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Comparative Optical Characterization of CsPbBr; Quantum Dots
and CVD-Grown CsPbBr; Mircoplates

Ga-Eun Kim,? Minjin Kim,2 Byung Joon Moon,? Geol Moon,¢ Tae-Wook Kim,? Sang-Wan Ryu,¢ and
Sang Hyun Lee®”

We systematically investigate the influence of morphology on exciton dynamics and bandgap behavior in all-inorganic
CsPbBr; nanostructures by comparing colloidal quantum dots (QDs) and chemical vapor deposition (CVD)-grown
microplates. Despite their identical composition, the two forms exhibit markedly different optical characteristics due to
variations in dimensionality, crystallinity, and surface/interface conditions. Steady-state and temperature-dependent
photoluminescence (PL) spectroscopy, supported by structural analysis, reveals a quantum confinement-induced blueshift
and shorter exciton lifetime in QDs, whereas microplates display sharper emission, longer carrier lifetimes, and enhanced
coupling with lattice phonons. Notably, temperature-induced PL shifts are deconvoluted into thermal expansion and
electron—phonon interaction components using a one-oscillator model, showing a stronger thermomechanical response in
microplates due to substrate-induced strain and larger volume. Interestingly, the exciton binding energy is higher in
microplates (46.3 meV) than in QDs (33.9 meV), likely due to surface defects and dielectric screening effects in ligand-capped
QDs. These findings clarify the distinct role of morphology in governing exciton recombination, phonon coupling, and optical

stability, offering new insights for the rational design of perovskite-based optoelectronic devices.

Introduction

Halide perovskites, especially cesium lead halides (CsPbXs, X =
Cl, Br, 1), have attracted considerable interest for use as next-
generation optoelectronic materials owing to their exceptional
photophysical properties [1-4]. Among these materials, CsPbBr3
is a leading candidate for light-emitting and photodetection
applications because of its direct bandgap, high
photoluminescence quantum yield, high oscillator strength, and
excellent thermal stability [5,6]. These properties arise from the
low-dimensional perovskite crystal structure and favorable
electronic band dispersion of CsPbBrs, which promote efficient
excitonic transitions and radiative recombination [7,8].
Notable features of the optical behavior of CsPbBrs3 are its
strong excitonic nature and its ability to strongly couple with
phonons. At low temperatures, photoluminescence (PL)
emission is dominated by bound and free excitons, with the
optical characteristics being modulated by native point defects
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and intrinsic lattice disorder [9,10]. Carrier-phonon interactions
lead to phonon-assisted recombination processes and
multiphonon relaxation, especially through Froéhlich-type
coupling with longitudinal optical phonons [11,12].
Temperature-dependent PL shifts observed in CsPbBrs
nanocrystals and films have been attributed to lattice thermal
expansion, exciton—phonon coupling, and phase transitions
[13-15]. Despite the identical composition of CsPbBrs, its
optical behavior strongly depends on morphology, which is
closely linked to dimensionality and the synthesis route.
Dimensional confinement, surface passivation, dielectric
environment, and interfacial strain all vary with dimensionality
and growth conditions [16—18]. While CsPbBr; QDs offer size-
tunable emission and strong confinement effects, they also
suffer from high surface recombination and altered exciton—
phonon coupling due to ligand screening [19]. By contrast,
chemical vapor deposition (CVD)-grown CsPbBr; have extended
crystalline domains and coherent interfaces with the substrate,
and hence provide a contrasting platform to investigate
excitonic recombination and phonon interactions [20,21].
Recently, Z. Su et al. reported lasing behavior with fast decay in
well-faceted CsPbBr; nanoplates grown by CVD [22].
Furthermore, it has been demonstrated that the redshift of the
bandgap can arises from reduced interfacial stress, while the
enhanced carrier lifetime results from suppressed edge
trapping and a lower density of surface trap states in vertically
grown CsPbBrs; nanostructures compared with their horizontally
grown counterparts [23]. Despite these fundamental
differences in the representative two growth conditions, a
systematic and quantitative comparison of the optical
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characteristics of CsPbBr3 QDs and CVD-grown CsPbBrs
microstructures has not yet been reported.

In this work, we systematically investigated the optical
properties of CsPbBr; QDs and CVD-grown CsPbBr; microplates
by using steady-state and temperature-dependent PL
spectroscopy. By analyzing key parameters such as emission
peak energy, spectral linewidth, carrier lifetime, and phonon
coupling strength, we establish clear correlations between
morphology, dimensionality, and the temperature-dependent
optical response. Our findings provide important insights into
exciton dynamics and lattice interactions in halide perovskites
and offer guidance for the rational design of perovskite
structures in optoelectronic applications.

Experimental
Synthesis of CsPbBr; QDs

First, a Cs-oleate solution required for hot-injection was
prepared by loading Cs,CO3 (0.250 g), 10 mL of 1-octadecene
(ODE), and 1 mL of oleic acid (OA) into a three-necked flask
[24,25]. The mixture was degassed at 70 °C under vacuum to
eliminate moisture and oxygen, then purged with nitrogen and
heated to 120 °C. The temperature was further raised to 150 °C
to ensure that the reaction of Cs,CO3; with OA was complete.
Once Cs;CO3 had fully dissolved, the Cs-oleate solution was
stored at 105 °C until it was used for hot-injection. The PbBr,
precursor was prepared by dissolving PbBr; (0.207 g) in 15 mL
of ODE in a single-necked flask. The solution underwent vacuum
degassing at 70 °C, followed by nitrogen purging at 120 °C. OA
and oleylamine (OAm) were then introduced, and the mixture
was stirred for 10 min and subsequently heated to 150 °C for
final precursor formation. With both precursors ready, the
preheated Cs-oleate solution was rapidly injected into the 150
°C PbBr; solution. After 10 s of reaction, the mixture was
quenched by cooling. The product was isolated through
centrifugation, redispersed in hexane, and centrifuged again to
remove residual unreacted materials and by-products. Finally,
CsPbBr3; QDs, in powder form, were collected and dried under
vacuum.

Synthesis of CsPbBr; microplates

CsPbBr3 powder, synthesized via hot-injection and thoroughly
dried, served as a single-source precursor in CVD. The powder
was loaded into a quartz boat, which was then placed in the hot
zone of the furnace; a c-Al,03 substrate cleaned with organic
solvents was positioned downstream. After evacuating the
furnace, we purged the system with argon for 30 min to remove
residual contaminants. The furnace was then ramped to 400 °C
and held at the temperature for 10 min to facilitate nanoplate
growth. Finally, the reactor was allowed to cool naturally to
room temperature under continuous argon flow.

Characterizations

The crystal structures of the CsPbBrs QDs and microplates
were characterized by X-ray diffraction (XRD) using an
EMPyrean diffractometer (PANalytical), and the surface
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morphology was examined by scanning electron,mjcreseqpy
(SEM) performed using a Hitachi SUS000-19y8tepd COMigh!
resolution structural images and elemental distributions were
obtained using spherical-aberration-corrected scanning
transmission electron microscopy (Cs-STEM, JEM-ARM200F,
JEOL) operated at an acceleration voltage of 200 kV; the STEM
system was equipped with an energy-dispersive X-ray
spectroscopy (EDS) detector. X-ray photoelectron spectroscopy
(XPS) was carried out on a Thermo Scientific K-Alpha*
spectrometer equipped with a monochromatic Al Ka X-ray
source. Steady-state PL spectra were measured with a Horiba
iHR-320 monochromator using a 442 nm He—Cd laser (IK5552R-
F, Kimmon Electric) as the  excitation  source.
Photoluminescence quantum yield (PLQY) measurements were
performed using a Quanta-Phi integrating sphere coupled with
a Horiba Fluorolog spectrophotometer. For temperature-
dependent PL measurements, CsPbBr; QD films were fabricated
by drop-casting the prepared CsPbBrs solution onto SiO»/Si
substrates and gently drying at low temperature to preserve the
structural integrity of the QDs. The samples were mounted on
the cold finger of a closed-cycle helium cryostat (model
RF273SA, Aisin Seiki Co.) equipped with optical windows. To
prevent surface condensation and ensure thermal insulation,
the cryostat chamber was evacuated to a high vacuum prior to
cooling. The sample temperature was precisely varied and
stabilized from 10 K to 300 K using a Lake Shore 335
temperature controller. Time-resolved PL (TRPL) was employed
to probe carrier dynamics, with the second harmonic (400 nm)
of a femtosecond Ti:sapphire laser (Mai Tai, Spectra-Physics;
pulse width: ~100 fs; repetition rate: 80 MHz) serving as the
excitation source.

Results and discussion

To investigate the structural and compositional characteristics
of the CsPbBrs nanostructures, we conducted TEM and SEM
analyses; representative images are shown in Fig. Fig. 1 (and in
Figs.S1 and S2). A low-magnification TEM image of the CsPbBr3
QDs shows a uniform morphology and a well-defined cubic
structure with an average size of approximately 10 nm. The
inset of Fig. 1(a) depicts a high-resolution TEM image that
clearly shows lattice fringes with a spacing of 0.58 nm,
corresponding to the (100) planes of cubic CsPbBrs.

Figure 1. (a) TEM image of CsPbBr3 QDs; the inset shows a
high-resolution TEM image of QDs with a lattice spacing of 0.58
nm. (b) Cross-sectional TEM image of CsPbBrs microplates

This journal is © The Royal Society of Chemistry 20xx
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grown on a c-Al;O3 substrate via CVD; the inset shows a top-
view SEM image depicting densely packed microplates. (c) High-
magnification TEM image of the interface between a CsPbBr3
nanoplate and the c-Al,0; substrate. (d) Low-magnification
cross-sectional TEM image of a nanoplate. EDS elemental
mapping of (e) Cs, (f) Pb, and (g) Br is also shown.
To determine the morphology and examine the interfaces of the
CsPbBr3 microplates grown via CVD, we obtained a cross-
sectional TEM image (Fig. 1(b)). The CsPbBrs microplates
formed a homogeneous layer with a thickness of approximately
100 nm and a width of a few micrometers on the c-Al,03
substrate. The inset of Fig. 1(b) shows a top-view SEM image
which the microplates appear densely packed with a continuous
and planar surface morphology. The high-resolution TEM image
of the interface in Fig. 1(c) further confirms the uniform growth
of a CsPbBr3; nanoplate on the c-Al,O3 substrate. Lattice fringes
across the interface were clearly resolved, and the growth
direction of CsPbBrs on (0001) Al,Os is identified as [002],
indicating a well-ordered and coherent interface (Fig. S1).
Figure 1(d) shows a low-magnification cross-sectional TEM
image of a nanoplate, used for elemental analysis. The EDS
elemental mapping in Figs. 1(e—g) shows that Cs, Pb, and Br
were homogeneously distributed throughout the nanoplate,
confirming that the CsPbBr3 phase has a uniform composition.
The crystallographic phase and structural quality of the
synthesized CsPbBrs structures were characterized using XRD,
and resulting diffraction patterns are shown in Fig. 2. The
diffraction patterns (black and blue curves) of CsPbBrs QDs and
microplates showed distinct, sharp, and well-defined peaks,
indicating high crystallinity. These peaks match well with those
of the reference pattern for cubic-phase CsPbBrs; (PDF# 54-
0752, shown in red), confirming the formation of a perovskite
structure without any detectable secondary phase [26]. A
significant difference in crystallite size is evident from the full
width at half-maximum (FWHM) of the (100) diffraction peak,
which is 0.842 for QDs, considerably greater than value of 0.1 ¢
for the microplates. When the crystallite size decreases from
bulk to nanoscale dimensions, the XRD peaks broaden, mainly
due to the restricted number of reflection planes in the small
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equation [29], the average size of the QDs was estjmated.to.be
approximately 11 nm, which was in good®8gréeménbWithieRat
determined from TEM analysis (Fig. 1(a)).

Figure 2. XRD patterns of CsPbBr; QDs and microplates along
with the standard peaks of a cubic CsPbBrs crystal (PDF No. 54-
0752).
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Figure 3. High-resolution XPS spectra of CsPbBr; QDs (black) and
microplates (blue) for (a) Cs 3d, (b) Pb 4f, (c) Br 3d, and (d) N 1s,
respectively.

XPS measurements were carried out to clarify the surface
chemistry of the CsPbBr; QDs and microplates. Quantitative
analysis of the peak areas indicates that the Cs:Pb:Br ratios of
the QDs and microplates are close to the nominal 1:1:3
stoichiometry, suggesting that the overall halide content is well
preserved in both morphologies. High-resolution core-level
spectra for Cs 3d, Pb 4f, and Br 3d are displayed in Fig.3(a—c).
The characteristic peaks appear at nearly identical binding
energies for both QDs and microplates: 738.5 eV and 724.6 eV
for Cs 3d3/; and Cs 3ds/, 142.6 eV and 137.8 eV for Pb 4f5/, and
Pb 4f;, 69.2 eV and 68.3 eV for Br 3ds» and Br 3ds,
respectively. This similarity indicates that there is no significant
charge transfer from CsPbBr3; to the ligands or the c-Al,O3
substrate. On the other hand, the N 1s spectrum of QDs shown
in Fig.3(d), broad peaks related to -NHs* and -NH; belonging to
OAm are observed at 401.1 eV and 399.2 eV, indicating the
presence of ligands on the QDs surface [30,31].

The optical properties of the CsPbBr3 QDs and microplates were
investigated using PL spectroscopy with 422 nm laser excitation,
and the resulting PL spectra are shown in Fig. 4. The room-
temperature PL spectra (Fig. 4(a)) show distinct emission peaks
centered at approximately 2.44 and 2.34 eV for QDs and
microplates, respectively. The emission peak of the microplates
is close to the intrinsic bandgap of bulk CsPbBr3, while the blue-
shifted peak observed for the QDs can attributed to quantum
confinement effects at the nanoscale [32,33]. The FWHM of the
PL peak for the QDs is 78 meV, comparable to values reported
for CsPbBr; QDs synthesized via the hot-injection method
[9,34]. By contrast, a smaller FWHM of 63 meV, together with a
sharp XRD peaks, is observed for the microplates, suggesting
high crystalline uniformity and structural coherence. The higher
emission sharpness of the microplates may also be attributed to

J. Name., 2013, 00, 1-3 | 3
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reduced exciton—phonon coupling at the surface, resulting from
their lower surface-to-volume ratio relative to the QDs [35]. The
PLQY of QDs was found to be approximately 75%, which is
consistent with the values reported in previous studies [36,37].
Figure 4. (a) PL spectra of CsPbBrs; QDs (black-line) and

5
g

G
o

z\;‘
/ %
[0 HAN
[ .
[T

oA
L AN

28 0 20 an &0 [ 2 0
Time (ns) Time (ns)

Norm. PL intensity (..}
PL intensity {a.u.)
PL intensity {a.u.)

22 24
Energy (e¥)

microplates (blue line) excited with 422 nm laser irradiation at
room temperature. TRPL spectra of (b) CsPbBr; QDs and (c)
CsPbBr3 microplates.

In contrast, the PLQY of microplates was determined to be
about 31%. Despite the fact that microplates exhibit elevated
optical properties with narrow bandwidths, the diminished
quantum vyield may be ascribed due to low quantum
confinement effect in large volume, and substantial interaction
with the substrate.

PL decay dynamics were analyzed by fitting the TRPL spectra
with a biexponential decay model; the fitted curves are shown
in Figs. 4(b) and 4(c), and the decay parameters are summarized
in Table S1. This model considers both fast and slow
recombination processes, and vyields fast (1), slow (t2), and
average (Tave) lifetimes. For the CsPbBr; QDs, 14, T2, and Tave Were
determined to be 4.55, 16.47, and 6.78 ns, respectively,
whereas for the microplates, the corresponding values were
5.07, 12.38, and 8.11ns, respectively. The fast decay
component is typically associated with radiative recombination
of free excitons or surface-related trap-assisted processes,
while the slower component reflects carrier recombination
through deeper trap states or delayed radiative pathways [38].
The relatively small tave values for both QDs and microplates
indicate the dominance of radiative recombination over
nonradiative processes, suggesting that the samples possess
high optical quality. The slightly longer average lifetime of
microplates may be attributed to their lower surface-to-volume
ratio, which leads to fewer surface traps and hence less
nonradiative recombination.

To further investigate the optical characteristics,
performed temperature-dependent PL measurements for both
samples over the range of 10 K to 250 K. Previous reports
indicate that bulk CsPbBr3 remains structurally stable in the 10—
300 K range, while its major phase transitions occur only above
360 K [39]. In nanocrystalline CsPbBrs;, however, size and
surface effects can stabilize higher-symmetry phases at lower
temperatures [15]. Thus, the distinct temperature-dependent
optical behaviors observed here may arise not only from
morphological differences, but also from differences in
temperature-dependent lattice response. As shown in Figs. 5(a)
and S3, the PL of the QDs exhibits a slight blueshift in the peak
position from 2.32 eV to 2.38 eV and an increase in FWHM from
19.4 meV to 70.6 meV as the temperature increases. The
variation in the PL peak position of the QDs near room

we
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temperature, apparent in Fig. 5(a), is probably.caused. by
interparticle electronic coupling resultingFr6 i 8RRt FebriéVal
during the drop-casting process, rather than by intrinsic
structural or compositional changes [40]. In Fig. 5(b), the
CsPbBr3 microplates exhibit a similar trend, with the emission

Figure 5. Temperature-dependent PL maps for (a) QDs and (b)
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microplates. Calculated contributions from thermal expansion
(TE) and electron—phonon (EP) interactions for (c) CsPbBrs; QDs
and (d) CsPbBrs; microplates. The solid red line is the fitted
curve, and the dashed lines represent the contributions of TE
interaction (blue) and EP (green).

peak shifting from 2.29 eV to 2.34 eV and the corresponding
FWHM increasing from 28 meV to 65 meV as the temperature
increases. Notably, the total variation of the emission peak
position for both samples remains within about 50 meV over a
temperature range of 240 K, and even shows a slight blueshift.
This behaviour represents a significant deviation from the
conventional redshift expected from bandgap renormalization
in typical semiconductors [41,42]. The weak net bandgap shift
and slight blue-shift arise from the competition between
thermal expansion and electron—phonon interactions
[13,43,44].

As the temperature increases, thermal expansion causes the
lattice constants of the crystal to change, leading to
modifications in the electronic band structure. Simultaneously,
lattice vibrations arising from electron—phonon coupling also
influence the electronic band structure. The temperature
dependence of the bandgap (Eg) under constant pressure within
the framework of the quasi-harmonic approximation can be
described as follows [43,44]:

2 o) s )

jq

0E; O0E4 0V
oT v aT

€y
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where n;3 is the number of phonons at the j branch with wave
vector g; njz follows the Bose—Einstein distribution.

In Equation (1), the first term reflects the impact of lattice
thermal expansion, which originates from the anharmonicity of
interatomic potentials, and the second term pertains to the
effect of electron—phonon interactions on the bandgap. By
assuming that the lattice constant is linearly dependent on
temperature and by considering a one-oscillator model for
phonon interactions, we can simplify Equation (1) as follows
[43,44]:

2

hw

+1
exp (m) -1

Eg(T) =Eo+ AreT + Agp 2

Here, Ep denotes the unrenormalized bandgap energy, and Are
and Ag represent the weighting factors for the thermal
expansion and electron—phonon interaction contributions,
respectively; kg is Boltzmann’s constant, and Aw is the average
optical in the electron—phonon
coupling.

Figures 5(c) and 5(d) show the decoupled contributions of
thermal expansion and electron—phonon interactions to the
temperature-dependent bandgap variation, obtained by fitting
the PL spectra using Eqg. (2). The variation of the bandgap with
temperature is small for both samples. In both cases, at low
temperatures, the bandgap energy is predominantly influenced
by thermal expansion, as the population of optical phonon
modes is minimal. However, above about 100 K, the activation
of optical phonons leads to a redshift in the emission energy.
This feature is consistent with previous studies on CsPbBrs QDs
[9,13,45]. Although both samples show similar temperature-
dependent trends in their optical behaviour, the absolute
magnitudes of the thermal expansion and electron—phonon
interactions were different in the two samples. For QDs, the
extracted parameters were At = 0.03 meV/K and Agp = 62.4
meV. The energy contributions over the 50-250 K range were
Ate [defined as Ate (250 K) - Ate (50 K)] = 57.0 meV and Agp
[defined as Aep (250 K) - Aep (50 K)] = -11.8 meV, giving a total
shift (Are + Aep) was 45.2 meV. For the microplates, we obtained
Ate = 81.7 meV, Agp = - 34.9 meV, and a total shift of 46.8 meV.
Clearly, both thermal expansion and electron—phonon
interactions are stronger in the nanoplate. For the microplates,
there were two main factors contribute to the enhanced
thermal expansion interaction. First, in structurally similar
perovskites such as CsSnBr; and (n-BA);Pbls, temperature-
induced weakening of the p—s orbital interaction (Sn—Br or Pb—
I) leads to an increase in the bandgap energy [26,46,47]. Since
the bandgap shift scales with the crystal volume, the larger
volume of microplates results in stronger thermal expansion.
Second, the strain induced by lattice mismatch and differing
thermal expansion coefficients between the perovskite and the
substrate strongly influences the energy levels and bandgap
modulation of the microplates [48,49]. The lattice mismatch
between CsPbBr; and c-Al,Ozinduces tensile stress owing to the

phonon energy involved
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difference in their thermal expansion coefficients,(12.% 1052
and 8.1 x 107° K- for CsPbBr3 and c-Al,03): réspéetRadlyP4This
typically causes bandgap narrowing of semiconductors with
increasing temperature. However, Oksenberg et al. reported a
blueshift in CsPbBrs nanowires grown on c-Al;03, attributed to

lattice rotation and octahedral tilting resulting from
heteroepitaxial
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Figure 6. Temperature-dependent integrated PL intensities of
(a) CsPbBr; QDs and (b) CsPbBr3 microplates; the red curves are
fits using an Arrhenius-type model.

strain [50]. These structural distortions become more significant
as the nanowire height decreases, reducing the Pb—Br—Pb bond
angles and thereby increasing the bandgap energy. Accordingly,
CsPbBr3 microplates with small height (~¥~100 nm) and large
contact area with the substrate can be expected to exhibit
stronger thermal expansion interactions. The enhanced
electron—phonon interaction in microplates can be attributed
to stronger coupling between delocalized carriers and long-
range optical phonons; in QDs, spatial confinement limits such
interactions [51,52]. Additionally, surface ligands in QDs can
further reduce phonon coupling by introducing dielectric
screening [53]. In summary, the thermal expansion and
electron—phonon interactions in microplates show opposite
temperature dependences, partially canceling each other and
resulting in only a modest net change in the radiative
recombination energy. Finally, the exciton binding energy (Ep)
was determined by fitting the temperature-dependent PL
intensity using the Arrhenius equation [46],

Iy

D) = T desorkar

3)

where Iy is PL intensity at 0 K and kg is Boltzmann’s constant.

Figure 6 shows the fitted curves used to extract E, for both
CsPbBr3 QDs and microplates. The calculated values of this
parameter were 33.86 and 46.31 meV for QDs and microplates,
respectively. These values are consistent with previously
reported exciton binding energies for CsPbBrs and, notably
exceed the thermal energy at room temperature (~26 meV),
suggesting that stable excitonic states can persist under
ambient conditions [13,38]. Interestingly, despite the expected
enhancement of Coulomb interactions owing to quantum
confinement in QDs, which typically leads to higher E, values,
the QDs in this study exhibit a lower exciton binding energy than
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the microplates. This counterintuitive result may be attributed
to surface-related effects, such as the presence of unstable
organic ligands, surface traps, or defects, which can reduce the
Coulomb attraction between electrons and holes [54]. The
reduced Coulomb attraction lowers the binding energy through
the weakening of the electrostatic interaction that holds the
exciton together, thereby increasing the likelihood of exciton
dissociation. Additionally, the high surface-to-volume ratio in
QDs amplifies these effects, further lowering E, relative to the
larger and more highly crystalline nanoplate structures.

Conclusions

A detailed structural and optical comparison of CsPbBr;
quantum dots and microplates reveals significant differences in
their temperature-dependent photophysical properties. While
both nanostructures exhibit high crystallinity and stable
emission, the microplates show narrower PL linewidths, longer
exciton lifetimes, and stronger coupling to thermal expansion
and phonon interactions. The enhanced interactions in
microplates are attributed to their larger crystalline volume,
coherent substrate interface, and lower dielectric screening.
The insights obtained in this study highlight the complex
interplay between dimensional confinement, interface strain,
and surface chemistry, and the findings can guide structural
engineering strategies for stable, high-performance perovskite
optoelectronic devices.
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