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Metal halide perovskite nanocrystals (NCs) are promising for photovoltaic and light-emitting applications.
Due to the softness of their crystal lattice, structural modifications have a critical impact on their opto-
electronic properties. Here we investigate the size-dependent optoelectronic properties of CsPbls NCs
ranging from 7 to 17 nm, employing temperature and pressure as thermodynamic variables to modulate
the energetics of the system and selectively tune the interatomic distances. By temperature-dependent
photoluminescence spectroscopy, we have found that luminescence quenching channels exhibit
increased non-radiative losses and weaker exciton—phonon coupling in bigger particles, in turn affecting
the luminescence efficiency. Through pressure-dependent measurements up to 2.5 GPa, supported by
XRD characterization, we revealed a NC-size dependent solid—solid phase transition from the y-phase to
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the 8-phase. Importantly, the optical response to these structural changes strongly depends on the size
of the NC. Our findings provide an interesting guideline to correlate the size and structural and opto-
electronic properties of CsPbls NCs, important for engineering the functionalities of this class of soft
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Introduction

The facile and scalable synthesis of colloidal perovskite nano-
crystals (NCs), combined with the tunability of their opto-
electronic properties, high photoluminescence quantum yield
(PLQY), and defect tolerance," makes them promising candi-
dates for next-generation photonic devices from photovoltaic
cells to light-emitting diodes.>® Spectral tunability through
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the whole visible range can be achieved through chemical sub-
stitution and NC size engineering. NCs’ size plays a critical
role not only by affecting the optical and electronic character-
istics through quantum confinement, but also by changing the
surface-to-volume ratio and consequently the structural pro-
perties,” given that the relaxed coordination geometry at the
surface can locally induce different structural arrangements.®
The relatively soft nature of the metal halide lattice can result
in a wide range of structural distortions and defects that also
have a huge impact on the optoelectronic properties.”** This
effect is particularly severe in CsPbl; NCs, where the tensile
strain induced by the high surface-to volume-ratio allows the
stabilization of their perovskite structure at room temperature,
which would be otherwise thermodynamically unstable
towards the conversion to the non-perovskite yellow &-phase
under bulk conditions."®'* Therefore, an accurate size-depen-
dent study of perovskite NCs is required to single out the
complex contribution of the particle size, quantum confine-
ment, structural distortions, defect losses, and phonon scatter-
ing, retrieving fundamental structure-property relationships
that allow a more precise and educated material’s design.
Despite the advances in understanding the photophysics of
perovskite NCs,”'>> works reporting the size-dependent
investigation of their optical and structural properties are still
very limited;””"® this is likely due to the challenges posed by
the standard hot injection synthesis, where scarce control over

This journal is © The Royal Society of Chemistry 2023
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the NC nucleation and growth makes it difficult to achieve
narrow size distributions over a wide range.

In this work, we employed the hot injection synthetic
method and adapted a size-selective precipitation strategy® to
controllably isolate CsPbl; NCs with sizes ranging between the
strong and weak quantum confinement regime (7-17 nm) and
combined photoluminescence (PL) spectroscopy and X-ray
diffraction (XRD) characterization to elucidate their size-
dependent structural and photophysical properties. Low-temp-
erature luminescence measurements allowed us to investigate
the PL quenching channels in NCs of different sizes, identify-
ing the critical role of exciton-phonon coupling and surface
defect passivation by the organic ligands. By loading the NCs
in a diamond anvil cell (DAC), we then performed pressure-
dependent characterization up to 2.5 GPa, which allowed us to
modulate the interatomic distances and study the effect of
structural distortion and quantum confinement independently
of size-related effects; we attribute the pressure response (PL
peak shift, change in recombination dynamics and quenching
at high pressures) to the lattice deformation mechanism,
finding a different structural evolution pattern for the smallest
size NCs. By highlighting the key role of particles’ size, our
findings shed light on the fundamental relationship between
the structural and optoelectronic properties of CsPbI; NCs that
can likely be applied to a wide range of perovskite systems.

Results and discussion

To investigate the effect of the particle size on the lumine-
scence properties of NCs, we aimed at synthesizing NCs in a
broad range of sizes between 7 and 17 nm; given that the Bohr
radius for CsPbl; is about 12 nm,*® this range allows us to
span from a weak to strong quantum confinement regime. To
meaningfully study different sizes, the size selectivity provided
by the hot injection method needs to be better than the typical
size dispersion in the solution (>10%).""? Since the reaction
kinetics is very fast, usually completed within 5 seconds, the
control of nucleation and growth is the main challenge. Using
a size-selective precipitation purification method,>” we were
able to successfully achieve low polydispersion and narrow
size distributions (Fig. 1e): for the smaller particles (7 to
11 nm) the dispersion has a variance of 1 nm, while for the
larger particles, the distribution is centered on 17 nm and has
a dispersion of 4 nm. The representative transmission electron
microscopy (TEM) images shown in Fig. 1 confirmed the for-
mation of CsPbl; NCs with a cubic shape and size of 7, 9, 11,
and 17 nm. Bulk CsPbl; has three known black phases (o, B,
and y), with a slightly different symmetry, which form at high
temperatures of up to 330 °C. Due to the small size of Cs",
such perovskite phases made of corner-sharing octahedra are
not stable at room temperature, and quickly convert into a
non-perovskite orthorhombic structure, known as the & or
yellow phase. The structural strain arising from the high
surface-to-volume ratio in NCs allows the stabilization of the
perovskite black phase under ambient conditions also, but the
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Fig. 1 (a—d) Bright field transmission electron microscopy (TEM)
images of four different CsPbls NCs, revealing their cubic shape and
sizes of 7, 9, 11, and 17 nm. The solutions have low polydispersion and
narrow size distribution. (e) Size distribution histogram of the imaged
NCs (statistics: 200 per size), showing narrow distributions (+1 nm) for
the smaller sizes, and a broader distribution (+4 nm) for the 17 nm NCs.

identification of the exact symmetry has been a matter of
debate.'®?® To confirm the structure of our nanoparticles, we
performed X-Ray diffraction (XRD) on drop-casted samples
(Fig. S1at), and it indicated the formation of the orthorhombic
y-phase (Fig. S1bt), in agreement with other recent results.'”*°

We proceeded by investigating the optical properties of the
four chosen solutions, looking for signatures of an excitonic
population in their absorption and photoluminescence (PL)
spectra (Fig. 2a and b). Due to the strong confinement inside
the nanoparticles, optical excitation creates a stable exciton
population with a large binding energy at room temperature,
resulting in a sharp band edge absorption in the red spectral
region (Fig. 2a) and a PL spectrum (Fig. 2b) with a small
Stokes shift and a narrow full width at half maximum (FWHM)
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Fig. 2 (a) Absorption, (b) PL spectra, and (c) absolute PLQY of nano-
crystals of varying size, in toluene solution. We see a sharp band edge
absorption in the red spectral region (a) and a PL spectrum (b) with a
small Stokes shift and a narrow full width at half maximum (FWHM)
around 35 nm. The PLQY was measured at 1.7 W cm™2. (d) TRPL decays
for thin films of NCs of 3 different sizes at a fluence of 0.5 W cm™2. With
an increase in the nanoparticle size, the PL lifetime is shortened.

of 35 nm. Both PL and absorption spectra strongly depend on
the particle size: as the NCs size decreases, the degree of
quantum confinement experienced by the photo-excitation is
increased, and as such the energy gap of the excitonic states is
shifted to higher energies, resulting in a blue shift of absorp-
tion and PL emission. The particle size not only affects the
luminescence color but also the absolute PL quantum yield
(PLQY) (Fig. 2c): for an in-depth investigation, we considered
the smallest and largest NPs (7 nm and 17 nm respectively) as
extreme cases and selected the 9 nm NCs as an intermediate
case study. The absolute PLQY was measured under CW exci-
tation with a 405 nm laser, at a fluence of 1.7 W cm™2: the
solutions showed a remarkable absolute quantum of yield up
to 70% for the 7 nm NCs. As the NP volume increased, the
PLQY was reduced from 70% to less than 40% at 17 nm. For
the 9 and 11 nm NCs we measured very similar PLQY values
(58% and 59% respectively); this can be explained in light of
the relatively broad polydispersity compared to the small
difference in their average size (see Fig. 1e), which does not
allow one to identify different PLQY characteristics. Therefore,
we decided to take the 9 nm NCs as a representative case for
the intermediate size for the following in-depth analysis.

To better understand the correlation between the PLQY and
the crystal performed time-resolved photo-
luminescence (tr-PL) measurements on drop-casted NCs films:
the results are shown in Fig. 2d, where the PL decay has been
fit with a single exponential decay. Particularly in larger par-
ticles, a small, long-lived component could be observed on top
of the fast decay, with a decay time of the order of tens of ns.
However, since it accounts for less than 5% of the observed
amplitude decay, we are not considering its effects for the fol-

size we
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lowing discussion. An increase in the PL lifetime from 3 ns to
11 ns was observed as the nanocrystal size decreased. Together
with the corresponding increase in the PLQY, this indicates a
more significant contribution of the non-radiative recombina-
tion channel in the larger particles. To get an indication about
the relative contribution of radiative and non-radiative recom-
bination channels in different NPs we considered that the
observed PLQY can be expressed as a ratio between the radia-
tive recombination rate k.,q, and total recombination rate k. =
Krad T knon raq- Hence from the measurement of the absolute
PLQY = kyaa/(Kraa + knon raa) together with the PL decay time 7 =
1/kit, we can estimate the radiative and non-radiative contri-
bution to recombination rates (Table 1). This simple model
does not aim at an exact quantitative determination, for which
a much more detailed modeling of the recombination chan-
nels is required,*® but nevertheless, it allows for a comparison
of the relative importance of radiative and non-radiative
recombination channels across crystal sizes.

Indeed, we found that while the radiative recombination
rate is relatively similar going from 7 nm to 17 nm NCs, chan-
ging by less than a factor of 2, the non-radiative contribution
is strongly size dependent, with an order of magnitude differ-
ence between the smallest and largest particles. This obser-
vation can be rationalized by considering the larger surface-to-
bulk ratio in smaller crystals, where the binding to ligands
ensures the passivation of the surface defect, thus reducing
non-radiative losses and increasing the quantum yield. While
for NCs with long ligands, aggregation does not represent a
significant limiting factor, as shown also by TEM (Fig. 1), the
comparatively smaller emissivity in larger NCs may stem from
a less well-passivated surface as well as from a larger contri-
bution from bulk defects.

To further understand the luminescence properties of
CsPbl; NCs, we exploited the temperature and pressure as
thermodynamic variables to controllably manipulate the
photophysical and structural properties of the nanoparticles.
We focused first on temperature-dependent steady-state PL on
drop-casted NC films. The PL measurements were conducted
under vacuum, between 77 K and room temperature (Fig. 3
and Fig. S27), a temperature range where the ligands we used
are stable and any PL changes are fully reversible:*' with
increasing temperature we observed a blue shift of the band-
gap, broadening of the PL and a complex trend for the PL
intensity. The difference in the temperature-dependent spec-
tral change for the extreme cases of 7 nm and 17 nm (Fig. 3a
and b) is striking: while the strongly confined 7 nm particle
show only a moderate peak shift and relatively small changes

Table 1 Effect of the nanoparticle size on the relative importance of
radiative and nonradiative recombination

NP size 7 (ns) PLQY kraa (1/n8) Knon-raa (1/08)
7 nm 11.4+0.1 0.68 60 30

9 nm 5.97 £ 0.05 0.59 100 70

17 nm 2.98 + 0.05 0.31 110 240

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Temperature-dependent photoluminescence: PL spectra of
7 nm (a) and 17 nm (b) NCs as a function of temperature, under CW exci-
tation at 405 nm. (c) Integrated PL intensity, normalized to the value at
77 K: the decrease in luminescence and subsequent recovery as the
temperature is increased suggests the presence of non-radiative states
that can be accessed at higher temperatures. (d) Temperature depen-
dence of the PL FWHM and the corresponding fit with egn (2).

in FWHM and intensity, the 17 nm NCs show a larger blue
shift and broadening, together with a more pronounced
change in the emission intensity. The PL peak energy E,(T)
(Fig. S31) is blue-shifted as the temperature increases across
all particle sizes because of lattice thermal expansion, while
the PL intensity shows a more complex thermal evolution with
marked differences for different sizes. The integrated area
under the PL spectrum is shown in Fig. 3c, normalized to its
value at 77 K for the ease of comparison. From this value, the
luminescence at first decreases with heating as scattering with
a larger population of thermal phonons becomes more promi-
nent, but then shows a recovery of intensity at temperatures
higher than 200 K. Such effect is the most prominent for the
17 nm NCs, which show a significant temperature dependent
quenching with 70% luminescence loss, as well as a smaller
recovery compared to the 9 nm NPs. Conversely, the PL of the
smallest NC is not as strongly affected, losing only 20% of the
PL intensity upon heating. Temperature-dependent absorption
spectra do not show similar drastic changes at 200 K
(Fig. S47), suggesting that there is no phase transition involved
in the process, and rather points to the conclusion that the PL
recovery is more likely due to the de-trapping from non-emis-
sive states.

At low temperatures, defects capture carriers resulting in
non-radiative recombination. As the temperature increases, the
trapped species can gain enough energy from collisions with
the surrounding environment to overcome the energy barrier
for de-trapping and contribute to the emission, leading to the
observed increase of PL intensity. The emerging picture is con-
sistent with the conclusions drawn from static PL measure-
ments: in larger particles, the contribution from bulk defects

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

is more significant due to the smaller surface-to-volume ratio.
This results in a decrease in the PLQY as well as the PL life-
time, and more significant changes in temperature-dependent
quenching, as de-trapping becomes more prominent.
However, significant changes in the intensity and linewidth
with temperature also suggest a large involvement of electron-
phonon coupling, whose strength can be studied via its effect
on the temperature-dependent PL linewidth (Fig. 3d). The total
PL linewidth arises from intrinsic inhomogeneities, acoustic
phonon scattering, and optical phonon scattering.*> The main
source of thermal variation for the PL width is the change in
the phonon population. While the contribution from the
acoustic phonon population is only significant at much lower
temperatures, for T > 100 K the scattering with longitudinal
optical (LO) phonons represents the dominant broadening
mechanism:* in our analysis we thus neglect contributions
from acoustic phonons and consider only intrinsic inhomo-
geneities and exciton-longitudinal optical phonon coupling.
These different mechanisms of scattering between charge car-
riers and phonons or impurities can be expressed by Segall’s
expression (eqn (1)):**

[(T) = Finn + To/ (€5 — 1), (1)

where [, is the inhomogeneous broadening constant, I'o is
the exciton-longitudinal optical phonon coupling coefficient,
and Eo is the energy of LO phonons. The fits (Fig. 3¢, solid
lines) are in good agreement with the measured data; the esti-
mated model parameters are presented in Table 2.

We found longitudinal optical phonon energies of 10s of
meV, well in line with typical LO modes. The largest NCs have
Ero = 26 meV, in agreement with the values reported in the lit-
erature for phonon modes in CsPbl;;**° smaller particles, on
the other hand, show larger phonon energies of around
40 meV. Such behavior can be explained in strongly confined
systems, where the modes of comparable size with the NC can
experience energy shifts due to the influence of surface
modes.*>?® The energy of optical phonons is a significant
parameter for assessing the effect of phonon scattering on
radiative excitonic recombination: as the estimated exciton
binding energy of CsPbl; nanocrystals is 25 meV for sizes close
to 17 nm,*” phonon scattering does not represent a significant
exciton dissociation path at cryogenic temperatures, but might
be detrimental under room temperature conditions, particu-
larly for larger nanocrystals.>

Inhomogeneous broadening has a strength between 44 and
83 meV, while broadening due to phonon coupling is the
dominant contribution, with values from 71 to 129 meV. Both

Table 2 Temperature dependent FWHM: estimation of parameters
related to exciton—phonon coupling

NPs size Tipp (meV) I'o (meV) Ero (meV)
7 nm 82.8+0.3 129 + 14 43 +£2.4
9 nm 76.0 +1.4 90 +11 41 +£4.8
17 nm 43.7 £ 0.9 71+£12 26 £3.0
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the inhomogeneous broadening and LO-phonon coupling are
reduced in larger particles. For inhomogeneous broadening,
this can be related to a more significant size variability of
smaller NCs and to the larger contribution from the surface,
where ligand distribution might be uneven. The temperature-
dependent PL broadening is instead mostly due to EP inter-
action: here again, we found a more pronounced effect of
phonon coupling in particles smaller than 10 nm, which is
also corroborated by the trend in exciton-phonon coupling
retrieved from the fitting of the PL peak shift (see Fig. S3 and
the parameter Agp in Table S1t). In NCs phonon propagation
can be disrupted by scattering from the nanocrystal surface,
causing phonon confinement within the nanograin®® and
enhancing the coupling of exciton with lattice phonons in
smaller particles.>® In addition, bonding with ligands has also
been shown to enhance EP coupling:*’ again, a larger contri-
bution of the bulk can explain the lack of the observed
enhancement for less strongly confined NCs.

We then studied the size-dependent optical response of the
NCs to the application of hydrostatic pressure by placing drop-
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casted nanocrystals in a diamond anvil cell (DAC). Given the soft
nature of the perovskite lattice, the application of pressure is an
ideal post-synthesis method to investigate the structure-property
relationship by adjusting interatomic distances, lattice defor-
mation, and band-to-band electronic overlap.'>'®*'™** For all
nanocrystals in this study, the PL peak energy initially remained
nearly constant up to 0.35 GPa (Fig. 4a), with a minimal red-shift
of about 1-5 meV (Fig. 4b), followed by an abrupt blue shift at a
higher pressure up to 2.5 GPa. Considering the specific compo-
sition of the metal halide perovskite band structure, such change
can be ascribed to two different deformation modes of the crystal
lattice.">'®*"** For CsPbl,, the valence band maximum (VBM)
originates from the antibonding interaction of Pb 6s and I 5p
electronic orbitals while the conduction band minimum (CBM)
arises primarily from the I 5p orbitals and Pb 6p orbitals.”> The
reduction of the unit cell volume at higher pressures proceeds in
the first phase with the compression of the lead iodide octahedra:
the reduced Pb-I bond length enhances the orbital overlap bring-
ing the Pb 6s and I 5p orbitals closer, destabilizing the VBM and
pushing it to higher energies."®
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Fig. 4 PL pressure response of CsPbls NCs of different sizes: (a) the PL peak shift of CsPbls NCs with sizes of 7, 9, 11, 17 nm. (b) Shift of the PL
energy with pressure. Insets: schematic representation of the deformation mechanisms of Pb—I bonds. When the pressure initially increases, the
Pb-I bonds start to shorten, which increases the orbital overlap and results in band-gap narrowing and red shift of the PL. Beyond 0.35 GPa, a
further increase in the pressure starts to tilt the octahedra, decreasing the Pb—I-Pb angle (<180°) and decreasing the overlap of the electronic wave
functions of Pb and |, causing an increase in the band-gap and the PL blue shift. (c) Pressure dependent XRD. The continuous lines show the experi-
mental data at 0 GPa (black), 0.13 GPa (red), 1.85 GPa (blue), 6.14 GPa (magenta). The dotted lines show the calculated diffraction pattern for the
CsPblz y-phase (light blue) and the 5-phase (green). With increasing pressure, the peak at 23.7° (belonging to the y-phase) gradually disappears,
while two new peaks at 25.1° and 25.6° appear indicating the formation a new formed &-phase. (d) Representative pressure-dependent PL emission
spectra of 11 nm NCs, showing gradual quenching of the PL intensity with pressure. (e) Time-resolved photoluminescence results: evolution of PL
kinetics as a function of pressure, for 9 nm NCs. Exponential data are fitted with bi-exponential eqn (2) extracting fast and slow decay time.
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The CBM, on the other hand, is largely unaffected by octa-
hedral compression because of the nonbonding character of
the CBM, and small changes in the Pb-I distance will not have
a destabilizing effect: the resulting band gap narrowing ration-
alizes the initial red-shift seen at low pressures. Similar con-
siderations apply to the PL redshift observed at lower tempera-
tures, which follows the lattice contraction (Fig. 3 and
Fig. S31). Conversely, above 0.35 GPa, the lattice deformation
through the tilt of Pbls octahedra becomes dominant, and the
lower Pb-I-Pb bond angles decrease the electronic band dis-
persion opening the band-gap with a consequent blue-shift of
the PL.”'*** Previous reports have shown that small CsPblI;
NCs possess a lower octahedral tilt, being closer to a cubic
symmetry than their bigger counterparts,’® and this might
affect their deformation behavior under pressure. While the
trend in the PL peak shift is retained for all NCs sizes, we note
that the rate of change of the peak position with the pressure
above 0.35 GPa is smaller for the smallest NCs (7 nm). A more
drastic change, however, occurs in the PL quenching behavior.
During the whole pressurization cycle, the PL intensity is
gradually quenched before finally disappearing (Fig. 4c), and
the pressure-induced change is fully reversible in the investi-
gated range of pressures (Fig. S51). While darkening occured
at around 2.5 GPa for the biggest size NCs, we observed the
total PL quenching of 7 nm NCs already at 1.25 GPa. To under-
stand the origin of this behavior, we performed pressure
dependent XRD analysis focusing on 17 nm NCs, which pro-
vided the best diffraction intensity (Fig. S11). In the range 24°-
27° we probed an evolution of the diffraction peaks with the
gradual appearance of a new pattern at high pressures,
suggesting the occurrence of a solid-solid phase transition
from the initial orthorhombic perovskite (y phase) to the &
phase. While there are a few reports suggesting the loss of
long-range order at high pressures,'®'®*"*¢ in our case we did
not find clear signs of amorphization in our measurement
range up to 6 GPa. The results are in good agreement with the
changes we observed in the PL intensity. The § phase, known
as the yellow phase, is a poorly emissive non-perovskite struc-
ture with a much larger bandgap of about 3.0 eV; while at mild
pressures there is still enough emissive y phase to obtain a
strong PL signal, at a higher pressure the non-emissive &
phase takes over and the luminescence rapidly diminishes
until quenching. As we expect the phase transition to proceed
from a nucleation site in the NCs,”*” the fluctuation length
scale triggering the structural change could be shorter in
smaller NCs, where the higher surface-to-volume ratio could
also allow greater surface fluctuations of the octahedral tilt
favoring structural rearrangements.® This supports why PL
quenching occurs much earlier for 7 nm NCs than for bigger
sizes. Finally, we investigated the effect of structural defor-
mations on the exciton recombination through time-resolved
PL measurements as a function of pressure, focusing on the
intermediate NC size (9 nm, Fig. S6 and S77). As the pressure
is increased, the PL at first decays more rapidly, but at press-
ures higher than 1 GPa the luminescence clearly becomes
more long-lived and cannot be well described by a single expo-
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nential decay. To accommodate data at all pressures, the PL
decays were fit with a double exponential equation

1(t) = Are /™ + Ay Y/ (2)

where 4; and A, are the corresponding fractional amplitudes,
7, and 7, are the fast and slow decay times, respectively. The
results are reported in Table S2:7 the fast decays occur typically
in a couple of ns and are relatively independent of pressure,
while the slow decay times vary from 7 to 20 ns. Interestingly,
the evolution of the PL kinetics (Fig. 4e) follows closely the
trend of the PL peak shift (Fig. 4d), and can be equally divided
into two main trends: in the Pb-I compression region (<0.35
GPa) the lifetime becomes shorter with the increase in the
pressure, while a marked prolongation of the lifetime is
observed at higher pressurization. This is not consistent with
the defect formation upon compression, which leads to a
decrease of the carrier lifetime,*®* possibly indicating struc-
tural robustness of the nanoparticles against defect formation.
The increase in the lifetime is instead consistent with the
lattice distortion occurring at a higher pressure: as the Pb-I-
Pb bond angles are deformed, so is the band structure, result-
ing in a loss of overlap between the electronic states respon-
sible for exciton formation. This results in a reduction of the
recombination rate®* > and consequently an increase in the
PL lifetime, stressing the key role of controlling the structural
properties to modulate the recombination dynamics of these
complex semiconductors.

Conclusions

In this work, we have investigated the size-dependent photo-
physical properties of CsPbl; nanocrystals (in the range of
7-17 nm) by employing temperature and pressure as thermo-
dynamic variables to controllably modulate the energetic and
structural parameters of the system. Our observations of the
temperature-dependent PL peak energy and linewidth high-
light the influence of both defects and electron-phonon inter-
action on efficient luminescence, and their relation with NC
sizes. This observation stresses the need for a careful consider-
ation of the chosen ligands, as we find that the level of surface
coverage not only directly affects the availability of non-radia-
tive loss channels but also affects the luminescence of the NPs
through more subtle phonon coupling effects, which increase
in strength in smaller nanoparticles. Since electron-phonon
coupling sets a fundamental intrinsic limit to charge trans-
port, it is intimately related to the optoelectronic properties
and thus to technological applications;>® understanding its
dependence on the NC size and how to control it provides
useful synthetic guidelines for tailoring NCs for light-emitting
applications. By studying the pressure response, we have
identified fundamental structure-properties relationships of
the NCs: we observed a solid-solid transition from the y-phase
to the 6-phase at high pressures with a transition pressure that
becomes lower for smaller size NCs, and likely contributes to
the progressive PL quenching at high pressures, and further
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demonstrate that the lattice deformation mechanism strongly
affects the bandgap and recombination dynamics of the
material stressing the importance of the structural engineering
of this class of soft semiconductors.

Materials and methods

Materials

All specified.
1-Octadecene (technical grade 90%), methyl acetate (anhy-
drous, 99.5%), oleylamine (technical grade 70%), silicone oil
(viscosity 100 cSt), and cesium carbonate (99%) were pur-
chased from Sigma-Aldrich. Lead(n) iodide (99.99%, trace
metals basis) was purchased from TCI. Oleic acid (technical
grade 90%) was purchased from Alfa Aesar, n-hexane (for
HPLC-Isocratic ~ grade-Reag.Ph.Eur) from CARLO ERBA
Reagents S.A.S.

materials were used as received unless

Solution preparation and thin film deposition

The precursor solution (Cs-oleate) was swiftly injected into a
hot solution of 1-octadecene (ODE) and PbI, salt, carboxylic
acids (oleic acid (OA)) and primary amine (oleylamine (OAm)).
When the Pbl, precursor dissolved completely, N, flow was
introduced into the flask heating it up to the desired tempera-
ture (140 °C-220 °C). Then the Cs-oleate precursor was swiftly
injected into the reaction flask. Within just a few seconds from
injection, the solution became turbid red. Further crystal
growth and nucleation were stopped by immersing the reac-
tion flask into an ice bath. After cooling to room temperature,
the size-selective precipitation and purification of CsPbI; NCs
were introduced using Methylammonium acid (MeOAc). The
precipitate was collected and re-dispersed in n-hexane.
Solutions were filtered and then kept in a refrigerated vial.
CsPbl; NCs were first deposited as thin films prepared by spin
coating the colloidal solution onto a glass substrate and drying
it under N, flow multiple times, to ensure adequate substrate
coverage. The successful thin film deposition was validated by
the comparison of PL spectra of the films with those of the
NCs in solution (Fig. S87).

Solution characterization

Details of TEM measurements, and the characterization of the
static absorption and luminescence and absolute lumine-
scence quantum yield of the solutions are given in the ESL.f

Nanocrystal characterization

The luminescence properties of NC thin films were character-
ized under different temperature and pressure conditions
using a Linkam cryostat and a Diamond Anvil Cell
(One20DAC). Further details of the steady state and time-
resolved PL measurements are given in the ESI.T The effect of
pressure on the NC structure was also investigated by XRD.

5718 | Nanoscale, 2023, 15, 5712-5719

View Article Online

Nanoscale

Author contributions

O. V. and G. F. contributed equally to this work. O. V. syn-
thesized the nanocrystals and contributed to the spectroscopic
and structural characterization. G. F. performed the time-
resolved photophysical characterization and supported the data
analysis. E. L. W. performed the luminescence quantum yield
experiments. L. L. acquired the TEM images. G. T. performed
the pressure-dependent XRD experiments. M. D. A. worked on
the data analysis. A. P. and D. C. supervised and coordinated
the work. O. V., G. F.,, D. C., and A. P. conceived the experimental
idea. All authors contributed to the final version of the
manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors acknowledge the funding from the European
Union’s Horizon 2020 research and innovation programme
under the Marie Sklodowska-Curie grants agreement no.
765376 (eSCALED). Furthermore, the authors acknowledge the
funding from the Distinguished Scientist Fellowship Program
(DSFP) of King Saud University, Riyadh, Saudi Arabia and the
European Union’s Horizon 2020 research and innovation
program under the Marie Sklodowska-Curie grants agreement
no. 839480 (PERICLeS). G F and A P acknowledge the funding
from the European Union’s Horizon 2020 research and inno-
vation program through the ERC project SOPHY under Grant
Agreement No. 771528.

References

1 L. Protesescu, S. Yakunin, M. I. Bodnarchuk, F. Krieg,
R. Caputo, C. H. Hendon, R. X. Yang, A. Walsh and
M. V. Kovalenko, Nano Lett., 2015, 15, 3692-3696.

2 H. Huang, J. Raith, S. V. Kershaw, S. Kalytchuk,
O. Tomanec, L. Jing, A. S. Susha, R. Zboril and
A. L. Rogach, Nat. Commun., 2017, 8, 1-7.

3 Y. Fu, H. Zhu, J. Chen, M. P. Hautzinger, X. Y. Zhu and
S. Jin, Nat. Rev. Mater., 2019, 4, 169-188.

4 S. D. Stranks and H. J. Snaith, Nat. Nanotechnol., 2015, 10,
391-402.

5 D. Liu, Y. Guo, M. Que, X. Yin, J. Liu, H. Xie, C. Zhang and
W. Que, Mater. Adv., 2021, 2, 856-879.

6 T. Masuda, Y. Zhang, C. Ding, F. Liu, K. Sasaki, Q. Shen
and M. Endo, J. Appl. Phys., 2020, 127, 243104.

7 J. C. Beimborn, L. R. Walther, K. D. Wilson and
J. M. Weber, J. Phys. Chem. Lett., 2020, 11, 1975-1980.

8 S. Aoyagi, Y. Kuroiwa, A. Sawada, H. Kawaji and T. Atake,
J. Therm. Anal. Calorim., 2005, 81, 627-630.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr06345j

Open Access Article. Published on 14 lutego 2023. Downloaded on 20.02.2026 13:35:10.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

L. Zhang, K. Wang, Y. Lin and B. Zou, J. Phys. Chem. Lett.,
2020, 11, 4693-4701.

J. C. Beimborn, L. M. G. Hall, P. Tongying, G. Dukovic and
J. M. Weber, J. Phys. Chem. C, 2018, 122, 11024-11030.

D. Cortecchia, S. Neutzner, J. Yin, T. Salim,
A. R. S. Kandada, A. Bruno, Y. M. Lam, ]. Marti-Rujas,
A. Petrozza and C. Soci, APL Mater., 2018, 6, 114207.

D. Cortecchia, S. Neutzner, A. R. S. Kandada, E. Mosconi,
D. Meggiolaro, F. De Angelis, C. Soci and A. Petrozza, J. Am.
Chem. Soc., 2017, 139, 39-42.

Q. Zhao, A. Hazarika, L. T. Schelhas, J. Liu, E. A. Gaulding,
G. Li, M. Zhang, M. F. Toney, P. C. Sercel and J. M. Luther,
ACS Energy Lett., 2020, 5, 238-247.

F. Ke, C. Wang, C. Jia, N. R. Wolf, J. Yan, S. Niu,
T. P. Devereaux, H. I. Karunadasa, W. L. Mao and Y. Lin,
Nat. Commun., 2021, 12, 1-8.

G. Xiao, Y. Cao, G. Qi, L. Wang, C. Liu, Z. Ma, X. Yang,
Y. Sui, W. Zheng and B. Zou, J. Am. Chem. Soc., 2017, 139,
10087-10094.

X. Y. Zhang, G. T. Pang, G. C. Xing and R. Chen, Mater.
Today Phys., 2020, 15, 100259.

A. Liu, L. G. Bonato, F. Sessa, D. B. Almeida, E. Isele,
G. Nagamine, L. F. Zagonel, A. F. Nogueira, L. A. Padilha
and S. T. Cundiff, J. Chem. Phys., 2019, 151, 191103.

Y. Cao, G. Qi, C. Liu, L. Wang, Z. Ma, K. Wang, F. Du,
G. Xiao and B. Zou, J. Phys. Chem. C, 2018, 122, 9332-9338.
L. Wang, K. Wang, G. Xiao, Q. Zeng and B. Zou, J. Phys.
Chem. Lett., 2016, 7, 5273-5279.

J--H. Lee, A. Jaffe, Y. Lin, H. I. Karunadasa and J. B. Neaton,
ACS Energy Lett., 2020, 5, 2174-2181.

Y. Liang, X. Huang, Y. Huang, X. Wang, F. Li and Y. Wang,
Adv. Funct. Mater., 2019, 6, 1900399.
C. M. Ilaruy, J. J. Geuchies, P. M. Koenraad,

D. Vanmaekelbergh and A. Y. Silov, ACS Nano, 2017, 11,
11024-11030.

B. T. Diroll, H. Zhou and R. D. Schaller, Adv. Funct. Mater.,
2018, 28, 1800945.

S. M. Lee, C. J. Moon, H. Lim, Y. Lee, M. Y. Choi and
J. Bang, J. Phys. Chem. C, 2017, 121, 26054-26062.

R. Saran, A. Heuerjungemann, A. G. Kanaras and
R. ]J. Curry, Adv. Opt. Mater., 2017, 5, 1-18.

S. T. Ha, R. Su, J. Xing, Q. Zhang and Q. Xiong, Chem. Sci.,
2017, 8, 2522-2536.

S. A. Tovstun and V. F. Razumov, J. Nanopart. Res., 2017, 19,
11051.

A. Swarnkar, A. R. Marshall, E. M. Sanehira,
B. D. Chernomordik, D. T. Moore, ]J. A. Christians,
T. Chakrabarti and ]J. M. Luther, Science, 2016, 354, 92-95.
J. C. Beimborn, L. M. G. Hall, P. Tongying, G. Dukovic and
J. M. Weber, J. Phys. Chem. C, 2018, 122, 11024-
11030.

A. Treglia, F. Ambrosio, S. Martani, G. Folpini, A. J. Barker,
M. D. Albagami, F. De Angelis, 1. Poli and A. Petrozza,
Mater. Horiz., 2022, 9, 1763-1773.

This journal is © The Royal Society of Chemistry 2023

31

32

33

34

35
36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

View Article Online

Paper

K. Xing, S. Cao, X. Yuan, R. Zeng, H. Li, B. Zou and ]J. Zhao,
Phys. Chem. Chem. Phys., 2021, 23, 17113-17128.

J. Lee, E. S. Koteles and M. O. Vassell, Phys. Rev. A, 1986,
33, 5512.

X. B. Zhang, T. Taliercio, S. Kolliakos and P. Lefebvre,
J. Phys.: Condens. Matter, 2001, 13, 7053-7074.

B. S. S. Rudin and T. L. Reinecke, Phys. Rev. B: Condens.
Matter Mater. Phys., 1990, 42, 218-231.

R. Ruppin, Surf. Sci., 1973, 34, 20-32.

G. Folpini, K. Reimann, M. Woerner, T. Elsaesser, J. Hoja
and A. Tkatchenko, Phys. Rev. Lett., 2017, 119, 1-6.

B. T. Diroll, H. Zhou and R. D. Schaller, Adv. Funct. Mater.,
2018, 28, 1800945.

N. Bouarissa, J. Comput. Theor. Nanosci., 2013, 10, 1284-
1289.

S. Li, G. Liu, Q. Liu, L. Nie and G. Yao, ACS Sustainable
Chem. Eng., 2020, 8, 10646-10652.

N. Yazdani, S. Volk, O. Yarema, M. Yarema and V. Wood,
ACS Photonics, 2020, 7, 1088-1095.

S. Yesudhas, M. V. Morrell, M. J. Anderson, C. A. Ullrich,
C. Kenney-Benson, Y. Xing and S. Guha, Chem. Mater.,
2020, 32, 785-794.

X. Li, W. Yang, Q. Jia and H. Xu, Chem. Sci., 2017, 8, 6764-
6776.

H. K. Mao, B. Chen, J. Chen, K. Li, J. F. Lin, W. Yang and
H. Zheng, Matter Radiat. Extremes, 2016, 1, 59-75.

Y. Liang, X. Huang, Y. Huang, X. Wang, F. Li, Y. Wang,
F. Tian, B. Liu, Z. X. Shen and T. Cui, Adv. Sci., 2019, 6,
1900399.

J. Shamsi, A. S. Urban, M. Imran, L. De Trizio and
L. Manna, Chem. Rev., 2019, 119, 3296-3348.

Y. Wang, X. Li, W. Yang, T. Wen, L. Yang, X. Ren, L. Wang,
Z. Lin and Y. Zhao, J. Am. Chem. Soc., 2015, 137, 11144-
11149.

S. H. Tolbert and A. P. Alivisatos, Annu. Rev. Phys. Chem.,
1995, 46, 596-626.

L. Kong, G. Liua, J. Gong, Q. Hu, R. D. Schaller, P. Dera,
D. Zhang, Z. Liu, W. Yang, K. Zhu, Y. Tang, C. Wang,
S. H. Wei, T. Xu and H. K. Mao, Proc. Natl Acad.
Sci. U. S. A., 2016, 113, 8910-8915.

J. C. Beimborn, L. R. Walther, K. D. Wilson and
J. M. Weber, J. Phys. Chem. Lett., 2020, 11, 1975-1980.

K. Sivalertporn, L. Mouchliadis, A. L. Ivanov, R. Philp and
E. A. Muljarov, Phys. Rev. B: Condens. Matter Mater. Phys.,
2012, 85, 1-11.

A. Alexandrou, J. A. Kash, E. E. Mendez, M. Zachau,
J. M. Hong, T. Fukuzawa and Y. Hase, Phys. Rev. B: Condens.
Matter Mater. Phys., 1990, 42, 9225-9228.

W. Chow, M. Kira and S. W. Koch, Phys. Rev. B: Condens.
Matter Mater. Phys., 1999, 60, 1947-1952.

A. D. Wright, C. Verdi, R. L. Milot, G. E. Eperon,
M. A. Pérez-Osorio, H. J. Snaith, F. Giustino,
M. B. Johnston and L. M. Herz, Nat. Commun., 2016, 7,
11755.

Nanoscale, 2023,15, 5712-5719 | 5719


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr06345j

	Button 1: 


