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1. Introduction
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Inkjet printing has emerged as a sustainable and scalable approach for fabricating electronic and opto-
electronic devices, offering precise material deposition with minimal waste. Among solution-processable
materials, metal halide perovskites, particularly CsPbBrs, have gained significant attention due to their
exceptional optoelectronic properties, including high photoluminescence quantum yield, tuneable
bandgap, and efficient charge transport. However, optimizing the inkjet-printing process remains a chal-
lenge, particularly post printing annealing since CsPbBrz nanocrystals are sensitive to environmental con-
ditions. In this study, we systematically investigate the effect of annealing temperature on the structural,
morphological, and photoluminescence properties of inkjet-printed CsPbBrs films. Our results reveal that
thermal treatment plays a pivotal role in controlling grain size, crystallinity, defect density, and overall
optoelectronic behaviour. Notably, a remarkable 70-fold enhancement in photoluminescence emission
was observed, alongside a crystal structure morphology evolution from 3D to OD and 2D structures
through simple annealing offering transformative potential for optoelectronic applications. By elucidating
the interplay between annealing conditions and film characteristics, this work provides key insights for
optimizing inkjet-printed perovskite films, driving advancements in next-generation, sustainable, and
high-performance printed electronics. The application of the printed films was successfully demonstrated
as efficient colour conversion layers for optoelectronic devices.

ture processing, making it compatible with biodegradable sub-
strates. Additionally, the technology allows for on-demand cus-

Printed electronics are emerging as a sustainable alternative to
traditional lithographic processes for developing eco-friendly
electronic devices.' There are various methods for fabricating
printed electronics, such as inkjet printing, screen printing,
gravure printing, flexographic printing, offset printing, and
direct digital ink writing.® Among these, inkjet printing
stands out for its numerous advantages, including its non-
contact nature and scalability, while minimizing material
waste and reducing energy consumption.””® Moreover, inkjet
printing supports eco-friendly, water-based inks, eliminates
the need for hazardous chemicals, and enables low-tempera-
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tomization, scalable production, and the integration of diverse
functional materials such as dielectric, conductive, and semi-
conducting inks.”® By reducing environmental impact and
enabling the creation of flexible, recyclable, and energy-
efficient designs, inkjet printing aligns closely with the goals
of sustainable electronics manufacturing.'®™* The research
and development of solution processability of many functional
inks have further widened their applications in various fields.
These include inks based on carbon materials such as gra-
phene and carbon nanotubes, gold (Au) nanoparticles, silver
(Ag) nanoparticles, halide-based and non-halide based perovs-
kites, and biomolecules.®

Besides various advantages, inkjet printing has challenges
related to film uniformity, reproducibility of results, and inter-
facial adhesion compared to conventional lithographic and
spin-coating techniques. These limitations arise due to incon-
sistent droplet formation, variations in ink spreading, and
weak adhesion to substrates. To overcome these issues, it is
crucial to optimize key parameters such as ink formulation
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(viscosity, surface tension, and solvent composition), substrate
properties (surface energy and wettability), and annealing con-
ditions (temperature, duration, and atmosphere). Fine-tuning
these factors ensures uniform jetting, improved ink-substrate
interaction, enhanced film morphology, and superior device
performance, making inkjet printing a viable alternative for
high-precision applications.

For optoelectronics applications, halide perovskites are
emerging as leading candidates due to their outstanding pro-
perties, such as a tuneable bandgap, high absorption coeffi-
cients, long carrier diffusion lengths, and low trap-state den-
sities, making them highly suitable for applications in solar
cells, LEDs, photodetectors, and lasers."** Halide perovskites
also possess excellent charge-carrier mobility, low exciton
binding energy, and high photoluminescence quantum yields,
enabling efficient light emission and energy conversion.
Additionally, they are solution-processable, enabling low-cost
fabrication of thin films using scalable techniques like inkjet
printing.'® Their versatility in composition and structure
allows for tailoring material properties to specific device
requirements, solidifying their potential in next-generation
optoelectronics.

Besides these remarkable properties, halide perovskites
also present certain limitations. Notably, the susceptibility of
CsPbX; (X = Cl, Br, I) to environmental factors like moisture,
heat, and UV light poses significant challenges for commercia-
lization. However, these limitations can be addressed by
encapsulation methods.'” The combination of solution proces-
sing for CsPbBr; with inkjet printing enables the development
of devices with a broad range of applications.

The performance of inkjet-printed devices is strongly influ-
enced by various factors, including ink rheology, substrate
interactions, and the post-printing annealing process, as pre-
viously discussed. Many previous studies have outlined the
importance of annealing conditions in the final properties of
their inks. For instance, Secor et al.,'® studied the impact of
intense pulsed light (IPL) annealing of graphene inks on
various substrates such as polyester, poly(ethylene naphtha-
late), glass and polyimide. They concluded that IPL annealing
effectively reduces the sheet resistance of graphene films on
various substrates (PET, PEN, PI, and glass), with required
pulse energy varying based on each substrate’s thermal pro-
perties. Another study by Woo et al.,'® reported annealing
temperature significantly affects the resistivity of printed silver
films. As the temperature increases, resistivity generally
decreases due to improved particle sintering and interparticle
connectivity. This effect is most notable in films from stable
dispersions, which show the lowest resistivity at higher temp-
eratures, particularly at 400 °C, where uniform microstructures
with minimal pores are achieved.

CsPbBr; nanocrystals, being highly sensitive to thermal
treatment and environmental conditions due to their ionic
crystal structure and weak ligand bonding, undergo significant
structural and morphological changes upon annealing,
directly impacting the optoelectronic properties of the fabri-
cated devices.>”** Grain size and film morphology are critical
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factors that govern charge transport, defect density, and overall
device efficiency, all of which are highly sensitive to annealing
conditions. However, despite its pivotal role in scalable manu-
facturing, the impact of annealing temperature on inkjet-
printed CsPbBr; films remains largely unexplored. A compre-
hensive investigation into this aspect is essential to unlock
new pathways for optimizing device performance while ensur-
ing a sustainable and efficient fabrication process.

In this study, we conduct a comprehensive investigation
into the effect of annealing temperature on the chemical com-
position, structural evolution, surface morphology, and photo-
luminescence characteristics of inkjet-printed CsPbBr; films.
Our findings reveal critical thermally induced transformations
directly influencing film quality and optoelectronic perform-
ance. By optimizing the annealing process, we achieve
enhanced crystallinity, morphological changes, improved
charge transport, and a remarkable increase in photo-
luminescence emission. Furthermore, we demonstrate the
practical application of these printed films as high-perform-
ance colour conversion layers, highlighting their potential for
next-generation optoelectronic and display technologies. These
insights pave the way for advancing inkjet-printed perovskite
materials in sustainable and scalable device fabrication.

2. Experimental

2.1. Materials

All the compounds, materials, and solvents used to synthesize
the CsPbBr; nanocrystals were employed as received from their
corresponding provider companies without any further purifi-
cation. Lead(u) bromide (PbBr,, ABCR, 99.999%), cesium car-
bonate (Cs,CO;, Sigma-Aldrich, 99.995%), 1-octadecene
(1-ODE, Sigma-Aldrich, 90%), oleic acid (OA, Sigma-Aldrich,
90%), oleylamine (OLA, Sigma-Aldrich, 90%), hexane (HXx,
Sigma-Aldrich, 99%), dodecane (Sigma-Aldrich, anhydrous
>99%) methyl acetate (MeOAc, Sigma-Aldrich, 99.5%).

2.1.1. Synthesis of CsPbBr; nanocrystals. The CsPbBr;
nanocrystals (NCs) were synthesized using a modified hot-
injection method based on our previous studies,'® adapted
from the approach reported by Protesescu et al.>® All chemicals
were used as received. For the Cs-oleate solution, 0.41 g
Cs,CO;, 1.5 mL oleic acid (OA), and 20 mL 1-octadecene
(1-ODE) were mixed in a 50 mL three-neck flask, degassed
under vacuum at 120 °C for 1 hour, then heated to 150 °C
under nitrogen to dissolve Cs,CO;. The solution was main-
tained at 120 °C until use. For the PbBr, solution, 0.85 g PbBr,
was dissolved in 50 mL 1-ODE, degassed at 120 °C, and mixed
with a preheated (130 °C) 1:1 OA/oleylamine (OLA) solution
(10 mL) under nitrogen. The temperature was raised to 170 °C,
and 4 mL Cs-oleate was injected. After 5 seconds, the reaction
was quenched in an ice bath. For the purification of nanocrys-
tals, the crude reaction mixture was centrifuged (5000 rpm,
5 min), the supernatant was discarded, and the precipitate was
redispersed in hexane (Hx, 5 ml). The MeOAc (5 ml) was
added to the dispersion, followed by a second centrifugation

This journal is © The Royal Society of Chemistry 2025
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(5000 rpm, 5 min). The supernatant was discarded, and the
solid was redispersed in Hx (2 ml). The dispersion was stored
at —18 °C overnight, then carefully decanted and filtered to
remove the solid sediment deposited at the bottom. In all
cases, the dispersion was transferred to a glass vial, dried
under a gentle nitrogen flow, and placed under vacuum for
15 minutes to obtain CsPbBr; nanoparticles as a solid. Finally,
the solid was weighed and redispersed in the appropriate
volume of Hx or dodecane to achieve the desired concentration
and filtered through a 0.42 um Teflon filter. The schematic of
the synthesis process is given in Fig. 1(a).

2.1.2. Inkjet-printed CsPbBr; films with different anneal-
ing temperatures. The ink preparation process was conducted
following our established methodology.'® Two colloidal solu-
tions of CsPbBr; nanocrystals (NCs), one dispersed in
dodecane and the other in hexane, were combined in a precise
3:1 volume ratio (dodecane : hexane). The NC concentration
was adjusted to 10 wt% and were vigorously stirred using a
vortex mixer for 3 minutes at room temperature. The resulting
perovskite NC ink was then ready for inkjet printing to obtain
nanofilms. The obtained colloidal solution was also character-
ized for absorption, PL and morphology as shown in Fig. S1(a
and b).t

Dimatix piezoelectric drop-on-demand (DOD) inkjet printer
(DMP2831 Fujifilm Dimatix Inc.) was used for printing with a
drop spacing of 20 um. SiO,/Si substrates was used as sub-
strate which was cleaned using acetone and isopropanol sol-
vents and were dried using a nitrogen gun. The substrate was
chosen for its excellent wettability with our ink and thermal
stability, making it suitable for studying the effects of high-
temperature annealing. A Samba cartridge with 12 nozzles,
each delivering a native drop volume of 2.4 pL, was employed
to ensure precise deposition. The viscosity and surface tension
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of the NC ink were carefully optimized to achieve smooth,
uniform and consistent printability, following the protocols
established in our prior studies.'®

The printed films were fabricated by printing two layers of
the NC ink to ensure pinhole-free uniform and continuous wet
film. After printing, the samples were subjected to annealing
at varied temperatures of 45 °C, 90 °C, 120 °C, 150 °C, 180 °C,
and 200 °C for 20 minutes under vacuum conditions
(60 mbar) in an oven. Each sample was labelled according to
its respective annealing temperature and stored in a vacuum
desiccator to preserve their structural and compositional integ-
rity for further characterization.

2.2. Characterization

Scanning electron microscopy (SEM) images were obtained
using the FEGSEM - JEOL 3100F system. TEM analysis was
conducted using a JEM-2010F TEM/STEM (JEOL Ltd, Japan)
operated at an acceleration voltage of 200 kV. High-resolution
TEM images were obtained using JEM-ARM200F: NEOARM
TEM microscope. For spherical morphologies, diameters were
measured across 100 nanocrystals, while cubic structures were
analysed from the TEM images by determining their edge
lengths, ensuring accurate morphological quantification.

Morphology of the samples were also observed via atomic
force microscopy (AFM) using a Digital Instruments
Nanoscope D-5000, scanning the x-y plane with a z-axis resolu-
tion of approximately 1 nm. The crystalline microstructure,
orientation, and nanocrystal (NC) were characterized through
X-ray diffraction (XRD) using a Japan Rigaku D/Max-IIA diffr-
actometer with Cu Ka radiation (4 = 1.5406 A) operating at 40
keV and 40 mA.

The chemical composition and local environment of the
printed perovskite NC layers were examined via X-ray photo-

CsPbBr; nano cubes

CsPbBr; precipitate
after reaction

24.7°

Temperawre _ Vacwm _ Time

Annealing at different
temperaturesin vacuum oven

(b5)

Printed film under
illumination

(a) Schematic illustration of the CsPbBrz nanocrystal synthesis process. (b) Ink formulation and printing steps: (b1) Ink preparation and depo-

sition, (b2) measurement of the contact angle, (b3) digital photograph of the printed film under illumination, (b4) SEM image showing the surface

morphology, and (b5) annealing process for film formation.
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electron spectroscopy (XPS) using a PHI ESCA-5500 spectro-
meter with monochromatic Al Ka radiation (E = 1486 eV) at
350.0 W. The X-ray source and detector positioned at 45.1°
angle relative to the sample normal.

The photoluminescence (PL) properties of the films de-
posited on SiO,/Si substrates were investigated by exciting the
samples with a 325 nm He-Cd laser at a power density of
50 mW, in a spot size of about 80 pm in diameter. The emitted
light was analysed using a single-grating monochromator
coupled to a GaAs photomultiplier. To ensure the reliability of
the photoluminescence intensity comparisons across samples,
PL spectra were acquired at three distinct points on each film.
The measured values showed minimal variation (below 15%),
indicating a high degree of uniformity. In addition, new
samples were fabricated and measured under identical con-
ditions to confirm reproducibility. The photostability of the
samples was further assessed by monitoring the PL intensity
over 150 seconds under continuous laser illumination. The
emission remained stable throughout, with fluctuations below
5%, confirming that the excitation conditions did not induce
photodegradation during the measurements. These results are
presented in ESI Fig. S4.f The observed PL intensity trends
remained consistent across all measurements, validating the
robustness of the annealing-dependent behaviour.

The absorption spectra of the colloidal solution were
acquired using the JASCO V-780  UV-Visible/NIR
Spectrophotometer, which features a double-beam, single
monochromator with dual gratings for UV-Visible and NIR,
and a PMT detector for UV-Visible. The absolute photo-
luminescence quantum yield (PLQY) of the perovskites col-
loidal solution was estimated using the Absolute QY
Measurement System C9920-02, equipped with an integrating
sphere and excited with a wavelength of 405 nm.

3. Results and discussion

The printing process and annealing of the CsPbBr; films on
Si/SiO, substrates are illustrated in Fig. 1(b1). The surface
tension, viscosity, and density of the CsPbBr; ink were
measured to be 27 dynes per cm, 2.5 cP, and 1.08 g cm™>,
respectively. Based on these rheological parameters (Tables S1
and S27t), the calculated Z value for the ink is Z = 12. This
value falls within the optimal range of 1 < Z < 14 indicating
the potential for stable droplet formation during the inkjet
printing process.>*

The average contact angle was measured as shown in Fig. 1
(b2) using a contact angle goniometer, which was found to be
approximately 24°, indicating good wettability with the SiO,/Si
substrate. These parameters are extremely important to main-
tain the printing properties and performance of the fabricated
device."” As shown in Fig. 1(b3), the CsPbBr; forms a continu-
ous film, demonstrating uniform coverage. Upon illumination,
the film exhibits fluorescent green emission typically observed
for CsPbBr; printed films. The SEM image demonstrates
uniform coverage of the nanocrystals across the film (Fig. 1
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(b4)). The annealing conditions to develop uniform films is
illustrated in Fig. 1(b5).

3.1. Crystalline structure and phase evolution

The crystalline structure of the perovskite films annealed at
varying temperatures provides critical insights into their struc-
tural and phase properties. X-ray diffraction (XRD) analysis
was performed for all annealed samples to examine the crystal
quality, phase composition, and the presence of any secondary
phases or impurities. The diffraction peaks’ peak positions,
intensities, and full width at half-maximum (FWHM) provide
valuable information about lattice constants, crystallite size,
and strain within the films. Furthermore, peak shifts or broad-
ening variations can indicate structural integrity changes or
thermal-induced modifications.

The XRD patterns of the inkjet-printed CsPbBr; thin films
annealed at various temperatures are presented in Fig. 2(a),
enabling a comprehensive comparison of the structural evol-
ution with the annealing temperature. The XRD pattern
showed two prominent diffraction peaks at 26 = 15.18° and
30.64°, corresponding to the {100} and {200} crystallographic
planes, respectively. These peaks were significantly more
intense compared to other peaks typically observed in cubic
phase CsPbBr; nano-cubes (Pm3m), as shown from the JCPDS
00-054-0752 Cubic CsPbBr;. These include peaks at 21.55°
({110}), 26.48° ({111}), 37.56° ({210}), and 43.62° ({211}).

The dominance of the (100) and (200) peaks indicate a pre-
ferential crystallographic orientation of the inkjet-printed
CsPbBr; films, likely induced by the controlled inkjet printing
deposition process and subsequent annealing. This preferen-
tial orientation reflects the structural uniformity and align-
ment of the nano cubes within the printed films.'*?*2¢ The
preferential orientations can be observed in the high resolu-
tion TEM image as shown in Fig. S1(c).t

The peaks observed at 20 = 30° in the sample annealed at
45 °C exhibited splitting, suggesting the presence of an inter-
mediate phase attributed to solvent retention and initial
crystal growth.>” At higher annealing temperatures (90 °C and
120 °C), this peak merged into a single broad peak, likely due
to the overlap of two phases. Interestingly, at 150 °C, the over-
lapped peak split into two distinct peaks at 20 = 30.45° and
30.70°, with the latter showing higher intensity and persisting
up to this temperature, suggesting the presence of two separate
phases in the inkjet-printed films.

For better comparison, the peaks were deconvoluted into
two peaks as shown in Fig. S2.f The maximum intensity of the
fitted peak 2 was plotted against annealing temperature, as
shown in Fig. 2(b). An increase in secondary phase formation
was observed with increasing temperature, suggesting that
higher temperatures favour secondary phase formation.
However, at 180 °C, a sudden drop in intensity was observed,
indicating a transformation of the secondary phase back into
the primary perovskite phase. Interestingly, at 200 °C, the sec-
ondary phase re-emerged.

This secondary phase formation is likely due to the struc-
tural transformation of cubic CsPbBr; into tetragonal

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) X-ray diffraction patterns of CsPbBr; nanocrystals annealed at different temperatures, showing the evolution of crystallinity and phase

stability. (b) The intensity variation of the fitted (200) peak with annealing temperature indicates the optimal temperature for enhanced crystallinity.
(c) FWHM analysis of peaks 1 and 2, demonstrating the effect of annealing on crystallite size and structural order.

Cs PbBrs or CsPb,Brs phases at high temperatures.’® The
observed peak splitting could be attributed to the coexisting
multiple crystalline phases or lattice distortions induced by
thermal stress. Additionally, a slight shift in peak position was
observed at 180 °C and 200 °C, which can be attributed to
thermal expansion of the unit cell.>®

The full-width at half-maximum of the primary diffraction
peaks corresponding to the (200) planes became narrower pro-
gressively with increasing annealing temperature, signifying
enhanced crystallinity, as plotted for both peaks found at 26 =
30°, as shown in Fig. 2(c). This improvement is associated with
Ostwald ripening, resulting in larger grain sizes and reduced
lattice strain,?® which is attributed to increased energy avail-
ability for larger grain formation and the elimination of
residual solvents during annealing.

3.2. Morphological evolution and TEM analysis

To gain deeper insights into the structural modifications
observed in the XRD analysis, transmission electron microscopy
(TEM) was employed to investigate the corresponding morpho-
logical changes, providing a direct correlation between struc-
tural alterations and morphology at the nanoscale. The TEM
images, presented in Fig. 3, provide critical insights into the
nanoscale structural features of the CsPbBr; films annealed at
different temperatures. CsPbBr; perovskites are known to crys-
tallize in orthorhombic, tetragonal, and cubic polymorphs
within the perovskite lattice, with the cubic phase representing
the high-temperature state for all compositions.>’

At lower annealing temperatures of printed films (45 °C
and 90 °C), the TEM images reveal well-defined cubic mor-

This journal is © The Royal Society of Chemistry 2025

phologies with average edge lengths of 10.3 + 2.4 nm and 18.5
+ 4.7 nm, respectively, as calculated for nanocrystals using
Image] software (Table 1). These nano cubes exhibit a uniform
size distribution, with a small fraction of globular structures
with unclear edges observed at 90 °C, as highlighted in yellow
in Fig. 3b. The cubic phase, confirmed by XRD analysis, indi-
cates stability under low thermal stress, with the preferential
crystallographic orientation of the cubes further corroborating
the results obtained in the XRD analysis.

As the annealing temperature increased to 120 °C and
150 °C, a pronounced morphological transformation occurred.
TEM images indicate the replacement of cubic structures by
globular morphologies with unclear edges, with average dia-
meters of 25.7 + 6.7 nm and 25.4 + 7.5 nm, respectively, in
both cases compatible with a bimodal distribution. The globu-
lar morphology can be related to the disassociation of 3D
CsPbBr; into 0D Cs,PbBre.>° The transformation of 3D
CsPbBr; to 0D Cs,PbBrg via thermal annealing occurs through
a structural reorganization driven by the increased tempera-
ture. The mechanism behind this transition involves Pb-Br
network degradation, forming isolated [PbBrg]*~ octahedrons
stabilized by additional Cs' ions.

This transition is accompanied by peak splitting observed
in the XRD, indicating phase coexistence and lattice distor-
tions. Besides, the initial transformation at 120 °C would
induce lower crystalline quality, as confirmed by maximum
FWHM in Fig. 2c. This transformation is driven by size expan-
sion, as evidenced by the larger globular morphology of 0D
Cs,PbBrs compared to the cubic structures of CsPbBr;, with
the dark spots on 0D Cs,PbBrs indicating the presence of

Nanoscale, 2025, 17,17803-17815 | 17807
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Fig. 3 TEM analysis of CsPbBrz; nanocrystals annealed at different
temperatures. (al-f1) TEM images showing the overall morphology of
nanocrystals annealed at (a) 45 °C, (b) 90 °C, (c) 120 °C, (d) 150 °C, (e)
180 °C, and (f) 200 °C. (a2—f2) Magnified TEM images highlighting the
detailed morphology of nanocrystals. (a3—-f3) Size distribution histo-
grams corresponding to the respective annealing temperatures, based
on the measurements of 100 nanocrystals using ImageJ software.

heavier Pb atoms.*** This observation is consistent with the

findings of Tian et al.,*® in which they demonstrated the con-
version of 3D CsPbBr; to 0D Cs,PbBrgs. They found that in-
organic cations (e.g., Cs") and ligands (e.g., didodecyldimethyl-
ammonium bromide, DDAB), used in the synthesis of CsPbBr;
nanocrystals (NC) at ambient temperature, rapidly induced
this transformation. A similar morphological transformation
from 3D to 0D was reported by Rao et al.,*® in which the globu-
lar-shaped 0D Cs,PbBrs were observed by adjusting the Oleyl
Amine (OA) concentration. This transformation is attributed to
crystal anisotropy driven by growth kinetics, where capping

17808 | Nanoscale, 2025, 17, 17803-17815
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Table 1 Morphological evolution, average size, standard deviation (SD),
and size range (min and max) of CsPbBrsz perovskite nanocrystals
annealed at different temperatures, measured for 100 crystals using
Image J software

Annealing Average Min Max

temperature size SD size size

(°C) Morphology (nm) (nm) (nm) (nm)
45 3D cubes 10.3 2.4 5.6 15.8
90 3D cubes and 0 D 18.5 4.7 8.9 34.0
120 0D 25.7 6.7 12.9 44.0
150 0D 25.4 7.5 7.4 47.4
180 2D nanoplatelets 23.0 9.1 11.3 60.8
200 0D 110.3 74.3 26.0 325.2

ligands preferentially bind to specific crystal facets, leading to
facet-dependent growth rates and ultimately altering the per-
ovskite morphology. However, our study reports the transform-
ation by just thermal annealing. The observed changes high-
light the significant role of thermal energy in driving the
rearrangement of nanocrystal surfaces and altering their
morphology.

At 180 °C, a remarkable transformation was observed, as a
square-like morphology of nanoplatelets with well-defined
edges was observed as evident from the TEM images
(Fig. 3(e)). The average crystal size was determined to be 23.05
+ 9.10 nm, exhibiting a broader size distribution compared to
lower temperature samples. Notably, the prevalence of globular
morphologies decreased significantly, giving rise to distinct
nanoplatelet-like structures, as illustrated in Fig. 3(el and e2).
This transformation is further supported by the XRD, where
the intensity of peaks associated with secondary phases
diminishes substantially, indicating the conversion into 2D
nanosheet-like structures. This suggests that 180 °C represents
a critical annealing temperature at which sufficient thermal
energy enables surface atom diffusion and recrystallization,
that might have resulted in conversion of irregular or globular
shapes 0D Cs,PbBr, into a more stable, layered CsPbBr; nano-
platelets-like structure.’” The nanoplatelet-like structure was
further confirmed using AFM microscopy, as shown in
Fig. S3.7 The AFM images of the sample annealed at 180 °C
reveal numerous stacked nanosheet-like structures of varying
sizes, ranging from 20 to 200 nm, consistent with observations
from TEM images. To obtain a more precise measurement of
thickness, a smaller scan area of 0.5 pm was measured for
larger nanosheets, as depicted in Fig. 4(a). The measured
thickness and corresponding line profile are presented in
Fig. 4(b). The line profile indicates the presence of multiple
stacked nanosheets with a thickness of 30 nm and a lateral
size of 200 nm, further supporting the conclusion that anneal-
ing at 180 °C promotes the transformation from cubes to
nanosheet-like structures. The transformation from 3D struc-
tures to 0D nanocrystals and subsequently into 2D nanosheet-
like formations is distinctly illustrated in Fig. 4(c).

This morphological evolution observed in the TEM images
suggests a growth mechanism driven by Ostwald ripening.
This hypothesis aligns with prior studies of in situ TEM investi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Atomic force microscopy (AFM) analysis of the nanosheet-like
structures formed after annealing at 180 °C (a) High-resolution AFM
image of a selected region, highlighting a large nanosheet with a line
scan for thickness measurement. (b) Corresponding height profile
extracted from the line scan, indicating a nanosheet thickness of
approximately 30 nm. (c) Schematic illustration of the morphological
changes from 3D to 0D to 2D.

gations, where the growth of nanocrystals (NC) was monitored
on a heated TEM grid, as reported by Hoffman et al.*® Ostwald
ripening is a process wherein smaller, less stable particles gets
sacrificed and contribute to the growth of larger, energetically
more stable particles. This phenomenon results in a reduction
in the total number of particles, as evidenced by the dimin-
ished number of nanocrystals observed in the TEM images
(Fig. 3(f)). Further investigation is required to determine the
exact reason for the change in the morphology and atomic
composition from 3D CsPbBr; nano cubes to 0D Cs,PbBr, at
120 °C and 150 °C and recrystallization to 2D CsPbBr; nano-
platelets at 180 °C.

At 200 °C, a significant deviation from the nanoplatelets
like morphology is observed. Fig. 3(f) show irregularly shaped
nanocrystals, with an average size of 110.3 + 74.3 nm. The
large standard deviation reflects extensive size variation and
irregularity due to the nanocrystals’ coalescence, sintering,
and partial decomposition. These observations align with the
XRD analysis formation of secondary phase. The elevated
thermal energy at 200 °C compromises the structural integrity
of the nanocrystals, leading to morphological degradation and
irregular growth.

The average size and morphology of CsPbBr; nanocrystals
also exhibit distinct trends with annealing temperature as
shown in Table 1. At lower temperatures, the stability of the
cubic phase is associated with relatively small and uniform
nanocrystals."* With increasing temperature, the transition to
globular morphologies occurs alongside a growth in size,
peaking at 200 °C with significant irregularity. The largest
nanoplatelets are observed at 180 °C, indicating this as the
optimal annealing condition for achieving the desired nano-
platelets like morphology with larger crystalline size.

This journal is © The Royal Society of Chemistry 2025
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3.3. XPS analysis and chemical state modifications

To further investigate the functional groups and chemical
states present on the surface of the samples, XPS analysis was
conducted. The survey spectra for all samples are presented in
Fig. 5(a). The survey XPS spectra given in Fig. 5(a) for CsPbBr;
nanocrystals annealed at various temperatures reveal the pres-
ence of characteristic peaks corresponding to Cs 3d, Pb 4f, Br
3d, O 1s, C 1s, and N 1s. The dominant peaks associated with
Cs, Pb, and Br confirm the elemental composition of CsPbBrs3,
whereas the peaks for C 1s and O 1s may originate from adven-
titious carbon from the remaining solvent and capping agents.
The adsorbed oxygen present on the sample surface is likely
due to environmental exposure, a common observation in XPS
analysis of perovskites and other nanomaterials.*>*
Additionally, the presence of N 1s could indicate the remnants
capping ligands used during synthesis, which play a crucial
role in stabilizing the nanocrystals.*"

The survey spectrum exhibits notable changes with anneal-
ing temperature. At lower annealing temperatures (45 °C, 90 °C
and 120 °C), the C 1s peaks are sharper and more prominent.
However, these peaks diminish drastically at higher tempera-
tures (150, 180, and 200 °C), with the minimum at 200 °C. This
is likely due to solvent evaporation as well as decomposition of
capping ligands. Furthermore, the intensity of Cs 3d, Br 3d, O1s
and Pb 3f peaks increases for samples annealed at 150, 180 and
200 °C, suggesting the formation of secondary species, a
phenomenon also observed in the XRD and TEM images.

The systematic shift in the Pb 4f binding energy also corre-
lates with changes in the Br 3d region, where a slight shift to
lower binding energies is observed with increasing temperature.
This suggests that changes in the local bonding environment of
Pb are mirrored by corresponding changes in the Br chemical
state, further confirming the thermal-induced structural modifi-
cations of the CsPbBr; lattice as shown in Fig. 5(b).

The high-resolution spectra of the Pb 4f region provide
more detailed insights into the chemical state of lead within
the samples. The Pb 4f peaks consist of two primary com-
ponents: Pb 4f,,, and Pb 4f;,, resulting from spin-orbit coup-
ling.*” At lower annealing temperatures, the Pb 4f,, peak
appears at ~138.4 eV, characteristic of Pb-Br bonds in the
CsPbBr; lattice. However, as the annealing temperature
increases, a systematic shift in the Pb 4f peaks to lower
binding energies is observed, with the Pb 4f,,, peak shifting to
~137.9 eV at 200 °C. This shift reflects changes in the chemical
environment surrounding Pb atoms, potentially due to lattice
restructuring, a reduction in surface defects, or partial oxi-
dation of lead.

Deconvolution of the Pb 4f peaks provides further insights
into the chemical states of Pb as shown in Fig. 5(c-h). Two dis-
tinct components are resolved: Pb-Br, corresponding to lead
in the CsPbBr; perovskite lattice, and Pb-O, indicative of oxi-
dized lead species on the sample surface. At lower tempera-
tures, the Pb-Br component dominates, confirming the integ-
rity of the perovskite structure. However, with increasing
annealing temperature, the relative intensity of the Pb—O com-
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Fig. 5 X-ray photoelectron spectroscopy (XPS) analysis of CsPbBrs films annealed at different temperatures. (a) Survey spectra showing elemental
composition across various annealing temperatures. (b) High-resolution XPS spectra of the Pb 4f region, highlighting Pb 4fs,, and Pb 4f,,, peaks. (c—
h) Deconvoluted Pb 4f spectra at different temperatures (c) 45 °C, (d) 90 °C, (e)120 °C, (f)150 °C (g) 180 °C (h) 200 °C, indicating contributions from
Pb-Br bonding and PbO formation. The shifting of peaks suggests changes in chemical states due to thermal annealing.

ponent becomes more pronounced, especially at 200 °C, indi-
cating an increase in surface oxidation. This is consistent with
the concurrent increase in the O 1s peak in the survey spectra,
which suggests the formation of lead oxide species. The
enhanced oxidation at higher temperatures can be attributed
to thermal degradation or exposure to ambient conditions
during the annealing process.

3.4. Photoluminescence analysis and optical properties

The observed structural, morphological, and chemical modifi-
cations discussed earlier directly influence the photo-
luminescence spectra of the samples. Accordingly, PL

17810 | Nanoscale, 2025,17,17803-17815

measurements were performed, and the relative intensities
with different annealing temperatures are depicted in Fig. 6(a).

At the lowest annealing temperature (45 °C), a single fluo-
rescence peak cantered around 520 nm is observed, corres-
ponding to the PL emission of nanocrystalline CsPbBr;. The
PL intensity at this stage appears relatively low, possibly due to
the smaller crystal size and the presence of surface defects or
residual solvents, which may contribute to non-radiative
recombination.

At 90 °C, the PL intensity increases noticeably. This
enhancement can be attributed to the growth of nanocrystals,
as evidenced by TEM images showing larger cube sizes. The

This journal is © The Royal Society of Chemistry 2025
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improved crystallinity and reduced surface defects at this stage
result in more efficient radiative recombination, contributing
to the higher PL intensity.

At 120 °C, a significant drop in PL intensity is observed.
This decrease can be related to morphological changes, where
nanocrystals transition into non- 0D globular shaped
Cs,PbBrg, as well as phase separation, as indicated by XPS and
TEM analysis and is characteristics feature on non-lumines-
cent 0D Cs,PbBrs. Although the 0D Cs,PbBre crystals are
reported to be non-luminescent, the emission reported in this
study could be due to the presence of embedded CsPbBr;
nanocrystalline phase inside the 0D Cs,PbBr, crystals.*?

Interestingly, at 150 °C, the PL intensity increases again,
which might indicate further growth of nanocrystalline
embedded CsPbBr; inside the 0D Cs,PbBry, matrix. The evi-
dence of growth is also observed from the low-resolution TEM
images given in Fig. 3, where the darker image contrast rep-
resents embedded CsPbBr; as compared to 0D Cs,PbBrg crys-
tals. The darker contrast is due to the presence of higher
density of heavier Pb atoms, whereas a lighter contrast indi-
cates the presence of lighter atoms.

Similar structure is reported by Sun et al.,° in which the
origin of green emission in 0D Cs,PbBr, crystals was observed
due to the presence of embedded nanocrystalline CsPbBr;
grown due to the lack of Cs" atoms which was controlled by
varying the Cs:Pb ratio. The mechanism of Cs,PbBrs for-
mation is closely related to the dissociation and rearrangement
of [PbBrg]'~ octahedrons due to thermal stress, coupled with
an excess of Cs" ions. Under thermal activation, the [PbBrg]*~
octahedrons partially dissociate, weakening their direct con-
nections and facilitating the interaction with excess Cs' ions.
This results in the formation of a polymerized framework
where [PbBrg]'™ units are linked through Cs* ions, forming a
-PbBrs—Cs-PbBr—Cs- structure. This polymerized linkage sub-

This journal is © The Royal Society of Chemistry 2025

sequently rearranges into the 0D Cs,PbBry perovskite phase,
where the [PbBrg|*~ octahedra are isolated from each other by
Cs' ions, leading to its characteristic zero-dimensional crystal
structure. However, in certain conditions, particularly when
there is an excess of [PbBre]'” octahedrons beyond what is
required to stabilize the 0D Cs,PbBrs phase, some of these
octahedrons can remain intact and crystallize into CsPbBr;
nanocrystals within the Cs,PbBrs matrix. The embedded
CsPbBr; nanocrystals (NC) are a result of local phase segre-
gation, where regions of higher Pb** and Br~ concentration
facilitate the formation of the 3D CsPbBr; perovskite phase
inside the Cs,PbBrs domains. This leads to the coexistence of
both the zero-dimensional 0D Cs,PbBrs and 2D CsPbBr;
within the same material, creating a raisin bread like structure
with unique optical and electronic properties.

At 180 °C, a remarkable increase in PL intensity of nearly 70
times higher than that of the sample annealed at 45 °C is
observed, representing the highest fluorescence among all
samples. This pronounced enhancement is attributed to the
complete crystallization of CsPbBr; nanocrystals into well-defined
2D nanosheets, as confirmed by TEM analysis (Fig. 3 and
Table 1). The formation of 2D structures introduces quantum
confinement effects along the thickness direction, especially
when the nanosheet thickness approaches or falls below the
Bohr exciton radius of CsPbBr; (~7 nm). While the lateral size of
the sheets remains large, confinement in the vertical (z) axis can
still significantly influence the excitonic properties, leading to
enhancement in photoluminescence. In addition to confine-
ment, thermal annealing promotes improved crystallinity and
surface passivation, reducing trap states that typically facilitate
non-radiative recombination. This combination of dimensional
confinement, enhanced structural order, and fewer surface
defects contributes to the substantial increase in radiative recom-
bination efficiency, thereby intensifying the PL emission.**

Nanoscale, 2025, 17,17803-17815 | 17811


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr01385b

Open Access Article. Published on 21 July 2025. Downloaded on 8/19/2025 2:12:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

At 200 °C, the PL intensity decreases significantly, indicat-
ing degradation of the crystal structure and the formation of a
multiphase material. The XPS analysis corroborates this obser-
vation, suggesting the emergence of additional non-radiative
recombination pathways due to the breakdown of the perovs-
kite lattice and the presence of defect states.

In addition to the changes in intensity, the PL peak posi-
tion exhibits distinct shifts with annealing temperature,
reflecting the variations in nanocrystal size and phase compo-
sition. This trend is clearly illustrated in the normalized PL
spectra shown in inset of Fig. 6(a), where the peak intensity
was normalized for a better comparison of the shifts.

At lower annealing temperatures (45 °C to 90 °C), the emis-
sion remains centred around 519 nm, corresponding to
smaller CsPbBr; nanocrystals. As the annealing temperature
increases to 120 °C and 150 °C, the PL spectrum broadens
slightly, indicating a mixture of nanocrystalline and bulk-like
phases. At 180 °C, the PL peak shifts slightly toward longer
wavelengths (~523 nm), indicating a redshift associated with
the transition to crystals with larger lateral sizes. At 200 °C, the
emission is at ~521 nm, but the intensity diminishes signifi-
cantly due to the degradation of the perovskite structure and
the formation of multiphase materials.

3.5. Interplay between morphology, crystal size, and optical
properties

The observed shifts in peak position and changes in PL inten-
sity highlight the interplay between morphology, crystal size
and optical properties in inkjet-printed films. The redshift for
sample annealed at 180 °C corresponds to the emergence of
larger crystal structure of CsPbBr; as compared to the smaller
CsPbBr; nano crystallites inside the 0D Cs,PbBr¢ which is also
evidence from the TEM images in which perfectly larger
square shaped nanosheets are observed.*°

These findings emphasize the need of optimizing anneal-
ing conditions to precisely control phase stability, crystallite
size, and defect density that affect both the structural and
optical properties of CsPbBr; films for optoelectronic appli-
cations. While moderate annealing (90 °C-150 °C) facilitates
improved crystallinity and passivation, excessive annealing at
200 °C leads to structural degradation and defect formation.
Further experimental data of in situ characterization are
required to further confirm the mechanism of morphological
changes. Characterization techniques such as in situ real-time
XRD, PL lifetime measurements, and grazing-incidence wide-
angle X-ray scattering (GIWAXS) would be beneficial. These
techniques would provide direct insights into crystal phase
transitions, charge carrier dynamics, and structural evolution
during annealing.

The inset image in Fig. 6(b) demonstrates the application of
the inkjet-printed sample as a colour conversion layer, where
the blue emission transitions into green. The inset image in
Fig. 6(b) demonstrates the effective colour conversion mecha-
nism of the inkjet-printed CsPbBr; film, where incident blue
light is transformed into green emission. This process is gov-
erned by photoluminescent down-conversion, in which high-
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energy blue photons (typically ~450-470 nm) emitted from a
blue LED source are absorbed by the CsPbBr; perovskite layer
due to its suitable bandgap (~2.3 eV). Upon absorption, elec-
trons in the perovskite are excited from the valence band to
the conduction band, forming excitons (electron-hole pairs).
These excitons subsequently undergo radiative recombination,
releasing photons in the green spectral range (~520-540 nm).
This emitted green light constitutes the observed color change,
resulting from the intrinsic photoluminescence of CsPbBrs;.
The narrow emission bandwidth and high photoluminescence
quantum yield (PLQY) of the perovskite ensure a saturated and
efficient green output. The energy difference between the
absorbed blue light and the emitted green light, known as the
Stokes shift, also minimizes reabsorption losses, enhancing
optical performance. Thus, the inkjet-printed CsPbBr; layer
functions as an efficient and stable color-conversion medium,
converting blue excitation into a visually distinct green
emission.

4. Conclusion

This study presents a comprehensive analysis of the impact of
annealing temperature on the structural, morphological, and
optoelectronic properties of inkjet-printed CsPbBr; films. Our
results reveal that thermal treatment plays a crucial role in
modulating grain size, crystallinity, defect density, and photo-
luminescence characteristics, directly influencing device per-
formance. Optimizing annealing conditions is essential for
achieving high-quality perovskite films with enhanced charge
transport and stability. Notably, annealing-induced structural
transformations were observed, with 3D nano-cubes evolving
into 0D structures at higher temperatures, while a nanoplate-
let-like morphology emerged at 180 °C. Remarkably, a 70-fold
enhancement in photoluminescence was achieved, underscor-
ing the significance of these modifications for optoelectronic
applications. Finally, the practical application of inkjet-printed
CsPbBr; films was demonstrated as efficient colour conversion
layers, highlighting their potential for next-generation display
and lighting technologies.
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