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The optical and electronic properties of lead halide perovskite nanocrystals have been explored extensively
due to their increasing demand in photovoltaic and optoelectronic applications. But little is known about
the growth kinetics of these nanocrystals. In this work, we demonstrate an interesting new mechanism
using the method of arrested growth and precipitation to isolate the intermediates. We find that growth
is driven by oriented attachment competing with the surface energetics. Hence, we observe a rare
example of self-assembly driven dimensional growth characterized by suitable surface passivation that
competes with the exposed surface facets through dimensional growth. This provides an explanation for
not only the lack of size and shape tunability but also the emergence of a cubic shape rather than
commonly observed spherical shapes in hanocrystals. Additionally, we find that this also corresponds to
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Introduction

Lead halide perovskite nanocrystals (LHP NCs) with their
remarkable properties including a wide range of bandgap
tunability, negligible electron-phonon coupling,* large absorp-
tion cross-section® and narrow emission linewidth in addition
to their solution processability, low-cost synthesis and
compatibility with other existing device components®* are
promising materials for potential optoelectronic applications,
such as light-emitting displays, lasers, and nanocrystal inks for
large area printable light harvesting devices.>™® However, in
spite of their high quantum yield (QY) and surface insensitivity,
the first light emitting diodes (LEDs) based on solution pro-
cessed perovskites showed an external quantum efficiency of
less than 0.2%."" Sustained efforts to understand the electron
hole recombination pathways and selective improvisation of the
radiative pathways have been necessary to improve the perfor-
mance to about 15%." This has been largely achieved by
addressing issues like the increasing confinement of the highly
mobile charges, ligand exchange and ligand density control,
surface defect passivation, doping and suppression of Auger
non-radiative recombination.”**” However, an understanding of
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the physical origin of poor efficiencies, particularly arising from
the crystal packing, is lacking. Specifically, with the current
emphasis shifting from a mesoscopic cell architecture to planar
devices, the ability to fabricate continuous, conformal layers is
key. In this scenario, the formation of continuous layers
depends on the correlation of the film and crystal morphology,
and hence the first step towards optimization of the perovskite
thin films would be to control their packing.'® Thus, the crystal
morphology and dimensionality are the key parameters to
modulate the performance of these devices.

However, modulating the morphology and size of LHP NCs
has proven to be particularly difficult. Despite significant
efforts, including size modulation, stabilization of other crystal
facets beyond the facets of the cube have largely been unsuc-
cessful.*>?° In fact, the most energy efficient path of nanocrystal
formation is through the formation of spherical dots. This has
clearly been observed in several II-VI and other metallic NCs. In
most cases, formation of irregularly shaped crystals occurs only
during instantaneous formation due to the entropic issues. In
fact, early literature on II-VI NCs have extensively shown this
large size distribution due to the non-uniform quick growth,
with slowing down of the growth being one of the main paths
forward to increasing homogeneity. In contrast, in the case of
perovskites, we observe that even though the growth of NCs is
instantaneous at that temperature, we observe the uniform
growth of nano cubes rather than the irregular crystals. This
suggests that it is not a one-step random growth but rather
a structured, energy minimization driven fast process. In spite
of extensive research being carried out by several groups*~* on
post-synthetic phase transition by heat treatment, the time
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dependent nucleation mechanism, step growth in a single
reaction, formation of a heterostructure, the mechanism of
cation and anion exchange, ligand contribution and the doping
effect, morphology modulation of LHP NCs has not been re-
ported. This relative inability to modulate the size suggests the
presence of a fundamentally different growth mechanism. The
growth kinetics and hence its mechanism in CsPbX; materials
have remained elusive largely due to their fast formation and ice
cooled harvesting procedure. Only recently, a couple of reports
shed light on the differential crystal facet energetics leading to
partial directional growth, that is, growing arms in the prefer-
ential direction of the cube.?*° In this work, we use the method
of arrested precipitation by heating to lower synthesis temper-
ature to isolate the transient intermediates specifically to
understand the thermodynamics and kinetics of the growth
mechanism. These intermediates are characterized based on
their crystal structure using X-ray diffraction (XRD), their shape
using transmission electron microscopy (TEM) and their optical
properties. Based on these properties, the mechanism of growth
has been extrapolated suggesting the first example of self-
assembly driven dimensional growth in this class of
compounds within this work.

Results

Different intermediates of nanocrystals (NCs) were synthesized
by following a modified procedure described by Protesescu
et al.’ Details of the synthesis procedure are mentioned in the
Experimental section. LHP NCs are usually synthesized by ice
cooling the crystals immediately after the injection of the Cs-
precursor. With this method, they are well known to retain
their size and morphology for differing ligands, precursor
concentrations as well as any other change in synthesis condi-
tions. Hence isolation of intermediates has proven to be tricky.
It was noted that the only parameter that gave rise to higher
bandgap, possibly due to quantum confinement, was the
temperature of the synthesis. Here we isolate these intermedi-
ates by heating to various temperatures to study their crystal
structure, shape and optical properties to shed light on the
elusive growth mechanism of perovskite halides. The details of
the respective samples along with their codes at varying
temperatures are shown in Table TS1 of the ESI.{ The absorp-
tion and the photoluminescence (PL) shown in Fig. S1 show
a gradual shift of the band gap from about 430 nm (2.88 eV) to
about 510 nm (2.43 eV). This dramatic increase in band gap has
been attributed to a strong quantum confinement. Extensive
studies beyond the high band gap of the material and their
correlation of various properties are not available in the litera-
ture as their potential in applications is limited due to their low
QY. However, such a correlation could provide important
insights into the growth mechanism of these halide systems.
Fig. 1(a) depicts the XRD patterns of the CsPbBr; NCs
synthesized at 180 °C (CLB-180) and at 150 °C (CLB-150) along
with the bulk structure obtained from the ICSD demonstrating
a clear cubic structure as expected. Broadening of the XRD
planes is known to occur due to their smaller size and we fit
each of the planes with the Scherrer formula and the results are
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Fig. 1 (a) Powder-XRD pattern of CLB NCs showing the presence of
two distinct planes, namely (111) and (310), corresponding to the cubic
structure. TEM image showing the cubic distribution of CLB NCs
synthesized at (b) 180 °C and (c) 150 °C along with HRTEM images in
their corresponding insets.

tabulated in Table TS2, ESL.T Here we make specific note of
characteristic cubic reflections, namely, the (111) and (310)
planes. Additionally, the morphological features demonstrated
by a majority of cubes of these NCs are obtained by TEM for
both CLB-180 and CLB-150 as shown in Fig. 1(b) and (c),
respectively. The average size of these cubic NCs in both cases
was found to be about 10.5 £ 1.0 nm (histogram for size analysis
is shown in Fig. S2(a) and (b), ESIt). The high-resolution TEM
(HRTEM) images shown in the corresponding insets reveal
a lattice spacing of 2.9 A corresponding to the formation of the
(200) plane of cubic CsPbBr; NCs.

Bulk CsPbBr; is known to crystallize in three different pha-
ses, namely, the orthorhombic space group (Pnma) at temper-
atures below 88 °C followed by the tetragonal space group (P4/
mbm) up to 130 °C eventually leading to the cubic space group
(Pm3m) at higher temperature.®® It is important to note that
these phase transitions occur largely due to the orientation of
the {PbBry}*~ octahedra with respect to the orthogonal geom-
etry and are hence extremely facile and can also be largely
motivated by the surface of the NCs. However, while these phase
transitions are reported under thermodynamic conditions of
sample heating, so far, the kinetic nature of these phases as
obtained by ice-cooling the samples has been unclear. Hence in
this work, we arrest the samples in their kinetically stabilized
phase and study the origin and consequences of the various
phases on its properties. Hence, we reduce the sample synthesis
temperature to 120 °C and 100 °C, below the prescribed 130 °C
phase transition temperature from the cubic to the tetragonal
phase. Given the very low energy required to tilt the {PbBre}*~

This journal is © The Royal Society of Chemistry 2020
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octahedra, the kinetically stable tetragonal phase is stabilized
as shown by the characteristic (100) and (220) planes of the
tetragonal phase in the XRD pattern as shown in Fig. 2(a). The
XRD patterns of CLB-90 and CLB-120 perfectly match the
tetragonal phase of bulk CsPbBr; suggesting phase purity of
these NCs. However, the presence of additional peaks around
12° and 25° for CLB-100 can be accounted for the Cs,PbBrg
impurity phase. We do observe the high energy band gap cor-
responding to the Cs,PbBrs phase in the unwashed sample.
However, upon washing this is not observable. The transition
between these two phases is extremely facile for this phase,
particularly for the sample synthesized at 100 °C. Wen et al.*'
showed a phase evolution occurring within a short period of 2
hours. Further repeated measurements of this sample show
varying intensity ratios for the two phases suggesting the role of
the environment in an extremely long measurement timescale
(~4 hours). The phases obtained above and below this
temperature show an extremely pure phase suggesting this to be
a kinetic equilibrium point for the two phases. However,
surprisingly, the TEM image for the sample maintained in
a glove box and under vacuum conditions shows the presence of
two distinct sizes, namely, 6.8 = 0.8 nm and 3.8 nm + 0.4 nm, as
shown in Fig. 2(b) and (c), respectively, and the histogram is
shown in Fig. S3, ESL{ Though the presence of two sizes is
surprising at first, observation of HRTEM images shown in the
insets of Fig. 2(b) and (c) show different lattice spacings of 2.9 A
and 4.3 A. These planes are known to correspond to the (200)
and the (110) planes of the tetragonal phase suggesting that we

are indeed observing the particles from two different
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Fig. 2 (a) Powder-XRD pattern of CLB NCs showing the presence of

two distinct planes, namely (100) and (220), corresponding to the
tetragonal structure; (b) and (c) TEM images showing the distribution
of CLB NCs synthesized at 100 °C with two different projections along
with their HRTEM image in the inset.
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projections (edge-on and face-on) rather than two different size
distributions. The projective nature of the TEM technique does
not allow the differentiation between a two- (platelet) or three-
dimensional (dot) confinement. Similar results with the
demonstration of the tetragonal (110) plane with a lattice
spacing of 4.1 A and an average size of 9.9 + 0.8 nm are observed
for the sample quenched at 120 °C as observed from the TEM
image in Fig. S4, ESL.{

These data suggest the formation of a platelet-like structure
in the tetragonal phase rather than the three-dimensional cube
observed at higher temperature. Further we go down in
temperature to 90 °C which is near the transition temperature
of the orthorhombic to the tetragonal phase. From the TEM
image shown in Fig. S5, ESI,f we observe small zero-
dimensional dots aligning in the form of a one-dimensional
array of lines. This indicates the growth of the NCs in one
direction which upon a further increase in temperature to
100 °C aligns to form nanoplatelets as discussed earlier. Further
decrease of the temperature to 60 °C and 30 °C shows the
presence of small dots with sizes of 3.3 &+ 0.4 nm and 2.6 £
0.3 nm as shown in Fig. 3(a) and (b), respectively, while the
histogram is shown in Fig. S6, ESL{ Additionally, the XRD
patterns in Fig. 3(c) show the formation of orthorhombic space
groups at this temperature of synthesis. All the major reflections
from the orthorhombic phase of CsPbBr; are absent from the
tetragonal and cubic phases, including (101), (202) and (321)
planes. So effectively the orthorhombic phase is aligning in
a preferred orientation forming a rod from spherical dots at
90 °C.
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Fig.3 TEM images showing the distribution of CLB NCs synthesized at
(a) 60 °C and (b) 30 °C. (c) Powder-XRD pattern of CLB NCs showing
the presence of three distinct planes, namely (101), (202) and (321),
corresponding to the orthorhombic structure.
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Finally, in order to understand the nature of these phase
transitions and their relation to the morphology, we use an
ensemble averaged measurement like the band gap of the
material. It is well known in the literature that the optical
properties are controlled largely by the direction of weakest
confinement especially when the sizes are below the Bohr
radius of the material and one does not expect any band
crossing during this shape transformation.** In this work, in the
absence of any theoretical studies regarding the change of the
band structure as we change the shape of the NCs, we assume
that there exists no band crossing. Hence in all cases, the band
gap is controlled by the direction of weakest confinement and
hence is reflective of the growth in that direction. We plot the
band gap as well as the size obtained from TEM and specific
XRD planes as a function of temperature in Fig. 4(a). It is
important to note that in the size regime where the band gap is
highly sensitive to size, we observe a jump in the band gap
(~278 meV) during the phase transition between rods to
platelets at 90 °C to 100 °C as shown by the black line in
Fig. 4(a). However, with an excitonic radius of about 7 nm, the
shift in band gap during the phase transition from platelets to
cubes at ~130 °C is within the error bar.* It is important to note
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Fig. 4 (a) Change of bandgap with temperature and mean size ob-

tained by TEM and XRD of the NCs synthesized at various tempera-
tures. Growth of the (101), (111) and (220) planes in the orthorhombic,
tetragonal, and cubic phase. Red and black lines are a guide to the eye.
(b) PL decay curves along with the fit (solid line) at different growth
temperatures; the inset shows relative intensities of various decay
pathways with the synthesis temperature of the reaction obtained
from global fitting of life-time data.
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that the morphology changes and the change of dimensionality
observed through TEM images is further confirmed by this
jump. To understand the role of various growth facets, least
squares error fitting to the Scherrer formula was carried out on
the phase characteristic XRD peaks and the results are shown in
Fig. 4(a). CLB-30 and CLB-60 indicate growth along the (101)
direction (magenta line) while reflections along the tetragonal
and cubic phases are absent. Similarly, (220) planes (olive line)
start to grow in the tetragonal phase (CLB-90, CLB-100, and
CLB-120) and this is continued in the cubic phase (CLB-150 and
CLB-180). But (111) planes (blue line) are absent in CLB-90 and
they start to grow in CLB-120 and the growth continues to the
cubic phase. Though (111) planes are a sharp feature for the
cubic phase, they are also present in the tetragonal phase,
possibly due to the small difference in the lattice parameter in
between the tetragonal (P4mm) (@ = b = 5.859 A, ¢ = 5.895 A)
and cubic (Pm3m) (@ = b = ¢ = 5.874 A) phase.

Further, it is well known that the perovskites are known to
have a high QY. We obtain 93% QY for CLB-180 NCs similar to
the literature reports. However, even though we measured the
absolute QY, we obtained >100% QY for some samples. Upon in-
depth analysis of this issue, it was observed that most of the
data in the literature was an artifact arising from the absence of
the excitation correction arising due to the inhomogeneous
nature of the xenon lamp. Upon performing this correction, the
QY for CLB-180 NCs decreased to 43% and accordingly we
measured the relative QY for other samples. It was observed that
the photoluminescence QY of CsPbBr; NCs drops dramatically
from 43% for the sample synthesized at the highest tempera-
ture to 2.1% for the sample synthesized at the lowest temper-
ature (shown in Fig. S7, ESIt). This suggests that the decay
lifetimes could shed some light on the possible kinetic and
thermodynamic factors. Fig. 4(b) shows the lifetime of all the
samples synthesized at different growth temperatures and the
solid lines are fits to the curves. Fitting was performed using
global analysis for all the lifetimes using three probable life-
times to accommodate rod, platelet and cubic growth, along
with a fast non-radiative component. The inset of Fig. 4(b)
depicts the relative intensities of the various decay pathways.
From the figure, consistent with high QY for samples synthe-
sized at high temperature, it is evident that the non-radiative
path with an average lifetime of about 3.1 ns decreases in
intensity, eventually going down to zero in samples synthesized
at high temperature. Additionally, we observe that the phase
transitions as obtained from the intensities of the relevant
decay lifetimes match with the phase transitions observed by
XRD and TEM. For example, the samples prepared at 30 °C and
60 °C do not show more than one lifetime (¢; = 8.61 ns). Simi-
larly, the second lifetime (¢, = 21.33 ns) starts to appear from
90 °C onwards with increasing intensity, while the third lifetime
(¢3 = 96.65 ns) appears from 150 °C onwards. It is well known
that the lifetime of trapped excitons is normally much longer
than that of free excitons.* Various factors affecting the lifetime
include composition variation and changes due to size and
morphology. An extensive survey of the literature has shown
that large changes in lifetime by an order of magnitude are
usually related to the shape or morphology change rather than

This journal is © The Royal Society of Chemistry 2020
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the change of size. Secondly, absorption spectra do not show the
presence of any new phases, such as Cs,PbBrg, and this phase is
normally known to be largely non-fluorescent or weakly fluo-
rescent suggesting that the observed lifetime changes are
unlikely to be due to compositional differences. However, it is
interesting to note that the optical properties of the NCs are in
sync with the additional energy barrier arising due to exposure
of different growth facets during the growth of these NCs. This
suggests that the optical properties are highly correlated with
the dimensionality of the NCs. This is not surprising as the
presence of surface states in perovskites is known to be ener-
getically expensive.

Discussion

Based on all these factors observed so far, we propose a self-
assembly driven dimensional growth mechanism as shown in
Scheme 1. In other words, we observe that small nucleated
particles align in a preferred direction to form a rod, which
upon reaching a certain length becomes energetically unviable
due to the highly expensive surface states. These energetics are
balanced by the rods aligning to form platelets, simultaneously
going through a phase transition, and finally the platelets align
to form a highly symmetric cube through the coordinated
asymmetric oriented attachment growth mechanism followed
by internal competition between the different crystal facets as
observed from TEM, XRD and optical properties. It is important
to note that even though none of the properties individually
show that platelets come together to form cubes, this mecha-
nism can successfully explain all the properties arising from
these multiple characterization studies.

Kinetically controlled oriented attachment growth of NCs is
a well-studied mechanism for the preparation of anisotropic
samples. However, knowing that the surface state energetics of
perovskites is quite high, and the literature has shown the
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Scheme 1 Depiction of dimensional growth of perovskite NCs.
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competition driven dimensional growth across many size
specific assemblies in thermodynamically stable phases like
metal organic frameworks, supramolecular assemblies or
inorganic materials,***® we believe that this could be one of
the possibilities. In fact, some of the work®**® in the literature in
the context of forming bigger shape specific LHP NCs has
shown that directional oriented attachment is indeed probable.
Hence, we believe that as a first step towards understanding this
growth mechanism of the perovskites, oriented dimensional
growth is a highly probable possibility. However, this is the first
instance wherein transient intermediates demonstrating these
phenomena have been isolated. The underlying growth mech-
anism, specifically competitive energetics limited oriented
attachment, is yet to be fully understood even in the thermo-
dynamically stable phases. The most rational understanding for
this dimensional growth has been demonstrated in substrate
adhered 2-dimensional to 3-dimensional NCs* as well as
nanoscale metal-organic framework materials. In both the
cases, competitive interactions have been recognized to be the
core propellent in the changing dimensionality of the NCs.
While the strain between the substrate and the NC interface has
been singled out in the first case, in the case of framework
materials, introduction of similar functional groups between
the linkers and modulators has successfully introduced
competitive interactions. This leads to alteration of the coor-
dination equilibrium at the interface and hence modulation on
specific crystallographic planes leading to anisotropic crystal
growth.*® Similarly, in the present case, the presence of ener-
getically expensive surface states as well as the small amount of
energy required to rotate the octahedra leading to the phase
transition drives the growth of perovskite halides into cubic
shapes. This study opens up a new horizon for the
dimensionality-based exploration of anisotropic growth via
asymmetrically coordinated oriented attachment in perovskite
halide-based NCs which helps in large scale synthesis of NCs
and understanding the thermodynamics and kinetics of the
growth mechanism.

Experimental

Chemicals

Lead(u1) bromide (PbBr,) (98%) was purchased from Alfa-Aesar.
Cesium carbonate (Cs,CO3) (99.9%), oleyl amine (OA) (technical
grade 70%), oleic acid (OAc) (technical grade 90%), 1-octade-
cene (ODE) (technical grade 90%) and methyl acetate anhy-
drous (MeOAc) (99.5%) were purchased from Sigma Aldrich.
Hexane (AR grade) was purchased from Thermo Fisher Scien-
tific India Pvt. Ltd. All the chemicals were used without any
purification.

Methods

Synthesis of the Cs-oleate stock solution. For the synthesis of
Cs-oleate all the precursors were taken in a 50 mL three-necked
round bottom flask. 400 mg (1.23 mmol) Cs,CO; was mixed
with 20 mL of ODE and 1.5 mL of OAc. Then the flask was
degassed for 1 h with continuous stirring at a temperature of
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110 °C. After this the degased solution was purged with argon
for 15-20 min at 110 °C. Then slowly the temperature was
increased to 130 °C in the argon atmosphere and kept under
heating conditions until all the Cs,CO; reacted with oleic acid
to form Cs-oleate. After this the solution was cooled to room
temperature and stored in argon filled vials for further use. The
solution was heated to dissolve the precipitate and a clear
solution was used for hot-injection.

Synthesis of CsPbBr; NCs. Cesium lead-bromide perovskite
NCs were synthesized at various temperatures following
a procedure as discussed by Protesescu et al® with slight
modification depending on the injection temperature. 69 mg
(0.188 mmol) of PbBr, was taken in a 50 mL three-necked round
bottom flask along with 5 mL ODE, 1 mL OAc and 1 mL OAm.
The reaction mixture was degassed for 1 hour at 110 °C with
continuous stirring. Then slowly the reaction temperature was
increased or decreased in an argon atmosphere according to the
injection temperature of Cs-oleate. 0.4 mL of pre-heated Cs-
oleate was injected and immediately (within 5 s) the reaction
was quenched at each injection temperature.

Washing. The crude product after synthesis was centrifuged
at 5000 rpm for 5 minutes without the addition of any anti-
solvent and the obtained precipitate was further dispersed in
hexane and stored under refrigeration for self-purification for 24
hours. The time duration of 24 hours was maintained uniformly
throughout for all samples to ascertain phase stabilisation and
the bigger particles mostly settle down over time. We refer to this
as a self-purified sample and collected the clear supernatant of
the sample for all optical characterisation studies.

Instrumentation and sample preparation. Crystal structure
identification of the NCs was carried out using XRD, performed on
a Bruker D8 Advance diffractometer using Cu-K,, radiation. The
bulk XRD pattern was obtained from the inorganic crystal struc-
ture database (ICSD). TEM measurements were performed using
a Tecnai F30UHR version electron microscope, equipped with
a field emission gun (FEG) at an accelerating voltage of 200 kV and
a JEOL JEM-3010 transmission electron microscope with an
accelerating voltage of 300 kV. A drop of purified NCs which were
dissolved in hexane was placed on a carbon coated Cu grid. The
solvent was allowed to evaporate leaving behind the NCs for
imaging. UV-visible absorption spectra of CsPbBr; perovskite NCs
dissolved in hexane were obtained using an Agilent 8453 UV-
visible spectrometer. Steady state PL spectra were collected using
a 450 W xenon lamp as the light source on an FLSP920 spec-
trometer, Edinburgh Instruments, while the PL lifetime
measurements were carried out on the same instrument using an
EPL-405 pulsed diode laser as the excitation source (Aex = 405 nm).
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