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1. Introduction

Highly luminescent and ultrastable cesium lead
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Owing to their exceptional optoelectronic properties, all-inorganic lead halide perovskites offer enormous
potential for next generation photonic, light-emitting, and optoelectronic devices. However, their usage
is significantly limited by their poor stability upon moisture exposure and lead toxicity issues. Moreover,
many of the aforementioned applications rely on the development of confined perovskite patterns of
various shapes and periodicities. Here we report a simple and low-temperature method enabling the con-
trolled incorporation of photoluminescent all-inorganic metal halide PNCs into a silver phosphate glass
(AgPO3) matrix which is transparent in most of the visible range. The developed fabrication protocol is
based on a simple melting encapsulation process in which pre-synthesized perovskite crystals are inserted
in the glass matrix, following the initial glass quenching. Using this novel approach, two types of compo-
site perovskite glasses are prepared, one that hosts perovskite isles and the second in which a thin perovs-
kite layer is embedded beneath the glass surface. Both types of composite glasses exhibit remarkable
photoluminescence stability when compared to the ambient air-exposed perovskite crystals. More impor-
tantly, by means of a simple and fast cw-laser processing technique, we demonstrate the development of
encapsulated dotted perovskite micropatterns within the composite perovskite glass. The ability of the
proposed system to resolve stability and lead toxicity issues, coupled with the facile formation of highly
luminescent perovskite patterns pave the way towards the broad exploitation of perovskite crystals in
photonic applications.

exposure to air and moisture, and the toxicity of lead which is

In recent years organic and inorganic lead halide perovskites
have attracted enormous scientific attention due to their
potential for being the main component of next generation
highly efficient photovoltaics,"™* and energy conversion and
storage devices.””® At the same time their prominent role has
also been demonstrated in a wide range of photonic appli-
cations that include photodetectors,”® light-emitting
diodes,'* " lasers,"*'* and backlight displays."> However,
despite their remarkable evolution in these fields, there are
two main factors that cause concerns over large scale applica-
bility in photonic devices, namely their poor stability upon
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the most widely used perovskite cation.'®™® With regard to
photonic applications, a promising approach in order to over-
come these important challenges is the encapsulation of per-
ovskite nanocrystals (PNCs) in polymer’®>* and glass
matrices.”*** Such a strategy offers tremendous advantages in
terms of improving the long-term stability of the perovskite
structures, as well as for minimizing the lead toxicity effects.
In addition, efficient tuning of the optical properties of the
perovskite-based composite materials is readily achieved upon
altering the morphology and composition of the embedded
PNCS.14'19_21’25_32

While both encapsulation techniques are without doubt a
remarkable advancement over the stability and toxicity issues,
they give rise to various drawbacks. Namely, in the case of
incorporating PNCs into macroscale polymeric matrices the
induction of spectral shifts and reduction in the luminescence
efficiency substantially affect their use in photonic device
applications.>” On the other hand, the embedment of perovs-
kite structures within transparent inorganic oxide glasses
seems to address these issues, but it often requires costly high-
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temperature melting synthesis routes, often exceeding 800 °C,
which are disadvantageous towards large scale production.
More importantly, to date, the formation of composite perovs-
kite glasses is based on mixing the perovskite precursors
together with the chemical powders of the glass prior to
melting, and then, heating all materials together at the desired
melting and post-melting annealing temperatures.”** In this
manner, the so-formed PNCs are distributed randomly
throughout the entire glass network, i.e. without offering any
possible way of controlling the position, growth, and mor-
phology of the embedded structures,>*>' or requiring the
employment of femtosecond laser irradiation for controlled
crystal growth within the glass.>> Remarkably though, the
importance of confined crystal growth for perovskite-based
optoelectronic devices has been emphasized recently.?*?
Namely, the authors of these studies demonstrate the feasi-
bility of laser-induced growth methods towards developing per-
ovskite nanostructures with controlled size and location.
Nevertheless, although stable upon formation, the reported
laser-induced perovskite structures are located on the substrate
surface, and thus, are vulnerable to the well-known negative
effects of humidity exposure,'®'® also the lead toxicity con-
cerns remain unresolved.

In this study, we demonstrate for the first time the develop-
ment of composite perovskite glasses, where all-inorganic lead
halide perovskite patterns are encapsulated within phosphate
glass by using a post-glass quenching method. Based on this
approach, pre-synthesized PNCs are incorporated into the
glass matrix following the initial glass quenching. This novel
approach introduces a significant advancement in enabling
the confined spatial positioning of luminescent perovskite
domains within a transparent medium in the visible, exclu-
sively by means of glass melting procedures, i.e. without the
need of additional means. Furthermore, the described post-
glass quenching encapsulation process is performed at a rela-
tively low temperature that does not exceed 160 °C, and thus,
is cost-effective while diminishing structural degradation of
the PNCs. In particular, all-inorganic lead halide PNCs are pre-
pared following a previously described room temperature co-
precipitation method,® while silver metaphosphate glass
(AgPO3) is employed as the hosting material. In recent years,
phosphate-based glasses have been used frequently as the plat-
form for many interesting photonic features such as second
harmonic  generation,®*” lasing,®® and optical fiber
applications.>*° In this work, the selection of AgPO; glass is
encouraged mainly due to its soft nature, low glass transition
temperature (T,) of 192 °C, property of being transparent in
most of the visible region, easy preparation, and non-toxic
nature.*”*"*?

The composite perovskite-glasses developed here exhibit
impressive photoluminescence (PL) stability over the tested
period of two months, when compared to the corresponding
PL of the air-exposed PNCs. More importantly, using a simple
and fast cw-laser processing technique, we demonstrate the
formation of permanent perovskite micropatterns. The facile
formation of highly luminescent perovskite patterns presented

13698 | Nanoscale, 2020, 12,13697-13707

View Article Online

Nanoscale

here enables the exploitation of the developed composite
glasses in a broad range of photonic and optoelectronic appli-
cations, while simultaneously resolving the perovskite stability
issues and environmental concerns of lead.

2. Materials and methods
Synthesis of photoluminescent nanocrystals

All-inorganic lead halide nanocrystals capped with organic
ligands were synthesized for fulfilling the requirements of the
present study by following a previously reported room-temp-
erature co-precipitation method.® The precursors CsBr and
PbBr, with molar ratio of 1:1 and the ligands oleic acid and
oleylamine in a ratio of 2:1 were dissolved in anhydrous N,N-
dimethylformamide (DMF) under the protective argon atmo-
sphere of a glove box. The ligands have been degassed and
kept in the glove box prior to the preparation of the reactant
solution. The fresh reactant solution was placed in a closed
vial and stirred continuously for 3 hours. After the complete
dissolution of the reactants, it was removed from the glove
box. Meanwhile, a second vial of anhydrous toluene that was
also sealed inside the glove box was positioned in a container
with ice. Following this, 0.9 ml of the reactant solution was
added into the toluene miscible co-solvent and stirred for
another 30 minutes. Afterwards, the solution was removed and
kept on a bench at room temperature for 7 days. Since the ion
solubility in toluene is relatively low, the crystallization and
precipitation processes take place readily within this period.
After 7 days, the solution was centrifuged at 1000 rpm for
5 minutes and re-dispersed in toluene for the preparation of
the final PNCs/toluene solution that was employed for the fab-
rication of the composite perovskite AgPO; glasses. The centri-
fuged PNCs have a hexagonal shape with a size distribution of
93.5 + 11.6 nm (larger diagonal length). A very recent report on
these nanomaterials from our group revealed the coexistence
of two phases Cs,PbBrg and CsPbBr; in each nanohexagon.*?
The corresponding HRTEM image and XRD pattern analyses
in this report indicated that the coexistence of the two phases
is also the reason behind the photoluminescence of the nano-
hexagons solution.*’

Synthesis of composite perovskite glasses

Silver metaphosphate glass (AgPO;) was prepared by melting
equimolar amounts of high-purity AgNO; (99.995%) and
NH,H,PO, (99.999%) dry-powders in a platinum crucible by
following a well-established previously described synthesis
route.*>** All weighing and mixing manipulations of the two
powders were performed within a glove bag purged with dry
nitrogen gas. Following mixing, the melting batch was trans-
ferred to an electrical furnace initially held at 170 °C, and
slowly heated up to 290 °C for the smooth removal of the vola-
tile gas products. The furnace temperature was then increased
to 450 °C and kept steady for 30 minutes with regular stirring
in order to ensure melt homogeneity. AgPO; glasses were
obtained in the form of 1 mm thick disk specimens with a dia-
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meter of around 10 mm upon splat-quenching the melt
between two silicon wafers. The employment of silicon wafers
allows the formation of smooth glass surfaces that makes the
samples suitable substrates for perovskite encapsulation. As
demonstrated previously, the aforementioned melting pro-
cedure results in AgPO; glasses with minimum water traces of
less than 0.3 mol%, ie. incapable of causing any optical or
structural property modifications,** while the samples remain
unaffected by room humidity (25-30%) for several months.

Two types of composite perovskite AgPO;3; glasses are pre-
pared. In the first type, isles, comprising clusters of PNCs
embedded within a confined location inside the glass matrix
(clustered perovskite samples, PvG-C), whereas in the second
type, the incorporation of a thin perovskite layer beneath the
glass surface is realized (perovskite-layer samples, PvG-L). As
shown schematically in Fig. 1, the development of PvG-L from
the as-prepared perovskite/toluene solution (50 mg ml™?) is
based on a simple drop casting method. In particular, the
AgPO; glass substrate was positioned on a silicon wafer while
a heating plate was employed to maintain a temperature of
70 °C. Several drops of the perovskite/toluene solution were
added, while allowing 20 s intervals between each addition in
order to ensure the gentle vaporization of the toluene solvent
and the formation of the solid perovskite precipitate.
Following this, the temperature was increased to 160 °C for
5 minutes, i.e. 32 °C below the glass transition temperature of
the phosphate glass. At this temperature the AgPO; glass gains
viscosity and allows the smooth incorporation of the perovskite
layer within the glass matrix. After the perovskite layer immer-
sion was completed, the silicon wafer with the PvG-L sample
was instantly removed from the heating plate and left to cool
down to room temperature. Upon this post-annealing quench-
ing the composite PvG-L glass solidifies again, while it can be
readily retrieved from the silicon wafer.

Rather differently, the synthesis route of the composite
PvG-C is based on encapsulating dry powder of PNCs within
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phosphate glass. In this case, the perovskite/toluene solution
is dried under ambient conditions in order to yield PNCs in
the form of powder. Then, around 50 mg of the extracted dry
powder is positioned at the middle of the surface of the AgPO;
substrate and the sample is heated at 160 °C for 5 minutes
(Fig. 1). This allows the total immersion of the perovskite
powder within the glass, while the upper surface of the sample
is splat-quenched and regenerates readily after the incorpor-
ation process is over. Immediately after this the composite
sample is removed from the hot plate and allowed to cool
down to room temperature.

Material characterization

Scanning electron microscopes (JEOL, JSM-7000F and
JSM-6490) equipped with an INCA PentaFET-x3 EDS detector
for energy-dispersive X-ray spectroscopy were employed for the
examination of the obtained composite PvG samples, whereas
their crystalline nature was studied by means of X-ray diffrac-
tion (XRD). For the XRD measurements an X-Ray Rigaku (D/
max-2000) diffractometer was used, which was operated with a
continuous scan of Cu Kal radiation with 1 equal to 1.54056 A.
All XRD scans were captured at a scan rate of 0.2° s™'. The
morphology of the glass embedded PNCs was studied by trans-
mission electron microscopy (TEM, LaB6 JEOL 2100), after
depositing drops of glass-powder/toluene solution onto a
carbon-coated TEM grid. Room temperature Raman spec-
troscopy was performed in order to explore phosphate glass
network modifications upon perovskite encapsulation. Raman
spectra with a resolution of 1 cm™" were recorded in the back-
scattering geometry after employing a 532 nm laser for exci-
tation. A PerkinElmer UV/VIS (Lambda 950) spectrophoto-
meter was used to investigate the optical absorption properties
of the perovskite glasses over the wavelength range of
280-850 nm.

For the room temperature photoluminescence measure-
ments a previously described micro-photoluminescence (p-PL)

PvG-layer (PvG-L)

PNCs/toluene

solution

20 sec/drop

Solvent evaporation

5 min

Thermal annealing

PvG-core (PvG-C)

CsPbBr, dry powder
3dryp =3

5 min

@ o ) =2

Thermal annealing

Fig. 1 Schematic animation of the fabrication procedure of PvG-L and PvG-C perovskite glasses.
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setup operating in the backscattering geometry was
employed.” The employed excitation source is a diode-
pumped solid-state (DPSS) laser, Nd:YAG 473 nm (photon
energy: 2.62 eV). The laser beam passes through a short pass
(SP) filter (475 nm) in order to reduce noise at higher wave-
lengths, while the laser power is controlled via a neutral
density (ND) filter. A 70 : 30 beam splitter is used to reflect and
drive the beam to the 50x objective lens, which focuses the
spot size down to ~1 pm for sample excitation. The position of
the PvG glasses was controlled with a XYZ mechanical trans-
lation stage. Following the excitation, the emitted PL signal
passes through a Raman edge filter (473 nm) for the elimin-
ation of laser emission. An iHR-320 spectrometer (Horiba
Scientific/Jobin Yvon Technology) was used to record the PL
spectra.

Perovskite micropatterns

For the formation of perovskite micropatterns, a 455 nm con-
tinuous wave (cw) laser was employed, capable of providing
power up to 2 W. An optical lens was used to adjust the focus
of the laser beam on the glass surface. The laser source was
mounded on motorized stages (XY) that allowed its accurate
movement by means of custom-made computer software,
while the glass sample was kept steady under the laser beam
pathway. This simple laser experimental setup allows the devel-
opment of encapsulated perovskite micropatterns within a few
seconds, while permitting the convenient control of the pat-
tern’s periodicity and dimensions. Finally, the fluorescence
properties of the composite perovskite glasses and the encap-
sulated perovskite micropatterns were studied using a typical
fluorescence microscope by irradiating the samples with a UV
light source.

Fig. 2
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3. Results and discussion

Fig. 2a presents a scanning electron microscopy (SEM) image
of the pristine AgPO; substrate, whereas Fig. 2b and c¢ show
the surface of the PvG-L glass following perovskite inclusion.
Inspection of Fig. 2b reveals evidence of the perovskite vitrifi-
cation in almost the entire surface of the PvG-L sample. This
observation is also confirmed by the corresponding EDS
elemental mapping analysis (Fig. S1}). Corresponding cross-
sectional SEM photographs (Fig. S2t) reveal that the thickness
of the immersed perovskite layer does not exceed 1 pm.
Notably, during encapsulation, the soft glass surrounds the
PNC layer without leaving visible pores on the composite glass
surface. Fig. 2d depicts a cross-section image of the perovskite-
core sample (PvG-C) where the perovskite isle is visible and
located ~10 pm beneath the glass surface. The maximum
depth of the perovskite isle within the host glass is of the
order of 200 pm. Fig. 2e presents a closer view of the perovs-
kite/glass threshold, while Fig. 2f shows a magnified area of
the perovskite region. It becomes apparent from the latter SEM
figures show that the AgPO; glass forms a smooth boundary
around the perovskite material and there is no evidence of
phosphate glass penetration into the perovskite isle.

In order to reveal information about the nature of the
encapsulated PNCs we consider transmission electron
microscopy (TEM) results and XRD analysis. Fig. 3a presents a
typical TEM image of the as-prepared PNCs, whereas Fig. 3b
depicts the corresponding profile after incorporation to form
the PvG-L glass. Inspection of TEM images reveals that the
initial shape of the nanohexagons (Fig. 3a) is partially retained
following encapsulation into the glass matrix (Fig. 3b).
Notably, TEM profiles of the embedded nanocrystals within
PvG-L and PvG-C samples were found to be indistinguishable,

(a) Scanning electron microscopy (SEM) image of the pristine AgPOs glass surface. (b and ¢) SEM images of the composite PvG-L glass

surface. (d and e) Cross-section images of the composite PvG-C glass. (f) Magnified area of the perovskite core within the PvG-C sample.
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Fig. 3 Transmission electron microscopy (TEM) images of all-inorganic lead halide PNCs before (a), and after encapsulation in phosphate glass (b).
(c) XRD patterns of pristine AgPOs and PvG-L glasses. The corresponding pattern of the as prepared PNCs before encapsulation is also shown for

the sake of comparison.

suggesting that the encapsulation protocol had no effect on
the nature of the incorporated particles. The obtained white
large spots on the particles are attributed to the interaction of
the HRTEM electron beam with the perovskite nanohexagons.
In fact, soon after the HRTEM beam irradiation starts the
nanohexagons are affected until they are totally damaged.
Such hollow regions as a result of beam damage have also
been reported by other groups for similar nanomaterials.*>*®
Moreover, the corresponding XRD patterns in Fig. 3c show that
the as-synthesized PNCs consist mainly of the rhombohedral
Cs,PbBry phase (01-073-2478), while a secondary and strongly
photoluminescent orthorhombic CsPbBr; phase (ICSD 97851)
is also present.””~*® The presence of both phases also within
the composite PvG-L glass is confirmed by the corresponding
XRD profile, as depicted in Fig. 3c. In particular, the XRD
pattern of the PvG-L glass retains both characteristic peaks at
12.6° and 14.8° attributed to the (110) and (100) facets of
Cs,PbBrg and CsPbBr; phases, respectively.”’*° However, due
to the thermal annealing induced during the incorporation
process, some additional XRD peaks are observed for the
nanocrystals embedded into the PvG-L sample, possibly attrib-
uted to the inevitably newly created phases upon heating. This
could also plausibly explain the darker spots that appeared
within the embedded nanohexagons, as shown in the TEM
image of Fig. 3b.

Raman spectroscopy was employed to probe any structural
modifications of the phosphate glass network, upon perovskite

This journal is © The Royal Society of Chemistry 2020

encapsulation. Fig. 4a presents the room temperature Raman
spectrum of the pristine AgPO; glass, and the corresponding
spectra of the two composite glasses PvG-L and PvG-C, respect-
ively. It is well known that the metaphosphate network of the
AgPO; glass consists mainly of chains, which are formed by
connected phosphate tetrahedral units with bridging and non-
bridging (terminal) oxygen atoms.*"***%*' The two main
Raman features shown in Fig. 4a are distinct signatures of
such structural units. In particular, the key band at ca.
1144 cm™' is attributed to the symmetric stretching vibration
of terminal PO,~ groups, v4(PO,~), whereas the broader band
at ca. 675 cm™ " originates from the symmetric stretching move-
ment of P-O-P bridges within the phosphate backbone, v4(P-
O-P). The relative intensities of these two Raman bands
provide direct evidence in the case wherein the population of
terminal or bridging phosphate species changes at the
expense of the other upon the incorporation of PNCs. As for
instance, if oxygen was to be detached from the phosphate
network, the population of P-O-P bridges would increase rela-
tive to that of terminal PO,~ groups. The spectra of Fig. 4a are
normalized at the strongest band at 1144 cm™' in order to
facilitate comparison. Notably, inspection of Fig. 4a reveals no
significant change in the relative intensities of the Raman fea-
tures of the PvG-L and PvG-C samples, when compared to the
corresponding spectrum of pristine AgPO; glass. This obser-
vation implies that in both types of composite glasses, the
encapsulation of perovskite crystals has no effect on the con-

Nanoscale, 2020, 12,13697-13707 | 13701
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Fig. 4 Room temperature Raman (a) and optical absorbance (b) spectra
of pristine AgPOs glass, and composite PvG-L and PvG-C samples. For
the sake of comparison the Raman spectra are normalized on the
1144 cm™ strongest band.

nectivity of the phosphate glass network, and thus, no direct
incorporation of additional oxygen from the phosphate
network to the perovskite lattice occurs. This holds good
despite the formation of newly created PNC phases during
encapsulation heating. However, in the case of the PvG-L
sample where the perovskite layer is widely spread near the
surface, it appears to give rise to Raman activity below
250 cm™', a region where Raman modes have been previously
attributed to structural vibrations of lead-containing all-in-
organic perovskite crystals.”>”?

Although the incorporation of PNCs does not cause any
noticeable structural modification to the phosphate network,
it definitely alters the optical properties of the composite
glasses. Fig. 4b shows the respective optical absorbance
spectra. As expected from previous studies, the pristine binary
AgPO; glass is almost transparent, down to 380 nm.?” Rather
differently, both PvG-L and PvG-C samples exhibit the charac-
teristic absorption shoulder of the orthorhombic CsPbBr;

13702 | Nanoscale, 2020, 12,13697-13707
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phase at around 510 nm (Fig. $31).*”*° Notably, a more pro-
nounced absorption is observed for the latter sample where
the considerably thicker perovskite core is present. Both com-
posite glasses also exhibit absorption profiles in the vicinity of
440 nm that are attributed to the formation of metallic silver
nanoparticles due to the thermal annealing that occurred
during encapsulation.”” It is also shown that the integration of
perovskite crystals pushes the absorbance threshold of the
composite glasses to slightly lower wavelengths of around
350 nm, due to the enhancement of light absorption within
the glass matrix. Nevertheless, the characteristic low-wave-
length absorption feature of the Cs,PbBrs species at around
315 nm is not observed for any of the two composite
glasses,”” ™ as the binary AgPO; phosphate glass is not trans-
parent in that wavelength.

Remarkably, the inclusion of PNCs within the phosphate
glass induces impressive photoluminescence properties. Fig. 5
presents typical photoluminescence (PL) spectra of the two
composite glasses PvG-L and PvG-C. Both composite glasses
exhibit the characteristic green PL feature of orthorhombic
CsPbBr; nanocrystals at around 525 nm.”™*° In addition,
Video S17 illustrates the obtained transition of the green light
photoluminescence upon moving the blue laser excitation
source of the p-PL setup inside and outside the confined per-
ovskite isle of the PvG-C sample. It is emphasized that such a
PL profile is totally absent from the spectrum of the pristine
AgPO; glass, as well as when a region outside the perovskite
core of the PvG-C sample is excited (Video S17). Fig. 5 also pre-
sents the corresponding PL spectra of an air-exposed perovs-
kite film that is formed on the surface of AgPO; glass by the
same drop-casting method that was used for the synthesis of
the composite PvG-L sample. The PL profile of the air-exposed
perovskite dry powder is also included in the same figure. A
slight blue shift of a few nm is noted for the PL signature of

1.8x10" | | Air exposed PVs and PV-glasses ]
TS 7
g 1.5x10°
€N L
E ——PVfilm
S 1.2x10'F —— PV dry powder
3 L —PvG-L
- PvG-C
> 9.0x10° .
‘@ L
© ;
= 6.0x10"
S L
& 3o0x10°F
0.0 . L !
475 500 525 550 575 600 625

Wavelength (nm)

Fig. 5 Photoluminescence (PL) spectra of composite PvG-L and PvG-C
perovskite glasses. The corresponding PL spectra of the ambient air-
exposed perovskite dry powder and drop-casting film prior to encapsu-
lation are also presented as reference (see text).
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the PvG-L glass when compared to the reference film,
suggesting a possible decrease in the size of the PNCs upon
vitrification,”” possibly induced by the compression from the
phosphate glass network. Impressively though, the perovskite
layer encapsulation within the phosphate glass matrix turns
out to be of excellent photoluminescence efficiency, as it
causes negligible losses in the PL intensity. Rather differently,
in the case of PvG-C glass the encapsulation of the perovskite
dry powder induces a PL loss of around 40% (Fig. 5). Since the
perovskite isle is entirely beneath the glass surface, the
obtained luminescence losses might be attributed to scattering
effects induced by the silver phosphate glass matrix that com-
pletely covers the confined luminescent isle.*”

An even more remarkable feature of the developed PvG-L
and PvG-C glasses lies in their impressive PL stability over
time. Fig. 6a depicts the indicative PL spectra of the air-
exposed reference film over a period of two months, whereas
Fig. 6b presents the corresponding spectra of the PvG-L glass
sample. The inset of Fig. 6b also shows a photograph of the
green PL of the PvG-L sample captured at day one, while some
scattering of the blue excitation laser is also visible. The actual
PL intensities of the perovskite film and the PvG-L glass as a
function of days of exposure to air are plotted in Fig. 6c, while
maintaining all spectra acquisition conditions identical. The
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corresponding peak PL intensity, in terms of percentage with
respect to the maximum intensity recorded on the first day, is
plotted in Fig. 6d. Inspection of the latter two figures reveals
that during the period of two months the PL intensity of the
PvG-L sample exhibits only minimal losses of 8%, in contrast
to the air-exposed film that exhibits significant losses of 96%.
Even within the first month, the PvG-L glass retains around
97% of the its initial PL intensity value, whereas the air-
exposed film exhibits losses of 55% within the same period.
The impressive PL stability, together with the aforementioned
efficiency of the encapsulation process, demonstrate the suit-
ability of the proposed fabrication method towards the devel-
opment of highly luminescent and stable encapsulated perovs-
kite patterns within PvG-L samples.

Along similar lines, the PL stability of the PvG-C glass has
been investigated. Fig. 7a shows the PL spectra of the air-
exposed dry perovskite powder at various time intervals,
whereas the corresponding indicative spectra of the PvG-C
glass are shown in Fig. 7b. Fig. 7c and d present respectively
the variation of PL intensity over time and the corresponding
percentage with respect to the initial intensity recorded on the
first day. Inspection of Fig. 7d reveals that the PL intensity of
the air-exposed dry powder drops to 23% within two months,
whereas the corresponding intensity of the PvG-C sample is
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Fig. 6 Photoluminescence (PL) spectra of the ambient air-exposed perovskite film (a) and composite PvG-L glass (b) over a period of two months.
The inset shows a photograph of green luminescence of the PvG-L sample, while some scattering of the blue excitation laser is also visible. (c)
Corresponding plots of PL intensity versus days of exposure to air and (d) percentage of PL intensity versus days of exposure to air (see the text).
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Fig. 7 Photoluminescence (PL) spectra of the ambient air-exposed perovskite dry powder (a) and composite PvG-C glass (b) over a period of two
months. (c) Corresponding plots of PL intensity versus days of exposure to air and (d) percentage of PL intensity versus days of exposure to air (see

the text).

maintained at 70% of the initial value within the same period.
These findings imply, that despite being a less efficient
inclusion method when compared to that for PvG-L, the core
encapsulation still offers an important shield over the degra-
dation of perovskite crystals upon exposure to ambient air.

As a final part of this study, we demonstrate the develop-
ment of encapsulated luminescent perovskite micropatterns
within the fabricated composite glasses by means of a simple
cw laser patterning process. Fig. 8a presents a fluorescence
microscopy image of the PvG-C glass within the confined
location of the incorporated perovskite core, whereas Fig. 8b
depicts an indicative photograph of the PvG-L glass before pat-
terning. Notably, both perovskite glasses are highly lumines-
cent under the UV lamp irradiation. However, among the two
composite samples, the PvG-L glass is more suitable for laser
inscription of patterns on the thin luminescent layer, instead
of attempting to create patterns on the considerably thicker
perovskite core.

Fig. 8c and d show fluorescence photographs of micro-
dotted optical textures within PvG-L glasses after performing
laser patterning with a cw, 455 nm laser. The adopted
irradiation pattern is represented schematically in Fig. S4.f
Namely, the laser beam initially moves horizontally, followed
by vertical movement after completing dots of the first line.

13704 | Nanoscale, 2020, 12,13697-13707

The distance between the dots is defined by the horizontal
and vertical separation steps (Fig. S47), while the diameter of
the dots is readily controlled by the spot size of the employed
laser. In this manner, the shape and size of the pattern can be
varied in accordance to the irradiation pathway and beam
profile. In particular, Fig. 8c presents a luminescent micro-
dotted optical texture with a horizontal separation step of
400 pm and a vertical separation step of 500 pm, while Fig. 8d
depicts a similar pattern with smaller separation steps of
300 pm and 400 pm, respectively. In both patterns, the dark
dots are created upon laser irradiation with a power of 1.6 W
for 100 ms, while the beam diameter is 250 pm. These
irradiation conditions resulted in the confined degradation of
the incorporated PNCs. Consequently, the green luminescence
within the irradiated spots disappears. In contrast, the non-
irradiated region between the dark dots remains highly lumi-
nescent. Fig. S51 presents the PL spectra of PvG-L glass before
and after laser processing, where the latter PL spectrum is
recorded for a non-irradiated region between the dark dots
(Fig. 8c). The negligible differences between the two spectra
shown in Fig. S51 strongly imply that the embedded PNCs
outside the irradiation spots maintain their structure and
photoluminescence properties. Finally, it is emphasized that
based on the aforementioned procedures, the developed pat-

This journal is © The Royal Society of Chemistry 2020
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Fig. 8

Indicative fluorescence microscopy images of PvG-C (a) and PvG-L (b) glasses under UV light irradiation. Fluorescence photos of micro-

dotted optical textures encapsulated within PvG-L glass after laser patterning with horizontal separation steps (see the text) of 400 pm (c) and
300 pm (d). The dot diameter in both cases is 250 pm. The scale bars for (a), (b), (c), and (d) are equal to 50 pm, 100 pm, 400 pm, and 100 pm,

respectively.

terning process requires only widely available, compact, and
low-cost cw laser sources, while being extremely fast and
efficient.

4. Conclusions

In conclusion, we herein demonstrate a simple and low temp-
erature post-glass quenching method for the development of
composite perovskite glasses by incorporating pre-synthesized
PNCs within a transparent phosphate glass matrix. The pro-
posed novel two-step method enables controlled positioning of
the PNCs for the formation of a perovskite layer or a perovskite
isle within the glass matrix. Both types of glasses exhibit
remarkable photoluminescence stability over time when com-
pared to the air-exposed perovskite crystals, while the glass
encapsulation resolves environmental concerns of lead. Based
on this, the described vitrification procedure is proven to be
suitable for stabilizing perovskites within a transparent visible
optical medium. Furthermore, by means of a simple and fast
cw laser processing technique the formation of encapsulated
highly luminescent and stable perovskite periodic patterns was

This journal is © The Royal Society of Chemistry 2020

achieved. The architecture of these patterns can be easily
modified according to the needs of the targeted application by
simply altering the processing conditions. Based on the above,
the presented synthesis route is expected to open up new ways
towards the development of advanced composite perovskite-
glass architectures for various photonic applications.
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