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ABSTRACT: Quantum-confined CsPbBr; nanoplatelets (NPLs) are
extremely promising for use in low-cost blue light-emitting diodes, but
their tendency to coalesce in both solution and film form, particularly
under operating device conditions with injected charge-carriers, is
hindering their adoption. We show that employing a short hexyl-
phosphonate ligand (C¢H;sO;P) in a heat-up colloidal approach for
pure, blue-emitting quantum-confined CsPbBr; NPLs significantly
suppresses these coalescence phenomena compared to particles capped
with the typical oleyammonium ligands. The phosphonate-passivated
NPL thin films exhibit photoluminescence quantum yields of ~40% at
450 nm with exceptional ambient and thermal stability. The color purity
is preserved even under continuous photoexcitation of carriers
equivalent to LED current densities of ~3.5 A/cm® C, *3Cs, and
3P solid-state MAS NMR reveal the presence of phosphonate on the
surface. Density functional theory calculations suggest that the enhanced stability is due to the stronger binding affinity of the
phosphonate ligand compared to the ammonium ligand.
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he search for a low-cost alternative to the current state- NPLS (Aemission = 450—465 nm) in solution, though this value

I of-the-art gallium-nitride-based emitters for blue light- drops once the NPLs are deposited as thin films because
emitting diodes (LEDs)3 is key to revolutionizing the passivation strategies such as maintaining excess bromide are
lighting and display sectors."”” For this goal, achieving high- not as effective in the solid state.''”"’ Furthermore, the
quality optical properties in strongly quantum-confined photoluminescence (PL) of these CsPbBry NPLs shift from
luminescent nanocrystals (NCs) is an enduring challenge for the blue (450—465 nm) to the green (500—520 nm) over time
their commercialization. Lead halide perovskite (LHP) NCs because of the coalescing of NPLs and subsequent loss of
such as CsPbX; (X is a halide) have potential to be disruptive quantum confinement.'#"> This phenomenon is due to the

players in this space.” These materials possess superlative
optoelectronic properties, such as narrow emission line widths
(full width at half-maximum (fwhm) < 150 meV), tunable
bandgaps (ranging from ultraviolet to near-infrared), high
exciton binding energy, and defect tolerance.” The high color
purity and wide color gamut make LHP NC-based LEDs

labile interaction of the primary amine capping ligands (e.g,
oleylamine, OLA) on the surface as an A-site cation with the
perovskite lattice.'” ™" Such primary amines are crucial for the
formation of anisotropic LHP NPLs:” varying the ratio of Cs
to OLA" is a key experimental parameter for reducing the
thickness of CsPbBry NPLs down to the few monolayers that

Eartlc;l_le}rly promising for next-generation display applica- are sufficiently thin to achieve quantum confinement.!>!#1°
ions.

In general, there are three synthesis routes to achieve
colloidal suspensions of blue-emitting CsPbX; NCs:’ (i) halide Received:  April 29, 2020

Accepted: May 15, 2020

engineering, i.e., using mixtures of Cl and Br; (ii) downsizing
Published: May 15, 2020

the CsPbX; cuboids to 2—5 nm; and (iii) forming anisotropic
quantum-confined nanoplatelets (NPLs). Among them, the
last approach has so far delivered photoluminescence quantum
yield (PLQY) of near unity for pure blue-emitting CsPbBr;,
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Hence, there is a critical need to explore new capping ligands
to address optical stability while keeping their quasi-two-
dimensional confined characteristics intact. Although several
groups recently investigated the role of different capping
ligands to address low PLQY values and/or poor optical
stability (e.g., using phosphonic acid),”*~** all works to date
have focused on green-emitting CsPbBr; cuboids,”*™*® and
there are to date no reports of successful approaches for truly
confined NPLs.

Here, we exploit the beneficial properties of OLA in forming
anisotropic NPLs but then use a short phosphonate ligand
(hexylphosphonic acid, HPA) that successfully competes with
the labile OLA ligand to form highly stable, quantum-confined
CsPbBr; NPLs. We achieve both high PLQY in the solid state
(~40%) at a true display blue emission energy (~450 nm) but
also suppress the coalescence of NPLs in both solution and
thin films even under high densities of photoinjected charge
carriers (equivalent to an LED operating at ~3.5 A/cm?).

Direct colloidal synthesis of CsPbBr; NCs using only a
phosphonate ligand does not lead to the formation of
anisotropic NPLs.”’ In our initial scheme, we employed
HPA to modify the surface of CsPbBr; NPLs through a
postsynthetic treatment. The pristine NPLs were synthesized
based on a heat-up method previously reported by Shamsi et
al. in which OLA and oleic acid (OA) were used to dissolve
PbBr,, and the resulting NPLs are OLA-passivated (OLA-
NPLs; see Experimental Section in the Supporting Information
for details).”””® We observed that the addition of a small
amount of HPA (dissolved in toluene) to the OLA-NPL
solution resulted in green-emitting impurities (see Figure S1).
We resolved these issues by adopting an in situ surface
passivation strategy by adding HPA/isopropanol to the
precursor solutions (Experimental Section in the Supporting
Information). The excitonic absorption band at 445 nm and
PL peak at 450 nm with a fwhm of 15 nm validate the
formation of CsPbBr; NPLs (Figure la).

A transmission electron microscopy (TEM) and high
resolution TEM images of a typical sample of CsPbBr; NPLs
synthesized with our approach are reported in Figures 1b and
S2a, respectively. The NPLs were characterized by stacks of
face-to-face aligned NPLs, with the particles typically oriented
perpendicularly with respect to the carbon support film (see
the scheme in Figure S2b), which enabled a precise estimation
of the NPL thickness. The NPLs had a thickness of 2.4 + 0.3
nm (corresponding to 4 unit cells)'”* and average lateral
dimensions of 6 + 2 nm X 26 + 5 nm. We note that the
dimensions of these HPA-NPLs, along with the PL and
absorption peaks, are similar to those of the OLA-NPLs
(Figure S3), suggesting that the addition of HPA does not
significantly influence the nucleation and growth process of
NPLs in the modified scheme used here. An X-ray diffraction
(XRD) pattern from a CsPbBr; HPA-NPL thin film sample is
reported in Figure lc. The pattern agrees with the bulk
orthorhombic CsPbBr; reference (black), with small shifts
owing to surface ligands modulating the lattice. The peaks at
20 = 15° and 29.7° are particularly intense owing to the
anisotropic and defined orientations of the NPL facets.*

In our proposed passivation mechanism, the amount of HPA
is critical for the resulting optical properties. We found that the
PLQY shows an increase from 25% when HPA/Pb = 0 (OLA-
NPLs) to ~40% when HPA/Pb = 1.5 for CsPbBry; NPL thin
films, indicating that radiative recombination pathways are
more effectively out-competing nonradiative pathways in the
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Figure 1. HPA-CsPbBr; NPL thin films: (a) optical absorbance
and PL of a colloidal solution, (b) TEM image, and (c) XRD
pattern. The black pattern in panel ¢ is the ICSD reference
980097851, representing the bulk orthorhombic CsPbBr; phase,
with key peaks assigned.

HPA-NPLs. Higher HPA/PDb ratios result in a broad PL peak
in the green range (Figure S4). PL decay measurements on
thin films of both compositions reveal excitonic-like recombi-
nation in both cases as the recombination does not change
with fluence (Figure S5). Multiexponential fits*' to the decays
reveal the average lifetime decreases from 4.96 ns (OLA-NPL)
to 3.68 ns (HPA-NPL) (see Figure SS for fits and fitting
parameters). Higher PLQY, together with faster PL decay,
indicates an increase in the radiative rate of the material, which
likely relates to the changed material capping properties
(Figure SS and subsequent results). The more symmetric PL
and the ~25 meV narrower emission fwhm of the HPA-NPLs
compared to the OLA-NPLs (Figure S6) further support the
higher optoelectronic quality of the HPA-NPLs.

In order to assess the purity and atomic-level microstructure
of the HPA-NPLs, we carried out liquid- and solid-state
nuclear magnetic resonance (NMR) measurements, which
have recently been effectively used in lead halide perov-
skite®> ™ and inorganic nanocrystals.’*™** 'H liquid-state
NMR spectra show that the HPA-NPLs only contains trace
residual 1-octadecene (ODE) (Figure S7). Figure 2a shows the
3P liquid-state spectra of HPA and HPA-NPLs. HPA yields a
singlet at 40.1 ppm (fwhm S Hz), consistent with rapid
isotropic reorientation of HPA. On the other hand, the
solution of HPA-NPLs yields a considerably broader signal at
34.7 ppm (fwhm 79 Hz), confirming that in this case the
phosphonate species are different than those in the pure HPA
sample. The broadening is consistent with faster T, relaxation
because of slower molecular reorientation (ie., longer
correlation times) of the NPL-bonded ligand, as has been
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Figure 2. NMR characterization of the materials. The structure of
n-hexylphosphonic acid (inset). Liquid-state (a) *P NMR spectra
in toluene-dg at 11.7 T of n-hexylphosphonic acid (HPA) and
HPA-capped CsPbBr; nanoplatelets (HPA-NPLs). Solid-state
MAS NMR at 16.4 T and 12 kHz MAS (unless stated otherwise):
(b) 'H-"3C CP spectrum of HPA-capped CsPbBr; NPLs. (c)
'"H-3'P CP MAS NMR spectra of HPA-capped CsPbBr; NPLs,
neat HPA (at 20 kHz MAS), cesium n-hexylphoshonate (CsHPA,
at 20 kHz MAS), oleylammonium n-hexylphosphonate (OLAHPA,
at 20 kHz MAS). (d) "33Cs MAS NMR spectra of HPA-capped
CsPbBr; NPLs, microcrystalline CsPbBr; (#-CsPbBr;), and cesium
hexylphosphonate (CsHPA).

previously observed for similar phosphonate ligands bound to
nanoparticles.”’

In order to shed light on the local structure of HPA-NPLs in
the solid state, we carried out solid-state MAS NMR
measurements on dried HPA-NPL powder. We first identify
the residual long-chain aliphatic ligand present on the surface
using '"H—"3C cross-polarization (CP)*” MAS NMR (Figure
2b). The aliphatic chain of HPA is expected to give resonances
between 15 and 40 ppm. However, the carbon directly bonded
to the —NH,* group is strongly deshielded (shifted to higher
ppm values) and yields a characteristic, well-resolved peak at
42.4 ppm, confirming the presence of residual OLA ligands on
the surface. We did not detect any carbonyl (C=0) groups
which are a fingerprint of OA, and thus, we conclude that there
is negligible residual OA present on the surface.

In turn, we probe the surface phosphonate ligands in HPA-
NPLs in the solid state using '"H—>'P CP MAS NMR (Figure
2¢). The '"H-*'P MAS NMR spectrum of HPA-NPLs yields
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four peaks at 31.6 ppm (fwhm ~270 Hz, contributes 49%),
29.8 ppm (fwhm ~980 Hz, contributes 5%), 25.7 ppm (fwhm
~270 Hz, contributes 28%), and 24.9 ppm (fwhm ~240 Hz,
contributes 18%) (Figure S8). While CP spectra are in general
not quantitative, we find that the directly detected quantitative
3P spectrum yields similar relative intensities (Figure S9). The
phosphonate species present in HPA-NPLs do not correspond
to neat HPA, cesium phosphonate (CsHPA, 19.5 and 23.4
ppm), or oleylammonium phosphonate (OLAHPA, 20.4 and
28.0 ppm). We therefore conclude that these peaks arise from
phosphonate species present in various binding modes on the
surface of HPA-NPLs. Similar structural complexity of surface-
bonded ligands has been previously observed in trimethyl-
phosphine-capped ZnO"’ and trioctylphosphine-capped
CdSe/CdTe nanocrystals."" The different phosphonate envi-
ronments may be associated with the various well-defined
facets of HPA-NPLs and different modes of binding of this
potentially tridentate ligand. However, we note that the
accuracy of current state-of-the-art DFT methods for
heteronuclear chemical shift calculation is on the same order
of magnitude as the *'P peak separation observed here (~5—
10 ppm**), and thus, unambiguous assignment of the binding
modes is not yet achievable.

We next employ '¥*Cs MAS NMR to characterize the
perovskite component of HPA-NPLs (Figure 2d). The
quantitative '**Cs spectrum of HPA-NPLs contains a broad
convolution of resonances spanning the region between 60 and
100 ppm and is shifted to lower frequencies (ppm values) with
respect to bulk microcrystalline CsPbBr; (101.7 ppm). While
the nonperovskite phase of cesium hexylphosphonate
(CsHPA) yields a '33Cs spectrum which partially overlaps
with that of HPA-NPLs, the *'P spectrum (Figure 2c)
confirmed the absence of this impurity phase; thus, we
conclude that the broad convolution of components indeed
belongs to HPA-NPLs. Broad NMR resonances in semi-
conductor nanocrystals are expected because of the high extent
of local disorder and may be caused by the anisotropic shape of
the nanocrystal.*>*” The distinct components likely corre-
spond to cesium sites inside the NPL and on or close to the
surface of the 3 unique types of NPL facets (see Figure S10
and Supplementary Note 1). Analogous relations between
spatial position and NMR shift have been previously observed
in low-dimensional ZnSe.>® Taken together, the NMR results
allow us to (i) confirm the successful purification of HPA-
NPLs, (ii) identify the presence of residual OLA on the
surface, (iii) establish that HPA-NPL binding involves multiple
binding modes, and (iv) determine that the local structure of
the perovskite component is highly heterogeneous owing to
the anisotropic shape of NPLs.

It is widely accepted that the detachment of ligands causes
CsPbBr; NPLs to coalesce, leading to a loss of quantum
confinement.'*'* In order to monitor spectral stability of NPL
solutions, we employed hyperspectral wide-field microscopy to
spatially map the PL from thin films deposited from the
solutions. This technique allows us to acquire PL maps at
different wavelengths as well as broadband emission. We start
with OLA-NPLs wherein an NPL solution is characterized by a
pure blue emission at 448 nm as a result of strong confinement
(see Figure S3). This material presents a dominant emission
line at 448 nm when deposited by spin coating. However, we
also observe many regions on the sample which show emission
from green impurities at approximately 510 nm (Figure 3a).
We interpret this result as being due to the weak character of
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Figure 3. Wide-field hyperspectral PL microscopy characterization of films cast from fresh and aged NPL solutions, with excitation at 405
nm (~10 mW/cm?). PL maps from thin films deposited from (a) fresh OLA-NPL solution, (b) 1 month aged OLA-NPL solution, (c) fresh
HPA-NPL solution, and (d) 1 month aged HPA-NPL solution. The blue color map shows the emission of the confined NPLs averaged
between 440 and 460 nm. The green color scale shows the emission of the coalesced NPLs averaged from 490 to 510 nm. Insets display the
normalized PL spectra from selected areas as indicated by the colored circles.

the ligand giving rise to coalescence of the NPLs at specific
regions even in these freshly made and deposited samples;
such coalescence effects become further exaggerated with aging
(Figure 3b)."> By contrast, we do not observe such green
emission when we employ HPA to synthesize the NPLs
(Figure 3c). We note that the observed spatial differences in
the PL intensity throughout the material are likely caused by
precipitation of the HPA-NPLs owing to the short length of
the ligand, which results in the formation of micrometer-size
agglomerated NPLs (see reflectance images taken from the
same areas in Figure S11). Even in spite of such heterogeneous
morphology, the HPA-NPL film shows no observable green
impurity.

We now assess the stability of the HPA-NPLs in solution
over time by mapping the PL of thin films after aging the NPL
solution for 1 week (Figure S12) and 1 month (Figure 3d) in
ambient air (see Figure S13 for corresponding plots of the
average PL wavelength of each sample). We do not see any
evidence of coalescence (i.e., spectral PL shifts) or substantial
PL quenching (small reduction of PLQY from 40% to 34%
after 1 month), revealing excellent long-term stability of the
HPA-NPL solutions. These observations are consistent with
the strong binding affinity of the phosphonate ligands to the
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surface of anisotropic NPLs and inhibition of coalescence in
the HPA-NPL solutions.

Next, we evaluate the stability of the NPL thin films under
continuous photoinjection of charge carries, i.e, under
continuous illumination (see Figure S14 for initial UV—Vis
spectra). We show in Figure 4a the PL spectra recorded from
an OLA-NPL film during 30 min of exposure to 400 nm
excitation at ~50 mW/cm* (equivalent to an LED running at
~16 mA/cm?) under ambient laboratory conditions. Initially,
an emission peak at 450 nm with a shoulder in the green range
is observed. With increasing exposure time, the blue emission
reduces concomitant with the growth of a longer-wavelength
peak that strongly increases in intensity until its center
approaches approximately 515 nm. We note that encapsulated
OLA-NPL samples exhibit similar PL changes albeit with
slower transformation (see Figure S15). Such observations are
consistent with previous studies on OLA-NPLs which undergo
a transformation from blue-emitting NPLs to green-emitting
nanobelts in similar ambient conditions under UV light
illumination.”” By contrast, the HPA-NPLs preserve their
pure blue emission (PL peak at ~450 nm) under these same
illumination conditions in ambient atmosphere (Figure 4b). In
fact, even after 960 min (16 h) of illumination, no green
emission is observed (Figure 4b, dashed line). We observe that
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Figure 4. (a and b) PL spectra from NPL thin films under continuous illumination (400 nm, 50 mW/cm?) in air over a period of 30 min: (a)
OLA-NPL and (b) HPA-NPL thin films (time step of 2 min). The dashed line in panel b represents the PL of HPA-NPLs after 16 h of
illumination. The inset shows PL spectra from a HPA-NPL film encapsulated by a glass slide in nitrogen before and after 25 h of
illumination. (c an, d) Thermal stability: PL spectra of (c) OLA-NPL and (d) HPA-NPL thin films after heating at 50 °C for 30 min in the
stated atmosphere (RT refers to room temperature without any heat treatment).

the PL intensity drops to ~50% of its starting value for the
measurements in ambient laboratory air, though this drop is
substantially reduced if the HPA-NPL film is encapsulated by a
glass slide in nitrogen prior to the measurement (Figure 4b
inset). Even after 25 h of continuous light exposure, the PL
signal is maintained at 450 nm without any evidence of the
green color impurity, and the PL intensity decreases only
slightly (<10%). We further tested the encapsulated HPA-
NPLs by wide-field hyperspectral imaging at higher photo-
excitation intensities equivalent to LED currents between 3.5
and 3500 mA/cm? at 405 nm and do not see any evidence of
the green impurity or degradation on the microscale (Figure
S16).

To assess the thermal stability of the films, we monitored the
PL from OLA-NPL and HPA-NPL thin films before and after
heating the samples. For the OLA-NPL thin film, there is a
clear shift in the emission wavelength to 515 nm after 30 min
of annealing at 50 °C in a nitrogen glovebox (Figure 4c), and
this shift is even further exaggerated when heating in air (530
nm, Figure 4c). By contrast, the HPA-NPL film preserves its
blue emission energy under the same conditions (Figure 4d).
In fact, the blue emission can be maintained even when heating
the HPA-NPL films at 80 °C for 60 min in a glovebox, and it is
only when performing this heating step in ambient air (without
any protection from oxygen or water molecules) do we start to
observe a shift in PL for these passivated samples (Figure S17).

Finally, to understand the structural and electronic proper-
ties of the HPA-NPLs, we performed density functional theory
(DFT) calculations. An NPL of 4 atomic layers was created to
represent the pseudo-2D NPLs synthesized in the experiments,
with the top and bottom surfaces being the {100} facets
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terminated by a CsBr layer (further computational details are
provided in the Supporting Information). The top surfaces
were passivated with short methyl ammonium (CH;NH;")
and methyl phosphonate (CH;PO;H™) molecules to model
the long-chained OLA and HPA, respectively (Figure Sab).
The NPLs considered in the calculations are trap-free, and the
valence band maximum (VBM) and conduction band
minimum (CBM) states are delocalized (Figure S18). The
binding affinity (Eping)™° of the ligands to the NPL surface is
computed as
Eping = Eqoe = Ey — Eligand

where E,, is the energy of the NPL fully passivated with
ligands, Ey the energy of the NPL with a vacancy, and Ej;,,q
the energy of the ligand and counterion pair. Here, the
vacancies are the methylammonium ligand with a Br~
counterion and the methyl phosphonate ligand with a Cs*
counterion. The E,; 4 of the phosphonate ligand is ~0.64 eV,
whereas that of the amine is only ~0.31 eV per molecule.
Furthermore, there is greater overlap between the total
electron density of the methyl phosphonate ligand with the
NPL (Figure 5d), compared to that of the amine (Figure Sc).
We propose that the much stronger binding affinity explains
the high resilience against coalescence, and hence enhanced
optical and thermal stability, of the HPA-NPLs compared to
OLA-NPLs. Furthermore, the enhanced binding and different
binding mechanism of the HPA ligands is consistent with a
change in the intrinsic material properties reflected in, for
example, the observed increased radiative rate of recombina-
tion.
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HPA. "

Figure S. DFT calculations. (a and b) Schematics showing the
binding of the protonated amine (OLA*) and deprotonated
phosphonate on the NPL surface. The Cs, Pb, and Br atoms are
denoted by pink, blue, and brown spheres. (c and d) The total
electron density (denoted as yellow isosurfaces) of the NPLs
passivated with methyl amine and methyl phosphonate ligands.

These results represent important breakthroughs for device
integration and performance. The high temperature threshold
of degradation (>80 °C in inert conditions) is compatible with
standard LED device processing and operation temperatures.
Furthermore, their stability validation under LED-like
operation conditions shows promise for fabricating blue
LEDs with stable color and emission yield using nano-
structured perovskite systems, which has remained elusive.
Light-emission device integration will require further focus on
optimization of contacts, deposition, and ligand length, among
other factors. By developing such robust chemical strategies to
fabricate materials operating with high radiative efficiencies,
further studies into other high-efficiency optoelectronic devices
also become feasible.

In conclusion, we have developed a new in situ passivation
strategy to synthesize color-pure blue-emitting quantum-
confined CsPbBr; NPLs. We confirmed the surface-binding
of the phosphonate ligands through solid-state NMR. The as-
prepared HPA-NPL thin films present PLQY of 40% with
emission peak at 450 nm in solid state, which is preserved after
one month of storage in ambient air conditions. Using
macroscopic and hyperspectral wide-field PL microscopy, we
showed that the HPA-NPLs exhibit excellent spectral and
thermal stability over time and under device-like operating
conditions through photoinjection of carriers. We attribute
these results to the stronger binding affinity of HPA to the
surface of CsPbBry NPLs as ascertained by DFT calculations.
Our work thus sheds new light on the challenges for translating
the high performance of quantum-confined NPLs in solution
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to those in solid films for next-generation lighting and quantum
technologies.
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