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ABSTRACT: One-dimensional (1D) semiconductor nano-
rods are important for numerous applications ranging from
optics and electronics to biology, yet the direct synthesis of
high-quality metal halide perovskite nanorods remains a
challenge. Here, we develop an intermediate monomer
reservoir synthetic strategy to realize the controllable growth
of uniform and low-defect CsPbBr; perovskite nanorods.
Intermediates composed of CsPb,Br; and Cs;In,Bry are .
obtained through the substitution of Pb** with In*" cations in s - o ih 02 81 sa 1o 1
the template of CsPbBr; nanocubes and act as a precursor Wavelength (nm) Stripe length (mm)
reservoir to gradually release monomers, ensuring both the

slow growth rate and low defects of nanorods. We have used branched tris(diethylamino)phosphine as a ligand, which not only
has unequal binding energies with different crystal faces to promote the orientation growth but also provides strong steric
hindrance to shield the nanorods in solution. Because of minor amount of defects and an effective ligand passivation, in addition
to significantly enhanced stability, the perovskite nanorods show a high photoluminescence quantum yield of up to 90% and
exhibit a net mode gain of 980 cm™, the latter being a record value among all the perovskite materials. An extremely low
amplified spontaneous emission threshold of 7.5 yJ cm™ is obtained under excitation by a nanosecond laser, which is
comparable to that obtained using femtosecond lasers in other recent studies.
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P erovskite nanocrystals (PNCs) with tunable emission them to stand out in terms of realization of amplified
wavelengths, narrow emission line widths, high photo- spontaneous emission (ASE).>'*"®

luminescence quantum yield (PLQY), and broad optical gain However, a direct synthesis of high-quality perovskite
spectrum have been envisioned as promising materials in a nanorods is a subject to three primary limitations. First,
wide range of applications such as biological probes, light- metal halide perovskites are ionic compounds so that strong
emitting diodes, photovoltaics, lasers, and photodetectors.'™® interactions between cations and anions of the precursor
Given that the performance of nanocrystals in general has a materials commonly used for their synthesis lead to an ultrafast
strong correlation with their shape, the morphology control of nucleation and growth rate,"®”"® which limit the controllability
PNCs has become a central topic of recent studies.” "> For of both morphology and size.'® Second, slow crystal growth is
example, one-dimensional (1D) perovskite nanorods have

larger photon absorption cross-sections and lower nonradiative Received: June 15, 2019
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Figure 1. (a) TEM image of CsPbBr; nanorods. (b) HRTEM (top) and HAADF image (scale bar, 10 nm) of a single nanorod, and the
corresponding elemental mapping images (bottom). The insert reveals the FFT pattern taken from a selected area of a nanorod. (c) Schematics of a
CsPbBr; nanocube with (220), (220), and (002) facets being the surface facets. (d) Projection of the crystal lattice viewing from the [002]
direction. (e) Br-terminated surface structure of the (200) facet as marked by the dashed ellipse in panel d. The cyan-blue rectangle in panel e
indicates a part of the surface where each four Br atoms form a 4Br square. (f) Schematics of a CsPbBr; nanorod. Four arrows indicate that the
surface Br atoms on the (200) facets are passivated by TDP ligand. (g) Projection of the crystal lattice viewing from the [002] direction. (h) TDP
ligand binding on the (200) facet as marked by the dashed ellipse in (g). Dashed lines in panel h indicate the formation of hydrogen bonds.

beneficial for high crystallinity nanocrystals, whereas ultrafast
growth rate can inevitably result in a high defect density and
thus decrease PLQYs and diminish ASE prospects.'”~** Third,
instability of metal halide perovskites needs to be addressed
and improved for a proper ASE realization.””® Most of the
previously reported synthetic pathways toward perovskite
nanorods have been thus enabled via ligand-induced
fragmentation of perovskite nanowires” or chemical trans-
formation from Cs,PbBrs nanopolyhedrons at the water—oil
interface.”* However, oleic acid (OA) and oleylamine (OAm),
which are commonly used as the ligands of the nanorods
mentioned earlier, are too labile to support the good stability
of PNCs,”’ ™ and the abundant defects in the template
nanowires or degradation of water molecules during the
transformation of Cs,PbBrs nanocrystals deteriorate their
emission efficiencies.

In this work, we developed a novel synthetic strategy, which
we denote as an intermediate monomer reservoir synthesis, to
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simultaneously allow for the formation of highly uniform, low-
defect, and stable CsPbBr; nanorods with high PLQY of 90%.
The cation exchange between Pb** ions in original CsPbBr;,
nanocubes and the In** ions introduced in solution results in
the formation of intermediates composed of CsPb,Brg and
Cs;3In,Bry. Cs and Br precursors can be gradually released from
these intermediates at elevated temperatures and thus
continuously compensate for the monomer consumption,
which ensures slow growth of CsPbBr; PNCs allowing
sufficient time for the crystallization. Assisted by branched
tris(diethylamino)phosphine (TDP) ligand, a 1D oriented
growth results in the formation of CsPbBr; nanorods with high
PLQY and sufficient stability, which benefits from the
branched TDP structure providing excellent passivation and
strong steric hindrance.””*° Furthermore, we demonstrate a
record gain value of 980 cm™’, and a very low ASE threshold of
7.5 uJ cm™? for these CsPbBry nanorods under optical
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pumping by a nanosecond laser, instead of a high energy
femtosecond laser.

Pristine CsPbBr; nanocubes (Figure S1a) are presynthesized
using a modified hot-injection synthetic approach by adding
oleylammonium bromide to achieve a stoichiometric reac-
tion.”’ Nanocubes have a uniform size distribution with an
average edge length of ~11.2 nm, and their high-resolution
TEM (HRTEM) and elemental mapping images (Figure S2)
indicate distinct lattice fringes and homogeneous distribution
of Cs, Pb, and Br elements. As revealed by the powder X-ray
diffraction (XRD) patterns (Figure S3), pristine CsPbBr,
nanocubes have an orthorhombic crystal structure. Next,
In(OAm); and TDP are added to the crude solution of
CsPbBr; nanocubes to initiate the transition from CsPbBry
nanocubes to CsPbBr; nanorods. The analysis of XRD patterns
of the reaction products taken under different heating stages
shows that this transition is temperature-dependent (Figure
S3) and reversible (Figure S4). When the temperature of the
mixture is increased to S0 °C, bright green solution becomes
colorless, and the TEM image taken at this stage shows that
CsPbBr; nanocubes convert into a mixture of truncated cubes
and spheres (Figure S1b). The XRD pattern of the reaction
products (Figure S3) can be indexed as a mixture of Cs;In,Br,
and CsPb,Br; (denoted as intermediates in the follow-up
discussion), which is further confirmed by combining HRTEM
with fast Fourier transform (FFT) analysis (Figure SS). The
transformation from CsPbBr; to Cs;In,Br, is possible because
the bond energy of In—Br (318.6 kJ/mol) is 27% larger than
that of Pb—Br (249 kJ/mol);***? such a large disparity in bond
energies favors the replacement reaction of the Pb** by the In**
cations. Meanwhile, CsPb,Br; is favored in a lead-rich phase,*
and the abundant substituted Pb** ions promote the
transformation from CsPbBr; to CsPb,Br;. With a further
increase of the temperature from 50 to 80 °C, the colorless
solution gradually becomes green. The diffraction peaks of the
intermediates become weaker, and several new diffraction
peaks corresponding to CsPbBry NCs reappear (Figure S3).

The corresponding TEM image shown in Figure Slc
presents CsPbBr; nanorods with a diameter of ~5.8 nm and
a length of ~26 nm, together with quasi-spherical intermediate
particles. XRD patterns taken at this stage (Figure S3) confirm
the partial decomposition of intermediates and recrystallization
of CsPbBr; nanorods. The temperature-dependent conversion
of the intermediates is further confirmed by the XRD patterns
of reaction products obtained by cycling the reaction
temperature from 50 to 100 °C (Figure S4). The intermediates
transform to CsPbBr; nanorods at 100 °C, which can
retransform back to the intermediates when the temperature
cools down to 50 °C. Apparently, intermediates are less stable
at higher temperature, and release Cs and Br precursors, which
are coordinated with the abundant Pb** to form CsPbBr,
PNCs. When the temperature reaches 100 °C, the (002) and
(004) diffraction peaks of the reaction product (nanorods) are
significantly narrowed and enhanced in comparison to those of
the pristine CsPbBr; nanocubes, and the diffraction peaks
corresponding to intermediates vanish. This corroborates that
intermediates are completely decomposed and transform into
nanorods with the long axis being parallel to the [002]
direction.”® The obtained CsPbBr; nanorods are rather
monodisperse, with an increased diameter of ~8.5 nm and
the length of ~30 nm (Figures la and S6a). This is different
from the nanorods produced through ligand-induced fragmen-
tation of nanowires” and chemical transformation from
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Cs,PbBrg nanopolyhedrons,”* which kept almost identical
diameters within the whole reaction process, while the
diameter of nanorods obtained here through the intermediate
monomer reservoir synthesis continuously increases. This
observation further proves that the CsPbBr; nanorods are
formed through a recrystallization process instead of phase
transformation process.

The terminated crystal facets and the axial direction of the
CsPbBr; nanorods can be determined from the HRTEM image
and the corresponding fast Fourier transform (FFT) pattern of
a horizontally aligned nanorod shown in Figure 1b. The
derived interplanar spacing of 0.59 nm is consistent with the
(002) d-spacing of orthorhombic CsPbBr; structure. This
confirms that [002] orientation is parallel to the long axis of
the nanorods, and the flat top is the (002) crystallographic
facet. This is also consistent with the enhanced and narrowed
(002) and (004) diffraction peaks in the XRD pattern of
nanorods (Figure S3). The lateral interplanar distance of 0.58
nm corresponds to the spacing of the (110) planes. The high-
angle annular dark-field (HAADF) image and the elemental
maps of an individual nanoparticle confirm that Cs, Pb, and Br
elements are uniformly distributed through a single nanorod
(Figure 1b). The signal of In element is very weak within the
region of the nanorod, indicating that it is released to reaction
solution and is not incorporated into the CsPbBr; crystal
lattice. The uniform distribution of the P element originates
from the TDP ligands densely bound at the surface of the
CsPbBr; nanorod. Slow evaporation of a highly concentrated
CsPbBr; nanorod solution in hexane enables some of them to
become vertically aligned on their flat tops; the TEM image of
such nanorods (Figure S6b) shows that they have a corner-
truncated rectangular cross-section, and the corresponding
HRTEM image (the inset in Figure S6b) further confirms that
the side surfaces of nanorods are (220) and (220) crystal
facets.

To elucidate the growth mechanism of CsPbBr; nanorods,
and in particular to reveal how CsPbBr; undergo anisotropic
growth under our reaction conditions, we perform the first-
principles calculations based on the density-functional theory
(DFT)**7*® to study the surface energy of (002), (220), and
(200) facets, which are relevant to crystal growth, and the
binding of these facets with TDP ligands (see Supporting
Information for details). A schematic of a CsPbBr; nanocube is
shown in Figure lc. The projection of the crystal lattice
viewing from the [002] direction indicates that the (220)
facets are equivalent to the (220) facets (Figure 1d). The
(200) facets are Br terminated, and each of the four Br atoms
on these facets forms a 4Br square (Figure le). Calculations
show that the surface energies of (002) and (220) facets are
almost the same, being 0.0073 eV/A’ and 0.0072 eV/A?
respectively, and both are much lower than that of the (200)
facets (0.0246 eV/A*) (Figure S7). Therefore, the (220) and
(220) facets are the dominant facets, which determine the final
morphology of the CsPbBr; PNCs. In such a case, CsPbBr;
would grow into cubic shaped particles terminated by the
(002), (220), and (220) facets. On the other hand, due to the
large surface energy of the (200) facet, the initial epitaxial
growth along the [220] direction would be induced by the
edges or protrusions toward the [200] direction (Figure le).
Such a process is followed by the sideward growth along the
[220]/[220] direction, which forms a new layer terminated by
(220)/(220) facets. Thus, the edges or protrusions toward the
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Figure 2. (a) Temporal evolution of absorption (left) and PL (right) spectra, with the corresponding optical photographs taken during different
stages of the heating reaction. (b) Time resolved PL decays of CsPbBr; nanocubes and nanorods. Temperature-dependent PL spectra of (c)
CsPbBr; nanocubes and (d) CsPbBr; nanorods. The samples are excited under 325 nm by a continuous-wave He—Cd laser. (e) PL peak energy
and line widths of the two samples as a function of temperature. (f) Temperature dependence of normalized integrated PL intensity for the two

CsPbBr; samples.

[200] direction would play an important role in inducing the
growth along the [220] direction.

Figure 1f shows the schematics of a CsPbBr; nanorod, and
the projection of the crystal lattice viewing from the [002]
direction is depicted in Figure 1g. Calculations show that TDP
ligands have similar binding on both (220) and (002) facets, as
the binding energies on these facets are almost the same, that
is, —0.26 eV for (002) PbBr, —0.21 eV for (002) CsBr, —0.24
eV for (220) PbBr, and —0.21 eV for (220) CsBr (Table S1
and Figure S8). However, TDP has the lowest binding energy
(—0.48 eV) on the (200) facets (about 0.24 eV lower than on
that of any other surfaces). Thus, a Br-ion terminated surface
structure would form on the relaxed (200) facets due to the
enhanced electrostatic interactions between the alkyl hydrogen
atoms of TDP ligands and Br ions (Figure 1h). Furthermore,
the four hydrogen atoms of the alkyl group of TDP can
interact with the nearest four Br ions of the (200) surface
(Figure le), forming strong ligand adsorption states on the
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(200) facets (Figure 1h). In this case, the initial epitaxial
growth along the [200] direction would be suppressed by the
binding of TDP, after which the growth along the [220]
direction would also slow down. Considering similar binding
on the (220) and (002) facets as mentioned earlier, the growth
rate of CsPbBr; PNCs along the [002] direction is faster than
that along the [220] direction in the presence of TDP ligands.
As a result, CsPbBr; PNCs grow into CsPbBr; nanorods with
the (220) and (002) facets being the dominant surfaces and
the [002] being the dominant growth direction.

From the DFT analysis, we conclude that TDP ligands play
a crucial role in regulating the growth of CsPbBr; nanorods.
However, just a presence of TDP only, without addition of
In(OAm); in the reaction mixture, results in the formation of
large aggregates (Figure S9). In addition, if In(OAm); and
TDP are mixed with the Cs, Pb, and Br precursors, no
intermediates are formed during the heating process, yielding a
mixture containing only a small amount of nanorods (Figure
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S10). We hypothesize that the abundant Cs, Pb and Br
precursors in the reaction solution will trigger the ultrafast
crystal growth® and weaken the mediation effect of TDP
ligand. A series of control experiments is further carried out to
investigate the synergistic effect of intermediate’s decom-
position and TDP mediation. OAm has been proven to be
responsible for the phase and morphology transformation."”

We find out that in our synthesis, the nanocube solution
mixed with OAm only, using identical synthetic conditions as
those for the nanorods, experiences a ripening process and
results in nanocubes with a broad size distribution (Figure
S11). In the absence of TDP, intermediates are still formed at
50 °C, but nanocubes rather than nanorods are obtained at
100 °C (Figure S12). Remarkably, when the intermediates
have been prepared followed by addition of TDP, the uniform
nanorods are generated (Figure S13). In the synthesis
performed using the purified CsPbBr; nanocube solution,
nanorods were still produced (Figure S14). The above results
clearly demonstrate that the formation of nanorods involves
two steps: first, the intermediates containing CsPb,Brg and
Cs;In,Bry are formed by cation exchange; second, the
intermediates act as a monomer reservoir to gradually release
precursors for the nucleation and growth of PNCs in a
controlled manner, which occurs as the anisotropic growth and
lead to the formation of perovskite nanorods under mediation
of TDP ligands.

To investigate the evolution of the surface chemistry of the
reaction products, X-ray photoelectron spectroscopy (XPS) is
carried out with adventitious C 1s peak referenced to 284.8 eV.
As shown in Figure S15, the Pb 4f and Br 3d peaks shift to
higher binding energies when the nanocubes evolve into
intermediates, which is in accordance with the phase
transformation from CsPbBr; to CsPb,Brs and the enhanced
Pb—Br interactions.’”® When the nanorods are formed, the
structure conversion to CsPbBr; orthorhombic phase
promotes the Pb 4f and Br 3d peaks to shift to lower binding
energies, but they still have larger binding energies than those
of the nanocubes, which is attributed to surface passivation
with TDP ligands.”” The evolution of the In 3d peak is
consistent with the formation and decomposition of Cs;In,Br,.
The P 2p peak at the binding energies of 130—136 eV"'
confirms the presence of TDP ligands in the intermediates and
nanorods.

The formation of CsPbBr; nanorods from nanocubes is also
evident from the changes in UV—vis absorption and PL spectra
(Figure 2a). PL maximum of the pristine CsPbBr; nanocubes
locates at 516 nm with a full-width at half-maximum (fwhm) of
17 nm and PLQY of 73%. After addition of In(OAm); and
TDP at room temperature and then heating to 50 °C, the PL
emission disappears, and the absorption wavelength longer
than 377 nm disappear as well so that the first exciton peak is
located at 333 nm. This is attributed to the ion exchange
process leading to the transformation from the original
perovskite structure to the intermediates, that is, the mixture
of CsPb,Br; and Cs;In,Bry. CsPb,Br; has an approximately 3.1
eV indirect band gap, thereby it is nonemissive, and its
absorption spectrum does not show any distinct features,™
while Cs;In,Bry is a large direct bandgap semiconductor with
no absorption in the visible range."” Consequently, the
intermediates show no PL emission, and their absorption
edge close to 380 nm is well in agreement with the indirect
bandgap of CsPb,Br;, while the first exciton peak at 333 nm
arises from the intrinsic absorption of Cs;In,Bry. As the
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reaction temperature is increased to 70 °C and above, the
emission reappears, and the PL peak wavelength is gradually
red-shifted from 505 to 515 nm, which is in accordance with
the increase in the diameter of nanorods (Figures 1a and Slc).
The PLQYs of CsPbBr; nanorods also increase gradually,
reaching maximum value of 90%. This is mainly ascribed to the
fact that the slow growth rate of the nanorods enables
favorable atom arrangement,” thus resulting in a low density
of trap states in the nanorods.

From PL decays shown in Figure 2b, average PL decay
lifetimes (z,,.) of the CsPbBr; nanocubes and nanorods are
determined to be 33 and 73 ns, respectively. Longer PL
lifetime of the nanorods can be attributed to the reduced
nonradiative recombination,™** which is also consistent with
their improved PLQYs. Temperature-dependent PL measure-
ments from 40 to 295 K is carried out to further probe the
effect on the defect states for the CsPbBry nanocube and
nanorod samples (Figure 2¢,d). It can be clearly seen that the
PL peak position is obviously blue-shifted, and the fwhm
becomes broader for both samples at elevated temperature
(Figure 2e) due to the electron—phonon coupling ef-
fect.”>*~*" Figure 2f shows the normalized integrated PL
intensity as a function of temperature from 40 to 295 K
Compared with nanorods, a rapid PL decrease is observed with
increasing temperature for the nanocube sample. When the
temperature is increased to 295 K, the PL intensity of
nanocubes is only 60% of the emission intensity obtained at 50
K, while that of the nanorods still maintains 92%. If the
nonradiative recombination channel such as defect trap states
would be present, the PL intensity would dramatically reduce
as the temperature increases.”” We conclude that the
nonradiative recombination in the CsPbBr; nanorods is
significantly suppressed, making them promising candidates
for optoelectronic applications.

For the metal halide perovskites in general, detrimental
effects of water and heat have been always considered as a
serious issue hindering their practical applications. We have
conducted stability tests of the films prepared from pristine
CsPbBr; nanocubes and CsPbBr; nanorods. As shown in
Figure 3a, when the films are immersed in water, the emission
of the nanocube film is quenched within 8 min, while the PL
intensity of nanorods film still maintains 80% of its original
value after 30 min. Film stability under the heating has been
evaluated as well; Figure 3b shows that the PL intensity of
nanocubes continuously decreases to 15% of its initial intensity
when the temperature is increased to 120 °C, while the PL
intensity of the nanorod film remains stable (and even slightly
increases) at the temperatures up to 90 °C and still maintains
60% of its original PL intensity when heated up to 120 °C. We
ascribe such improved stability to the presence of TDP ligands
on the nanorod surface, whose branched structure provides
stronger steric hindrance than traditional ligands such as OA
and OAm (Figure S16), enabling higher stability of CsPbBr;
nanorogswboth in aqueous and high-temperature environ-

To investigate the nonlinear optical properties of CsPbBr;
nanorods, we examine the emission of the samples under
optical pumping by a 355 nm nanosecond pulse laser with a
pulse width of 1 ns, and repetition rate of 20 Hz. Under
identical excitation situation, an obvious ASE emission can be
clearly observed from CsPbBr; nanorods (Figure 4), which is
absent for CsPbBr; nanocubes (Figure S17). It can be seen
from Figure 4a that the CsPbBr; nanorods show spontaneous
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Figure 3. Variation of the relative PL intensities of the films made of
CsPbBr; nanocube and nanorod placed in (a) water and on (b) a hot
plate. Insets show corresponding optical photographs of the green
emitting films made of CsPbBr; nanocubes (left spot on each photo)
and nanorods (right spot on each photo) taken at different treatment
stages.

emission with maximum at 516 nm under low excitations. With
increasing pump fluence, a sharp emission peak emerges at 534
nm, whose intensity increases rapidly with a raising pump
fluence. Figure 4b shows the fwhm of the emission (right y-
axis) and the integrated PL intensity (left y-axis) as a function
of pump fluence. The fwhm of the spontaneous emission is
about 19 nm, while that of an ASE peak is ~2 nm. The
nonlinear increase of the integrated intensity exhibits a clear
threshold behavior, with the threshold at 7.5 ] cm™2, which is
at the same level of the best values in recent studies.””>***>>°
However, it is worth pointing out that the pulse duration (1
ns) of the excitation laser used herein is longer than the time
constant of nonradiative Auger recombination (picosecond to
hundreds of picoseconds).*”>' ™

Compared with the femtosecond pulses, the optical
pumping by nanosecond laser needs a much larger energy
density to compete the Auger recombination for population
inversion.”* Therefore, the threshold of 7.5 ] cm™ obtained

by a nanosecond laser in our work is extremely low compared
with those obtained by femtosecond laser reported in previous
literature, and which have shown more practical value for
applications.”*> In addition to the low threshold, the net
modal gain is another important figure of merit to evaluate the
light amplification ability of materials. Through the variable
stripe-length measurement, the gain value of CsPbBr;
nanorods is determined to be 980 cm™' (Figure S18). To
the best of our knowledge, this is the highest value among all
reported perovskite materials (Table S2). The extremely low
threshold of the ASE and the high modal gain make CsPbBr;
nanorods a promising material for laser device applications.

In summary, we developed an intermediate monomer
reservoir synthetic strategy that enables gradual monomer
release to prepare high-quality CsPbBr; nanorods with uniform
morphology, few defects, and high stability. The obtained
CsPbBr; nanorods have a higher PLQY of 90% compared to
the pristine CsPbBr; nanocubes (73%). Moreover, the
nanorods reach a record gain coefficient of 980 cm™ among
all perovskite materials and an ultralow ASE threshold of 7.5 uJ
cm™? when pumped by a nanosecond laser, which exceeds the
best values achieved by using femtosecond laser. This work will
open a new avenue in the synthesis of high-quality metal halide
perovskite anisotropic nanorods with diverse applications in
lasers and other nanoscale optoelectronic devices.
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