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Effects of Quantum and Dielectric Confinement on the

Emission of Cs-Pb-Br Composites

Sebastidn Caicedo-Ddvila,* Pietro Caprioglio, Frederike Lehmann, Sergiu Levcenco,
Martin Stolterfoht, Dieter Neher, Leeor Kronik, and Daniel Abou-Ras

The halide perovskite CsPbBr; belongs to the Cs-Pb-Br material system, which
features two additional thermodynamically stable ternary phases, Cs,PbBr,
and CsPb,Br;. The coexistence of these phases and their reportedly similar
photoluminescence (PL) have resulted in a debate on the nature of the
emission in these systems. Herein, optical and microscopic characterizations
are combined with an effective mass, correlated electron—-hole model of
excitons in confined systems, to investigate the emission properties of the
ternary phases in the Cs-Pb-Br system. It is found that all Cs-Pb-Br phases
exhibit green emission and the non-perovskite phases exhibit PL quantum
yields orders of magnitude larger than CsPbBr;. In particular, blue- and
red-shifted emission for the Cs- and Pb-rich phases, respectively, are
measured, stemming from embedded CsPbBr; nanocrystals (NCs). This
model reveals that the difference in emission shift is caused by the combined
effects of NC size and different band mismatch. Furthermore, the importance
of including the dielectric mismatch in the calculation of the emission energy
for Cs-Pb-Br composites is demonstrated. The results explain the reportedly
limited blue shift in CsPbBr; @Cs,PbBr, composites and rationalize some of
its differences with CsPb,Br;.

significant research interest in these mate-
rials, not only for photovoltaics but also for
other optoelectronic applications such as
light emission and detection.*%! CsPbBr; is
a prototypical model HaP,!”! which belongs
to the Cs-Pb-Br material system with a great
potential for applications in light-emitting
diodes® ' and lasers.'™>"7) Thus, under-
standing the emission properties of Cs-Pb-
Br compounds is fundamental for the de-
sign of better materials and devices. The Cs-
Pb-Br material system includes two addi-
tional, non-perovskite-type, ternary phases:
The Cs-rich Cs,PbBr, and the Pb-rich
CsPb,Br;, sometimes referred to as the 0D
and 2D phases, respectively, owing to their
crystal structure (cf. Figure S1, Support-
ing Information). Both non-perovskite-type
phases are thermodynamically stable and
have been synthesized as single crystals,
thin films, and nanocrystals (NCs).[8-2%]
The coexistence of Cs-Pb-Br phases and
their influence on the optoelectronic prop-
erties are well established.?*?’] In recent

1. Introduction

The impressive progress in power conversion efficiency of solar
cells based on halide perovskite-type (HaPs) compounds, from
~4% in 2009 to more than 25% in recent years!?! has prompted

years a strong green luminescence has been measured in both
CsPb,Brs and Cs,PbBr,, which appears to be in contrast with
their large band-gap energies, ~3.8 to 4 eV.1%1828341 This moti-
vated a debate on whether such luminescence is caused by intrin-
sic factors!** or by NCs of the perovskite-type phase, CsPbBr,

S. Caicedo-Davilal*l, F. Lehmann, S. Levcenco, D. Abou-Ras
Helmbholtz-Zentrum Berlin fuir Materialien und Energien
Hahn-Meitner-Platz 1., 14109 Berlin, Germany

E-mail: sebastian.caicedo@tum.de

P. Caprioglio, M. Stolterfoht, D. Neher

Institute of Physics and Astronomy

University of Potsdam

14476 Potsdam, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202305240

[*Present address: Now at: Physics Department, TUM School of Natu-
ral Sciences, Technical University of Munich, James-Franck-Str. 1., 85748
Garching, Germany

© 2023 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202305240

Adv. Funct. Mater. 2023, 33, 2305240 2305240 (1 of 9)

P. Caprioglio

Clarendon Laboratory
Department of Physics

University of Oxford

Parks Road, Oxford OX1 3PU, UK

L. Kronik

Department of Molecular Chemistry and Materials Science
Weizmann Institute of Science

Rehovoth 76100, Israel

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202305240&domain=pdf&date_stamp=2023-07-12

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

=
o
)

—~ 40 meV <—
3: 1044 — Cs,PbBrg :
£ 8
& 10°y—csPbBr, -
2 102
» — CsPb,Brg .
& 10'4
=
o 0]
S 10
10"
102 { . i ] :
1.8 20 22 24 26 2.8
Energy (eV)

Figure 1. PL spectra of the three Cs-Pb-Br ternary phases. All the phases
exhibit green luminescence between 2.3 and 2.5 eV. Spectra are plotted in
a semi-logarithmic scale to show the differences in the PL intensity. Insets
show photographs of the powder samples under ambient light (left) and
205 nm LED illumination (right).

(with band-gap energy in the green region of the visible spec-
trum, ~2.4 eV),l7#2434 embedded in the non-perovskite matrix.
Although substantial evidence in favor of the embedded NCs hy-
pothesis has been reported,[*>°0257] open questions remain, no-
tably the exact mechanism that enhances the luminescence and
the limited blue shift measured with decreasing NC size.[>®]

In the present work, we combine photoluminescence (PL)
and energy-dispersive X-ray (EDX) spectroscopies, as well as
cathodoluminescence (CL) hyperspectral imaging and theoreti-
cal modeling to investigate the mechanisms behind the green
emission in all three ternary phases of the Cs-Pb-Br material
system. Our results provide additional evidence for the green
emission in Cs,PbBr, and CsPb,Br; stemming from embedded
CsPbBr; NCs. Furthermore, we model the exciton emission in
CsPbBr, @Cs,PbBr, and CsPbBr; @ CsPb, Br; composites using
an effective mass model, which includes a simplified treatment
of electron—hole correlation, as well as the band gap and dielectric
mismatch at the interfaces. Comparing this model with the com-
monly used effective mass modell®*>°! suggests that accounting
for the effects of finite confinement potentials and the Coulomb
interactions with image charges at the interface can result in bet-
ter estimates of NC sizes. The model explains the limited blue
shift in small CsPbBr; NCs embedded in Cs,PbBr. Further-
more, differences in the type of confinement of CsPbBr; NCs
in Cs,PbBr, and CsPb,Br; explain the stronger emission of the
former case and the measured red shift of the latter case.

2. Results and Discussion

Powder samples of the Cs-Pb-Br ternary phases—CsPbBr;,
CsPb,Brs, and Cs,PbBr,—were synthesized as described in Sec-
tion S1, Supporting Information. The three ternary phases ex-
hibit PL emissions in the range from 2.3 to 2.5 eV, as shown
in Figure 1. The integrated PL intensities of the CsPb,Br; and
Cs,PbBr, are about one and three orders of magnitude larger,
respectively, than that of the CsPbBr;. Commensurately, the PL
quantum yield (PLQY) at 1 sun equivalent illumination is 3 X
1073%, 5%, and 8 x 10~*% for CsPb, Br,, Cs,PbBry, and CsPbBr;,
respectively. It is also noteworthy that the PL peak of green lu-
minescence in the non-perovskite-type phases is shifted with
respect to that of CsPbBr,. A blue shift of 50 meV and a red
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shift of 40 meV were measured for the PL peaks of Cs,PbBr,
and CsPb,Br;. The emission shifts are consistent among spec-
tra measured on different sample areas and are significant, con-
sidering our measurement resolution (=5 meV, see Section S2,
Supporting Information) and the thermal energy at room tem-
perature (=25 meV).

We investigated the origin of the green emission in the
CsPb,Br; and Cs,PbBr, samples using scanning electron mi-
croscopy (SEM), CL imaging, and EDX spectroscopy—see
Figures 2—4 below. Experimental details are given in Section
S2, Supporting Information. The CL maps for both Cs,PbBr,
and CsPb,Br; show that luminescence in the visible spectral
range stems from localized emitters, embedded in a solid matrix.
Panchromatic (spectral range from 1.95 to 2.8 eV) and 500 nm
bandpass-filtered maps are identical, confirming that the materi-
als exhibit green emission (peak emission between 2.3 and 2.5 eV,
cf. Figures 2 and 3). EDX elemental maps show that for Cs,PbBr,
the emitters exhibit higher Pb and lower Cs and Br counts (see
Figure 2c—f), whereas for CsPb,Br; the emitters exhibit lower
Pb and higher Cs counts, but Br counts remain unchanged (cf.
Figure 3c—e). The compositions of the emitting regions relative
to the matrix suggest that they are CsPbBr;. Therefore, we con-
clude that the green emitters are CsPbBr; NCs embedded in the
host Cs,PbBr, or CsPb,Br; matrix.

In order to investigate the spectral features of the CsPbBr,
NCs, we performed hyperspectral CL mapping, using a low ac-
celeration voltage (3.5 kV) in order to avoid beam damage and
reduce the interaction volume. This allows us to improve the spa-
tial resolution of the CL signal around the NCs. The CL map of
Cs,PbBr, acquired at larger magnification shows that lumines-
cence stems from clusters of NCs, rather than individual emit-
ters (see Figure 4a). The NCs exhibit emission maxima in the
range from 2.44 to 2.47 eV (spectrum 1 in Figure 4b), which
agrees well with the PL measurement (cf. Figure 1). Further-
more, no emission was detected from the matrix material (spec-
trum 2 in Figure 4b). For the CsPb,Br, sample, the CL spectra
of the emitters peak between 2.35 and 2.37 eV (spectrum 1 in
Figure 4e), in good agreement with the PL results (cf. Figure 1).
The matrix material exhibits no sharp CL peak. However, we de-
tected a wide band of weak emission centered at = 1.9 eV (spec-
trum 2 in Figure 4e) when measuring CL on matrix regions. This
observation is consistent with defect emission at the interface, we
measured for CsPb,Br;/CsPbBr; films in previous work (cf. ref.
[60] and its supplemental material).

Our CL-EDX correlative characterization clarifies the origin of
the green emission in Cs,PbBr, and CsPb,Br;. In order to un-
derstand the recombination mechanism and the nature of emis-
sion, we performed intensity-dependent PLQY measurements
by exciting only the perovskite phase using a 445 nm laser (see
Figure 5). Because of the excitation wavelength used, we can ex-
clude charge transfer from the wide-gap, non-perovskite phases
to the narrower perovskite ones. By investigating the slope y of
the dependence of the emitted photon flux ( I,; = I") and the
slope k of the dependence of the PLQY (PLQY = I*) on the illu-
mination intensity (I) in a log-log plot, it is possible to access the
charge recombination mechanisms. The green emission from
the Cs,PbBr, phase exhibits y = 1 and k ~ 0. This indicates an
excitonic character because it is known that a value of y = 1
and intensity-independent PLQY correspond to the radiative
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Figure 2. a) SEM image of Cs,PbBrg crystal and b) a corresponding CL intensity map, filtered at 500 nm, showing the localized emitters embedded in
the crystal. c—e) EDX elemental distribution maps and f) normalized line-scans—along the yellow arrow in (e)—of a magnified region, showing clear
enrichment of Pb as well as depletion of Cs and Br, correlated with the yellow-circled position of highly luminescent clusters.

recombination of free excitons.[®'%3] In contrast, the values of
y = 15and k = 0.5 for CsPb,Br; indicate a deviation from
pure excitonic emission. This suggests that the green emission in
this phase is dominated by nonradiative recombination. For the
CsPbBr, phase, we find y = 1.1and k = 0.1, slightly deviating
from a pure excitonic emission, and the absolute PLQY values are
lower compared with those of Cs,PbBr,. This behavior suggests
a stronger contribution of nonradiative recombination processes
occurring in bulk CsPbBr;, as compared with NC domains in
Cs,PbBr,, suggesting that the latter is less defective. The contri-
bution of nonradiative recombination processes can also be asso-
ciated with the low PLQY of our Cs-Pb-Br composites, compared
with the previous reports.[31:3264]

The microscopy and spectroscopy results confirm consistently
that the non-perovskite-type Cs-Pb-Br samples contain CsPbBr,
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NCs embedded in a solid matrix. The confinement of the NCs
also explains the blue shift of the PL measured for Cs,PbBr, with
respect to bulk CsPbBr; emission (Figure 1). The best achiev-
able spatial resolution for our CL experiments is in the range of
~60-80 nm, as estimated from the density of Cs,PbBr, (4.29 g
cm™3)[%566] and CsPb,Brs (5.76 g cm™),34%7] the electron beam
parameters, and Gruen’s equation (Equation (S1) in Section S2,
Supporting Information). This resolution limit, as well as the dif-
fusion of charge carriers before they recombine, limits the ac-
curacy of the estimated NC size directly from CL experiments.
Because the magnitude of quantum and dielectric confinement
effects is generally related to the size of the NCs, it is interesting
to examine whether a theoretical model can be used to provide an
explanation for the origin of different blue- and red-shift effects
and their dependence on the size of the emitting CsPbBr; NCs.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85UB01 7 SUOWILLIOD AIIERID B|qedi(dde ay) Aq peusenof a1e saoie O ‘8sN JO SojnJ o} Akeiq18UlUO A1\ UO (SUONIPUD-PUR-SLUIBY WD A3 1M A1 1[Bu UO//SEIY) SUONIPUOD PUe SWe | 8y} 88S *[720Z/€0/7T] U0 A%iqi8uluo AS|IM ‘ind Uljed wnnueZz-zyoyweH Aq 02505202 W Pe/Z00T OT/I0p/wWod A3 1M Arq 1jpulUo//Sdiy Woiy papeojumod ‘9t ‘€202 ‘820£9T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

Figure 3. a) SEM image of a CsPb,Brs crystal and b) a corresponding CL intensity map, filtered at 500 nm. EDX elemental distribution maps of c) Br, d)
Cs, and e) Pb show a clear enrichment of Cs and depletion of Pb, correlated with the yellow-circled position of highly luminescent clusters.

An important and commonly used approximation to the emis-
sion in such systems, within the effective mass approximation,
has been proposed by Brus in the 80s.1°*°>%%] This model con-
siders a spherical NC in an infinite potential well, where the
Coulomb interaction is strongly screened, such that the exciton
(electron-hole) wave function is uncorrelated. However, as stated
by Brus in his original paper,®® this model can be a poor ap-
proximation for large band gap materials with moderate NC sizes
because in those systems the Coulomb energy is comparable to
the confinement energy, and the electron-hole correlation can be
important. Considering that CsPbBr, is indeed a (relatively) large
gap material with a (relatively) significant exciton binding energy
(35-60 meV),3%%72 we opt for a simple model, enforcing con-
finement in one dimension, that includes some form of electron—
hole correlation, while remaining mathematically tractable and
computationally inexpensive. We show below that this is suffi-
cient for a qualitative explanation of our results.
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We apply an effective mass model, proposed by Rajadell et al.
for CdSe nanostructures,!”>”’1 The model explicitly treats the cor-
related electron-hole pair, including Coulomb interactions and
dielectric effects, based on the method of image charges that
approximate polarization terms in the exciton Hamiltonian (see
Section S3, Supporting Information, for further details). Within
this framework, the Hamiltonian that describes the electron-hole
pair is given by

H(r,r,)=H9 (r,) + H" (r,) + V(r..1,) (1)

where HU)(r;) is an effective-mass, single-particle Hamiltonian,
that contains image charge effects, which is described in de-
tail in Equation (S2), Supporting Information. Vc(r.,r,) is a
generalized electron-hole Coulomb interaction potential, cal-
culated using the method of image charges. This term de-
scribes the interaction of a charged particle with interface image

CL int. x10°3 (arb.u.)
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Figure 4. a) CL intensity map, filtered at 500 nm, on a flat surface of a Cs4PbBrg crystal. b) Corresponding CL spectra (hyperspectral measurement
without filter) of selected areas. c) SEM image of the surface of CsPb,Brs. d) Corresponding CL map, filtered at 550 nm, and e) CL spectra of selected

areas. Spectrum 2 is magnified x5 for visibility.
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Figure 5. a) PL emitted photon flux and b) PLQY as a function of the excitation intensity. The data are plotted in a logarithmic scale and linearly fit. The
slope of the PL (y) and PLQY (k) curves reveals the type of dominant recombination, see text for details.

charges induced by the other particle and can be written in one
dimension as!””!

2

Z:’;_m 2 dn€ 2
51\/||T||,e - r”,h” + 2. = (-1)"z, + nL]

Vc (re! rh) =

(2)

where 7, ; is the in-plane particle position (perpendicular to the
confinement direction), z; is the particle position in the confined

direction, L is the width of the well (NC size), and g, = (%)ln| ,
1T€2

where €, and ¢, are the dielectric constant of the NC and host,

respectively. We seek a two-particle wave-function solution to this

Hamiltonian, namely
H (re, rh) p (re, rh) =E, Y (re, rh) (3)

where the wave function is approximated by!”°!

¥ (r,n,) = Ny, (), (r,) e VIl 4)

where v, are the single-particle wave functions for elec-
tron and hole, and a is a variational parameter. Solving Equa-
tions (1)—(4) requires electron and hole effective masses, as
well as dielectric constant values. For the former, we use the
values reported by Protesescu et al.l’!l for CsPbBr;. For the
latter, we used density functional perturbation theory (DFPT)
to obtain computed values for all three Cs-Pb-Br phases
(see Section S4, Supporting Information, for details). All pa-
rameters used in the model are summarized in Table S1,
Supporting Information.

When €, > ¢,, that is, the dielectric constant of the NC is larger
than that of the host, there is dielectric confinement. The im-
age charge induced at the interface exhibits the same sign as
the confined charge and the electric field owing to the confined
charge penetrates the matrix region, as shown schematically in
Figure 6a. This reduces the effective dielectric constant, with re-
spect to ¢;, and enhances the Coulomb interaction between elec-
tron and hole.l”>78] The electron-hole Coulomb interaction is fur-
ther modulated by the overlap between the electron and hole wave
functions, which depends on the degree of confinement. Conse-
quently, the exciton binding energy will be a function not only of
€, and e,, but also of the NC size.

Adv. Funct. Mater. 2023, 33, 2305240 2305240 (5 of 9)

We first use the above model to investigate the effect of a di-
electric mismatch for an NC confined by an infinite potential.
We calculate the shift of the emission energy, E,,,, with respect to
the bulk band gap of CsPbBr;, L, as a function of the NC size
L, for various values of ¢, (see Figure 6b). For small L, quantum
confinement is dominant, and the effect of dielectric mismatch
on E,, — E, is negligible. As L increases and quantum confine-
ment is reduced, the effect of dielectric mismatch becomes more
important, and E,,, — E, decreases with ¢, owing to a stronger
dielectric confinement. Dielectric effects also directly impact the
exciton binding energy, E;, namely the difference between the
emission energy and the single-particle bandgap, as shown in
Figure 6¢,d. Because dielectric confinement reduces the effec-
tive dielectric constant and Coulomb screening, it increases Ej.
Specifically, E, rapidly decreases with L for ¢, < ¢,. This depen-
dence weakens as ¢, increases, demonstrating that dielectric con-
finement is stronger for smaller NCs, in good agreement with
previous reports.!7377.79-81]

Next, we investigate the effect of a finite confinement poten-
tial on the emission energy, by including the band mismatch be-
tween NC and matrix material, that is, Cs,PbBr, or CsPb,Br;
(see Section S3, Supporting Information, for details). We use
the literature-reported band-gap energies of the Cs-Pb-Br phases,
that is, 2.4 eV for CsPbBr; (in reasonable agreement with our
measurements),l’”*8] 4 eV for Cs,PbBr,,[2*32 and 3.7 eV for
CsPb,Br;.[183334] The band mismatch for CsPbBr,/Cs,PbBr,
results in a type I band alignment, that is, both hole and
electron wave functions are confined, as deduced from both
theoretical calculations®?! and (X-ray and UV) photoelectron
spectroscopy.#*#1 We model the type I alignment using a

fixed band mismatch % (where AE, = Eg S4PPBrs _ Eg OB for
the conduction and valence band mismatch. In the case of
CsPbBr,;/CsPb, Brs, some theory reports a quasi-type I alignment
(only one carrier confined),’®>! while experimental characteriza-
tion assigns a type II band alignment,!®¢] that is, the electrons
and holes are confined to different regions, which reduces their
wave function overlap. We modeled this by setting a small but
negative valence band offset A E;, = — 0.1 eV and a correspond-

ing conductions band offset of A E. = AE, + 0.1eV (where
CsPb,Br CsPbBr
AE, = B — EZT)
The effect of the finite band mismatch is apparent in the cal-
culated shift in emission energy E,, — E,, shown in Figure 7,
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Figure 6. Effect of confinement and dielectric mismatch in a simple 1D model of a CsPbBr; NC. a) Top: schematic representation of a single-particle
wave function, yp,, confined in an infinite (dashed) and finite (solid) potential. Bottom: schematic representation of the effect of dielectric mismatch
on the electrostatic potential, ¢, for €4 > €, (solid) and € < €, (dashed). b) Calculated shift of the emission energy with respect to the bulk band gap
energy, E.., — E,, as a function of the NC size for different values of €,. c) Exciton binding energy, Ey, as a function of €, for various NC sizes. d) Ey as

a function of L for various €,.

where the finite potential reduces the magnitude of the quan-
tum confinement effect. This effect is stronger in Cs,PbBr, than
it is in CsPb,Brs, partly because of the larger band gap of the
former, but mostly due to the more effective quantum confine-
ment of the type I alignment. Generally, for a finite confinement

potential the wave function extends into the barrier regions (cf.
Figure 6a), making quantum confinement less effective and also
reducing the effective dielectric constant of the system, thereby
favoring dielectric confinement.”?) At the same time, the de-
crease in electron-hole overlap reduces the Coulomb interaction,

Cs,PbBr; (a)1

—O— Type | conf.
\ = &= Infinite conf.

T VT ¥ T T

1 5 T F 1 = LI I
Fo -0.4
X CsPb,Br, (b)

B ‘ —O—Type ll conf. [ 0.3

‘\ = &= Infinite conf.

L (nm)

Figure 7. Emission energy shift, Eer — Eg, of a CsPbBry NC embedded in a) Cs,PbBrg, or b) CsPb,Brs as a function of the NC size. A dielectric mismatch
is modeled with €, = 4.2 for CsPbBr;3, €, = 3.1 for Cs,PbBrg, and €, = 3.8 for CsPb,Brs. Results for infinite (dashed curves) and finite (solid curves)
confinement potentials, with type | and type Il alignments for Cs,PbBrg and CsPb, Brs, respectively, are compared.
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hindering dielectric confinement. This competition results in a
complex dependence of the exciton binding energy on the finite
potential barriers. In the present calculation, confinement effects
are apparent for L < 6.3 nm (<7 nm) for Cs,PbBr, (CsPb,Br;),
providing a guide to the size regimes for which quantum or di-
electric confinement is dominant. While the similarity to the ex-
citon Bohr radius of bulk CsPbBr; (= 7 nm)[!! is notable, we em-
phasize that this is a 1D model, which should not be compared
fully quantitatively to the experiment.

We can now qualitatively interpret our experimental data, in
light of the computed result from the above model. In the case
of Cs,PbBryg, it is clear that the size of the embedded CsPbBr,
NCs lies in the strong confinement regime, that is, quantum
confinement is dominant and results in the above-reported blue
shift and PLQY enhancement of the exciton emission. The blue
shift in this system is reduced with respect to the conventional
estimations using a simple effective mass model, owing to the
combined effect of a finite confinement potential and the re-
duced effective dielectric constant. This rationalizes the limited
emission shift achieved experimentally for CsPbBr; @Cs,PbBr,
composites.[325¢] For CsPb,Brs, a plausible explanation for the
red shift measured in our PL and CL experiments is that there is
weaker quantum confinement caused by type II band alignment,
coupled with larger NC sizes, expected from the similar forma-
tion enthalpies of the CsPbBr, and CsPb, Br; phases.[2¢27% For
larger NCs, the dielectric mismatch can cause enough of an in-
crease in the exciton binding energy to overcome the effect of
the weak quantum confinement, resulting in a net red shift in
E,,, with respect to the bulk E,. This also can explain the large
discrepancy between NC sizes estimated with a simple effective
mass model and the TEM images, reported for CsPb, Brs. For this
case, the error in the estimation of the NC size was found to be as
large as 4 nm, which is much larger than the error for Cs,PbBr,
(0.6 nm).[¥7]

While the simple model provides a plausible qualitative ex-
planation for all emission energy patterns observed in our ex-
periments, we caution that further refinement is needed to gain
a complete quantitative understanding of the PL results from
the composite Cs-Pb-Br materials. First, the model used in the
present work is 1D, whereas the effects of dielectric and quantum
confinement could be stronger and have a more complex rela-
tionship in a system confined in all three spatial dimensions. For
example, the dielectric tensor of CsPb,Br is highly anisotropic,
that is, the effect of dielectric mismatch would depend strongly
on the confinement direction. Also, in our model, we did not con-
sider changes in the electron and hole effective masses, which
can also influence the exciton levels.[%®#8] Furthermore, consid-
ering the exciton fine structure of the CsPbBr; NCs, including
effective mass non-parabolicity using an energy-dependent effec-
tive mass, as described by Sercel et al. |3 will help improve the
accuracy of the model, making it more comparable with experi-
mental results. Ghribi et al. recently used similar models, com-
bined with exciton fine structure to study dielectric confinement
in CsPbBr; NCs.®!l Our results on the dielectric tensor, band
alignment, and finite confinement effect of the NCs in Cs,PbBr,
and CsPb,Br; could contribute to refining this model, explain
experimental results, and provide material design guidelines for
Cs-Pb-Br composites. Additionally, this work could be extended
to study other halide composites such as Cs,PbCl, and Cs,PbI,.
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These compounds have also been shown to coexist with their cor-
responding perovskite phases.*>%* The change in the halide of-
fers an additional degree of freedom (i.e., composition) for tuning
the exciton emission in Cs-Pb-X (X = Br, Cl, I) composites.

3. Conclusions

In summary, we synthesized green-luminescent, ternary phases
in the Cs-Pb-Br material system, namely perovskite-type CsPbBr,
and non-perovskite-types Cs,PbBr, and CsPb,Br;. We investi-
gated their emission properties using PL experiments, which
showed that the non-perovskite-type phases exhibit a higher
quantum yield, with a blue shift of 50 meV and a red shift of
40 meV (with respect to the PL peak of bulk CsPbBr;) for the
Cs,PbBr, and CsPb,Br, phases, respectively. Microscopic char-
acterization by means of correlative CL hyperspectral imaging, as
well as EDX elemental mapping, showed that the luminescence
emission at 2.45 and 2.36 eV of Cs,PbBr, and CsPb,Br; stems
from NCs of CsPbBr;, embedded in the matrix material. We qual-
itatively explained the experimental results using a 1D effective-
mass model that considers electron-hole correlation, as well as
band gap and dielectric mismatch at the interface of the NC and
host materials. This model allowed us to rationalize the effect of
the quantum and dielectric confinements on the emission shifts.
We showed that including dielectric effects is important for esti-
mating the emission energy and particle size. In the light of the
correlated model, we conclude that the CsPbBr; @Cs, PbBr, com-
posite is formed by small, strongly quantum-confined CsPbBr,
NCs in a Cs,PbBry matrix, while the CsPbBr; @CsPb,Br; com-
posite is formed by large and weakly confined CsPbBr; NCs in a
CsPDb, Brs matrix, in which dielectric effects dominate, resulting
in a net red shift.
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