(526)

Thus a triplet is also predicted with X x < ¥y < Yz. The splittings
in energy are AEl = Ey — EX and AEQ = EZ — Ey.

4. Doy, Z parallel to the NPL plane.
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y chosen orthogonal to the NPL plane implies that I,—1,=0 and I,, #0.
Y4, Yoq and Xz are already known (see eq. (S24)). When incorporating
the SR interaction contribution, one gets, after diagonalization:

Sy = [Ask + 3Ep,, I,mA] 5N (a,)P28% for|Y)

Lz
Sx = $Agn [N (a, ¢)*20? for|X)  (S27)
Sz = 1Asr N (a, )22 for | 2)

In this case, ¥x # X7 and, as a? < 7%, ¥x < ¥, < Yy. Again the
degeneracy is lifted and the bright exciton fine structure consists of a
triplet (splittings AE, = E; — Ex and AEy = Ey — Ey).

S10 Estimation of the depolarisation factors in
2D geometry

To predict the NPL optical (experimental) response in emission one needs
to take into account the manner the applied field might be reduced inside
the nanostructure due to the strong dielectric mismatch that exists between
the inside and the outside. Such effects (‘local field effetcs’) are taken into
account in the flattened ellipsoid model that provides an access to analytical
formula when estimating the attenuation factor of the electromagnetic field
(for example the approach was successfully used in ref'® and ref'*). The
main elements of the theory can be found in the work of A. Rodina and A.
Efros.

When an emitting dipole is set along the direction p = z, y or z (2 is per-
pendicular to the NPL plane), the probability to emit light is reduced by the
screening factor D,,:

1 2

D,=|—F—=|
[1 + ni(k — 1)}

where n* is the depolarization factor for the p direction, and k is the ratio

between the relative dielectric constants - inside and outside the NPL - taken

at the emission wavelength: k = €™ /e®“*(\.).

In the 2D limit, n® = nY = 0 and n* = 1 so that D, = D, = 1 and D, =

1/k? = [E‘mt/em]Q.

(528)
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Considering €™ ~ 7 for CsPbBr3 as determined in,'® D, ranges from ~ 1/50
to 1/12, as € varies from 1 to 2. The coupling of the light with a z oriented
dipole is then weakened within a factor that is at least ~10 as compared to
the in-plane coupling. Let us note that the calculations might be carried out
in the situation of large (non infinite along x and y) platelets as in ref!® and
ref!* showing that the results are very poorly affected as long as L, , > L..

S11 How the NPL exciton fine structure spec-
trum might show up in a micro-PL experi-
ment

Three main effects will play a crucial role in ‘shaping’ the optical response
of the NPLs in a micro-photoluminescence experiment. They are presented
here as operating sequentially: (i) fast energy transfer (E.T.) inside the fine
structure manifold that will quench the higher energy state emission at low
temperature; (ii) the local field effect that will have a drastic impact, reduc-
ing the internal field inside the nanostructure i.e. the light-dipole coupling.
The effect will be significant along the highly confined direction (z or y in
the Figure S.8); (iii) the detection geometry: due to the dipolar emission
pattern, a poor photon collection will be achieved in the direction aligned
with the emitting dipole axis. The polar diagram - right side of Figure S.8 -
provides the angle distribution of the radiated intensity that would be mea-
sured on a photodetector placed behind an analyzer in the detection path
(along the optical axis). (a) and (b) are for Dy, symmetry while (¢) and (d)
relate to the Dy, symmetry. In (b) and (d) the ¢ cristallographic axis lies in
the platelet while it is perpendicular to it in the configurations (a) and (c).

The possible optical signatures consist either of a single line (with an
isotropic distribution of the intensity in the plane perpendicular to the optical
axis, either of a doublet with linear crossed polarizations). The doublet might
be observed if the homogeneous broadening allows it. The expected splitting,
AFE}, is in the meV range for platelets having a thickness of few MLs (see
main text). Using the previous results, it is also seen that ‘edge-lying” NPLs
would always contribute in the form of a single linearly polarized line.

Note that the correct scaling in the PL peak intensity is not the one used
in the Figure S.8. A 10? to 10? attenuation factor can easily result from the
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Figure S. 8: Scheme depicting how the exciton fine structure spectrum might be
influenced as observed in a photoluminescence microscopy experiment (flat lying

nanoplatelets).

E.T. process at low temperature (74 in the ps/sub ps range and 7, in the
hundred of ps/ns range). In the quantum well limit (infinite extension along
x and y), the depolarization inside the structure leads to an apparent ~12
times weakening of the emitting dipole aligned along the direction of strong
confinement ! (considering the typical values €;, ~ 7.0 and &,,; ~ 2.0.19).
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