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ABSTRACT

Halide perovskite nanocrystals are at the forefront of materials research due to their remarkable optoelectronic properties and versatile appli-
cations. While their lattice structure and optical properties have been extensively investigated for the structure-property correlation, their
lattice dynamics, the physical link between the lattice structure and optoelectronic properties, has been much less visited. We report the
evolution of structural dynamics of a series of cesium lead halide perovskite nanocrystals whose size and morphology are systematically var-
ied by synthesis temperature. Low-frequency Raman spectroscopy uncovers the nanocrystals’ structural dynamics, including a relaxational
spectral continuum from ligand librations and a phonon spectrum evolving with nanocrystal size. As the size of nanocrystals increases, their
phonon spectrum becomes more intense, and their spectral weights redistribute with new first- and second-order modes being activated. The
linewidth of the observed phonon modes generally broadens as the nanocrystal grows larger, an interesting deviation from the established
phonon confinement model. We suggest that strong confinement and truncation of the lattice and ligands anchoring on the surface might
lead to pinning of the lattice dynamics at nanoscale. These findings offer new insights into the bulk-nano-transition in halide perovskite soft
semiconductors.
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INTRODUCTION

Lead halide perovskites (LHPs) have emerged as a stellar
class of solution processed semiconductor materials opening new
grounds from photovoltaics and broad field of optoelectronics.’
Bulk LHPs now competes and complements silicon in photo-
voltaic applications.” Their device performance enabled by out-
standing electronic properties is fundamentally surprising for an
ionic semiconductor processed at low temperatures, which opens
new scientific grounds in understanding the structural origin of
exceptional electronic properties.”’ In its nanocrystalline form,
the LHP nanocrystals (NCs) have shown intriguing properties
with exciting applications ranging from renewable energy and
optoelectronics to quantum information science.” ' LHP NCs
possess even more structural defects and labile chemistry than
their bulk counterpart, yet they exhibit robust high quantum yield
in photoluminescence (PL) among many other appealing opto-
electronic properties. The nature of the nanoconfined lattice and

its surface states are long-standing questions for scientists and
engineers.

Lattice dynamics plays a critical role in defining the opto-
electronic and structural properties of bulk LHPs. Large ampli-
tude highly anharmonic nuclear motions have been recognized as
a unique feature distinguishing halide perovskite semiconductors
apart from conventional counterparts.” ' As the crystal size shrinks
and transitions into the nanoscale, the structure—property relation-
ship becomes more complex and interesting as the system is strongly
modified by quantum confinement, predominance of interfaces,
as well as altered dielectric environments.'”"" While the structure
and optoelectronic properties of LHP NCs have received the spot-
light of the research community and have been extensively studied,
the lattice dynamics of these nanocrystals have received much less
investigation.

In this work, we present a study of the evolution of struc-
tural dynamics in cesium lead halide perovskite colloidal nanocrys-
tals. A series of prototypical halide perovskite nanocrystals were
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grown from colloidal solutions, in which temperature sensitively
controlled their size and morphology progression from nanowires
to nanoplates and nanocubes. Basic knowledge of the evolution of
lattice dynamics from nano to bulk provides insights to bridge
the gap in our understanding of perovskite nanocrystals’ chemical
structure and optoelectronic properties.

RESULTS AND DISCUSSION
Lattice structure

The CsPbBr; nanocrystals were synthesized following the
original report by Protesescu et al.'* and the adapted method by
Bekenstein et al'” Growth temperature was utilized as the key
parameter to control and size and morphology distribution of col-
loidal crystals. To elucidate the impact of reaction temperature on
the lattice structure of the nanocrystals, we measured the x-ray
diffraction (XRD) patterns of the CsPbBr3 nanocrystals, as shown in
Fig. 1(a). Bulk CsPbBrs; exists in the orthorhombic phase (Pnma) at
room temperature. The XRD diffractograms of nanocrystals synthe-
sized at high temperatures (T > 150 °C) match well with that of the
bulk CsPbBr; and exhibit strong peaks at ~15.2°, 21.5°, and 30.7°
associated with the (101), (121), and (202) planes, respectively. In
this group of nanocrystals, the intensity of Bragg’s peak correspond-
ing to the plane (121) is relatively high compared with those of other
peaks, indicating a preferential orientation of the nanocrystals in the
XRD sample. The lattice parameters are calculated as a = 6.7 A,
b = 11.71 A, and ¢ = 11.78 A. In the group of NCs synthesized
at intermediate temperatures (80°C < T < 150°C), their XRD
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diffractograms show a new set of peaks that differ from the
orthorhombic CsPbBrs. This set of diffraction peaks indicate the
presence of Cs4PbBre crystallites, which may result from the weak
solubility of PbBr; at low temperatures. Similar observations have
been reported previously.'® In the group of NCs synthesized at
low temperatures (T < 80 °C), the particles were not grown suf-
ficiently. The small particle size and high surface-area-to-volume
ratio resulted in the amorphous ligands dominating in the XRD
diffractograms (not shown). Overall, the diffraction peaks shift
slightly toward higher diffraction angles as the growth temperature
increases, which suggests a gradual shrinking of the unit cell. The
diffraction peaks narrow as the reaction temperature increases,
which indicates the formation of larger particles with increasing
crystallinity.

Morphology

Transmission electron microscopy (TEM) measurements were
carried out to study the effect of temperature on the morphology
of as-synthesized CsPbBr3 nanocrystal samples at various reaction
temperatures, as shown in Figs. 1(b)-1(e). The morphology and
size of the nanocrystals are sensitively controlled with the growth
temperature. This temperature-dependent variation of nanocrystal
morphology is not smooth and continuous; rather, a few types
of qualitatively distinct growth behaviors are observed as growth
temperature is varied, as we discuss below.

Reactions at high temperatures (130°C < T < 170°C) pro-
duce cube and cuboid nanocrystals. Reactions conducted at 130 °C
produce mostly symmetrical and monodisperse nanocubes with a

50 nm

856512 20T Aen ¢

FIG. 1. Structure and morphology of CsPbBr3 nanocrystals and their dependence on synthesis temperature. (a) X-ray diffractograms of CsPbBr; nanocrystals grown from 80
to 170 °C. NP: nanoplates, NC: nanocubes. (b) Transmission Electron Microscope (TEM) image of CsPbBr; nanocubes grown at 150 °C with an average characteristic size
of 10.5 nm. (c) TEM image of CsPbBrs nanocubes formed at 130 °C with an average characteristic size of 9.1 nm. (d) TEM image of CsPbBr; nanoplates formed at 90 °C
with an average characteristic size of 6.0 nm. (e) TEM image of CsPbBr; nanowires formed at 25 °C with an average width of 2.3 nm. Scale bars: 50 nm.
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FIG. 2. Electronic spectra of CsPbBr; nanocrystals. Solid lines: absorption spectra.
Dashed lines: photoluminescence spectra. The spectra are linearly scaled to set
their minimum and maximum between 0 and 1 and vertically offset for clarity.

dimension of about 9.1 nm and having a green emission, as shown
in Fig. 1(c). At elevated temperatures, the size of the nanocubes
increases; at 150°C, for instance, the size of the nanocubes
reaches 10.5 nm [Fig. 1(b)], starting to lift quantum confine-
ment. The monodispersity also noticeably decreases at elevated
growth temperatures. The reactions at the temperature range of
25°C < T < 130 °C tends to strongly favor asymmetric growth form-
ing quasi-2D geometries. Figure 1(d) shows thus formed nanoplates
at 90 °C with an average edge length of 6.0 nm. The ionic nature
of the metathesis reaction dictates the rapid nucleation and growth
kinetics of the resulting nanocrystals. In this process, the reaction
temperature plays a critical role. At the reaction temperatures of 90
and 50 °C, thin nanoplates were detected along with well-ordered
lamellar structures (average width ~2.7 nm). The reactions at a
low temperature of 25 °C leads to the formation of thin and long
nanowires with an average width of 2.3 + 0.4 nm, which corresponds
to ~4 unit cells, as shown in Fig. 1(e).

This morphological transformation steered by the growth tem-
perature is likely due to the organic mesostructures that are present
during nanocrystal growth.'” The size and shape distribution of the
colloidal assemblies of organic molecules sensitively depends on the
solution temperature. During the nanocrystal growth period, they
define the nanocrystals’ access to the solutes as well as tune the inter-
play of interfacial energy and thus serve as growth directing soft
templates. Similar soft templating mechanisms have been reported
for wurtzite CdSe nanocrystals.'® Notwithstanding the rich struc-
tural variations displayed in the progression of growth temperature,
the evolution of optical behaviors appears relatively simple. As the
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growth temperature increases, the electronic transitions, probed by
both absorption and emission, largely redshift from their quantum
confined values and converge toward the bulk limit, as shown in
Fig. 2. One exception is the emission of NCs grown at 80 °C, which
appears to be redshifted from the expected position and shows up
at ~510 nm. This individual case of blue absorption and anoma-
lous shifted green emission suggests additional interactions in the
photoexcited state of these NCs. A likely explanation is an unin-
tended aggregation during the morphological transformation and
sample preparation of NCs grown at 80 °C. Similar phenomena have
been reported by Di Stasio et al.'” They reported a concentration-
dependent PL shift from the blue to the green spectral regions
in CsPbBr; nanowires and nanoplatelets, as isolated nanocrystals
aggregate at high concentrations and in solid films.

To explore the size dependence of structural dynamics in
CsPbBr3 nanocrystals, we measured their vibrational spectra via low
frequency Raman scattering. The results are shown in Figs. 3 and 4,
which we discussed below.

Central peak (group i)

A first prominent feature in the low frequency Raman spectra
of CsPbBr3 NCs is a spectral continuum background, whose inten-
sity increases as frequency approaches zero from both the Stokes and
anti-Stokes sides. Hence, this spectral feature is phenomenologically
named central peak. Heuristically, the central peak originates from
physical processes that do not exhibit restoration force against exter-
nal perturbations. Common examples include molecular motions,
such as translation, rotation, and libration, in molecular liquids and
polymers.”’ These are also the structural dynamic basis of dielec-
tric relaxation.”! Severely overdamped nuclear motions in solids,
including many ferroelectrics, also give rise to such prominent
central peaks.” *" Intraband electronic processes in semiconduc-
tors and metals as well as in strongly correlated materials provide
examples of central peaks of electronic origins.”” >’ In bulk halide
perovskites, previous studies have shown that their lead-halide octa-
hedral framework and A-site cation both display large amplitude
highly anharmonic motion and give rise to a central peak,'®' "%

Figure 3(a) shows the central peak observed in CsPbBr; NCs
compared to that of the bulk crystal. In all cases, the spectra con-
tain both the continuum background and vibrational peaks overlaid
together. The relative weight of the relaxational spectral continuum
decreases as the size of the nanocrystal increases. Meanwhile, the rel-
ative weight of the LHP vibrational spectrum increases as the size of
the nanocrystal increases.

Ligands and lattice collective structural dynamics
(group i)

A simple chemical interpretation of the relative weights” evo-
lution comes from examining the surface-area-to-volume ratio in
nanocrystals. We tentatively ascribe the origin of the relaxational
response to the ligands on the nanocrystals’ surface. The ligands
pack on nanocrystal surfaces and form an interphase separating the
nanocrystal cores in a solid film. Although the surface groups are
expected to be largely anchored on the nanocrystal surface, one
can envision their terminal groups to exhibit structural flexibility
and display a librational motion in response to external fields. Such
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FIG. 3. Raman spectra of CsPbBrs nanocrystals grown under temperature control. (a) Stokes and anti-Stokes low frequency Raman spectra of the nanocrystals. (b) Highest
frequency longitudinal optical phonon mode group and its second-order overtone. The spectra are linearly scaled to set their minimum and maximum between 0 and 1
and vertically offset for clarity. Bulk CsPbBr; Raman spectrum (black trace) is overlaid for comparison. NP: nanoplates, NC: nanocubes. The green bands highlight specific
spectral regions and mode groups in discussion, labeled by Roman numerals: (i) low frequency collective spectral response from surface ligands and CsPbBr; lattice modes,
(i) CsPbBr local structural modes, (i) CsPbBr; highest energy LO modes, and (iv) CsPbBr; second-order modes.
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FIG. 4. Raman spectra of CsPbBr; nanocrystals, normalized against the Bose-Einstein factor. (a) Stokes and anti-Stokes low frequency Raman spectra of the nanocrystals.
(b) Phonon mode group at 70-80 cm=". (c) Highest frequency longitudinal optical phonon mode group at 140-150 cm~". (d) Second-order mode at ~310 cm~". The spectra
are linearly scaled to set their minimum and maximum between 0 and 1 and vertically offset for clarity. The bulk CsPbBr; Raman spectrum (black trace) is overlaid for
comparison. NP: nanoplates, NC: nanocubes. The green bands highlight specific spectral regions and mode groups in discussion, labeled by Roman numerals: (i) low
frequency collective spectral response from surface ligands and CsPbBrs; lattice modes, (i) CsPbBrs local structural modes, (iii) CsPbBrs highest energy LO modes, and (iv)

CsPbBr; second-order modes.

a librational motion forms the structural dynamics basis of their
dielectric relaxational response. In the case of nanocrystal thin films,
the high surface-area-to-volume ratio means that the librational
motion of surface ligands and the resulting dielectric relaxation
play a significant role in their spectral response, along with the
lattice dynamics of the nanocrystals. The smaller the nanocrystals,
the larger their surface-area-to-volume ratio, hence the more weight
their surface ligands’ structural dynamics displays in the overall
spectrum.

An alternative electronic interpretation of the evolution of
relative spectral weights can be raised from the perspective of
pre-resonance enhancement effect in Raman scattering. Proximity
of the Raman excitation wavelength to a neighboring strong

electronic transition can lead to an increase in the scattering cross
section, known as the pre-resonance enhancement. As the size
of the nanocrystals decreases, the band edge electronic transition
blueshifts, moving further away from the excitation wavelength in
the near infrared. As a result, one expects that the NCs’ overall
Raman scattering cross sections decrease as quantum confinement
strengthens when measured with a fixed near infrared laser.

Bose-Einstein normalization

The central peak arises because the low frequency spectral
response from the inherent structural dynamics, y”, is weighted
by the Bose-Einstein (B-E) factor fzr. In other words, the Raman
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scattering cross section is determined by both the intrinsic suscep-
tibility of the materials and a universal thermal population factor.*’
All thermal vibrational excitations are described by a Bose-Einstein
distribution. Such a dependence can be simply expressed as
I < fggy"”'. The Bose-Einstein factor is expressed as

ngg+1, w>0,

féE(MT)‘{

MBE, w <0,
npe(w, T) !
pe(w, T) = ——F——~—.

i
exp(h—“’T)—l

The Bose-Einstein factor behaves as a flat factor in the mid- to
high-frequency spectral regions where the thermal Bose-Einstein
population is negligible. In the low frequency region, however, it
produces a non-negligible multiplier to the overall scattering cross
section; this factor has a strong frequency dependence and diverges
as the scattering frequency approaches zero.”” Its divergence at
zero frequency renders finite inherent spectral responses into a
peak. Thus, to reveal the underlying intrinsic spectral response,
we normalize as measured low frequency Raman spectra using the
Bose-Einstein factor following previously reported procedures.”’

Figure 4(a) shows the low frequency Raman spectra after
normalization against the Bose-Einstein factor and reveals the
underlying inherent spectral response in this region. This allows us
to cleanly compare the relative weights between relaxational con-
tinuum and the LHP phonon spectrum. In the low temperature
growth (T < 100 °C), the B-E normalized spectra show weak LHP
phonon spectra overlaid on top of the strong relaxational con-
tinuum, as we discussed above. In the mid-temperature growth
(100°C < T < 150°C), the LHP phonon spectra assume a more
significant weight compared with the underlying relaxational con-
tinuum. In the high temperature growth (T ~ 170°C), the LHP
phonon spectrum becomes the dominant spectral feature on top of
the relaxational continuum.

It is interesting to note that we also observe the rotational
Raman spectra of N, and O, molecules in the air, which show
up as sharp lines in the low frequency range, mostly visible below
100 cm™. These rotational lines have widths much narrower than
any spectral feature in our materials, making them easily identifiable.
These molecules are ubiquitous at stable levels, and their rotational
spectra are well understood. These aspects render the air rotational
lines an excellent internal reference standard for Raman scattering
cross section discussions. Comparing the relative intensities of LHP
phonon modes and the central peak vs the air rotational lines also
reveals a strong increase in the inherent scattering cross section as
the nanocrystal size increases.

Next, we turn to the phonon spectra of CsPbBrz NCs and its
dependence on synthetic conditions. The phonon band structure,
density of states, and spectra of halide perovskites have been well
studied and discussed in the literature from both theoretical and
experimental perspectives.'”*>'* Briefly, the structural dynamics
of simple A site cations, such as Cs, are largely located in the low
frequency region (v < 100 cm™'), whereas the structural dynamics
of lead halide octahedral framework spans a broader range from the
highest optical phonon branches down to acoustic ranges. In the

ARTICLE pubs.aip.org/aipl/jcp

region above 100 cm ™', the lead halide octahedral distortion assumes
the most significant role in its spectral response.

Local structural dynamics at 70-80 cm™! (group ii)

From the phonon density of states perspective, the mode group
around 70 cm™" has strong contributions from both A site cations
and the BX6 octahedra.’’ In the case of bulk CsPbBrs at finite
temperatures, it has been shown that the head-to-head motion
of the Cs cation coupled with the Br octahedral distortion and
rotation dominates the structural fluctuations at low frequen-
cies.! Figure 4(b) shows a zoomed-in plot of the region around
70-80 cm™' where a prominent first-order phonon mode group
is observed in CsPbBrs NCs. Aside from an increase in scattering
cross sections as NCs increase in size, the spectral weight distri-
bution in this group shifts with nanocrystal size and shows three
types of behaviors. At low synthesis temperatures (T < 100 °C), this
mode group is overall quite weak; the main peak occurs at ~80 cm™".
At intermediate synthesis temperatures (100 °C < T < 150 °C), this
mode group gains significant intensity while maintaining a similar
distribution of spectral weights. The main peak at ~80 cm™" broad-
ens. At high synthetic temperatures (T > 150 °C), this mode group
further gains intensity and its spectral weight downshifts and peaks
at ~70 cm ™', Interestingly, the linewidth increases as nanocrystal size
increases, trending toward convergence with the broad linewidth in
bulk crystals. A linewidth broadening as nanocrystal size increases
is an unexpected trend for nanoconfined phonons. Such a behavior
is seen again in other spectral regions and discussed in detail after
surveying all prominent spectral features.

Highest energy LO phonons (group iii)

Figure 4(c) shows the CsPbBrs NCs Raman spectra normalized
against the Bose-Einstein factor, zoomed in at around 150 cm L.
This mode group corresponds to the highest energy longitudinal
optical (LO) phonon bands in bulk LHPs. In this spectral range,
phonon modes originate from the distortional motion of networked
lead halide octahedra.’! It has been shown that these highest energy
LO phonons interact strongly with charge carriers in bulk LHPs and
play a critical role in bridging charge carrier-lattice interactions in
diverse scenarios from hot carrier cooling, polaron formation, band
edge carrier relaxation, to carrier scattering in charge '[ransport.33 7
Currently, there are strong efforts in developing LHP nanocrystals
toward energy, optoelectronic, and quantum information applica-
tions, in which electron-phonon interactions in nano-confined LHP
lattice provide the underpinnings of their device operation. Thus,
there is a strong motivation to reveal the size dependence of these
LO phonons.

The size-dependent spectral behaviors of the highest LO
phonons in CsPbBr; NCs can be largely categorized into three
groups, similar to the lower frequency first-order modes. (1) At
low synthetic temperatures (T < 100 °C), this mode group is very
weak compared with the continuum background. The main peak is
located at ~123 cm™', with a shoulder peak on the low frequency
side around ~115 cm™. (2) At intermediate synthetic tempera-
tures (100 °C < T < 150 °C), this mode group becomes much more
prominent. The main peak remains at 125 cm™'. The low frequency
shoulder peak shows negligible intensity in comparison. On the
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high frequency side, a new broad shoulder peak appears at about
140 cm™!. (3) As the synthetic temperature increases (T > 150 °C)
and as the nanocrystals further grow, this shoulder peak increases
in both its intensity and width. In the high end of the synthetic
temperature, this shoulder peak gains intensity, upshifts, and broad-
ens significantly. The overall spectral weights of the LO phonon
group upshift, extending beyond 150 ¢cm™', and appear to be
comparable with the highest energy LO phonon mode group in bulk
CSPbBI‘_?,.

Second-order mode (group iv)

We next turn to investigate the size-dependent spectral behav-
jor of the mode observed at ~310 cm™!, as shown in Fig. 4(d). This
mode was previously assigned as a torsional mode of CH;NH;"
(methylammonium, MA) ion in hybrid halide perovskites.”* Its
persistent appearance in all-inorganic CsPbBrs3, at a location consis-
tent with the mode observed in MAPbBr3, suggests that this mode
does not involve MA motion. Comparing mode frequencies within
a simple harmonic oscillator model across different A-site cations
and X halide ions, we suggest a reassignment of this mode to a
second-order overtone or combination mode based on the highest
LO phonon group.*”

The spectral behavior of this second-order mode markedly
differs from that of the first-order LO modes discussed above. First,
the appearance of second-order mode correlates with the appear-
ance of the broad mode group around 150 cm™ from NCs grown
at the highest temperatures [Figs. 4(c) and 4(d)]. Their correlated
appearances also support our assignment of the second-order mode.
Second, the second-order mode shows a well-defined and simple
line shape; neighboring first-order modes in group iii possess much
smaller spectral weights in the second order. The varied weights
of different phonons in the higher order modes originate from
mode-dependent electron-phonon coupling strengths. A particular
phonon branch in the highest energy phonon group couples with
the electronic states in CsPbBr3 and thus outweighs other phonon
modes in the neighboring frequency range.””"” Third, this second-
order mode appears much later in the NCs’ size progression defined
by their synthesis temperature from low to high. This second-order
mode remains silent in NCs grown at all lower temperatures; it
appears only in NCs grown at the highest temperature (T ~ 170 °C)
with the largest size (>10 nm), above the exciton Bohr radius of
bulk CsPbBr; and lifting quantum confinement. Our observations
suggest that nanoscale confinement of the halide perovskite lattice
alters the phonon spectrum and likely redefines carrier-lattice
interactions.

Phonon linewidth broadening with increasing
nanocrystal size

So far, we have surveyed the behaviors of CsPbBr; NCs’
prominent phonon modes in four spectral regions. Structural
dynamics of nanocrystals are often understood within the frame-
work of phonon confinement models. Briefly, nanoscale truncation
of the crystal lattice brings uncertainty in the crystal momentum and
modifies the spectral line shapes. The resulting spectral line shape is
expected to be a sum of a distribution of Lorentzians weighted by a
function describing the uncertainty in momentum space, resulting
in a line shape broadening. In addition, the broadened sampling of
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phonon dispersions in momentum space often, though not always,
produces softened vibrations from the weighted summation. Such
a phonon confinement model has been widely used in the study of
semiconductor nanocrystals, such as Si, " Ge,"® GaAs,”? with 3D
bulk lattice structures, as well as 2D van der Waals semiconductor
MoS;,.** As the crystal size decreases to the few nanometer regime,
typical expectations are that nanoscale confinement broadens and
softens the phonon spectra.

The CsPbBr3 NCs probed in this work show surprising behav-
iors in this context. Contrary to the phonon confinement behavior,
the first-order phonon modes of CsPbBrz NCs broaden as their size
increases in the few nanometer range. As the size of NCs grows
beyond ~10 nm, the phonon spectra start to converge with that of
the bulk crystal, via a continued broadening of the phonon modes. In
bulk CsPbBr3, phonon anharmonic interactions in a soft and fluctu-
ating lattice give rise to the observed mode broadening. We postulate
that in the few-nanometer to few-unit-cell size regime, such anhar-
monic structural dynamics might be suppressed in a confined lattice
or pinned by ligand bonding to the surface lattice. One possible
mechanism is that the lead halide octahedral network itself is inher-
ently pinned under strong structural truncation. In other words, the
anharmonic structural fluctuations possibly entail the lead halide
octahedral framework to be extended in three dimensions to be
active. In addition, bonding to surface ligands might contribute to
pinning the surface lattice of the underlying lead halide framework.
As the surface-area-to-volume ratio increases as the size of NCs
decreases, the surface pinning could play an increasingly impor-
tant role in governing the structural dynamics of the nanocrystal
core. Interestingly, recent work on nanocrystal structural dynamics
has revealed a crossover from confined phonon to molecular vibra-
tion pictures at 2.1 nm using atomically precise cadmium selenide
quantum dots.*

CONCLUSION

In conclusion, we present a correlated study of size and mor-
phology dependence of structural dynamics in halide perovskite
colloidal nanocrystals. Reaction temperature sensitively steers the
growth trajectory of CsPbBr; colloidal nanocrystals switching from
nanocubes formed at high temperatures to nanoplates formed at
intermediate temperatures and to nanowires formed at low tempera-
tures. Despite the structural variety and diversity displayed under the
temperature control parameter, the evolution of optical behaviors
appears straightforward. As the growth temperature increases, the
electronic transitions redshift from their quantum confined values
and converge with the bulk limit. Low frequency Raman spec-
troscopy reveals the structural dynamics of the nanocrystals in the
solid state. A relaxational spectral continuum originating from the
ligand librations is prominently present in nanocrystal random
solids. The halide perovskite phonon spectrum is significantly mod-
ified by the confinement and morphology of the nanocrystals. Sur-
prisingly, the evolution of structural dynamics deviates from typical
expectations of a phonon confinement model and shows a continued
broadening as nanocrystals’ size increases. Understanding the halide
perovskite nanocrystal structural dynamics provides crucial insights
into engineering perovskite quantum dots for optoelectronic and
quantum applications.
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EXPERIMENTAL METHODS

Synthesis of CsPbBr; nanocrystals (NCs), microwires,
and bulk crystals

Preparation of cesium oleate

0.4 g Cs2CO3 (99%, Aldrich) was loaded into a 100 ml flask
along with 15 ml octadecene (ODE) and 1.2 ml oleic acid (OA).
The mixture was degassed under vacuum at 120 °C for 1 h and then
heated under N to 150 °C until all Cs,COj3 reacted with OA.

Synthesis of CsPbBrs nanocrystals

PbBr; (0.069 g, 99.998%, Alfa Aesar) was loaded into a 50 ml
flask along with ODE (5 ml), oleylamine (0.5 ml, OLA), and OA
(0.5 ml) and then dried under vacuum for 1 h at 120°C. After
complete solubilization of the PbBr; salt under N, atmosphere, the
solution temperature was changed to selected value in the range of
25-170°C. A hot (~100 °C) Cs-oleate solution (0.4 ml) was quickly
injected, and the reaction mixture was immediately cooled with an
ice-water bath. For low temperature batches (<50 °C), the reaction
continued for 1 h with vigorous stirring.

After the reaction, the NCs were extracted from the crude
solution by centrifugation at 8500 rpm for 10 min. For low tem-
perature batches (growth temperature < 50 °C), centrifugation was
carried out at 15000 rpm. After centrifugation, the supernatant was
discarded, and the precipitated NCs were redispersed with hex-
ane forming stable colloidal solutions. Subsequently, the colloidal
solution was kept still in a vial for several days. Slowly formed
aggregates settled to the bottom of the vial. The supernatant was
extracted carefully without shaking the vial and centrifuged again
at 13000 rpm for 10 min. The NCs precipitated from the second
centrifugation were collected, redispersed in the hexane, and used
for further characterization.

Synthesis of CsPbBrs microwires and bulk crystals

CsPbBr3 microwires were synthesized using a space-confined
evaporative growth method at room temperature. Briefly, 0.45 mmol
of CsBr and 0.45 mmol PbBr, were mixed with 1 ml of dimethyl
sulfoxide (DMSO) and stirred vigorously on a hot plate at 65°C
for 4-5 h. Afterward, the solution was cooled to room temperature
and filtered using a <0.22 um filter. Two glass substrates (~25 x 25
x 1 mm3) were cleaned ultrasonically in DI water, ethanol, and iso-
propanol sequentially for 15 min each step and dried using a hot air
blow. Then, a 5 pl precursor solution was dropped onto a cleaned
glass substrate using a pipette and covered with another identical
glass substrate rotated diagonally. The precursor solution was spread
throughout the substrate surface and filled the space between two
substrates. The assembly was kept unperturbed overnight. Multiple-
millimeter long single-crystal CsPbBrs wires grew between the glass
substrates. The length of the crystal wires can be controlled by
varying the growth time (~0.5 cm in two days). At the end of the
crystal growth, the glass substrates were carefully separated. The
wires were washed with hexane and dried under a nitrogen blow.
Bulk crystals were grown from the same precursor solution inside a
vial unperturbed with slow evaporative removal of the solvent over
a course of more than two weeks. The CsPbBrz microwires and
bulk crystals were both grown at room temperature under ambient
conditions.

ARTICLE pubs.aip.org/aipl/jcp

Characterizations
Structural characterization

X-ray diffraction was measured using a PANalytical Empyrean
Diffractometer equipped with a PIXcel3D detector with CuKal
radiation, A = 1.540598 0 A operated with 45 kV and 40 mA, and
at an angular range (20) with a step size of 0.0131°. The transmis-
sion electron microscopy (TEM) images were obtained using an FEI
Tecnai Osiris (S)TEM operated at 200 kV; the exposure time was
0.8s.

Solution phase optical characterizations

Colloidal solution samples were prepared by diluting 30 pl
stock colloidal solutions in 3 ml toluene. The emission/excitation
spectra of as-prepared colloidal solution samples were measured
using a fluorimeter (Shimadzu RF-5301PC). The UV -visible absorp-
tion spectra were collected using a UV-Vis spectrophotometer
(Shimadzu 2501 UV-VIS, HP 8452 UV-VIS).

Low-frequency Raman spectroscopy

Colloidal solutions of nanocrystals were spin-coated (EZ4
spin coater) into thin films for low-frequency Raman spectroscopy
measurements. In the case of nanocrystal samples synthesized at
lower temperatures, the obtained films were thin. A sharp blade was
used to collect and pack nanocrystal random solids into a thick film
at the center of the substrate.

A low-frequency Raman spectroscopy measurement was per-
formed on a home-built Raman microscope system. The excitation
laser centered at 830 nm was provided by a diode laser module
stabilized by volume holographic grating (Ondax). The diode laser
module also housed volume holographic grating notch filter sets for
Raman signal filtering and laser line rejection. The excitation beam
was coupled into a home-built microscope via free space. A micro-
scope objective (Nikon Plan Fluor ELWD 60x NA 0.70) focused
the excitation laser onto the samples and collected the backscat-
tered signal. The Raman signals were filtered and fiber-coupled
onto the entrance plane of a spectrometer (Princeton Instruments
IsoPlane 320), dispersed by a 1200 grooves/mm gratin, and imaged
onto a thermal electrically cooled CCD (Princeton Instruments,
PIXIS 400). The typical laser power was ~60 mW.
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