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Exploring CsPbX; (X = Cl, Br, 1) Perovskite Nanocrystals in
Amorphous Oxide Glasses: Innovations in Fabrication and

Applications

Sadaf Samiei, Ehsan Soheyli,* Kunnathodi Vighnesh, Gholamreza Nabiyouni,

and Andrey L. Rogach*

Metal halide perovskites with excellent optical and electronic properties have
become a trending material in the current research. However, their limited
stability under ambient conditions degrades quality and threatens their
potential commercialization as optoelectronic devices. Various approaches are
adopted to improve the stability of perovskite nanocrystals (PeNC) while
maintaining their advantageous optical properties, particularly strong
luminescence. Among different possible improvement strategies,
encapsulation of PeNCs within the amorphous glass matrices of inorganic
oxides has drawn widespread attention because it ensures high resistance
against chemical corrosion and high temperature, thus enhancing their
chemical, thermal, and mechanical stability with improved light-emission
characteristics. In this article, two types of materials, namely all-inorganic
metal halide PeNCs and amorphous oxide glasses are briefly introduced, and
then the methods are reviewed to fabricate and improve the quality of

PeNC @glass composites. These methods are classified into three universal
categories: compositional modification, structural modification, and dual
encapsulation. In the final part of this review paper, examples of applications
of PeNCs@glass composites in light-emitting devices and displays, data
storage and anti-counterfeiting, lasing, photodetectors and X-ray detectors,
photocatalysis, optical filters, solar concentrators, and batteries are provided.

corner-sharing [BX,] octahedra are abun-
dant materials on Earth with a total 38% of
the planet mass and a history dating back
to 1839.1'1 However, a tremendous level of
global attention to these structures began
much more recently with reports on the
wet-chemical synthesis of metal halide per-
ovskites (MHPs), either in the form of thin
films or colloidal nanocrystals (NCs).[2*
While these compounds were first syn-
thesized in 1893,>¢ they have been in-
tensively explored since the last decade
for a variety of applications such as light-
emitting diodes (LEDs), lasers, solar cells,
and photodetectors.[”1% When produced in
the form of NCs, lead halide perovskites
(LHPs) offer several advantageous proper-
ties, such as narrow-band photolumines-
cence (PL) and high PL quantum efficiency
(PLQE) which are tunable over the whole
visible spectrum.?! One of the most of-
ten studied compositions of LHPs is so-
called all-inorganic perovskites with a com-
position of CsPbX; (X = Cl, Br, I, or bi-
nary mixture of these anions), whose PL
tunability can be achieved both by change
of the anion composition and by the NC

1. Introduction

Perovskite materials with a structure of ABX;, such as CaTiO;,
BaTiO;, CaSiO;, MgSiO;, etc., whose crystal lattice consists of

size. Size-governed emission tunability is a well-documented
phenomenon in the conventional II-VI and III-V semiconduc-
tors NCs;[''"13] while yet another attractive property leveling up
perovskite NCs (PeNCs) is the negligible effect of structural
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Figure 1. A) lllustration of the “defect tolerance” of LHP NCs whose en-
ergy structure is shown on the right, as compared to “defect-intolerant”
conventional I1-IV and 111-V semiconductor NCs shown on the left. B) lllus-
tration of basic features of CsPbX; PeNCs@glass composite. TEM image
of (B) Reproduced with permission.[3'] Copyright 2018, Royal Society of
Chemistry. Composite structure and PL emission of (B) Reproduced with
permission.[32] Copyright 2021, ACS Publications.

defects on the electronic structure of those compounds. This
particular property of PeNCs is often referred to as “defect
tolerance”™) and is illustrated in Figure 1A, which compares
band structures of II-VI (such as CdSe) or III-V (such as InP)
NCs with those of PeNCs. For example, in CdSe, the removal
or displacement of cadmium cations leads to the occurrence of
non-bonded orbitals that are located within the bandgap and play
the role of deep trap states. However, the bandgap of LHPs is
formed between the two sets of anti-bonding orbitals, and even
though these highly ionic materials may easily accept vacancies,
the respective defect states will be merged within the valence
band and conduction band. Thus, they do not act as trap states
for charge carriers.['>] In other words, despite the abundance
of surface and volume defects and vacancies in LHP NCs, they
still possess high PLQE, because their bandgap remains free of
deep energy trap states. Such an advantageous property allows
us to produce LHP NCs with a bright emission without the re-
quirement of additional surface passivation (i.e., through deposi-
tion of wide-bandgap semiconductor shells), which is otherwise
a necessity for most of the conventional NCs such as CdSe,!%!
Cu-In-S,[*” and InP (the PLQE of the bare InP NCs is typically
19).181 We also refer an interested reader to a recent comprehen-
sive review on PeNCs.["?]

At the same time, both PeNCs and MHPs have some disad-
vantages, among which the most problematic is the ease of their
structural decomposition triggered by external stimuli, such as
moisture, light, and heat. This intrinsic property is related to the
highly ionic nature of MHPs and the high surface energy of the
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PeNCs,[?%l and makes them unstable against the operational con-
ditions of many devices in real-world applications.'>?!l For that
very reason, plenty of efforts have been devoted to improving the
stability of PeNCs. Among different possible improvement strate-
gies, encapsulation of PeNCs within amorphous glass matrices
has drawn widespread attention, because it ensures high resis-
tance against chemical corrosion and high temperature, thus en-
hancing their chemical, thermal, and mechanical stability while
maintaining the optical merits of PeNCs.[?223] Encapsulation in
relatively rigid glasses also prevents nanoparticles from agglom-
eration and enables us to control the size and distribution of
PeNCs embedded in glass (we will denote such composite ma-
terials as PeNCs@glass from here on). In fact, encapsulation in
glass matrices is a general method that works well for different
kinds of luminescent NCs, such as II-VI semiconductors and up-
conversion rare-earth nanoparticles.??’! From the historical per-
spective, the rise of semiconductor NCs started with the study
of quantum size effects in semiconductor microcrystals embed-
ded in a glassy matrix!?®] which recently won the Nobel Prize in
chemistry. The availability of NCs@glass composites allows us
to preserve the outstanding luminescent properties of NCs while
providing them with high chemical, mechanical, and thermal
stability, which may facilitate wider applications of NCs in non-
linear optical devices, light-emitting devices, and signal amplifi-
cation in the fiber-optic communication systems.[?° Obviously,
with the emergence of PeNCs that suffer from unstable proper-
ties, perovskite@glass composites are attracting attention, and
this is what we will consider in detail in this review. As schemat-
ically illustrated in Figure 1B, CsPbX,; PeNCs@glass compos-
ites are generally synthesized by melt-quenching and subsequent
heat-treatment processes.*”) The resulting composite nanoparti-
cles typically possess a spherical shape, and the PeNCs are uni-
formly distributed within the glass matrix, surrounded by struc-
tural units of the glass network. They also show bright and tun-
able emissions depending on the perovskite compositions.3!:32]

Figure 2 outlines some important milestones illustrating
the historical progress of fabrication and studies of CsPbX,
PeNCs@glass composites. As can be seen from this timeline,
researchers have been able to achieve improved stability while
retaining the bright and tunable emission of PeNC@glass
composites by applying different techniques, which resulted in
their promising anticipated applications in various areas, such
as photodetectors and X-ray detectors,?334 color conversion
white-light-emitting diodes (WLED), monochrome LEDs and
displays,>8] Li-ion batteries,[*! laser-active media,[***] anti-
counterfeiting,[*?) optical filters (for example, high-transmittance
in the long-wavelengths and a superior shielding effect in
the short-wavelengths),¥] rewritable data storage,* and
photocatalysis.[*’]

Throughout this review, we divided existing approaches to-
ward the improvement of as-fabricated PeNCs@glass compos-
ites into three categories: compositional modification, struc-
tural modification, and dual encapsulation (Figure 3). Among
these approaches, the compositional modification is generally
applied before the fabrication of the composites, while the
two other strategies are applied after the fabrication of the
initial PeNCs@glass composites. The compositional modifica-
tion can be categorized into four approaches: B-site perovskite
doping, glass network doping, glass-former modification, and

© 2023 Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 118D 3|qeol [dde 8Ly Aq peueob ae Sapoie YO ‘8sh JO Sa|n 1oy AIqi8UlUO AB]IM UO (SUORIPUOD-PUR-SWBAL0D" A3 1M Ae.q 1 |Bu1 [UO//:SdNL) SUORIPUOD PUe Swie | 8u 89S *[5202/20/02] Uo AriqiTauliuo A8im ‘AisieAlun N9 Ue|npay Aq 22620£202  11WS/Z00T 0T/I0p/Wo A8 imAreiq1jeuljuo//:sdiy woly pepeojumod ‘2T %202 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

& 2016 ‘ through heat treatment [46]

precursor gla QDs embedded glass 2 0 1 8
W]\ r——
E Winiem * CsPbX;@ oxyhalide borosilicate glass: Heat-treatment process| «

2019  and fluorine doping [49]

* CsPbBr;@ phospho-silicate glass: Heat-treatment process for
2017 white light emitting devices [47]

* CsPbBr;@ telluride glass: In-situ crystallization for WLEDs [48]

www.small-journal.com

* Controlled formation of CsPbBr; NCs in phosphate glasses ‘

FL infensity (1.0)

R
KA S KA REEE |
e

e CsPbBr;@ transparent glass via laser patterning: Optical data ‘
storage, information encryption and 3D artwork [50]

* CsPbX;@ borosilicate glass: Tunable and stable emission [51] 1 «

* CsPbBr;@ borosilicate glass@ PDMS polymer: PLQE of ~100%
for high-performance backlit LCD [32]

* Reproducible X-ray imaging with a perovskite nanocrystal
scintillator [52]

. CsPbX;@ borophosphate glass: Three -dimensional arrays using

-8

ultrafast laser pulses [53]

. Secondary crystallization mechanism of CsPbX,@ glass: efficient ‘ «

and tunable emission via Mechanical ball-milling process [54]

| « Erasable photochromic anti-counterfeiting and optical encodings‘

using Ln: CsYb,F; and CsPbX;@glass [42]

« Fabrication of efficient luminescent solar concentrators using
CsPbBr3 nanocrystal-embedded glasses [55]

* CsPbBr,l; @ glass: Co-sintering stable green/red-emitting
composites as color converter in projection display [56]

e CsPbBrI; @ glass: Near unity emission for high performance
WLED:s in backlit display panels [57]

-

Figure 2. Some important fabrication milestones and studies of CsPbX; @glass composite, Reproduced with permission.[*é] Copyright 2016. Amer-
ican Ceramic Society. Reproduced with permission.l*’] Copyright 2017, Royal Society of Chemistry. Reproduced with permission.[*3] Copyright 2018,
ACS Publications. Reproduced with permission.[#?] Copyright 2019, Royal Society of Chemistry. Reproduced with permission.’°! Copyright 2020, Na-
ture. Reproduced with permission.[>'l Copyright 2020, Elsevier. Reproduced with permission.32] Copyright 2021, ACS Publications. Reproduced with
permission.[52] Copyright 2021, Wiley-VCH. Reproduced with the term of CC BY 4.0 license.[>3] Copyright 2022, Science. Reproduced with permission.[>4]
Copyright 2022, ACS Publications. Reproduced with permission.[*2] Copyright 2022, Physical Science. Reproduced with permission.[>3] Copyright 2022,
Elsevier. Reproduced with permission.[>¢] Copyright 2022, Wiley-VCH. Reproduced with permission.[>’] Copyright 2023, Wiley-VCH.

molar-ratio modification. Structural modification can be divided
into two methods: heat-treatment modification and mechani-
cal/hydration crystallization, while dual encapsulation can be car-
ried out in two ways: by using polymer or secondary glass ma-
trices. All these methods can be applied on demand depending
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on anticipated applications (Figure 3). While in this review we
have summarized the recent progress in fabrication and proper-
ties of CsPbX; PeNC@glass composites, it should be noted that
glass matrices can also embrace other fully inorganic composi-
tions of PeNCs, such as Pb-free perovskite structures.[?°2] One
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Figure 3. Schematics of the different modification approaches and related potential applications of PeNCs@glass composites. Reproduced with
permission.[32] Copyright 2021, ACS Publications. Reproduced with permission.[®3] Copyright 2021, ACS Publications. Reproduced with permission.[%4]
Copyright 2020, Elsevier. Reproduced with permission.[®3] Copyright 2022, Elsevier. Reproduced with permission.®] Copyright 2019, Springer Nature.

Reproduced with permission.[%”] Copyright 2022, Elsevier.

of those is related to the manganese halide PeNCs embedded
inside borate glasses,!®!l which provided red-emissive compos-
ites with PLQE of 41.8% and negligible reabsorption for stable
X-ray scintillation performance and high-resolution X-ray imag-
ing. In another study, Zhang’s group fabricated lead-free dou-
ble perovskites of Cs,AgIn, ,Er, Cl; in amorphous fluoride glass,
which showed strong and stable mid-infrared luminescent lo-
cated ~2750 nm, suitable for monitoring of carbon dioxide in
hydrogen gas.[°%!

2. All-Inorganic Lead Halide Perovskites (LHPs)

2.1. Basic Characteristics

All-inorganic LHPs with a structure of CsPbX; (X = CI, Br,
and I") consist of corner-sharing [PbX,] octahedrals. Their two
common structures of cubic and orthorhombic phases are pre-
sented in Figure 4A,B, respectively. As an example, the cu-
bic phase of the CsPbl; structure forms at temperatures above
300 °C; with a decrease in temperature, a phase transition to
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the orthorhombic phase occurs at ~25 °C which means that
this perovskite would crystallize in the orthorhombic phase dur-
ing the room temperature synthesis.[®*7% Excellent monodis-
persity and high crystallinity of CsPbBr; PeNCs are exempli-
fied in Figure 4C,D, where transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images demonstrate
their uniform size of ~8.4 nm (the cube edge) along with lat-
tice fringes and recognizable interplanar distances [0.563 nm for
(100), and 0.397 nm for (110)] related to cubic phase. The inset in
Figure 4D shows the selected area electron diffraction (SAED)
pattern which confirms the cubic phase structure of CsPbBr,
PeNCs. Figure 4E presents X-ray diffraction (XRD) patterns of a
series of CsPbX; (X =CI, Br’, and I, and a mixture of Br/Cl, I/Br
anions) NCs, which again demonstrate the cubic phase of the
PeNCs synthesized at a high temperature. As mentioned earlier,
an attractive feature of LHP NCs is the bright and narrow-band
PL, which is easily adjustable from ultraviolet to near-infrared
wavelengths by changing the anion composition or NCs size.
Figure 4F shows photographs of light-emitting colloidal solu-
tions of LHP NCs with different halide anions, while Figure 4G
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Figure 4. Crystal structure of CsPbl; perovskites for A) cubic phase and B) orthorhombic phase. Reproduced under the term of CC BY-NC 3.0.168]
Copyright 2021, MDPI. C) TEM and D) HRTEM images of CsPbBr; NCs; the inset in (D) shows their SAED pattern. E) XRD patterns of CsPbX; (X = Cl,
Br, I, and mixed-halide Br/Cl and |/Br compositions) NCs. F) Photographs of light-emitting colloidal solutions of CsPbX; NCs with different halide anions
taken under a UV lamp (A¢,. = 365 nm), and G) PL spectra of these PeNCs (4., = 400 nm for all but 350 nm for CsPbCl; samples. Reproduced with
permission.”l Copyright 2019, Engineered Science Publisher. H) The CIE chromaticity diagram for the CsPbX; NC emission (black dots), as compared
to NTSC TV color standard (solid white triangle). Reproduced under the term of CC BY-NC 4.0.13] Copyright 2015, ACS Publications.
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demonstrates that their emission peaks are indeed narrow and
symmetric and they shift to longer wavelengths depending on the
halide contents.l”!] The same redshift occurs in the UV-vis ab-
sorption spectra, which show a sharp excitonic absorption edge
and a relatively small Stokes shift similar to the PL maximum.
Figure 4H further emphasizes the adjustable emission color of
CsPbX, NCs covering a wide region of the Commission Inter-
nationale de L’Eclairage (CIE) chromaticity diagram and encom-
passing 140% of the National Television Standard Committee
(NTSC) TV color standard.®!

2.2. Stability Issues

Despite the outstanding optical features of LHPs, their stability
is one of the main obstacles in advancing these materials toward
real-world applications. The instability originates from the low
crystal lattice energy of LHPs, which also causes their low melt-
ing points (T,,)."?! A decrease in the lattice energy was observed
for LHPs with larger anions [ for example, T, ~ 460 °C for CsPbl;,
while T, is 570 °C for CsPbBr;].l3 The crystal structure of per-
ovskite compounds with respect to their stability is often judged
by the so-called Goldschmidt tolerance factor (z), which is also
an experimental index widely used to predict the formation of
various ABX, crystal structures.l”*] The value of t varies with the
ionicradiiof A, B, and X constituents in the ABX structure; if the
difference of ionic radii among A, B, and X is large, it can cause
deviation from the ideal perovskite lattice structure and even a
phase separation.

The ionic bonding in LHP NCs allows them to form within
just a few seconds, even for the synthesis at room temperature.
However, the ionic bonding also causes LHPs to easily dissolve
in polar solvents, which is one of the challenges in their handling
and processing. Apart from that, there are several other intrinsic
and extrinsic factors causing the easy decomposition of LHPs,
namely environmental conditions, and post-synthetic purifica-
tion procedures. Among the detrimental environmental factors,
there are light, moisture, heat, or oxygen, and mechanisms in-
volved in perovskite degradation may include hydration, decom-
position, and oxidation.[”) Moreover, the binding of organic lig-
ands to the surface of PeNCs is rather dynamic, so they can be
easily removed during several washing cycles of purification.!”®!
Solvent polarity is yet another important factor that determines
the stability of PeNCs. Low-polarity solvents such as toluene,
tetrahydrofuran,”’] methyl acetate, or ethyl acetate ensure the sta-
bility of their colloidal suspensions.[”#8% It was shown that the
solvent polarity also affects the morphology and crystalline struc-
ture of the LHP NCs and subsequently the optical quality of the
samples.!81]

2.3. Approaches Toward Improving the Long-Term Stability
of LHPs

The high sensitivity of LHPs to external conditions like moisture,
oxygen, heat, and light is a matter of concern when considering
them for real-world applications. As listed in Figure 5, several
strategies for improving perovskite stability can be applied to mit-
igate various instability factors. These strategies can be divided
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into two categories: encapsulation and post-synthesis modifica-
tion.

Encapsulation of PeNCs is one of the potential strategies to
solve the issue of stability. The use of suitable physically and
chemically inert and/or stable materials such as oxides, metal—
organic frameworks (MOFs), polymers, or other stable semi-
conductor NCs as shells can protect the perovskite NCs against
oxygen- and moisture-induced degradation. PeNCs embedded in
titanium oxide (TiO,), zirconium oxide (ZrO,), or silicon oxide
(SiO,) exhibited improved resistance against oxidation and mois-
ture, with reduced ion diffusion rates and improved dispersibil-
ity in water.®2# Due to the chemically inert nature and thermal
stability of SiO,, several studies have also reported SiO,-coated
PeNCs with improved stability in water.!¥#%] Besides, growing
PeNCs in porous materials enhances their stability and prevents
ion diffusion and ion exchange in mixed halide PeNCs.!*’] Syn-
thesis of PeNCs in mesoporous silica templates demonstrated op-
tical features due to the quantum confinement effect.[®3#] MOFs
are yet another kind of porous materials that have been used as
hosts for the synthesis of PeNCs. Chen et al.?! fabricated PeNCs
inside MOF HKUST-1 (Cu,4(BTC),, BTC = 1,3,5-benzene tricar-
boxylate thin film) acting as the template,[®® which remained
stable even under 70% relative humidity conditions. Addition-
ally, encapsulating the PeNCs with polymer materials has also
improved their stability.°?] Pan et al.®*! demonstrated a UV-
induced polymerization over the functionalized PeNCs surface,
resulting in water-stable CsPbX; NC-polymer composites.!*’]
In addition, inorganic salts that are more thermally resistant
than most organic compounds can efficiently shield the PeNCs
from the harmful environment. It has been demonstrated that
nanocomposites of CH,NH,;PbX, NCs embedded in porous in-
organic salts such as magnesium silicate hollow spheres exhib-
ited better thermal and photostability.®*] Eychmuller’s group!®®!
showed that the incorporation of CsPbX; NCs into ionic matrices
of potassium halide salts (KCl, KBr, and KI) via solid-state anion
exchange reactions did not affect their initial PLQE, improving
the stability of iodide-containing NCs.[**] Core/shell heterostruc-
tures between PeNCs and metal chalcogenide NCs is another ex-
citing area of research, where more stable, covalently bound NCs
such as II-VI metal chalcogenides act as shells to enhance the sta-
bility of the bare PeNCs. Ravi et al.l®! reported that CsPbBr,/ZnS
core/shell NCs had enhanced stability in water. Blue-emitting
CsPbCl,Br;, NCs coated with ZnS shells were also found to ex-
hibit better structural stability in water, minimizing the ion mi-
gration and providing structural integrity to the core NCs.[’] The
epitaxial growth of double perovskite Cs,GeF over CsPbBr; NCs
with similar crystal structures was shown to enhance the stability
of the hybrid structure as it prevents the agglomeration between
the NCs.[?®! In another report, the core-shell Cs,PbBr,/CsPbBr,
NCs with fluorinated surface ligand passivation were found to
enhance the water stability of the NCs, preserving their PLQE for
~1 month.[’]

Surface chemistry plays a crucial role in determining the sta-
bility of luminescent PeNCs. Therefore, post-synthesis surface
modification of the PeNCs aimed to improve the interactions be-
tween the NC surface and the surface ligands can have a sig-
nificant effect on their overall stability. Huang et al.l'%] showed
that the post-synthesis surface treatment of CsPbBr; NCs us-
ing potassium oleate increased the PLQE up to 83%, and their
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Figure 5. Different strategies toward the improvement of perovskite stability by encapsulation and post-synthesis modification.

films could maintain 100% of the PL intensity for over 153
h.[1%] Didodecyl dimethyl ammonium bromide (DDAB) a rela-
tively short-chain ligand was used for replacing oleylamine and
oleic acid ligands in CsPbX; NCs via the ligand-exchange strat-
egy to yield PeNCs films with better stability and enhanced LED
performance.l'%!l In another work, Manna’s group!'®?l demon-
strated a simultaneous cationic and anionic ligand displacement
on the surface of CsPbBr; NCs with quaternary ammonium bro-
mides (R,NBr) exhibiting enhanced colloidal and thermal sta-
bility and higher PLQE than untreated CsPbBr; NCs. Moreover,
doping or alloying of PeNCs increases their formation energy, re-

sulting in enhanced colloidal stability and optical features. Over
the years, several reports have been focused on improving the
stability of the PeNCs via A- and B- -site doping or alloying with
metal cations like Mn?*, Sn?*, Zn?*, Sr?*, and Ni?*.[103-105] Zoy
et al.[1%] showed that the partial substitution of Pb** by Mn?* in
CsPbX; NCs improved the thermal stability of the perovskite lat-
tice, being stable up to 200 °C under ambient conditions. Table 1
provides some selected examples of the stability improvements
achieved for CsPbX; NCs modified with different materials, in
terms of the degree of perseverance of their PLQE, resistance
to UV light, thermal and water treatments, and overall stability

Table 1. Selected examples of reported stability improvements toward several factors achieved by modification of CsPbX; NCs by different materials.

PeNCs Modification material Best PLQE UV light Thermal Water Stability under ambient Reference
[%] resistance [h] resistance [°C] resistance [h] conditions [days]
CsPbBr, Amorphous glasses 70 >20 80 >1080 >45 [48]
CsPbX, MOF 62 80 >80 _ >60 [107]
CsPbBr, Mesoporous silica 46.2 >120 95 >120 >30 [108]
CsPbBr, Polymer matrix (PMMA) 54.6 _ >80 >48 >30 [109]
CsPbX; Silica gel matrix 60 360 >50 >24 _ [110]
CsPbBr, Core/shell (TiO,) _ >24 _ >2160 _ 182]
CsPbCl; B-site doping (Mn?*) 40 _ >110 _ _ [117]
CsPbBr, Surface passivation 75 _ _ _ _ i

(halide-rich surface)
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under ambient conditions. One can recognize that in situ encap-
sulation with inorganic amorphous glasses offers significant pro-
tection, among other methods.

3. CsPbX; NCs@Glass Composites

3.1. Amorphous Glasses: Exploring the Evolution of Glass
Structures

Glasses have been used by mankind since ancient times; how-
ever, a new research avenue appeared in the 1950s when amor-
phous semiconductor glasses were introduced.['12113] Their main
categories are chalcogenide glasses and oxide glasses, both of
which are regularly prepared via melt-quenching technique.
However, the former ones require an evacuation system, as their
precursors are highly reactive with oxygen at high temperatures.
Therefore, the fabrication process must be performed in an evac-
uated silica tube which needs more complicated fabrication in-
struments, and it takes at least 10 h of melting process at high
temperatures (regularly more than 900 °C). In comparison, the
fabrication process of the oxide glasses can be performed under
air, and it typically takes less than 20 min of heating at melting
temperature. For these reasons, oxide glasses are better choices
to encapsulate PeNCs. As a compact amorphous structure, ox-
ide glasses are based on a main component (denoted as a glass-
former), typically GeO, P,Os, B, 05, SiO,, or TeO,. Additionally, to
improve the characteristics of these glasses, other oxides, termed
glass-modifiers, are often included; among those are transition
metal, alkali, or alkaline earth oxides.['**11°] These additives im-
prove the structural stability of the matrix and may change the
optical and electrical features of the whole system. By utilizing
molecular dynamics simulations, Achraf et al. showed that the
mixed alkali (Na, O substitution with Li, O or K,0) does not influ-
ence the connectivity of the glass matrix but determines its elas-
tic moduli and ionic mobility.['!] A second glass-former can also
be employed to fine-tune the composition of glasses, for exam-
ple, decreasing the melting temperature or enhancing the ionic
conductivity.''”] These structures also have a unique polaronic
site-assisted electron conductivity that is explained by hoping the
electron between these sites.[!]

3.2. Unlocking the Existing Properties of PeNCs@Glass
Composites

Structural and morphological properties: The most widely used
inorganic glass is silicate glass, with continuous Si-O tetrahe-
drons possessing a short-range order amorphous network. As
mentioned earlier, the simultaneous use of two glass formers for
the preparation of glass matrices can promote the advantages of
the resulting composite, such as a decrease in melting tempera-
ture and subsequent improvement in the distribution of PeNCs
inside the matrix. In a recent study on borosilicate glasses,>! lu-
minescent CsPbX; PeNCs were embedded in the interstitials of
the glass network via in situ glass crystallization method, where
they were surrounded by [SiO,], [BO,], and [BO;] structural units
(Figure 6A), without any evidence of the phase separation.

TEM images of the CsPb(Br/I); NCs@glass composite pro-
vided in Figure 6B show that PeNCs were indeed homogeneously
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distributed within the host matrix, comparable with other meth-
ods used for improving the stability of PeNCs like MOFs,[118]
Si0,,[1"%] polymers, 2] etc. Due to the homogeneity of the amor-
phous glass matrix, there was no preferential direction for the
growth of these crystallites, so the PeNCs had a spherical shape,
which is also exemplified by the HRTEM micrograph in the in-
set of Figure 6B with distinct crystal lattice fringes (0.293 nm
for (200) crystal planes). The PeNCs possessed small sizes in
the range of 5-10 nm and thus experienced a quantum confine-
ment effect. Therefore, the in situ glass encapsulation results in
the formation of tiny PeNCs with sizes identical to the other en-
capsulation methods. Perovskite-related reflexes appeared in the
broad XRD pattern of the precursor glass (PG-melt quenched and
annealed glass, before the heat-treatment process) as shown in
Figure 6C, which were superimposed on the amorphous back-
ground after employing the heat-treatment processing. Those
distinct diffraction peaks appeared after the crystallization of per-
ovskites and shifted toward smaller diffraction angles when the
composition changed from CsPbBr; to CsPb(Br/I), with the in-
crease of the I-to-Br ratio. The PL intensity of PeNCs protected
by glass has been monitored for up to one month when the
composite was in direct contact with water, and only a ~#10%
reduction in PL intensity has been observed. This was a re-
markable improvement compared to the colloidal PeNCs expe-
riencing a complete PL quenching after 4 h in contact with
water.

Tuning the bandgap: Importantly, by growing PeNCs in
glasses, one can still ensure the tuning of their bandgap, pretty
much like the case for colloidal PeNCs synthesized in solution,
which could be conveniently achieved by changing the molar
ratio of I/Br anions in the CsPbl, Br,, NCs.'ll As shown in
Figure 7A, the bandgap of the CsPbI,Br,, NCs@glass compos-
ites determined from the Tauc plots was significantly smaller
for iodide-only based PeNCs (1.87 eV) than for bromide-only
based PeNCs (2.42 eV), while bandgaps for mixed-halide com-
positions located in between those extremes. Figure 7B provides
estimated bandgaps along with absolute positions for conduction
band minima (CBM)/ valence band maxima (VBM) for the stud-
ied cases.

Emission properties: Similarly, ensuring tunable PL emission
characteristics of the PeNCs @glass composites while preserving
high PLQE and narrow PL bandwidth (full width at half maxi-
mum, FWHM) is critical. This again could be provided by varying
the halogen composition of PeNCs, as was demonstrated by Yang
et al.B!l The PL emission of the reported CsPbX; NCs@glass
composites could be tuned over the wide range of the visible
spectrum from 499 to 627 nm by changing the anion compo-
sition from Cl/Br to Br and finally to Br/I with different anion
ratios (Figure 8A). Figure 8B provides the dependence of the
FWHM value on the emission wavelength: a red shift in the
PL position resulted in some broadening of the emission, with
FWHM increased from 21 nm for the green-emitting compos-
ites to 36 nm for the red-emitting ones. Importantly, PLQE for the
CsPbBr; NCs@glass (emitting at 517 nm) was as high as 63%,
and 46% for CsPbBr, ;I; s NCs@glass (emitting at 627 nm), as
shown in Figure 8C. PL decay times of those composites with
varying mixed-halide compositions, summarized in Figure 8D,
indicate that those values were rather long, in the range
of 100-440 ns.
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Figure 6. A) Schematics of the fabrication process of CsPbX; NCs@borosilicate glass composites via in situ glass crystallization method, together with
photographs demonstrating their emission color under UV excitation. B) TEM image of CsPbBr, s, 1q 43 NCs@glass; inset is the HRTEM micrograph of
an individual PeNC. C) XRD patterns of the precursor glass (PG- melt quenched and annealed glass, before heat-treatment process) and the prepared
CsPb(Br/l); NCs@glass composites. Reproduced with permission.[>'] Copyright 2020, Elsevier.
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Figure 8. A) PL spectra of the CsPbX; NCs@glass composites with varying halide anions. B) FWHM of PL spectra, and C) PLQEs of the CsPbX;
NCs@glass composites of two different kinds. D) PL decay times of the CsPbX; NCs@glass samples with varying mixed-halide compositions. Repro-

duced with permission.l>l Copyright 2020. Elsevier.

Tunability and stability of emission: The beneficial stability
of CsPbBr,I;, NCs@glass composites produced within the
multi-component B,0;-Si0,-Zn0-Cs,CO;-PbBr, /I,-NaBr/Nal
glass matrix was evaluated in Ref.[[®’]]. First of all, the variation
of the Br/I halogen content resulted in PeNCs with broadly
tunable absorption/emission colors (Figure 9A,B), including
a pure green emission at 522 nm with FWHM of 26 nm and
a purely red emission at 629 nm with FWHM of 35 nm. The
protective role of the glass matrix against external conditions
is demonstrated by photographs and respective PL intensity
provided in Figure 9C-F, which exemplify the long-time stability
(preservation of more than 90% of the initial PL intensity) for
both green- and red-emissive composites after 360 h immersion
in water (Figure 9C,D) and under continuous light irradiation
with 365 nm UV LED (Figure 9E,F).

3.3. Fabrication of PeNCs @Glass Composites: Innovative
Techniques for Advanced Composites

There are many methods for the fabrication of NC-embedded
glass ceramics, such as melt-quenching, sol-gel, ion-
implantation, ion exchange, ball milling, and laser ablation
methods.[2012212] Among them, melt-quenching (also known
as co-melting) is much more common for the preparation of
PeNCs@glass composites, because it is a simple method without
the necessity of using ligands or an inert reaction atmosphere,

Small 2024, 20, 2307972
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which offers the possibility of fabrication of composites on a
large-scale. Schematic diagrams of the melt-quenching route
and heat-treatment are given in Figure 10A. In this method,
the raw materials, including perovskite components and glass
components are mixed and ground into fine powders. Then, the
glass melt is obtained by heating the raw materials to the melting
temperature, during which the constituents of PeNCs become
uniformly distributed in the glass melt. Herein, the glass matrix
can be considered a “solid solution” and the PeNCs can be con-
sidered a “solute”. The required melting temperature is typically
between 700-1350°C, making it impossible to fabricate organic-
inorganic PeNCs such as FAPDX, with organic cations (FA
stands for formamidinium) inside glassy matrices. This temper-
ature depends on the type and molar ratios of the glass formers
used. From this point of view, the glass melting temperature of
various glass-formers conforms to the sequence of phosphate
(650-800 °C) < tellurite (750-950 °C) < borophosphate (800
1000 °C) < borate (%1000 °C) < phosphosilicate (21100 °C) <
borogermanate (1000-1200 °C) < boro-germanosilicate (1100—
1300 °C) < borosilicate (1200-1350 °C) < silicate (<1300 °C).
Since the halide components of PeNCs used in the synthesis of
these composites are volatile at high temperatures, glasses with
a low enough melting point are more desired, and fabrication of
PeNCs@glass compositions using multiple glass-formers could
be a rational way to fulfill this requirement. Besides the presence
of glass-formers, other glass-modifiers, including transition
metal oxides or alkaline oxides have been widely considered to
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Figure 9. A,B) Photographs of CsPbBr,| 3., PeNCs@glass composition taken under daylight and 365 nm UV light irradiation, respectively. The water
stability of C) green-emitting CsPbBr; @glass and D) red-emitting CsPbBr; @glass (under continuous illumination with 365 nm UV LED). The optical
stability of E) green-emitting CsPbBr; @glass and F) red-emitting CsPbBr; @glass (under continuous illumination with 365 nm UV LED). Insets show
corresponding photographs of the samples. Reproduced with permission.[6”] Copyright 2022, Elsevier.

modify the physicochemical properties of the glassy network.
As exemplified in Table 2, such glass modifiers help to achieve
durable glasses with lower melting/quenching temperatures or
changes in different properties of the glasses.

In the next step, the melted compounds (including the solid
solution and solute) are rapidly quenched in a mold pre-heated
at a lower temperature to form the glass matrix, and the
PeNCs@glass system remains at this temperature to reduce the
whole energy of the composite by releasing the stress of the
lattice.[22291 Such a rapid quenching process causes the perovskite
precursors not to have enough time to combine and agglomerate,
and hence they can be uniformly distributed in the glass matrix.
Afterward, the glassy structure is formed; nonetheless, the rigid-
ity of the glass matrix itself can be a barrier limiting the growth of
PeNCs. Therefore, a further heating process known as heat treat-
ment is usually required to facilitate the growth (precipitation) of
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PeNCs (Figure 10A). This process should be performed at a tem-
perature higher than the glass transition temperature (T,) of the
selected PeNCs@glass composite. Below T, the glass network is
still quite rigid, so the driving force of the diffusion process for
the formation of PeNCs is not enough. But at temperatures above
T,, the matrix is not that rigid, facilitating the movement of per-
ovskite precursors, and thus more PeNCs can be formed. In this
case, the average size of an ensemble of NCs will depend directly
on the temperature and duration of the heat-treatment process.
In general, higher heat-treatment temperature leads to the easier
formation of PeNCs and bigger average sizes. As a result, higher
concentrations of PeNCs in a glass matrix may reduce the trans-
parency and efficiency of the emitted light.3!] Therefore, this
step needs precise and well-arranged processing. Ion exchange
also has a great potential to control the spatial distribution of NCs
in glasses. Depending on the exchanged ions in glasses, various
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Figure 10. A) The fabrication process of PeNCs@glass through melt-quenching technique and controllable heat treatment. Reproduced with
permission.!?2] Copyright 2021, Royal Society of Chemistry. B) Photographs of PG under daylight and 365 nm UV light show a transparent sample with
no emission. C) Large-scale production of luminescent glass composite powders through ball milling, which shows fracture-induced luminescence. D)
Multi-color emission was obtained in the grounded PeNC@glass samples with various ratios of Br/l. E,F) The SEM images of the PG and ground glass
powder. Reproduced with permission.[®6] Copyright 2019, Springer Nature. G) Schematic diagram of the preparation of CsPbX; NCs within nanoporous
glass (inset shows CsPbX; NCs@nanoporous glass with different ratios of halogens under UV light covering emission wavelengths of 420-630 nm).
Reproduced with permission.['3] Copyright 2022, Wiley-VCH.

Table 2. Effects of some glass modifiers on amorphous oxide glass matrices.

Glass-modifier Function Reference
Na,CO, Lowering the glass transition temperature (T)- [124]
CaO Modifying the network to obtain stable glasses with lower melting temperature and facile nucleation/growth. [125]
Al,O4 Increasing the thermal resistance, and creating high durability of the glass. [126]
MgO Increasing stability of the glass. [127)
PbO Reducing the melting temperature and melt viscosity of silicate glass. [128]
ZnO Increasing thermal, mechanical, and chemical resistance. [44]
SrF, Adjusting the properties of the glass matrix, including the melting temperature, the halide solubility, and the hydroxyl content. [129]
CaF, Promoting the NCs’ precipitation and growth. [130]
Small 2024, 20, 2307972 2307972 (12 of 40) © 2023 Wiley-VCH GmbH
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types of NCs can be precipitated in the ion-exchanged layer. No-
ble metal ions introduced into glasses through ion exchange are
promising choices to control the spatial precipitation of semicon-
ductor NCs in the surface layer of glasses. It also changes the re-
fractive index of the ion-exchanged glasses, making it possible to
realize linear and plate waveguides using the glass medium. In
Ref[132], borosilicate glasses containing alkali, lead, and halo-
gen elements were prepared, and CsPbX; PeNCs were precipi-
tated in the surface layer of the glasses simultaneously during
the cesium-potassium ion exchange. CsPbX; PeNCs were suc-
cessfully precipitated on the glass surface through ion exchange
in molten cesium nitrate salt. By adjusting the amount of halide
components in the glass, CsPbCl,_,Br, and CsPbBr;_,I, PeNCs
with tunable composition and emission (from blue to red) were
obtained, as well.

There have also been other approaches to assist the crystalliza-
tion of PeNCs in the glass. Wang’s group prepared transparent
phosphate-based CsPbBr; /I, @glass nanocomposites via stress-
induced crystallization of glasses and formation of CsPbBr; NCs
at the surface of the glass, where the bond breakage was respon-
sible for crystallization.!®] The authors indicated that while the
PG is quite transparent with no PL (Figure 10B), after break-
ing or grinding the as-fabricated samples (using an external me-
chanical force), PL emission becomes observable in the fractured
cross-section of the broken specimen or all parts, respectively
(Figure 10C). Interestingly, this method was extended to differ-
ent molar ratios (x value), resulting in powdered composites with
tunable emission from 510 nm (green) to 690 nm (deep red)
(Figure 10D). They also prepared materials on a large scale (60
g per batch), which emitted over the visible spectrum region,
from green to red, with a proven ability for use in pressure-
sensitive pens. The SEM images of the PG (Figure 10E) and
ground glass (Figure 10F) powder also confirmed the assertion
of stress-induced precipitation of PeNCs, because tiny particles
were observable in Figure 10F, whereas nothing was detected in
the SEM of the PG.

Besides the melt-quenching technique, oxide glasses can be
fabricated via the sol-gel method. Hu et al. used this approach to
grow confined CsPbX; (X = Br, Cl, I) PeNCs within an optically
transparent, robust, and monolithic matrix of nanoporous glass
via a wet chemistry approach (Figure 10G).[***] They initially pre-
pared a nanoporous glass (Al,0,-Si0O,) using aluminum lactate
and tetraethyl orthosilicate with pore sizes of 2.9 to ~7.8 nm.
Then, it was immersed into a PbX,, solution to absorb perovskite
precursor into the nanoporous channels. After removing the ex-
tra solvent, the composite was immersed inside the CsBr solu-
tion, where the immediate formation of CsPbX; PeNCs was real-
ized (the Inset of Figure 10G shows the wide-tunability of emis-
sion color for the final composite). After one more round of vac-
uum drying to remove the solvent, the luminescent composites
with bright green emission (in the case of CsPbBr;) were used to
fabricate LEDs with a recoverable sensing ability of CH,I. This
synthetic protocol also provided fine control over the size of pre-
cipitated PeNCs by tailoring the pore sizes.

In another method recently proposed by Li et al., CsPbX; (X
= Cl, By, I) PeNCs were obtained within a mesoporous SiO,
layer using the template-assisted method.!'**] However, since the
pores might still be the source of instability, the authors used
low-melting temperature phosphate glass to fully encapsulate the
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PeNCs. The encapsulation process was performed via solution-
combustion in such a way that metal nitrate precursors of glass
(KNO;, Al(NO;);.9H, 0, Zn(NO;),.6H,0) were used as oxidizers
while CO(NH,), worked as the fuel. Then, a desired amount of
CsPbX, @SiO, composite was added to the aqueous solution of
the mentioned chemicals, followed by heating at 520 °C for 30
min under air. The produced samples showed strong and stable
PL at 470, 518, and 658 nm alongside with FWHM of 18 nm for
green-emissive and 32 nm for red-emissive composite.

Xiang et al.'3] reported a facile self-crystallization for a well-
designed PeNC@glass composite during the melt-quenching
step and evaluated the effect of various crystallization techniques
on the preparation of the CsPbBr; NCs@silicophosphate glasses
(Figure 11). They considered three different routes: route 1:
without heat-treatment (“self-crystallization”), route 2: controlled
glass crystallization through heat-treatment (“heat treatment”),
and route 3: mechanical-driven glass crystallization (“grinding”).
In route 1, the lack of heat-treatment caused uncontrolled growth
of PeNCs in the melt, which ended in the large CsPbBr; crys-
tals and correspondingly opaque appearance of the final com-
posites. In route 2, the crystallization was controlled by apply-
ing further heat-treatment, which drove the diffusion and re-
arrangement of atoms in a controlled manner; therefore, it led
to the relatively narrow size distribution of PeNCs and good
transparency of composites. In route 3, glass crystallization oc-
curred in the stress-concentrated area; by applying mechanical
force, the glass network bonds were broken and provided the re-
quired activation energy for crystallization. In this route, rapid
ionic exchange of Br~, Pb**, and Cs* during the grinding pro-
cess could produce a large number of CsPbBr; nuclei and result
in limited crystal growth because of quick consumption of Br,
PD, and Cs sources in the glass matrix. XRD patterns of CsPbBr,
NCs@silicophosphate glass composites originating from these
three routes (Figure 11A) illustrate the differences. Samples pre-
pared via route 2 and route 3 showed weaker diffraction peaks of
CsPbBr;, whereas the one made via route 1 (self-crystallization)
possessed much stronger diffraction peaks due to the success-
ful crystallization of the CsPbBr; NCs. This result was achieved
by the higher ionic mobility of the perovskite constituents during
glass melting than in cases of thermal-annealing or mechanically
affecting the “frozen” glass, and at the same time, employing a
proper glass composition. The outcome was a higher density of
PeNCs precipitated in glass and an increase in the intensity of
peaks in the XRD pattern in the case of route 1. Therefore, the
uncontrolled nucleation and growth in the glass melt led to the
formation of larger CsPbBr; crystallites with a rather broad size
distribution. That is why the samples obtained via route 1 (self-
crystallization) appeared opaque; at the same time, they showed
strong PL under 360 nm UV light excitation (Figure 11B) with
the peak wavelength located at 523 nm (Figure 11C). Also, there
was no PL signal for PG samples, which confirmed the main role
of precipitated PeNCs in the emission characteristic of the com-
posites. CsPbBr; NCs prepared via route 1 had a narrower PL
FWHM of ~30 nm, the highest PLQE of 48%, and showed better
environmental stability as compared to composites fabricated via
the other two routes. The SEM images of the surface of the com-
posites prepared via the three mentioned routes are provided in
Figure 11D-F and indeed demonstrate the formation of CsPbBr,
crystals with bigger sizes in the case of self-crystallization route
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Figure 11. A) Comparison of XRD patterns of PG and CsPbBr; NCs@ silico-phosphate glass composites obtained via three different routes: self-
crystallization, heat-treatment, and grinding. B) Photographs of these samples under sunlight and UV excitation at 360 nm UV light. C) PL spectra of
three composites. D-F) SEM images of the surface of three composites were prepared via different routes. Reproduced with permission.!'3%] Copyright

2019, Elsevier.

(63-1450 nm) (Figure 11D) rather than other routes (90-120 and
16-160 nm for route 2 and 3, respectively) (Figure 11E,F). These
observations support the idea of facile growth of CsPbBr,; NCs
in the glass matrix in the case of employing self-crystallization.
While reaching an improved emission is always demanding,
however, in this case, SEM images imply uncontrollable growth
of PeNCs for self-crystallization. This is an undesired property
because it decreases the composite’s reproducibility and the abil-
ity to manage/control the properties of the composite (as evi-
dence, the self-crystallized composite is opaque under daylight
in Figure 11B). Therefore, applying heat-treatment is useful to
achieve control over the physicochemical properties of a compos-
ite.

4. Approaches Used to Improve the Properties of
CsPbX; NCs@Glass Composites

The melt-quenching technique is considered a relatively straight-
forward method that allows precipitation and encapsulation of
NCs within the glass matrix. However, the intrinsic features of
the glass networks sometimes create destructive effects, making
it mandatory to apply proper modifications to ensure the precip-
itation and encapsulation of PeNCs. One of the challenges is the
necessity of employing very high temperatures for melting pow-
ders, which can go as high as 1300 °C, depending on the volatility
of halides at high temperatures.*!! Another limitation is related
to the difficulty of precipitation of PeNCs in the glass matrix with
a tight binding, which inhibits the release and diffusion of per-
ovskite’s precursors.[*! It is also significant for many applications
to ensure high PLQE of resulting PeNCs@glass composites, and
to prevent undesired reabsorption.l’’] To deal with these chal-
lenges, various approaches have been proposed, which are sum-
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marized in Table 3 and will be further discussed in this review.
We divided them into three categories: compositional modifica-
tions, structural modifications, and dual encapsulation. The ap-
proaches related to the variation of the precursors to manipulate
the properties of the PeNCs@glass composites fall under the cat-
egory of compositional modifications, which are applied before
the fabrication of the composite. Structural modifications are ap-
plied to the glass matrix to facilitate the growth of PeNCs after
the fabrication of the initial composite, while dual-encapsulation
refers to the use of a proper secondary component to incorporate
PeNCs in a matrix and to improve their stability and functionality.

4.1. Compositional Modification
4.1.1. Glass Network Doping

One of the limitations of silicate glasses is their compact, dense
structure which reduces the chemical activity of perovskite pre-
cursors. Indeed, strong Si—O bonds prevent the release of cations
and anions inside the glass.'*”] There are two approaches to ad-
dress this issue: using non-silicate glass, and doping the glass
network. Non-silicate glasses are characterized by weak bonding
and low melting temperature, which may have advantages and
disadvantages, such as a more effortless fabrication process and
lower stability of the PeNCs@glass composites.['*¥) Therefore,
the strategy that still offers the benefits of silicate glass’s compact
structure while simultaneously achieving more optimal PeNC
precipitation is doping the glass network using suitable addi-
tives. Popular additives in oxide glasses are metal oxides, such as
TiO, and Ag,O used for doping into silicate glass matrices,[®>137]
which play the role of oxidizing agent in the formation of the
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Table 3. Summary of reported approaches and materials used to improve the properties of CsPbX; NCs@glass composites, including the course of

action and their specific advantages.

Approach Specific examples The course of action and specific advantages Reference
Compositional Glass network F~ doping F~ ions enter the glass network by breaking the Si—O bonds to [49]
modification doping Li* doping generate the non-bridging oxygen, which provides sufficient space [136]
Ag, 0O doping for the diffusion of perovskite ions. [137]
TiO, doping Some other ions like Lit promote phase separation in the glass [65]
matrix, creating sufficient sites for the nucleation of PeNCs.
Metal oxides used as an oxidizing agent during the formation of the
crystal phase modify the heat-treatment conditions and
subsequent annealing at high temperatures, and enhance the
stability of perovskite nanocomposites against water and heat.
B-site perovskite Mn?* doping Doping with metal ions on a B-site using (mostly divalent) cations [131,138]
doping Zn?* doping with a smaller radius than Pb?* can improve the electronic [139]
S+ doping structure of PeNCs by creating additional energy levels within the [140]
host energy gap. Doping not only plays a significant role in
Cd** doping adjusting PL but can also help to improve structural and chemical [64]
Ni** doping stability and reduce the amount of toxic lead. [147]
Lanthanide doping [142,143]
Glass-former Using non-silicate glass (borate- Non-silicate glasses offer lower melting temperatures and a weaker [48]
modification phosphate-telluride) or glass backbone, resulting in improved PeNCs precipitation.
modified one (borosilicate)
Molar-ratio Modification in Changing the molar ratio of glass components helps to make the [31,44,130]
modification glass-related glass structure with lower melting temperature, promoting
components precipitation of PeNCs with higher PLQE.
Modification in Changing the molar ratio of perovskite components can [67,135]
perovskite-related affect the stability and the PL properties of the PeNCs@glass
components composite.
Structural Heat-treatment Applying post-synthesis Applying appropriate heat-treatment in terms of temperature and [55,144]
modification modification heat-treatment duration helps to regulate the growth and crystallization of PeNCs
inside the glass matrix. This may also help to achieve composites
with higher PLQE and improved stability.
Mechanical/ Applying post-synthesis Leads to the precipitation of PeNCs inside the glass matrix due to [66,145]
hydration mechanical forces easier transfer of the perovskite precursor ions.
crystallization
Dual encapsulation Using polymers Polymer (SEBS)/(PDMS) Multiphase composite materials offer improved tolerance to water, [32,63,146]

Using a secondary Second low-temperature

glass matrix inorganic glass (phosphate)

heat, and ultraviolet (UV) irradiation.

crystalline phase in the glass. Besides, these metal oxides are
easily soluble in the molten glass and precipitate as microscopic
particles during subsequent thermal processes, which can assist
in the formation of the main crystalline phase or even glassy
substrate. Also, the presence of metal oxides reduces the crystal-
lization temperature and hence eliminates the necessity of high-
temperature heat treatment, which is a beneficial factor for facile
precipitation of PeNCs in the host glassy matrix.

Tong et al.l®!l reported positive effects of TiO, on the crys-
tallization of CsPbX,; (X = Br, Cl, I) NCs within borosili-
cate glasses (SiO,-B,0;-Zn0-Al,0,-MgO-Cs,CO,;-PbBr,-NaBr-
(0-3 mol%)TiO,). They showed that without employing subse-
quent annealing and heat treatment for this composition, PeNCs
were self-crystallized upon adding a proper amount of TiO,. As
judged by the structural analyses, the TiO, additive significantly
changed the structure of glass, accelerating the migration of
perovskite precursor ions (Cs*, Pb**, and X~), which promotes
controlled nucleation of PeNCs without the need for heat treat-
ment. In the reported case, PeNCs with average sizes below 4 nm
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showed intense and stable emission at ~485, 520, and 631 nm,
depending on the type of anions used.[*]

As studied by Si et al., different alkaline-earth metal oxides
worked differently in borosilicate-based perovskite@glasses
with composition of H;BO;-Si0,-Al,0;-Zn0O-MgO-SrCO;-
CaCO0;-BaC0,-Cs,CO;-PbBr,-NaBr.'¥! They found out that
the addition of CaO or SrO into the PeNCs@glass composite
facilitated the formation process of PeNCs, while the addition of
MgO or BaO inhibited it. As shown in Figure 12A,B, composites
formed in the presence of Ca** or Sr’* are yellow due to the
formation of PeNCs, and show bright green emission under
UV light. The authors suggested that initial phase separation
played an important role and was different for the case of
different divalent cations, as depicted in Figure 12C. While
Mg?* and Ba?* cations decreased ion mobility by strengthening
the glass network, Ca?*, and Sr** cations assisted the breaking
of Si—O—Si bonds and reduced its tightness, thus enabling
more efficient nucleation and growth of PeNCs inside the glass
matrix. Therefore, a proper glass network modifier should be
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Figure 12. Photographs of the PeNCs@glass composites with MgO, CaO, SrO, and BaO additives, taken under A) daylight, and B) a 365 nm UV lamp.
C) Schematics of the in situ crystallization of CsPbBr; NCs inside the glass networks in the presence of different divalent cations Ba**, Mg?*, Ca** and

Sr?*. Reproduced with permission.[] Copyright 2022, Elsevier.

considered, because some dopants have no effect or even have
negative effects on the crystallization of PeNCs. Unlike this,
a recent investigation on PeNCs@glass composites made in
$i0,-B,0,-Zn0-Al,0,-Cs,CO;-PbBr,-NaBr-MO  (MgO, CaO,
SrO, BaO) glass demonstrated the positive effects of all alkaline-
earth metal oxides on promoting the crystallization of PeNCs,
when they were separately added to the borosilicate glasses.!*>!
The authors showed that the results obtained for MgO were
better than other additives. Mg?* ions have the smallest volume
and lowest coordination number compared to the other ions,
and thus they created higher fractional free volume and looser
glass network, promoting the diffusion of perovskite precursor
ions and the formation of PeNCs. Interestingly, the fabricated
MgO-modified composites also showed improved stability after
six rounds of washing-heating processes.

Apart from the metal oxide precursors, which are compounds
of the same kind as the commonly used glass precursors, other
additives can also be used to promote nucleation and growth
of PeNCs within the glass matrix. As an example, F~ dopant
ions from NH,F precursor have been introduced into oxyhalide
borosilicate glass to modify the network structure, facilitating
the controllable growth of CsPbX, (X = Cl, Cl/Br, Br, Br/I, and
I) PeNCs.¥! In a typical SiO, glass host, [SiO,] tetrahedrons
are firmly connected by bridging oxygen ions (Figure 13A). F~
ions entering the lattice structure break some of the Si—O bonds
to produce the non-bridging oxygen (Figure 13B), thus provid-
ing sufficient space for ionic diffusion of perovskite precursors.
However, it still needs an extra activating agent to promote the
precipitation of CsPbX; PeNCs in glass. Applying subsequent
heat-treatment triggers the effect of F~ ions resulting in PeNCs
(Figure 13C). From the XRD patterns, one can see that no sig-
nals were detected for perovskite crystalline structure in F~ ions-
free samples even after applying heat-treatment at different tem-
peratures (Figure 13D). At the same time, the diffraction peaks
of CsPbBr; appeared and intensified in the presence of F~ F-
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dopant ions certifying the formation and growth of crystalline
perovskite phases (Figure 13E). The resulting CsPb(Br,/I,,),
NCs@glass composites showed bright emission of different col-
ors (Figure 13F), with the highest PLQE reaching 80% for green
emission. Another important aspect of this study was the estab-
lishment of the dominant role of subsequent heat-treatment on
activating the effect of the dopant, demonstrated by increased
PLQEs for different perovskite compositions as summarized in
Figure 13G. The resulting PeNCs@glass composites showed no
significant changes in the PL emission even after 30 days of
immersing in water, confirming the durability of the fabricated
composites.[*%]

To demonstrate the impact of F~ dopant ions in promoting the
precipitation and growth of CsPbBr; NCs within a glassy matrix,
another precursor (CaF,) was added into borosilicate glass SiO,—
B,0;—Zn0-BaO-SrO-Cs,0-PbBr,-NaBr.['*] It was shown that
in comparison with the pristine PeNC@glass composites and
also the CaO-modified ones, the presence of CaF, promoted the
formation of PeNCs as confirmed by the appearance of diffrac-
tion signals of crystalline CsPbBr; NCs at all heat-treatment tem-
peratures (490-570 °C). Ca** ions induced nucleation and growth
of PeNCs, while F~ ions increased the interstitial space by break-
ing the tight glass network due to the conversion of bridging oxy-
gen to non-bridging oxygen bonds. Indeed, the presence of two
dopant ions of Ca?* and F~ facilitated the formation of CsPbBr,
NCs in glass due to the reduced activation energy of crystalliza-
tion. The size of PeNCs increased from 5.6 nm in the case of pris-
tine composite to 17.7 nm in CaF,-doped composite with narrow
green emission (FWHM of 26 nm) and PLQE of ~40%.

The facilitating role of dopants for the crystallization of PeNCs
inside glass structure was demonstrated elsewhere by Li et al,,
at which the addition of NaF led to the rapid formation of self-
crystallized CsPbX, (X = Cl, Br, I) PeNCs within the borosili-
cate glass matrix.['!] In this case, both Na* and F~ ions concur-
rently improved the microstructure conditions to assist with the
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Figure 13. A,B) Schematics of the SiO, glass host network without and
with F~ ion additives, and C) of the CsPbX; NC formation in a F-modified
glass matrix after heat-treatment. XRD patterns of the samples without F~
(D) and with F~ ions (E) heated at different temperatures. F) Photographs
of CsPbX; (X = Br, ) @glass composites taken under daylight (left) and
UV light (right). G) PLQE values for the CsPbX; (X =Cl, Br, I) NCs@glass
composites obtained under increased crystallization temperature. Repro-
duced with permission.[*°l Copyright 2019, Royal Society of Chemistry.

formation of PeNCs during the conventional melt-quenching
method without the need for further heat-treatment process. Au-
thors suggested that Na* cations enabled the depolymerization
of the glass network by disconnecting the Si—O and B—O bonds,
which resulted in an extended 3D glassy matrix with more avail-
able interior empty spaces to accept perovskite precursor ions. At
the same time, F~ anions with strong electronegativity attracted
Pb?* and Cs* cations, promoting the nucleation and growth of
PeNCs in the interstitials of the glass network. By varying the
concentration of NaF from 0 to 20 mol%, the undoped composite
showed 6% PLQE while it reached 49% for NaF (8 mol%)-doped
CsPbBr; NCs.

Wang et al. reported that the addition of a proper amount
of LiBr into borosilicate glass had a dual positive effect on the
formation of CsPbBr; NCs through the simultaneous improve-
ment of the glass network and an increase in the degree of phase
separation.['¢] Interestingly, their results demonstrated that dop-
ing with LiBr could induce self-crystalization of PeNCs without
the necessity of heat-treatment. Li* doping can increase the de-
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gree of the phase separation in the glass network so that the sep-
aration of borate and silicate units from each other reduces in-
terfacial energy and activation energy of nucleation for the for-
mation of PeNCs. Even the stability of the resulting composites
obtained in the presence of LiBr became better against environ-
mental conditions as compared to the regular heat-treated com-
positions without this additive.

4.1.2. B-Site Perovskite Doping

Metal ions doping on the B-site in PeNCs not only can partially
replace toxic lead but s also a feasible method to increase the ther-
mal and phase stability of these materials. Various divalent metal
cations, such as Sn**, Cd?*, Zn?*, etc., which can partially replace
Pb?* cations have been used as dopants (Figure 14A).1'2] Gener-
ally, divalent cations with a slightly smaller ion radius than that
of Pb?* (1.19 A) are suitable alternatives to replace Pb and to im-
prove phase stability by B-site doping. Such substitutional doping
results in a slight contraction of the perovskite lattice, which is
beneficial for their stability. Among divalent metal cations, Sn?*
has been considered a candidate to replace Pb** (which can be
considered as an alloy rather than doping) due to its very simi-
lar ionic radius (1.18 A). However, Sn?*-based PeNCs are highly
sensitive to air because Sn** can easily be oxidized to Sn**. Liu
etal. produced Sn?*-doped CsPbBr; PeNCs@borosilicate glasses
by melt-quenching method and subsequent heat-treatment at dif-
ferent temperatures.l'*’! As shown in Figure 14B, when the mo-
lar amount (x) of Sn increased, the positions of both the absorp-
tion edge and PL peaks shifted slightly from 518 nm (x = 0) to
506 nm (x = 0.7) while maintaining the narrow PL FWHM of
52 meV. At the same time, a significant increase in Sn content
(x= 0.5 or 0.7) caused the PLQE to decrease. The produced com-
position also showed outstanding stability in the environment for
over 100 days, far better than the bare PeNCs (Figure 14C). Dop-
ing the PeNC@glass composite with Zn?* ions, whose ionic radii
(0.83 A) are much smaller than Pb?*, resulted in a slight blue shift
of the PL spectrum. Liang’s team!**! incorporated Zn?** dopant
ions into the CsPbBr; NCs@glass composites and reported the
shift of the PL maximum from 529 to 517 nm (Figure 14D).
Figure 14E shows photographs and PL spectra of bare and Zn-
doped PeNC@glass composites (PLQE 32-36%). They retained
more than 80% of their initial PL intensity after immersion in
water for 28 days (Figure 14F).

Another divalent cation that has been used to dope the B-site in
perovskites is Ni**. Ni cations have the same valence as Pb, and
almost the same ionic radius as Pb ions, and thus they can easily
replace Pb?* ions in the perovskite lattice. Moreover, upon dop-
ing with Ni** ions, the toxicity of the perovskites decreased.!'*!]
Liu et al. produced CsPbBr; NCs@glasses doped with Ni?* ions
via a melt-quenching method.[*>3! The doping increased the for-
mation energy of PeNCs and improved the short-range order of
the perovskite crystal lattice so that the PeNCs@glass composites
showed a higher PLQE. Referring to Figure 14G-I, the TEM and
HRTEM images of the samples revealed the formation of crys-
talline perovskites with different lattice fringes, depending on
the Ni dopant level. As the concentration of Ni?* increased (from
Figure 14G-I), the interplanar distance of the precipitated NCs
decreased from 2.89 to 2.41 A°, and the size distribution of NCs
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Figure 14. A) lllustration of the B-site doping of CsPbBr; perovskite lattice with divalent Sn**, Cd?*, and Zn?** cations having slightly smaller ionic
radius than partially substituted Pb?* cations. Reproduced under the term of CC BY-NC-ND.!"52] Copyright 2017, ACS Publications. B) PL spectra of
CsPb,_,Sn,Br; (x=0, 0.1, 0.36, 0.5, 0.7 at 550 °C, respectively) NCs@glass, and C) Photographs of PL intensity trends for CsPb ¢4Sng 36Brs NCs and
CsPbg ¢4Sng 36Br; NCs@glass kept in air for over 100 days. Reproduced with permission.['#%! Copyright 2019, Elsevier. D) PL spectra of CsPby,Zn,Br;
NCs@glass composites with different molar ratios of Pb: Zn. E) Photographs and PL spectra of CsPbBr; only and CsPbBr;:ZnBr, NCs@ glasses at
500 °C for 5 h. F) Water resistance test performed by soaking CsPb;,Zn,Br; (x = 0.5) NCs@glass in water, and its remaining PL signal over 28 days.
Reproduced with permission.[13°] Copyright 2019. Elsevier. TEM images of G) undoped, H) 5% Ni**-doped CsPbBr; NCs@glass, and ) 10% Ni?*-doped
CsPbBr; NCs@glass, with respective HRTEM images in the insets. Reproduced with permission.['>3] Copyright 2020, Elsevier.

became more uniform. A theoretical study performed by density
functional theory (DFT) confirmed that the introduction of Ni**
ions into the network should remove the structural defects of
PeNCs and improve the order of the perovskite network. Indeed,
the formation energy of Pb vacancies (V) is much larger than
that of Cs vacancies (V) and Br vacancies (Vy,), pointing out that
the V,, and Vj, are the main sources of defects in CsPbBr;. Ni2*
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doping increases the formation energy of V,, Vg, and V;,, and
thus is effective in preventing the formation of CsPbBr; struc-
tural defects. The PLQE of PeNC@glass composite enhanced re-
markably after Ni** doping, from 37.6% for undoped PeNCs to
84.3% in the case of 5% Ni**.

Cadmium, although toxic, is a widely used element in op-
tical materials!’* with an ionic radius of 0.95 A, which was
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Figure 15. A) lllustration of energy levels and related radiative recombinations of Mn-doped CsPbX;. Reproduced with permission.[**] Copyright 2016,
ACS Publications. B) Absorption and PL spectra of CsPb,Mn, Cl; NCs@glass, and C) PL spectra of undoped and Mn-doped compositions with varying
Mn%* content. D) Water resistance test and PL intensity after 45 days for the Mn?*-related emission in CsPb,Mn,,Cl; NCs@glass. Reproduced with

permission.!138] Copyright 2020, American Ceramic Society.

also considered for the B-site perovskite doping. As reported for
CsPbBr; @borosilicate glasses, the substitution of Pb?* with Cd**
ions increased the electron density in the CsPbBr; conduction
band.l*] With the increase in Cd** content, the PL maximum
of CsPb,Cd, ,Br; NCs@glass composites experienced a blueshift
from 518 to 473 nm, which was assigned to the contraction of per-
ovskite unit cells and enhanced interaction between Pb and Br
orbitals. The obtained PeNCs@glass composites showed a stable
green luminescence under UV light with a high PLQE of 69%.
Doping with divalent Mn?* ions represents a somewhat spe-
cial case, because when they were doped into CsPbCl; or
CsPb(Cl/Br); NCs with larger energy gaps, d-d orbital Mn**
transfer caused an intense orange-red emission at ~600 nm, as
illustrated in Figure 15A.'>] This was also observed for many
other types of perovskite and classical II-VI NCs and their thin
films.[16-18] Dye to the rather large difference between the ionic
radii of Mn?* (0.8 A) and Pb** (1.19 A) cations, the possibility
of phase separation is large, and therefore, only a small amount
of Mn?* can be doped into the CsPbBr; perovskite crystal struc-
ture. However, Chen et al., showed that Mn?* ions successfully
replaced Pb?* ions in CsPbCl; NCs@glass composite.['®] As
shown in Figure 15B, the presence of the Mn?* dopant did not
change the absorption spectrum but led to the appearance of a
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PL signal at ~#620 nm, the PL intensity of which gradually in-
creased, reaching a maximum at 2.012 mol% of the Mn?* pre-
cursor (Figure 15C). In the meantime, the intensity of excitonic
emission at ~#410 nm decreased, showing the dominating role
of Mn-related energy levels in the radiative recombination of
excited carriers in the Mn-doped PeNCs. To prove the stabil-
ity of Mn-doped PeNCs@glass, samples were immersed in wa-
ter for 45 days, and the red emission intensity related to the
Mn?* dopant remained nearly unchanged (Figure 15D).[1*8] He
et al. also showed that the Mn-doped CsPbBr,I,, NCs@glass
composites possess a strong red fluorescence with improved air
and water-resistant properties.['*] They reported that due to the
smaller ionic radius of Mn?* (97 pm) as compared to Pb** (127
pm), doping led to the shift of XRD peaks toward higher 26 val-
ues. Besides, the appearance of the fabricated glassy sample un-
der UV light and ambient light became more transparent after
doping with Mn?*. The authors compared the energy levels and
showed that the exciton transition energy of the host (CsPbl, =
1.99 eV) is lower than that of the dopant state (Mn?* = 2.10 eV),
which resulted in very little energy transfer between them.

Yet another popular doping source in perovskites are rare-earth
ions (lanthanides), which not only can change the emission, but
may also have a positive impact in terms of improved structural
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and chemical stability, narrow-band emission, longer PL lifetime,
and reduced toxicity. In several studies, the doping effects of dif-
ferentlanthanide ions (Gd**, Dy**, Tb**, Eu’",...) on the CsPbBr,
PeNCs were studied, showing that structures with high PLQE
and adjustable light emission can be produced in a wide range of
wavelengths.[160-163]

4.1.3. Glass-Former Modification

As mentioned earlier, the high melting temperature in the glass-
formation process may be a detrimental factor for the PL emis-
sion of PeNCs formed in glass. This issue can be resolved by
the two following strategies: using a non-silicate glass former
with a lower melting temperature, as will be shortly considered
in this section, or a change in the molar ratio of perovskites-
and/or glass-related components (discussed in the next section).
Zhang’s group!*!) reported an in situ crystallization strategy,
which was developed to directly grow CsPbBr; NCs in a specially
designed TeO,-based glass matrix with a melting temperature of
~550-950 °C for 30 min. The obtained PeNCs @glass composites
showed bright green emission assigned to the exciton recombi-
nation with PLQE of ~70%, FWHM of 25 nm, and decay life-
time of 5.5 ns, which were favorable for the wide-color gamut lig-
uid crystal display (LCD) application. However, the higher cost
of these TeO,-based glass matrices as compared to silicate glass
may hinder their applications. The beneficial aspect of using low-
melting glass has been also demonstrated by Li et al.,[1* who
prepared CsPbCl,, CsPbBr;, and CsPbl; NCs@phosphate glass
composites at a low melting temperature of 650°C, followed by
multiple annealing processes at 180 °C and 300-340 °C. Their PL
emission was tunable across the entire visible spectrum from 405
to 690 nm with FWHM varying from 16 to 43 nm, confirming a
superior ability to realize a wide color gamut.

By regulating the glass-former ingredients, one can also mod-
ify the rigidity of the glass network, resulting in facile precipita-
tion of CsPbX; NCs and optimization of their PL characteristics.
Pang et al. showed that in borogermano-silicate glass, the rigidity
of the glass network increased with an increase in SiO, amount
leading to smaller PeNCs.[!®] At the same time, while it improved
the stability of the perovskite@glass composite, a higher heat-
treatment temperature was required leading to a considerable de-
crease in PLQE from 43.5% to 17.5%. Another report on CsPbl,
NCs embedded in a borosilicate glass network also supported
the crucial effect of the glass-network rigidity on the formation
of PeNCs and their PL and stability performance.['*”! The au-
thors optimized the rigidity of borosilicate glass by modifying the
molar ratio of B,0,/SiO, in the glass, allowing them to control
the growth and precipitation of PeNCs within the glass network.
They reached a PLQE of 17% for red-emissive compositions with
high water stability after 60 days of immersion in water.[1%¢]

4.1.4. Modification of the Molar Ratio of Components

This approach can be applied to both perovskite- and glass-related
components of a composite to achieve an improved structure, as
illustrated in Table 4.

Xiang et al. reported the fabrication of CsPb(Br, I);
NCs@phosphosilicate glasses with tunable emission and
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improved stability via changing the perovskite-related compo-
nents and self-crystallization method.'3] The introduction of
iodide ions into a glass composition, namely the 40P,05-10Si0,-
10Cs, CO,-10SrCO,-5A1,0,-10NaBr-(15-x)PbBr,xPbl, (x = 0, 3,
6,9, 12, and 15), resulted in a multicolor PL emission from green
to red color. As the Br/I ratio decreased, XRD patterns of the
composites gradually shifted toward smaller diffraction angles
because of the lattice expansion of the perovskites through sub-
stitution with larger I~ ions (Figure 16A). In addition, significant
redshifts were observed for the absorption edge and PL emission
wavelengths upon an increase in iodine content (Figure 16B).
As illustrated in Figure 16C, with the increase of iodine content
(from 0 to 15), the average PL lifetime remarkably increased from
9.64 to 32.85 ns, and the latter was longer than those of regular
colloidal counterparts.}] On the other hand, the luminescent
intensity of CsPb(Br, I); NCs@glass composites were recorded
at different temperatures to investigate the thermal quenching
behavior (Figure 16D), and it was observed that an increase in
the iodine content decreased the thermal stability.[**]

Liu’s group used a proper set of glass fabrication parameters
(melting temperature and time, as well as heat-treatment tem-
perature and time) for borosilicate glass (SiO,-B,0;-CaO-ZnO-
PbO-Cs,0-NaBr), to realize an excellent PLQE of ~#91% with a
change in the molar ratio between bromine and lead.l'®”] They
showed that the increase in the ratio of Br to Pb (without chang-
ing anything else) enhanced the PLQE from 15% to 60% due to
the passivation of bromine-related vacancy sites, while PLQE was
further improved to 91% upon optimization of the reaction tem-
perature and the reaction time. Another report demonstrated the
key role of composition in terms of the glass structure and per-
ovskite precursor concentration on the fabrication of lumines-
cent PeNCs@glass composites.”’] The author showed that the
proper amounts of B,0; were used to partially replace silicate
units forming a well-extended 2D glass network, Zn** cations
from ZnO were used to compensate for the charge imbalance
in the network, and F~ ions from CaF, used to assist with the
formation of non-bridging oxygen all help to provide most suit-
able glass medium for nucleation and growth of PeNCs. As a
result, the optimized CsPbBr,; PeNCs@glass composite showed
extremely bright green emission at 516 nm, with PLQE of 94%
and FWHM of 26.5 nm, while CsPbBr, I, ; @glass composite
showed PL emission at 640 nm, with PLQE of 78% and FWHM
of 36.1 nm.

4.2. Structural Modification
4.2.1. Heat-Treatment

In the PeNCs@glass composites, the heat-treatment procedure
influences the NC separation and, as a result, the insulating effect
of the glass medium. Several studies have addressed the thermal-
induced crystallization of PeNCs in the glass matrix to examine
the effects of the thermal treatment temperature and time. Zheng
et al. evaluated the growth of PeNCs in an amorphous oxide ma-
trix using a heating-cooling process (Figure 17)%) using struc-
tural and optical analyses to confirm the presence of the PeNCs in
a multiphase microstructure. As shown in Figure 17A, at the first
step, all the perovskite precursor components were uniformly
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Table 4. Effect of variations of the molar ratio of perovskite- and glass-related components on the appearance and optical properties of the PeNCs@glass

composites.
Perovskite-related Glass-related components Melting Characteristics of resulting composites Reference
components conditions
mol% Appearance / Luminescence & PLQE
20Cs,CO;-10PbBr,- (70-110) 700 °C/20 min 110 Transparent / non-luminescent [31]
20KBr NH,H,PO,-105i0,-65rCO;-3Al,0, 100 Transparent / non-luminescent
90 Light yellow/ translucent green emission
80 Light yellow/ translucent green emission 15.6%
70 Yellow/ opaque/ green emission
7Cs,0-7PbBr,-14NaBr 27B,05-20Si0,-3Mg0-2Al,0;- 1250 °C/5 min 20 Yellow/ opaque/ green emission 15% [44]
(4,7,10,13,20) ZnO 13 Yellow/ opaque/ green emission 19%
10 Yellow/transparent/ green emissions 45%
7 Colorless/transparent/ green emission _28%
4 Colorless/opaque/ blue emission
5Cs,CO; -10PbBr, (55-85) TeO, -2Al,0; 14H;BO; 750 °C/30 min 85 Semi-transparent/ green emission [48]
-10KBr -16Zn0O-13Na,CO, (crystallization condition: 300 °C/10h)
75 Yellow/ opaque/ green emission 10%
(crystallization conditions: 300 °C/12h)
65 Opaque/ non-luminescent
(crystallization conditions: 300 °C/12h)
55 Bright yellow/opaque/ green emission 60%
(crystallization conditions: PG)
39Si02-39B203- 2PbO-5Cs20-(5-10-25)NaBr 1250 °C 5 Dark yellow/opaque/ green emission 15.4% [167]
5Ca0-5Zn0O 40 min (crystallization condition: 490 °C/10h)
10 Yellow/opaque/ green emission 45% (crystallization
conditions: 500 °C /10 h)
25 Yellow/translucent/ green emission 61%
(crystallization conditions: 530 °C/10h)
1350 °C 25 Yellow/transparent/ green emissions 91%
20 min (crystallization condition: 520 °C/10h)

distributed in the glass. In the second step, heating above the
softening temperature (T,) led to a phase transformation of what
they called “halide nanoglass” from the solid to the liquid state
(Figure 17B). By increasing the temperature higher than 718 K,
precursor ions of the halide NCs (Cs*, Pb**, Cl~, Br~, and I)
migrated more easily, and the size of the nanoglass increased
(Figure 17C). Upon increase of the heat treatment time, the com-
position and size of the nanoglass changed continuously, and the
high mobility rate of Cs* ions increased Cs content. Therefore,
the nanoglass could be described as a Cs-rich halide at a high
temperature during the heat-treatment process (Figure 17D,E).
After this heating, the cooling process was applied to stop the size
and composition changes of the halide nanoglass (Figure 17F).
At this stage, the migrating ions froze, leading to a core-shell
structure with a non-uniform distribution, but the nanoglass re-
mained in a liquid phase. Finally, a rapid phase transition hap-
pened (Figure 17G) at which nanoglass transformed into halide
crystals by exceeding the Cs content, which resulted in a mul-
tiphase coexistence state (Figure 17H,I). The HRTEM analyses
supported these processes and the formation of various struc-
tural phases.!’!

Su’s group regulated the composition of the glass matrix
and the heat-treatment temperature to fabricate CsPbBr; PeNCs
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with an average smallest NCs size of 1.96 nm in borosili-
cate glass (SiO,-B,0,-Ca0-Zn0-Ba0-K,0-Ti0,).'"** After melt-
ing the powders at 1050—1250 °C for 12 min, CsPbBr; NCs@
glasses were obtained through a controlled crystallization at 490—
550°C (near the glass-transition temperature) for 12 h. The in-
crease in the heat-treatment temperature applied to the CsPbBr,
NCs@glass led to a slight red shift of the absorption and emis-
sion spectra from 507 to 519 nm (Figure 18A). The temperature-
dependent PL measurements showed that a decrease in the mea-
surement’s temperature increased the PL intensity with narrower
FWHM (%29 nm) because of the reduced contribution of lattice
states in non-radiative recombination (Figure 18B,C). They also
found that an increase in heat-treatment temperature increased
PLQE values from 11% to 26% due to the increase in the number
of precipitated CsPbBr; NCs (Figure 18D).

Optimization of both temperature and time of the heat-
treatment process should be considered in any studies regard-
ing PeNC@glass compositions to realize the highest possible
PLQE. Lin et al. evaluated the evolution of PLQE and FWHM of
CsPbBr; @glass composites upon the duration of heat treatment
at various temperatures.!'%8] They showed that upon temperature
increase, the required time of the heat-treatment process to reach
the highest PLQE has shifted from 6 h at 460 °C to less than
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Figure 16. A) XRD patterns, B) absorption and emission spectra, C) PL decay curves, and D) normalized temperature-dependent emission intensities
of CsPb(Br, 1); NCs@glasses formed by using the glass compositions of 40P,05-10SiO,-10Cs,CO;-10SrCO3-5Al,03-10NaBr-(15-x) PbBr,-xPbl, with a
varying iodine content (x=0, 3, 6, 9, 12, and 15 mol%). Reproduced with permission.[3>] Copyright 2019. Elsevier.

1h at 600 °C (Figure 19A). The authors observed non-linear vari-
ation of PLQE with the duration of the heat-treatment process
at any temperature, which means that the optimal time should
be determined for any selected composition. On the other hand,
notrelated to the temperature used, continuing the thermal treat-
ment for a long time resulted in the narrowing of the PL profiles
(from 33 to 25 nm) due to the more uniform size distribution
of the resulting PeNCs (Figure 19B). Based on this observation,
the authors suggested a two-step heat-treatment for performing
nucleation and growth steps at different temperatures (600 and
460 °C) and times (15 to 240 min, respectively) to simultaneously
optimize PLQE and FWHM (Figure 19C,D). Following this ap-
proach, a narrow emission with FWHM of 22 nm and PLQE of
~35% was obtained, as emphasized in Figure 19C,D using gray
circles.

In another related study, the author showed that employing
a proper temperature and time for the heat-treatment process
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significantly improved the quality of CsPbBr; NCs embedded in
borosilicate inorganic glasses (4., = 525 nm, FWHM = 25 nm,
Ty = 113 ns, and PLQE = 86%).'®! With an initial increase in
temperature (during a cycle of heating and cooling processes),
there was a continuous decrease in PL intensity, which was re-
coverable upon cooling down after two thermal cycles (heating-
cooling) between 298 and 418 K (Figure 20A,B). For evaluation of
stability against water, the obtained CsPbBr, PeNC@glass com-
posites were immersed in water for 74 days, and only a x#20%
decrease in the PL intensity was detected (Figure 20C). The op-
tical stability tests also confirmed the excellent protecting role of
amorphous glass over PeNCs, so that after 7.5 days of continu-
ous irradiation by 365 nm (UV light) and 450 nm (blue light) 6
W lamps, there was only ~30% decrease in the initial PL intensity
(Figure 20D,E). Moreover, the samples remained stable with no
change in XRD patterns and were still luminescent after being
stored for one year (Figure 20F).
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Figure 19. Changes of A) PLQE and B) FWHM of CsPbBr; @glass in the process of one-step heat-treatment upon changing temperature and time. C)
Changes of PLQEs and D) FWHM s of CsPbBr; @glass samples obtained by various two-step heat-treatment temperatures and times. Reproduced with

permission.!168] Copyright 2022, Royal Society of Chemistry.

4.2.2. Mechanical /Hydration Crystallization

The phase transfer processes in amorphous glasses require a
certain amount of energy which is conventionally supplied via
heat-treatment, precipitation, or crystallization of PeNCs inside
a glass matrix and can also be promoted by applying mechanical
stress or force.l*%1%] In this case, while as-fabricated compos-
ites are often not luminescent, PL emerged after they were me-
chanically broken or ground, indicating the occurrence of stress-
assisted crystallization. Zhang’s group used a secondary crystal-
lization approach (6 h of ball-milling plus 60 days of keeping un-
der an air environment), resulting in significant improvement of
PLQE in green-emitting (from 0.7% to 88.9%) and red-emitting
(from 0.39% to 28.9%) PeNC@glass composites.>*] Upon ball-
milling, numerous shear bands can be formed due to the im-
pact and shear forces leading to a “free volume zone” metastable
phase. The creation of shearing-driven cracks can enhance the
local potential energy followed by the atomic displacements or
rearrangement of structural units, resulting in a secondary crys-

Small 2024, 20, 2307972
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tallization of PeNCs. In this case, without applying any heat-
treatment process, composites were fabricated. On the other
hand, it has been reported via Raman spectroscopy that such me-
chanical crystallization can take place within a particular glass
composition range, representing the importance of proper glass
composition.l®! It has been also demonstrated that in addi-
tion to the mechanical forces, hydration can result in the crys-
tallization of PeNCs.l'”%] Authors have used glass composition
of NH,H,PO,-Pb,0,—(Cs,CO;—PbBr,—NaBr) to obtain green-
emitting PeNCs with intense and stable emission at 523 nm af-
ter mechanical/hydration treatment. In this method, the relax-
ation of the glass lattice structure by chemical reaction was the
main factor leading to the hydration-based crystallization. The
PL intensity increased with the increase in the water immersion
time, and the resulting PeNCs showed better stability in terms
of thermal and water resistance compared to those produced
through the traditional crystallization method.""*! A similar post-
treatment water-induced approach was used for the formation of
CsPbBr; NCs in a borophosphate glass.['7!] After a short time
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Figure 20. A) Effect of a cycle of heating and cooling on PL spectrum (44, = 365 nm) and B) changes of the PL intensity of CsPbBr; NCs@glass composite

during two heating/cooling cycles in the temperature range of 298—418 K. Relative PL intensities of the CsPbBr; NCs@glass during exposure to C) water,
D) UV light, E) blue light, and F) air. Insets provide related photographs of the CsPbBr; NCs@glass samples. Reproduced with permission.[1%%! Copyright

2022, ACS Publications.

of applying a certain level of humidity (80%) to the as-fabricated
glass network, CsBr transformed to CsPbBr;, showing a PL shift
from 478 to 525 nm.

4.3. Dual Encapsulation Using Polymer or Secondary Glasses

As discussed above, glass matrix can effectively prevent PeNCs
from interacting with the external environment, but on the
other hand, the rigidity of PeNCs@glass composites may some-
what limit their application areas. Therefore, a secondary ro-
bust and eventually flexible encapsulation can sometimes be
considered. One of the strategies here is to use a second
protective layer of a polymer, which may bring together si-
multaneous enhancement of PLQE, better environmental sta-
bility, and applications’ demanded flexibility. Chen’s group
fabricated CsPbX;(X = Br, Br/I) PeNCs@glass nanocompos-
ites with superior optical performance and stability.??) They
used a physical dilution approach via non-luminescent inert
Al, O, oxide or polydimethylsiloxane (PDMS) polymer to elim-
inate the internal filtration effect (i.e., reabsorption effect) and
achieve near unity PLQE for CsPbBr; @glass-Al,O, mixtures and
CsPbBr; @glass@PDMS films. These composite films showed
bright emission after twisting and stretching, demonstrating the
flexibility of CsPbX, @glass@PDMS films (Figure 21A). The Br-
based composite showed intense green emission at ~520 nm
with narrow FWHM (Figure 21B). The PLQE and FWHM of
the films were further modified by adjusting the weight ratio
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of CsPbX,; @glass to PDMS, which led to even higher PLQE of
up to 95% and FWHM of 21 nm by increasing the PDMS con-
tent (Figure 21C,D). The double-protected PeNCs also showed
great stabilities against moisture (exposed to air for 90 days,
Figure 21E) and light (irradiated by a 6 W UV lamp for 7 days,
Figure 21F) with almost no reduction in the PLQE. The authors
emphasized that the glass matrix was mainly responsible for sta-
bility, while the polymer had a complementary effect.

Positive effects of dual encapsulation with PDMS have been
also reported by Lin et al.[1®®! where an increase in the amount
of PDMS in the green-emitting CsPbBr, @glass composite im-
proved FWHM (from 22 to 17 nm), PLQE (from 40% to 80%),
and resistance of the films (those directly immersed into water
at 85 °C maintained their emission for more than 250 h). An-
other study on the dual encapsulation was carried out by Wang
et al, "l who fabricated mixed PeNC@glass@SEBS (SEBS
stays for styrene-ethylene-butylene-styrene polymer) composite
in three simple steps. Figure 22A illustrates the fabrication pro-
cess of this so-called MGS nanocomposite, where PeNCs@glass
was ground into micron-size powder, and mixed with a SEBS-
toluene solution. The mixture was poured into a Petri dish, and
placed in a fume hood for 12 h to solidify the film. Benefiting
from the dual protection by both the glass matrix and SEBS, the
resulting films showed bright emission (PLQE of 50%) and sig-
nificant improvement in water/thermal resistance. The authors
used different molar ratios of their mixtures and found out that
the combination of CsPb(Cl/Br),/ CsPbBr, with the molar ratio
of 0.2015/0.4023 (the sample they called M1) showed the best
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Figure 21. A) Photographs of luminescent stretched and twisted CsPbX; @glass@PDMS films. B) PL spectrum of CsPbBr; @glass@PDMS composite.
C) Dependence of PLQE on the weight ratio of [CsPbBr; @glass]/PDMS for the green-emitting film. D) Dependence of PL FWHM on dilution ratio
for CsPbBr; @glass@PDMS films. E) Stability test for CsPbBr; @glass@PDMS films in terms of PLQE variation during their exposure to air for up to
90 days, and F) photostability tests of samples with different compositions (indicated) under illumination with UV light (6 W lamp) for up to 7 days.

Reproduced with permission.[32] Copyright 2021, ACS Publications.

results in terms of the improved water resistance (Figure 22B). As
a main advantage of using dual polymer encapsulation, the ob-
tained MGS films remained green-emissive and flexible after be-
ing immersed in water for 60 days, as illustrated by photographs
presented in Figure 22C.

Using an appropriate inorganic glass as a secondary glass to
achieve additional protection of the PeNCs@glass composites
has been recently explored, as well. Nam et al. used a germanate
glass with embedded CsPbBr; NCs as a green phosphor and com-
bined it with transparent silicate glass to fabricate phosphor-in-
glass plates.[®®) In this case, the presence of two glasses with dif-
ferent refractive indices caused the scattering of exciting light at
the interface between the two glasses. Therefore, PeNCs would
experience less direct absorption of the incident light, making
them eventually more stable. The authors combined a green-

Small 2024, 20, 2307972
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emitting layer with two red-emitting phosphors (CaAlSiN;:Eu®t,
K,SiF:Mn*") to fabricate white LEDs with a color gamut of
up to 116% and 131% of the NTSC. Thus, using a secondary
glass (or polymer) provides a possibility when two different
PeNCs@glass composites with different emission colors can be
embedded inside the second glass (polymer) matrix. Zheng et al.
separately fabricated CsPbBr; PeNCs@borosilicate glasses (with
green emission) and CsPb(Brl); PeNCs@ borosilicate glasses
(with red emission) using the melt-quenching technique.['7?!
Then, they mixed and milled them to apply in the melting process
of another, tellurite glass, which resulted in a layer of the tellu-
rite glass including green and red emitting PeNCs@glass phos-
phors. In combination with a commercial blue LED chip, these
dual encapsulated samples were used to fabricate robust and effi-
cient white LEDs with a wide color gamut of 128% of NTSC 1953.
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Figure 22. A) Schematicillustration of the fabrication of dual-encapsulated PeNC@glass@SEBS (MGS) composite. B) PL intensities of CsPbBr; @glass,
CsPb(Cl/Br); @glass, and the M1 (see text) dual-protected composite after water immersion for up to 60 days, with photographs of the samples shown
in the inset. C) photographs of twisted green MGS films emitting bright green light under UV irradiation. Reproduced with permission.[146] Copyright

2021, ACS Publications.

Table 5 provides an overview of the various fabrication methods
for the preparation of different compositions of PeNCs@glass
and their corresponding optical properties.

5. Applications of CsPbX; NCs@Glass Composites

PeNCs@glass composites hold potential for further exploration
as active materials in different optoelectronic and energy devices.
As outlined in the above sections, the embedding of PeNCs into
various glass matrices has resulted in composites with remark-
able resistance to thermal, moisture, and illumination stress,
while preserving their optical characteristics. This section is ded-
icated to recent studies on employment of PeNCs@glass com-
posites in a range of applications such as LEDs and displays, data
storage and anti-counterfeiting, lasing, photodetectors and X-ray
detectors, photocatalysis, optical filters, solar concentrators, and
batteries.

5.1. LEDs and Displays

PeNCs have emerged as a potential material to replace traditional
phosphors in display technology, due to the wide color gamut and
purity of their emission. Studies into PeNCs@glass composites
further supported this trend, as they offered improved stability
against both moisture and heat. Several reports appeared recently
that have explored the use of PeNCs @glass composites in display
technology as LEDs, backlight devices, or color converters.

Small 2024, 20, 2307972
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The first demonstration of high-performance LEDs based on
PeNCs@glasses was reported by Ye et al.l?%! They fabricated
boro-germanate glass with embedded green-emitting CsPbBr,
NCs with a PLQE of ~80% and red-emitting CsPbBr, I, NCs
with a PLQE of 20%. Green LEDs based on the former com-
posite (denoted as BrG) showed high luminous efficiency (LE)
of 119 Im W-! and an external quantum yield (EQE) of 29%,
whereas red LEDs (denoted as BrIG) exhibited lower LE and
EQE due to their low PLQE (Figure 23A). The authors also fol-
lowed two different device structures for fabrication of the white
LEDs: Scheme 1 - red light emitting slice sandwiched between
blue and green layers and Scheme 2 — with green light emitting
layer in the middle (Figure 23B), whose recorded LE and EQE
were in the range of 50-60 Im W' and 20-25% at ~20 mA, re-
spectively. Photographs of operating green, red, and white LEDs
are provided in Figure 23C.[2% The same research group also re-
ported how to achieve higher PLQE (above 90%) for the CsPbBr,
NCs@glass composites by varying the Br/Pb precursor molar
ratio.[1”] Thin slabs of these composites with thicknesses varying
from 0.1 to 5.0 mm were mounted on a commercial blue InGaN
LED chip to obtain green LEDs, whose maximum LE reached
166 Im W', and a maximum EQE of 33%. White LEDs based
on these composites demonstrated a maximum LE and EQE of
106 Im W~ and 46.5%, respectively, covering 132.5% of NTSC
and 99.2% Rec. 2020 color space. Niu et al.['7#! carried out struc-
tural modifications on tellurite glass by doping it with Ag* ions,
and used it as the host matrix for CsPbBr; NCs, with the result-
ing composite showing enhanced PLQE of 34%. This composite
was used for the fabrication of white LED with an EQE of 20%
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Table 5. Summary of demonstrated CsPbX; NCs@glass composites.

PL peak PL PL
Fabrication approach Perovskite and glass Melting wavelength FWHM lifetime ~ PLQE
(Publication Year) components [mol%] conditions [nm] [nm] [ns] [%] Reference
In situ crystallization in a TeO, 5Cs,CO;-10PbBr,-10KBr (x = 55-85) 950 °C for 30 min (x=155) 530 25 5.5 70 [48]
glass host (2018) TeO,-2Al,05 14H;BO;-16Zn0O-
13Na,CO4
Glass network doping by fluorine Cs,CO; -PbX, -NaX (X = Cl, Br, I) SiO,-  1200°C for 8 min (X=Cl) 407 15-52 9 3 [49]
(2019) B,0;- ZnO- NH,F (X = Br) 520 25.9 80
(X=1) 688 70.1 50
B-Site perovskite network doping Cs,CO;-PbBr,-NaBr-ZnBr, SiO, _ 1200°C for 10 min (Zn = 50%) - 96 36 [139]
by Zn?* (2019) B,0;_ZnO 517-529
Modification of perovskite 10Cs,CO;-10NaBr-(15-x) PbBr,-xPbl, 900 °C for 30 min (x=0)517 30 9.64 48 [135]
components (2019) (X=0,3,6,9,12,15) (x = 15) 640 32.85 -
40P,0,-10Si0,-10SrCO;-5Al, O, -
10NaB
Heat-treatment modification 5Cs,CO- 5PbBr,- 5NaBr 1150 °C for (490 °C) 507 40 49.87 = [144]
(2020) 40Si0, -20B,0, -10Ca0 12 min (510 °C) 509 = 74.52 =
—5Zn0- 2K20- 2Ba0O- 1TiO, (530°C) 513 - 281.94 =
(550°C) 519 29 294.47 26
In situ glass crystallization 12Cs,O- 4.9PbBr,- 0.1Pbl,-14.7NaBr- 1200 °C for (500 °C) 516 21 94.68 63 [57]
alongside changing Br-to-I ratio 0.3Nal (Bryg4lo06) 10 min (520 °C) 517 116.44
(2020) 85Si0,-85B,05-55Zn0-5CaF, (540°C) 518 119.57
(560 °C) 519 140.58
Glass modification by modulating ~ 7Cs,O- 7PbBr, -14NaBr 1250 °C for 5 min (x=10) 526-529 - - 45 [44]
ZnO component(2021) 27B,05 -20Si0, -3MgO-2Al,0; (x =
4,7,10,13,20) ZnO
Modification of borate glass — 1Cs,CO;- 2PbBr,-2NaBr 1100 °C for 10 min 516 15-17 72.2 82 [173]
(2027) 6Li,0-4Na,0-2K,0-10Zn0O-15BaO-
75r0-0.3Sb,05-55.7B,05
Glass network doping by TiO, 8Cs,CO; -4.5PbBr, 8NaBr 10 °C per min to (x=2)517 - 49.34 412 [65]
(2021 27B,0; -34Si0, -3MgO - 2.5A1,0, _ 1250 °C
13Zn0O -
(x =0-0.5-1-1.5-2-2.5-3) TiO,
Modification of perovskite and 9Cs,CO;-xPbBr,-6NaBr 1200 °C for 15 min ~ (x=17) 522 24 367.7 47 [67]
glass components (2021) (X=11-19)
35B,0;- (35-X) Si0,-15Zn0O
Dual encapsulation by SEBS 6NaBr-4PbBr,-6Cs,CO; 1200 °C for 10 min 523 23 45.75 415 [146]
polymer (2021) 20Si0,- 14B,0;-10Zn0O
Dual encapsulation by 10Cs,0-5PbX,-5NaX (X = Br, I) 1200 °C for 8 min (X=Br)518 - 67 100 [32]
PDMS/AI,O, _ (2021 30Si0,-30B,0;-20Zn0 (X =Brysl,5) 630 85 80
Heat-treatment modification 3.57Cs,O- 7.15KBr- 4.76PbBr 1100 °C for 20 min (3 h) 518 28 29 81 [55]
(2022) 250B,0; -27.38Zn0 — 4.76Al,0; _ (6 h) 521 20 72 73
2.38Ca0 (9 h) 525 18 241 53
Mechanical ball milling of B,0;- SiO,- ZnO- Na,0-Cs,CO;- 1100 °C for 20 min 520 20 85 88.8 [54]
PeNC@glass (2022) PbBr,- NaBr
Introducing CsPbX; PeNCs inside  Cs,COs- PbX,- NaX (X = Cl, Br, ) 1100-1200 °C for (X=Cl)41m 1 - 7 [36]
zinc borosilicate glass by 70H;BO;- 35Si0,- 5Na,CO;- 4Al,0;- 5-15 min (X =Br) 520 31 47
host-secondary heat-treatment 5BaCO;- 12ZnO (X=1)710 43 26
(2022)
Optimizing 31.255i0,-31.25B,0;-20.22Zn0O- 1200 °C for 8 min CsPbBr3- 517 23.3-26.7 12-58 93.8 [57]
glass structure, perovskite 5.51CaF,-X[4.42Cs,CO;-1.84PbBr,- CsPbBr 5l 5- 640 34.8-37.3  40-102 78.1
precursor concentration, and in 5.5TNaBr]
situ crystallization of 30.36Si0,- 30.36B,05-19.64Zn0O-
CsPbX, PeNCs within 5.36CaF,-Y[6.34Cs,CO;-0.99PbBr,-
borosilicate glasses (2023) 0.99Pbl,-2.98NaBr-2.98Nal]
Applying heat treatment or 21Si0,-52B,0;—6Zn0O-55r0,—6NaBr- 1000 °C for 20 min 515 23 131.2 - [50]

focused femtosecond laser
irradiation for crystallization of
CsPbBry PeNCs (2023)

7Cs,0-3PbO

(annealing at
470 °C)
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Figure 23. A) Thickness variation of LE and EQE of green-emitting (BrG) and red-emitting (BrlG) PeNCs@ glass-based LEDs. B) LE-current and EQE-
current curves of two WLEDs (Scheme 1 and Scheme 2) based on those composites, and C) photographs of operating green, red, and white LEDs.

Reproduced with permission.[2%] Copyright 2019, Wiley-VCH.

and the maximum LE reaching 65 Im W~'. The use of doped
PeNCs in a glass matrix was also explored, where potassium-
doped CsPbBr; NCs@glass composite yielded a PLQE of 62% at
the molar ratio of K*/Cs* = 0.6/0.4. Even though LED based on
a combination of the green K, Cs,,PbBr; NCs@glass and red
CsPbBr, ,I; ; NCs@glass deposited on blue InGaN chip showed
better stability and higher color rendering index (CRI) compared
to undoped PeNCs@glass composite as a green light source,
their LE (30.4 Im W~!) required further improvement.['’>] Fab-
rication of flexible light-emitting devices has attracted a grow-
ing demand, especially in the case of initially rigid PeNCs@glass
composites. Lee et al. fabricated a remote color converter, which
included the phosphor in silicon pasted over a transparent glass
substrate that has been mounted on a blue LED, using CsPbBr,
NCs@glass powders as the green phosphor and KSF: Mn** as
the red phosphor to improve the thermal stability during the de-
vice operation.'’?l White LED based on such a combination of
phosphors showed an enhanced color gamut of 130% NTSC color
standard, whereas the commercial analog made of g-SiAION:
Eu?* as the green phosphor only reached 100.4% of this value.
The recyclability of the CsPbBr; NCs@ borosilicates glass was
also studied to fulfill the requirements of environmental sus-
tainability. Naji et al. used periodic melt quenching and heat-
treatment processes to confirm its recyclable emission properties
and fabricated a white LED to prove the structural and optical in-
tegrity of these composites.'”””] WLED constructed from a blue
LED chip, CsPbBr; NCs@glass composite, and a commercial red
phosphor showed an aLE of 68.3 Im W~ at a driving current of
20 mA.

Lin et al. reported the use of PeNCs@glass composite
for backlight displays, reaching high PLQE for CsPbBr,;l,
NCs@glass (~80%) and almost 100% for CsPbBr; NCs@glass
composites.*?) They were prepared following a physical dilu-
tion strategy of the dual encapsulation described in Section 4.3,
where CsPbX; NCs@glass was precipitated in PDMS achiev-
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ing near-unity PLQEs. The maximum luminance and EQE re-
ported for those devices were high, namely 3 00 000, 25 000,
350000 cd m~2, and 5.1%, 3.3%, and 7.2% for green, red and
white electroluminescence (EL), respectively, with such high lu-
minance values proving their practicality in backlit liquid crys-
tal displays (LCDs). Figure 24A,B demonstrate the appearance
of CsPbX; NCs@glass@PDMS films used as an LCD backlight
unit under visible light (orange emission) and 3.3 V applied
bias (white emission); a schematic illustration of its implemen-
tation into an LCD device is provided in Figure 24C. In com-
parison to commercial LCD screens with Ce: YAG yellow phos-
phor (spectrum of its white light is shown in Figure 24D, the
CsPbX; NCs@glass@PDMS (with a white spectrum provided in
Figure 24E) allows for more vivid object colors, as illustrated by
the photographs of the respective LCD screens in Figure 24F-I,
respectively. Objects in varying colors such as green leaves and
red fruits/vegetables in Figure 24F-I show better image qual-
ity and contrast in the case of PeNCs@glass-based displays as
compared to commercial units based on Ce: YAG yellow phos-
phor, demonstrating the potential of these composites for fu-
ture display technology with enhanced viewing experience. These
composite films also endured harsh stability tests like twisting
and stretching with no obvious change in PL intensities, and
their spectra did not change after the backlight was turned on
for 48 h. Using the same strategy, Lu et al. reported CsPbBr,
NCs@glass@PDMS and CsPbBr, I,  NCs@glass@PDMS with
a narrower PL emission of FWHM =16 and 33 nm, respec-
tively, and used those composites to fabricate a display that cov-
ered 101% and 123% of NTSC 1953 standard with and without
the color filters.['”8] The idea of using multiphase composites of
PeNCs@glass was further expanded by Wang et al. who prepared
dual-phase PeNCs@glass@SEBS composites with excellent ther-
mal/water/UYV light stabilities and improved flexibility due to the
encapsulation into a polymer. As an application in backlit display,
the device covered 97.7% and 131% of Rec. 2020 standard and
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Figure 24. CsPbX; NCs@glass@PDMS film of the size of 4 cm X 6 cm used as a backlight unit for LCD: A) under visible light and B) under 3.3V,
and C) schematic illustration of its implementation within the LCD structure. Spectra of white backlight films using blue LEDs with D) commercial Ce:
YAG yellow phosphor and E) CsPbX; @glass@PDMS film. The color rendition of LCD screens with F,G) commercial backlight unit and H,l) CsPbX;
NCs@glass@PDMS film backlight unit. Reproduced with permission.[32] Copyright 2021, ACS Publications.

NTSC space, respectively, which is even broader than LEDs rely-
ing on cadmium-based NCs (NTSC 104%).1146]

Tuning the size of the PeNCs to achieve the desired PL emis-
sion color has been explored by Chen et al. who produced
green and red light-emitting CsPbX; NCs@glass for backlight
application.['”° As the color purity of display materials is cru-
cial, they demonstrated tunability of the emission of CsPbBr;
NCs@glass and CsPbBr,I,, NCs@glass composites through
control of various experimental variables like precursors’ con-
centration and thermal treatment features, to obtain green and
red light close to the ideal peak positions, which are 530 and
630 nm, respectively. Those green- and red-emitting composites
were sandwiched between two layers of hydrophobic and trans-
parent polyethylene terephthalate films providing a backlight dis-
play with resistance to thermal, moisture, and light stresses,
which showed a consistent device performance for more than
60 h. The accelerated stress test was conducted on these de-
vices by subjecting them to 60 °C and 90% relative humidity
conditions. Excellent endurance in these tests was reported for
both green- and red-emitting composites maintaining 92% and
95% of their initial PL intensity, respectively, after 48 h. By tai-
loring the Cl~ to Br~ and Br~ to I” ratio, Yang et al. fabri-
cated PeNCs@glass composites spanning broad spectral range
from 499 to 627 nm, based on CsPbBr; NCs@glass (PL max-
imum at 517 nm, green light) and CsPbBr, I, ; NCs@glass
(PL maximum at 627 nm, red light) with 63% and 46% PLQE,
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respectively.>!] Even though the reported LE of the backlit white
LEDs based on the combination of these green- and red-emitting
composites deposited on a blue chip was rather low (6 Im W),
their superior stability toward heating/cooling cycles and mois-
ture stood out in that study. Apart from the size alterations
of PeNCs, the dimensional tunability of perovskites has also
been explored by researchers, through the utilization of 0D
Cs,PbBr, perovskites to encompass CsPbBr; NCs to undergo
mutual transformation between 3D and 0D structures in the final
CsPbBr,/Cs,PbBr, NCs@glass composite.**) White LED fabri-
cated using this composite as a green light source showed a rea-
sonably high LE 0f 29.9 Im W~ with a wide color gamut of 126%
NTSC value, outlining the potential of such composites in display
devices.

LEDs fabricated from the globoid and cuboid-shaped CsPbBr,
NCs@borosilicate glasses showed a very high luminance of
2.6 x 107 cd m~2 at a current density of 162 A cm™2. This ma-
terial was used as the green light source in the backlight display
with a LE of 66.11 Im W~! at a 20 mA driving current.'*) In an-
other related study, Hao et al. introduced dysprosium (Dy**) ions
to reduce the lead toxicity in the CsPbBr; NCs@glass which at
the same time enhanced the stability and optical properties of
this composite, and resulted in narrow PL FWHM of 18 nm. The
white LED fabricated using this composite maintained 99.8% of
the initial value of PL intensity during 48 h of continuous illumi-
nation with an average luminance of 1193 ¢cd m=2.38]
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Table 6. Summary on CsPbX; NCs@glass composites used for displays and LEDs.
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Compositions Strategy Color of LE Maximum EQE Rec. NTSC Reference
emission [Im W] luminance 2020 1953
(device) [cd m™?]
CsPbX; NCs@glass@PDMS Physical dilution (dual Green and red - 300000 5.1% green - 103% [32]
encapsulation) green 3.3% red
25000 red 7.2% white
350000
white
CsPbBr; NCs@glass PET supportive films Green - - - 94% 126.27% [179]
CsPbBr; NCs@glass In situ crystallization Green 66 2.6 x 107 35% 94% 126% [169]
CsPb(Cl/Br), Dual encapsulation Green - - - 97% 131% [146]
NCs@glass@SEBS
Dy**-CsPbBr; NCs@glass Water quenching method Green - - - 96% 128% [38]
CsPbBr;/Cs,PbBrg Melt-quenching in situ growth Green 29 - - - 126% [35]
NCs@glass
CsPbX; NCs@glass In situ glass crystallization Green and red 6 - - 92% 123% [57]
CsPbBr; NCs@glass Boron-germanium glass Green - - - - 125% [180]
CsPbBr; NCs@glass Nucleation agent addition — TiO, Green 22 - - 93.15%  125.20% [65]
CsPbBr; NCs@glass@PDMS In situ nucleation/growth Green and red - X - - 123% [178]
and CsPbBr 5l g
NCs@glass@PDMS
CsPb(Br/l); NCs@glass ZnO induced self-crystallization Red 19 - - 94% 126% [181]
CsPbBr; NCs@glass Glass network modifiers Green 67 - - - 124% [149]
CsPbCl, sBry s Solution combustion Blue, green, - - - - 134% [134]
NCs@SiO, @glass, and red
CsPbBr; NCs@SiO, @glass
and CsPbBrl,
NCs@SiO, @glass
CsPbBr; NCs@glass and In situ crystallization Green and red 25.8 6 00 000 15.1% green - 127% [57]
CsPbBry 51,5 NCs@glass green 8.0% red
100 000 red 13.8% white
500 000
white
CsPbBr; NCs@glass and Sintering Green and red - - - - 107% [56]
CsPbBr, 51, s NCs@glass
CsPbX; NCs@glass Self-crystallization melt-quenching Green and red - - - - - [157]
CsPbBr,l;3 NCs@glass and ~ Water quenching method Green and red - - - 90% 120% [182]
CsPbBr; NCs@glass
CsPbBr; NCs@glass and Melt-water quenching method Green and red - - - 93% 125% [183]
CsPb(Br/l); NCs@glass
CsPbX; NCs@glass Alkaline earth metal oxides Blue, green, 6.8 - 112% [184]
optimized crystallization and red

PET: Polyethylene terephthalate; SEBS: Styrene-ethylene-butylene-styrene; PDMS: Polydimethylsiloxane.

Pang et al. used boro-germanate glass instead of the silica-
based matrix because of its high melting temperature which
facilitated the crystallization of CsPbBr,; PeNCs; white LEDs
fabricated using this CsPbBr; NCs@glass composite spanned
125% of the NTSC color space.["® Introducing nucleation agent
TiO, into the glass matrix favored the crystallization of CsPbBr,
NCs, and the resulting composite showed outstanding resis-
tance to heat, retaining almost 100% of the initial PL inten-
sity after 10 heating/cooling cycles.] Fabricated white LEDs
showed LE of 22 Im W~! with emission covering 93.15% of the
Rec.2020 color space. Likewise, using ZnO as the nucleation
agent which induced self-crystallization of the PeNCs, Wang et al.
reported white LEDs with a LE of 19.33 Im W~!, which exhib-
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ited high resistivity to bending stresses.!'8!l Strontium-doped
CsPbBr; NCs@glass composites demonstrated excellent stabil-
ity and high PLQE and were used to fabricate white LEDs with
an LE of 60 Im W11 A summary of the device characteris-
tics of CsPbX; NCs@glass composite-based displays and LEDs
is given in Table 6.

5.2. Anti-Counterfeiting/Security and Information Storage
Related to anti-counterfeiting/security applications of lumines-

cent materials, Wang et al. employed homogenously mixed
CsPbX; NCs (X; = Cl,Br, Cl, 4Br,,, Br;, Br,sl,5, Br gl ,, and
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Figure 25. Porcelain glass decorated with flower patterns using composites of A) Er: CsYb,F; NCs@glass and CsPbBr; NCs@glass and B) CsYb,F;
NCs@glass and CsPbBr, 51, s NCs@glass. The patterns are illuminated by UV light and NIR laser with laser power increasing from left to right for (A)
and moving in a clockwise direction for (B). C) Storage and read-out schemes of dual-layer pattern (letters and QR code) experiencing quenching of PL of

CsPbBr 51, 5 NCs and the emergence of upconversion luminescence from Er/
under the term of CC BY-NC-ND 4.0.142] Copyright 2022, Cell Press.

Br, 51, 5 for blue, cyan, green, yellow, orange, and red emissions,
respectively) and photothermal material (Ln**-doped CsYD,F,
NCs) with upconversion PL in glass matrix.*”) The combina-
tion of PL emission or quenching (at elevated temperatures)
from the CsPbX; NCs and the upconversion emission from the
Ln**-doped CsYb,F, NCs was utilized for anti-counterfeiting and
optical encoding. Illumination with a high-power near-infrared
(NIR) laser generated significant heat (2200 °C at 1 W) from
the CsYb,F, NCs owing to the laser-induced photothermal ef-
fect, which quenched the emission of CsPbX; NCs; whereas
lanthanide-doped CsYb,F, NCs@glass produced color-tunable
upconversion emissions for different NIR-laser powers. Differ-
ent lanthanide ions (Eu**, Er’*, Ho**, Tm>") were introduced
as dopants and co-dopants into CsYb,F, NCs@glass. A flower
pattern was created on a porcelain glass cup decorated with
Er: CsYb,F, NCs@glass and CsPbBr; NCs@glass; upon UV il-
lumination green PL corresponding to CsPbBr; NCs was ob-
served, while upon NIR laser irradiation a superimposing (over
the green light) upconverted emission from Er** was detected
(Figure 25A). The superimposing upconversion emission was
tunable from red to green with an increase in NIR laser power.
A similar pattern of the flower was also demonstrated with
homogenously mixed CsYb,F, NCs@glass and CsPbBr,;l,
NCs@glass, which under UV illumination appeared red cor-
responding to CsPbBr, sI; s NCs emission. Besides, when cer-
tain areas were illuminated simultaneously with a NIR laser,

Small 2024, 20, 2307972 2307972 (3

Eu: CsYb,F; NCs during heating or irradiation with NIR laser. Reproduced

the emission was erased which was recoverable upon removal
of the laser (Figure 25B). Moreover, the authors also realized
dual layer patterns with Er** doped and Eu** co-doped CsYb,F,
NCs@glass and CsPbBr, I, ; NCs@glass mixture. As shown
in Figure 25C, letters F, J, N, and U were made using Er/Eu:
CsYb,F, NCs@glass which was concealed by a QR code pattern
fabricated using CsPbBr, 5I; ; NCs@glass. The QR code was vis-
ible under UV light whereas the letters were hidden, and only
became visible under NIR laser illumination. Under high-power
(2.2 W) laser irradiation and UV light, the QR code was invisible,
and only the upconversion emission from the letters was visible,
owing to the laser-induced photothermal effect. Optical coding
was also demonstrated, where the PL colors of different CsPbX,
NCs represented the digits 1, 2, 3, 4, 5, and 6, whose PL was
quenched under laser illumination representing the dark state
denoted as 0. Replacement of non-emitting CsYb, F, NCs@glass
with lanthanide-doped materials offering tunable upconversion
colors expanded the optical-encoding states with an increase in
complexity, making them difficult to duplicate.[*?!

In Ref[185], photon upconversion of CsPbX, NCs was
achieved in glasses in their combination with Tm: KYb,F., act-
ing as the energy donor. Both downconversion and upconver-
sion dual emission were utilized to create screen-printed lu-
minescent patterns, using different excitation modes such as
UV light and NIR laser. However, there is still a demand to
achieve higher security, faster response, easier/stable operation,

2 of 40) © 2023 Wiley-VCH GmbH
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ethanol
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Figure 26. Photographs illustrating the femtosecond-laser-induced crystallization in CsPbBr; NCs@glass under A) daylight and B) UV light, as well as
of samples subjected to further heat-treatment under C) daylight and D) UV light. Stable green emissions of these composites could be detected in (E)
water and (F) ethanol for 15 days. Reproduced with permission.[44! Copyright 2022. Elsevier.

and improved selectivity for real-time and non-invasive detection.
In this respect, luminescent polarized patterns are an excellent
tool and PeNCs@glasses can enable this feature. By using a pro-
grammable femtosecond laser and annealing, Chen et al. gener-
ated linear patterns of CsPbBr; NCs in borogermanate glasses,
which showed optical polarization properties.[*®3] Multilayer lu-
minescent patterns of CsPbBr; NCs with anisotropic emission
were constructed for 3D polarized optical anti-counterfeiting and
encryption. 2D and 3D patterns of CsPbBr; NCs in the glass ma-
trix made of horizontal and vertical lines showed different output
optical images under different polarization angles.

Extending the use of PeNCs@glass composites into informa-
tion storage technology, Jin et al.**l demonstrated direct laser
writing on colorless and transparent CsPbBr; NCs@glass com-
posites produced by inhibiting their self-crystallization with vary-
ing ZnO content (Figure 26). A femtosecond laser was used to
induce the crystallization of CsPbBr; NCs resulting in the ap-
pearance of green emission; the same kind of illumination was
further used for the decomposition of CsPbBr; NCs, termed laser
erasing. The crystallized green dots represented the logical bi-
nary number 1, while the decomposed regions denoted the bi-
nary state 0. Using a combination of femtosecond laser-induced
crystallization (50 mW, 5s) and heat-treatment at 460 °C, the
possibility of rewritable information storage was demonstrated.
As an example, Arabic numbers (15, 15, 15, 15) were written
as binary numbers, followed by erasing certain data points by
re-illumination with laser (20 mW, 50 um s7!) to change them
to (13, 10, 6, 3), and finally restoring them to the initial num-
bers via annealing. Achieving high-speed and low-power con-
sumption in optical storage devices with reversible characteris-
tics are prerequisite to fabricating high-performance data stor-
age devices. PeNCs@glass composites are capable of meeting
these requirements because various patterns and binary data ar-
rays can be written or erased in any depth of glass. Sun et al.
demonstrated a reversible 3D optical storage technique utiliz-
ing laser-induced PL degradation and recovery by heat treatment
of CsPbBr; NCs doped in borosilicate glass with a composition
of 38Si0,-34B,0;-11Zn0-6Cs,0-2PbX,-9NaBr.['®] Laser irradi-
ation was used to write data into the glass, which can then be
read under 485 nm excitation as local dark PL images. By vary-
ing the laser power, repetition, and pulse rate, the PL degradation
of the darkened regions could be modified. The written data was
recovered by heat treatment and multiple “write-read-erase” cy-
cles showed that the PL intensity of the laser-darkened regions
recovered to the initial state after each stage. Huang et al. also
established direct laser patterning of CsPbBr; NCs in a glass ma-
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trix using an 800 nm near-infrared femtosecond laser.’®] The
femtosecond laser-induced crystallization of Cs, Pb, and Br el-
ements to form 3D bright green CsPbBr; NCs, and also was able
to decompose these NCs, which could be recovered by anneal-
ing. Such a reversible in situ crystallization and decomposition of
CsPbBr; NCs can be extended to the patterning of PeNCs in glass
and also to the application of these composites in optical data
storage or information security. In general, this laser-assisted
writing or designing provides some sort of hidden capability
at which luminescent PeNCs show a luminescent-on-demand

property.

5.3. Lasers

Several researchers have demonstrated amplified spontaneous
emission from the PeNCs@glass composites, making use
of their improved stability provided by the glass encapsula-
tion. CsPbBr,;/Cs,PbBr, PeNCs@glass composite exhibited low-
threshold amplified spontaneous green emission at room tem-
perature upon excitation with 800 nm femtosecond pulse laser,
with FWHM narrowing down to almost 5 nm above the threshold
(1.66 mJ cm™2).*] The composite was heat-treated at different
temperatures and showed a decrease in threshold pump inten-
sity with an increase in crystallization temperature from 520 to
580 °C, which was attributed to the enhanced crystallinity. Sim-
ilarly, by varying heat-treatment temperatures, Zhang et al.l[*]
produced surface-passivated CsPbBr; PeNCs@glass composites
exhibiting both amplified spontaneous emission and lasing un-
der 800 nm femtosecond laser excitation. With the crystallinity
of PeNCs improving upon an increase in heat-treatment tem-
perature from 440 to 530 °C, the lasing threshold decreased
from 0.752 to 0.138 m] cm™2. A recent study on PeNCs@glass
showed that the halogen migration during excitation by laser
still exists, and limits the ability of the composite to reach sta-
ble stimulated emission. Liu’s group studied the effect of fem-
tosecond laser irradiation on the structural and optical properties
of CsPbBr; PeNCs@ borosilicate glasses (at different concentra-
tions of NaBr).'®”] Their findings showed that laser irradiation
did not influence the structure and optical bandgap of PeNCs.
Instead, it induced surface Br vacancies which functioned as sur-
face defects and were responsible for carrier trapping and subse-
quent quenching of PL emission. The PL and transient absorp-
tion spectroscopies further showed that composites with higher
concentrations of NaBr experienced a new carrier trapping route
upon irradiation with a femtosecond laser. That means that
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enhanced PLQE in the case of a higher concentration of NaBr
would not guarantee the appearance of lasing, and further mod-
ifications may still be required to prevent the anion migration in
PeNCs@glass composite.

5.4. Photodetectors and X-Ray Detectors

PeNCs with their high absorption coefficients in the UV and
visible spectral range are also of interest for their use as an ac-
tive layer in photodetectors. However, like in many other applica-
tions, it is the detrimental stability of perovskites that hindered
the progress. Thus, as the PeNCs@glass composites offered bet-
ter stability against extrinsic factors without detrimentally affect-
ing the intrinsic optoelectronic properties of the PeNCs, there
were some attempts to employ them in photodetectors. In one
such demonstration, Ye et al.**] coated the surface of a silicon
photodiode with Tb**-doped CsPbCl,Br; NCs@glass composite,
which improved both the responsivity and EQE of the device in
the range of 200-400 nm. The responsivity reached 0.005 A W~1,
five times that of the uncoated silicon photodetector in the UV
range (200—400 nm), and EQE was 3.79% at 320 nm.

PeNCs@glass composites were also tested for use in X-ray
detectors (scintillators). Wang et al.'®8) employed CsPb(Cl/Br),
NCs@glass composites as scintillators generating radiolumines-
cence in the range of violet to green by tuning the Cl/Br mo-
lar ratio. Though X-rays caused damage to PeNCs, the irradiated
spots recovered their luminescence after thermal annealing at a
temperature higher than the T, by facilitating ionic migration,
which regenerated CsPbX; NCs in the glass. This recoverability
enabled the reuse of these scintillators for high-intensity X-ray
detection. It was found that CsPb(Cl/Br); NCs@glass crystallized
at 520 and 470 °C demonstrated radioluminescence intensity of
1/18 and 1/570 as compared to that of commercial Bi, Ge;O;, sin-
gle crystal scintillator. Recoverability of X-ray-damaged PeNCs in
scintillators was also demonstrated for CsPbBr;:Lu** NCs@glass
by applying heat treatment. The scintillator achieved a high-
resolution X-ray imaging of 16.8 Ip mm™!, as well as a record-low
detectable dose (50 nGy,;, s71).>?

5.5. Photocatalysis

Photocatalytic hydrogen generation through water splitting is
an attractive technology to generate renewable, environmental-
friendly and sustainable hydrogen fuel which can contribute to
decarbonization of the energy sector. Over the years, many re-
search groups have explored the possibilities of various semi-
conductors — including perovskites — as photoelectrodes for wa-
ter splitting. Optimal materials for water splitting should pos-
sess a bandgap in the range of 1.7-2.2 eV, suitable band energy
offsets to drive redox half-reactions of hydrogen/oxygen genera-
tion, a large absorption coefficient, efficient carrier mobility, and
high stability in aqueous electrolytes. The severe stability issue
of the metal halide perovskites in the aqueous medium could
Dbe solved to a certain degree by using chemically inert matrices
such as PeNCs@glass composite, which set the possibility for
their use as photocatalysts in water splitting. In one of the ini-
tial reports, using Zn**-doped CsPbBr; NCs@borosilicate glass
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powders for hydrogen generation, Ding et al.['®] demonstrated

a hydrogen production rate of 127 pymol g='. The conduction
band potential (Ecp) of the CsPbBr,:0.5Zn** NCs@glass com-
posite was 0.043 eV which was lower than the hydrogen reduc-
tion potential (EH,/H* = 0 V), favoring the hydrogen generation.
CsPbBr;:0.5Zn** NCs@glass composite realized a higher pho-
tocurrent density (0.1343 pA cm~2) as compared to the pristine
CsPbBr; NCs@glass samples (0.1198 pA cm™2).

In a study focused on the use of PeNCs@glass as a pho-
tocatalyst, Li et al.[*] used phase separation-induced CsPbBr,
NCs@glass composites for tetracycline hydrochloride (TC-HCI)
antibiotic residue degradation. In this case, the electrons and
holes generated by photon absorption in the conduction and va-
lence bands of the photocatalyst reacted with the organic pollu-
tants to transform them into harmless substances. The CsPbBr,
NCs@glass composite showed a 73% degradation efficiency for
20 mg L~! of the TC-HCI concentration after 60 min of light illu-
mination. After three cycles of the TC-HCI degradation, the com-
posite retained 85% of the photocatalytic effect to its initial value,
with 60% of the antibiotic decomposed. In addition, green emis-
sion from the CsPbBr; NCs@glass composite could be detected
in the black precipitate in water, indicating their aqueous stability.
The photodegradation mechanism of the TC-HCI with CsPbBr;
NCs@glass was ascribed to the formation of highly reactive sub-
stances like hydroxyl radicals and superoxide radicals at the inter-
face of the composite and the environment, which oxidized the
organic molecules into inorganic compounds.

5.6. Optical Filters

Materials that exhibit wide absorption with a steep excitonic ab-
sorption edge, combined with narrow and symmetrical PL spec-
tra and small Stokes shift between the band edge absorption and
emission are considered perfect candidates for long-pass opti-
cal filters, which are able to pass long wavelengths while serv-
ing as a shield for shorter wavelengths. As a result, the long-pass
filters attenuate the shorter wavelength regions in the targeted
range of the electromagnetic spectrum while transmitting the
longer wavelengths. This type of filter is used in Raman spec-
troscopy to separate the excitation wavelength from that of the
Raman scattered light; they are also employed in other spectro-
scopic techniques like fluorescence spectroscopy to reduce the
excitation light leakage and improve the fluorescence from the
sample and in photometric instruments for the elimination of
optical aberrations. Among the current three materials used for
the long-wavelength pass filters in glass matrix — noble metal
nanoparticles, high/low dielectric coatings, and semiconductor
NCs in glass — the PeNCs@glass composites fall under the latter
category. Zhang et al.['%l demonstrated how green emitting com-
positions of CsPbBr; NCs@glass could work as long-wavelength
pass filters for the 494-525 nm spectral region, with superior cut-
off depth. They crystallized the PeNCs at different heat-treatment
temperatures; as a determining factor, the maximum transmit-
tance (T,,,,) for the filters was 84%, 80%, 76%, and 64% for the
samples treated at temperatures of 490, 510, 530, and 550 °C,
respectively. The authors demonstrated that the transition wave-
length, which is defined as the 50% of maximum transmittance,
of these CsPbBr; NCs@glass filters varied with the change in the
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Figure 27. A) Photograph (taken under sunlight) of yellow CsPbBr;
NCs@glass sheet with a size 0f 2.0 X 2.0 x 0.11 cm?. B) A schematic illus-
tration of the LSC-solar cell setup; the inset shows its photograph under
solar simulation illumination. Reproduced with permission.[>*] Copyright
2022, Elsevier.

treatment temperature, constituting 494, 511, 518, and 525 nm
for the order of temperatures mentioned above, respectively. The
optical density demonstrated for these CsPbBr; NCs@glass fil-
ters was on the order of 2-5 in the cut-off band, and thus very
close to the commercial requirement.

In another work demonstrating the potential of PeNCs@glass
composite as filters, Wang et al.[*}] made use of the broadband ab-
sorption of CsPbBr; NCs to demonstrate the shielding effect in
the deep blue wavelength region. They used a V>*-doped tellurite-
based glass matrix, where CsPbBr; PeNCs crystallized at differ-
ent treatment temperatures. In this case, the V>* ions not only re-
placed the Pb?* ionic sites and reduced the emission intensity of
the PeNCs, but also improved the self-absorption characteristic of
the composite beneficial for short-wavelength shielding. The un-
doped CsPbBr; NCs@glass composites with absorption cut-off at
471 and 507 nm (treated at 280 and 310 °C, respectively) could not
cover entirely their corresponding emission peak. Upon increase
in the V>* dopant concentration and/or heat-treatment tempera-
ture, the samples exhibited 80% transmittance, and at the same
time, the V°*-doping extended the absorption cut-off edge and
changed the bimodal emission to a single peak emission, indi-
cating self-absorption of the blue emission part by the material
itself.

5.7. Solar Concentrators

Luminescent solar concentrators (LSCs) are considered promis-
ing for smart windows and photovoltaic modules integrated into
the windows/buildings. Zhang et al.’*! incorporated CsPbBr,
NCs into a glass matrix to fabricate perovskite-based LSCs with
remarkable stability, which were combined with a silicon pho-
tovoltaic system reaching power conversion efficiency of 0.57%
alongside optical efficiency (defined as the ratio of photons emit-
ted from the edges of CsPbBr; NCs@glass sheet to the photons
striking on the LSC top surface) of 6.17%. Figure 27A provides a
photograph of the LSC based on the CsPbBr; NCs@glass sheet
with dimensions of 2.0 x 2.0 X 0.11 cm?, which appears intense-
yellow under sunlight. The LSC-photovoltaic system was fabri-
cated by mounting commercial silicon solar cells on one of the
four edges of the 2 X 2 cm? CsPbBr,; NCs@glass sheet, while
black tapes covered all the remaining three edge surfaces to pre-
vent effects from the light scattering (Figure 27B). By reducing
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the thickness of the LSC sheet from 1.1 to 0.24 mm, the geomet-
ric factor (G factor) varied from 4.5 to 20.8 showing a gradual de-
crease in optical efficiency from 6.17% (G factor ~4.5) to 2.10%
(G factor ~20.8).°]

5.8. Batteries

Lithium-ion batteries are considered to be one of the most effi-
cient energy storage devices nowadays. However, they still face
several limitations in terms of lithium storage capacity, inter-
phase charge transfer, cycling stability, and safety features. Even
though graphite is the most commercially successful lithium
anode, the capacity of these materials still requires further im-
provement which has encouraged researchers to look for alter-
native materials. Glass-based open network anodes have been
found to prevent the large volumetric expansion of electrodes
during the lithiation/delithiation process.1-193] Also, their flex-
ibility, crystal content tunability, and easy processibility have
caught the attention of researchers. Thus, PeNCs@glass ce-
ramics have been tested as anodes for Li-ion batteries, as well.
Cao et al.*) employed SnF,-doped 0D Cs,PbBr, NCs@glass ce-
ramic as a Li-ion battery anode, which demonstrated excellent
cyclic stability with the specific capacity achieving 773 mAh g™
at 0.5 A g7! and maintaining 741 mAh g=' after 350 cycles
and 292 mAh g-! at 10 A g~!. As the presence of F~ ions re-
duced the glass viscosity and Sn ions replaced some Pb ion
sites in the PeNCs, SnF, doping into Cs,PbBr, NCs@glass ce-
ramic improved the structural stability of the composite. In ad-
dition, with the [GeO;]-[BO,] networks acting as lithium stor-
age sites, and Pb, Ge, and Sn alloying (Pb/Ge/Sn—Li) reac-
tions occurring during lithium storage, these anodes showed ex-
cellent cyclic stability and performance. Low-dimensional per-
ovskite Cs,PbX, NCs@glass (X = Cl, Br, or I) ceramic anode
for Li-ion batteries was also reported by Xie et al.[}**] who stud-
ied interfacial transport using electrochemical impedance spec-
troscopy. The best discharging capability among the different
halides was found for Cl™-based perovskite with a specific capac-
ity at 510.5 mAh g~! whereas the Br-based one retained the spe-
cific capacity at 429.6 mAh g~! after 1000 cycles. A high ionic con-
ductivity was demonstrated for the Cs,Pb(Cl/Br/I); NCs@glass,
in the order of 107°-10~* S cm~.11%4]

6. Conclusion and Outlook

This review presented promising aspects and wide opportunities
that PeNCs@glass composites hold to resolve the issue of stabil-
ity or degradation of metal halide perovskites, thus broadening
their application in various optoelectronic devices. Particularly,
we introduced and classified the approaches used for the fabri-
cation of PeNCs@glass composites with enhanced functionality,
such as composition modification, structural modification, and
dual encapsulation. We discussed the beneficial aspects of inor-
ganic oxide glasses as a platform to trigger the nucleation and
growth of luminescent PeNCs with improved stability against
external conditions. Finally, the use of PeNCs@glass compos-
ites as active layers in LEDs, backlit displays, security, lasing,
and sensing applications as well as electrodes in batteries was
considered.
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Different solvent-free approaches used for the fabrication of
PeNCs@glass composites such as sol-gel and melt-quenching
techniques are simple, facile, and scalable. Many authors fo-
cused on high-quality PeNCs@glass composite prepared via the
melt-quenching process, where the desired precursors in pow-
der form (usually metal oxides, or metal fluorides) are mixed in
the required ratios, followed by heating up to the melting point
and subsequent quenching to a lower temperature, and finally
maintaining the temperature to minimize the lattice strain. Even
though this route toward embedding PeNCs in various glass ma-
trices addresses the crucial question of stability and solves it to a
significant extent, there are still some shortcomings and physic-
ochemical aspects that have to be further studied and optimized.
The high melting temperature that is required during the fabri-
cation processes of amorphous glasses prohibits the formation
of hybrid organic-inorganic metal halide PeNCs within the glass
networks, which excludes a large category of luminescent PeNCs,
apart from all-inorganic (Cs as an A-site cation) counterparts con-
sidered in this review. We are aware of only one report on organic-
inorganic PeNCs@glasses, which used pre-synthesized PeNCs
to incorporate them into the glass matrix,['®] but this approach
is different from in situ precipitation of PeNCs inside the glass
network. Still, their emission intensity and stability were not
comparable to all-inorganic PeNCs in glass. Therefore, any de-
velopment toward mitigation of the role of melting temperature
would extend accessibility to other types of luminescent PeNCs in
glasses.

Also, most of the reports considered in this review were fo-
cused on lead-containing PeNCs as an active material. Thus,
there is still a lot of room for exploring non-toxic lead-free PeNCs
fabricated in glass matrices Figuring out new synthetic routes
on less-toxic or non-toxic PeNCs in different glass matrices and
understanding their physicochemical properties, which was ad-
dressed in partin Ref.[61], is a promising research direction. With
the focus on the ultimate applications of PeNCs@glass compos-
ites in advanced technologies, one should also resolve the chal-
lenges related to the high rigidity of the final luminescent com-
posites. Beyond this, developing approaches to functionalize the
surface of PeNCs@glass composites may enable more advance-
ments toward their broader use. From the chemistry perspective,
there is a still lack of knowledge of the interaction and bond-
ing nature between amorphous glass matrix and perovskite lat-
tice, and its influence on the photophysical properties of the re-
sulting composites. Also, in-depth characterization of electronic
and optical features of the PeNCs@glass composite is necessary
and should include the studies of charge carrier dynamics and
radiative/non-radiative pathways and the effect of defect passiva-
tion and improved structural integrity of the PeNCs as a result of
glass medium encapsulation. This may offer useful insights into
electron-phonon interactions and polaron formation in PeNCs.
Polarons are quasiparticles emerging from the interaction of elec-
trons with atomic lattice, which were found to exist in transition
metal glasses!!®! and also in colloidal perovskite NCs.['®] To the
best of our knowledge, there are no reports related to the interac-
tions with polarons and their possible roles in the optical features
of the PeNCs@glass composites. Overall, embedding PeNCs in
structurally stable and chemically inert glass matrices will fur-
ther help researchers broaden the applicability of these materials
in future applications.
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