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ABSTRACT: Lead halide perovskites hold promise for photonic
devices, due to their superior optoelectronic properties. However, their
use is limited by poor stability and toxicity. We demonstrate enhanced
water and light stability of high-surface-area colloidal perovskite
nanocrystals by encapsulation of colloidal CsPbBr; quantum dots
into matched hydrophobic macroscale polymeric matrices. This is
achieved by mixing the quantum dots with presynthesized high-
molecular-weight polymers. We monitor the photoluminescence
quantum yield of the perovskite—polymer nanocomposite films
under water-soaking for the first time, finding no change even after
>4 months of continuous immersion in water. Furthermore, photo-
stability is greatly enhanced in the macroscale polymer-encapsulated
nanocrystal perovskites, which sustain >10'" absorption events per
quantum dot prior to photodegradation, a significant threshold for
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potential device use. Control of the quantum dot shape in these thin-film polymer composite enables color tunability via strong
quantum-confinement in nanoplates and significant room temperature polarized emission from perovskite nanowires. Not only
does the high-molecular-weight polymer protect the perovskites from the environment but also no escaped lead was detected in
water that was in contact with the encapsulated perovskites for months. Our ligand-passivated perovskite-macroscale polymer

composites provide a robust platform for diverse photonic applications.

KEYWORDS: perovskite quantum dot nanocrystals, hydrophobic polymer, nanocomposite polarization, light and water stability,
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B INTRODUCTION

In recent years, metal halide perovskites (e.g., methylammo-
nium lead bromide (CH;NH,PbBr;) and cesium lead bromide
(CsPbBr;)) have been in the spotlight as highly promising
optical device materials.' > These materials display high
quantum yields and long lifetimes which result in highly
efficient backlight displays® and photodetectors.”® However,
their poor stability, due to their ionic nature and low melting
temperatures, and environmental impact, from lead toxicity,”
have raised major concerns over their large-scale applicability.”
Recently, colloidal perovskite quantum dots (QDs) were
synthesized with high photoluminescence quantum yield.”” "
Such perovskite nanocrystals display narrow spectral line
widths," low lasing thresholds,'* colloidal dispersibility,” and a
composition- and size-tunable band gap. Colloidal perovskites
differ from other nanostructured perovskites by their native
alkyl-chain surface passivation.” The hydrophobicity of these
ligands offers increased tolerance to humidity in comparison to
that of polycrystalline thin film methylammonium lead halide
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devices."''* Recent studies have further shown that irradiating
perovskite QD films with X-rays cross-links ligands and
provides some stability to UV light and moisture,” although
the ligand shell alone cannot prevent degradation of the
nanocrystals upon long-term, direct contact with water,°18
Polymeric encapsulation, ie., the incorporation of semi-
conductors into macroscale, presynthesized, high-molecular-
weight (>S50 kDa) polymer matrices to prepare thin films, is a
common method for protection of semiconductor devices from
the environment.'” This method does not employ polymeric
capping ligands and is in contrast to studies that seek to protect
quantum dots from the environment by coating them with
small oligomeric ligands.”>*" With lead-halide perovskites, to
date encapsulation into macroscale polymeric matrices has
generally seen limited or mixed success for water stability due
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Figure 1. (a) TEM micrograph of zero-dimensional CsPbBr; nanocubes. The inset high-resolution image illustrates the crystallinity of individual
nanocubes. Scale bar is 30 and 8 nm for inset. (b) TEM micrograph of a ~ 200 nm thick composite film, illustrating that nanocubes are also singly
dispersed after insertion into SEBS polymer; the size of nanocubes remains the same ~8 + 1 nm within error before and after polymer
encapsulation. Scale bar is 200 nm. (c) One-dimensional single nanowires segregate to form bundles and are challenging to separate. Scale bars are
100 and 10 nm for inset. (d) After insertion into a polymer the bundles retain their overall size and structure. Scale bar is 200 nm. (e) When dried,
two-dimensional perovskite nanoplates tend to stack forming columnar phases. Scale bars are 50 and 10 nm for inset. (f) TEM micrograph of
perovskite nanoplates after insertion into a polymer, individual nanoplates are seen in a stacked array. Scale bar is 50 nm. (b, d, f) Insets are cartoons

of the three different shapes in this work.

to poor interfacial contact between the perovskite and polymer,
e.g., thin film devices coated with a polymeric layer still degrade
within minutes upon immersion in water.'”'*** Colloidal QDs,
with their high surface area, demonstrate effective polymeric
encapsulation.”” By matching QD surface chemistry and
polymeric properties, highly dispersed composites can be
made with increased bulk polymer—ligand adhesion.”® In recent
work, Protesescu et al.” initially demonstrated the incorporation
of perovskite QDs into the hydrophilic poly(methyl meth-
acrylate) but did not perform measurements of stability or
dispersion. Subsequent work by Pathak et al. demonstrates the
potential for white-light LEDs by embedding perovskite QDs
into polymers.”* Further work by Wang et al. demonstrated
improved thermal stability and 30 min of stability in boiling
water via polymer encapsulation,” and Rogach et al.
demonstrated bright emission qualitatively, i.e., digital images,
after 10 weeks of soaking polymer-coated QDs in water but did
not assess the quantum vyield or spectral features of the QDs
before and after water soaking.”' While these works were
substantial advancements, spectral shifts and reductions in
quantum yield can substantially affect their use in optical device
applications. Thus, there is a need for more quantitative
experimental follow-up investigations, ie., monitoring of
spectral peak positions and quantum yield, of the susceptibility
of perovskite QD—polymer composites to light and water. Of
particular interest is the study of macroscale polymeric
encapsulation, due to its inexpensive and facile application as
compared to time-consuming ligand-exchan6ge protocols which
are still very limited for perovskite QDs.”® By contrast, bulk

polymers are inexpensive, and encapsulation can readily be
achieved. As a result, stabilizing quantum dots with this method
is potentially much more commercially viable than other
methods employing oligomeric capping ligands.

Here we incorporate hydrophobic CsPbBr; QDs into water-
repelling hydrophobic bulk polymers and demonstrate
dramatically enhanced light and water stabilities, including
retention of quantum yield for several months of water-soaking
and reduced lead toxicity. Colloidal synthesis can enable the
control of the shape and structure of QDs, significantly affecting
their optoelectronic properties. We utilize these previously
established techniques and examine the added functionalities
associated with the different monocrystalline shapes embedded
in the polymeric matrices, specifically polarization in micro-
meter-long nanowires,"" and color tuning in strongly quantum-
confined nanoplates.'” We explore the generality of our results
by expanding our study to three different hydrophobic
macroscopic polymer matrices.

The novelty of this strategy is twofold. First, the perovskite
QDs are extremely sensitive to the hydrophobicity of the
chosen polymeric matrix. Their sensitivity arises due to their
ionic-crystal nature and dynamic ligand surface coverage. As a
result solvents with polarity index greater 4.4, e.g ethyl-acetate,
will degrade the particles. Therefore, when choosing the
polymeric matrix for encapsulation, extra care should be taken
to choose a hydrophobic enough polymer and a compatible
solvent. Second, the unusual dynamic nature of the surface
ligands may result in the loss of ligands in the encapsulation
process which greatly affects the QDs electronic properties and
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Figure 2. (a) Normalized absorption (blue) and emission spectra of QD—polymer composites before (gray) and after (red) spin-casting
polystyrene-composites on glass substrates. Emission from dry nanocube—polymer composites demonstrate a red-shifting of 2 + 1 nm. (b) The
emission peak fwhm of spun-cast nanowire-composites shows 2 & 1 nm broadening and no peak shift. (c) Nanoplate composites demonstrate a
strongly quantum-confined, blue-shifted emission (4,,,,, = 494 nm) which red-shifts by 6 + 1 nm upon drying, resulting in composites that emit bluer
light (4 = 502 nm) compared to nanocubes (4, = 517 nm). Dashed line is an eye guide. Spun-cast glass with nanocube—polymer and
nanoplate—polymer composites under UV illumination (a and c) insets respectively; scale bar is S mm). (b, inset). Microscope image of spun-cast
nanowire—polymer composites (excited with 488 nm laser light) showing random orientation of wire-bundles. Scale bar is 30 ym.

photoluminescence quantum yield (PLQY). In this work, we
use polymers like poly(styrene-ethylene-butylene-styrene)
(SEBS) which contain alkyl chain ligands of very similar
composition to the native alkyl chain ligands (oleylamine and
oleic acid) on the quantum dot surface. This matching creates a
better QD—polymer interface than that with less hydrophobic
polymers. The matched interface minimizes ligand loss in the
encapsulation process and minimizes water and oxygen
molecules diffusion to the QD surface. This is likely the reason
for the greater stability seen in our work over previous works.

We build on the above-mentioned previous works by
assessing spectral shifts and quantum yield upon exposure to
light and water, finding that the perovskite polymer films retain
stable quantum yield when soaking in water for periods of more
than 4 months. We associate this with the dense alkyl chain
coverage of the as-synthesized QDs,”” which unlike most
previous works, matches the hydrophobic nature of the
encapsulating polymers.”® Moreover, in the polymer, the
perovskite QDs are far more resistant to photodegradation
under continuous-wave visible laser illumination, surviving in
some cases >10'" absorption events per QD prior to
photodegradation, a significant threshold for any excited
fluorophore.””** Recent studies have shown a factor of 3
improved stability to light in color-conversion light-emitting
diodes by incorporating short-chain polymers or oligomers into
the QD ligand shell during the synthetic process.”" We expand
upon and complement these works by studying the light
stability in bulk polymers (no ligand exchange employed)
under a variety of light fluxes, finding orders of magnitude
higher light stability upon encapsulation. While the polymers in
this work are insulating, our results could readily be extended to
semiconducting polymers which are matched with the tunable
ligand shell of the perovskite QDs for light-emitting devices.
This study demonstrates record enhanced photostability,””*’
photoluminescence polarization,””*” and quantum yield
retention upon water expsoure'’ for encapsulated lead-halide
perovskites.” Furthermore, we did not detect any increase in
lead content in the water that was in contact with the
composites for months. Our results demonstrate the significant
potential of polymer encapsulation into macroscale polymeric
matrices for perovskite QDs in real-world situations where

. - . 8,18
stability and lead toxicity are major concerns.”
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B UNIQUE FUNCTIONALITIES IN
PEROVSKITE—POLYMER COMPOSITES

Composites were formed by mixing solutions of QDs and
hydrophobic—polymers in toluene (see Methods). Specifically,
we studied polystyrene (PS) which was spun-cast into thin
films and its derivative, SEBS (poly(styrene-ethylene-butylene-
styrene)), which is highly ductile and can be drop-cast into
thick samples that are optically clear. SEBS is a widely used low-
cost structural triblock copolymer which is a thermoplastic
elastomer;”*** it combines high formability and recyclability
with high toughness. We also studied composites of poly(lauryl
methacrylate) (PLMA) which is a highly viscous liquid at room
temperature. >

We use perovskite QD colloidal synthesis techniques to
change the dimensionality and shape of the QDs, thus varying
the macroscopic physical properties of the composites.
Specifically, we synthesized CsPbBr; zero-dimensional cubes,
one-dimensional wires, and two-dimensional plates.”'" The
resulting nanocubes were 8 + 1 nm in size. Plates were 20—30
nm in the lateral dimension and 2.4 and 3 nm in thickness,
which correspond to 4 and S perovskite unit cells. Wires were
10 nm thick and several micrometers long. Figure la shows a
transmission electron micrograph (TEM) and high-resolution
TEM (HRTEM) (inset) of the nanocubes cast from hexane.
The nanocube—polymer solutions were mixed at appropriate
concentrations and were spun-cast or drop-cast onto glass
substrates and dried overnight. The resulting films with an
optical density of 0.075—1 and varying thicknesses, 1.5—3 um
(PS) and 150 um (SEBS), were then characterized and their
stability tested. Figure 1b shows a TEM micrograph of such a
composite film with a thickness <200 nm. At low
concentrations (OD < 0.2), nanoparticles are singly dispersed
and distributed evenly throughout the polymer, while
assemblies are formed at higher concentrations.’® In the
polymer, as the three-dimensional cubes take random
orientations; it is challenging to resolve the cubic faceting in
a two-dimensionally projected TEM image (Figure S1).
Statistical analysis of TEM micrographs shows retention of
size before and after embedding nanocubes into SEBS polymer
(see Methods).

Figure lce shows TEM and HRTEM (inset) images of
CsPbBr; nanowires and nanoplates cast from hexane and those
embedded in SEBS (Figure 1d,f). The nanoplates self-assemble
into stacked arrays forming columnar phases clearly visible in
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the micrographs. The micrometer-long nanowires have a
tendency to form wire bundles along the long axis, probably
due to partial loss of surface passivation during their long
synthesis process.'"”’

We studied the optical properties of the nanocomposites. We
make use of the bright PL emission of the perovskite crystallites
to learn about the microscopic environment they are
experiencing when integrated into the polymeric matrices.
We compare the three different shapes when embedded into
bulk polystyrene. Figure 2 depicts the absorption and emission
spectra of the composite solution and also emission of resulting
dry composite films for the three QD geometries. In general,
the optical properties of the composite solutions are similar to
those of the as-synthesized QDs (Figure S1). Forming a dried
film from the composites tends to red-shift the emission peak
by (a) 2 + 1 nm for the nanocubes and more significantly by
(c) 6 =+ 0.5 nm for the nanoplates. Almost no shifts were
measured for the bundle-forming nanowires. We assign these
optical characteristics to the structural integrity of the quantum
confined crystals. The cubes are well dispersed both in hexane
and the polymer and experience little red-shifting, probably due
to residual aggregation.

The plates exhibit a much more significant change. First, the
extent of the shift and overall broadening of the central peak is
larger (shift of 6 + 0.5 nm compared to 2 + 1 in cubes), and in
addition, the appearance of a red-shifted peak observed at 525
+ 1 nm is assigned to aggregation and total loss of
confinement. Both of these observations suggest that the
nanoplates which are strongly quantum-confined in the z-
dimension are more sensitive to structural changes which occur
during polymeric encapsulation.

Nanowires displayed the most tolerance to polymeric
encapsulation due to their intrinsic tendency to from bundles
after synthesis even when in hexane. Due to their large surface
areas, they already display aggregated PL emission even in
hexane; therefore, their spectra is unchanged when put into the
polymer matrices.

Bundles of nanowires in drop-cast polymeric films are
randomly oriented, as illustrated in the optical microscope
image (Figure 2b, inset). By mechanically stretching the
polymeric matrix to form long, thin fibers, internal shear forces
align the nanowire bundles along the pulling direction. To
demonstrate this, we use the highly stretchable nanowire—
PLMA composites. In Figure 3a, this macroscopic alignment
can be observed when imaged by fluorescent microscopy and a
confocal microscope. Using linear polarizers, the emission
intensity from a fiber containing many aligned bundles as a
function of the polarizer angle was measured. The degree of
polarization was determined as the ratio P = (I} — I )/ I, +1),
where I and I, are, respectively, the intensities of the polarized
emission in the directions parallel and perpendicular to the
direction of the composite fiber. Figure 3b shows a polarization
ratio of 044 + 0.05 in the aligned nanowire—polymer
composite emission, as compared to 0.08 + 0.01 in the case
of nanocube—polymer composites, where the two samples are
prepared and measured under the same conditions. Polarized
emission in 1D semiconducting InP wires and CdSe rods is
well-documented with high polarization ratios of 0.96 and 0.86,
respectively.”**” In CsPbBr; very small polarization ratios were
initially reported in nanocrystalline samples at liquid helium
temperatures and attributed to anisotropy in quantum
confinement effects due to crystal shape.”> Recently, it has
been shown that CsPbl; colloidal nanocubes also emit
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Figure 3. Polarized emission from aligned perovskite nanowires. (a)
Optical microscope image of a mechanically drawn nanowire—polymer
(PLMA) composite fiber. Shear forces align the high aspect ratio
(>100) nanowire bundles parallel to the long axis of the polymer
composite fiber. The nanowires are excited with 456 nm laser light and
emit green 517 nm light. (b) Nanocube—polymer composite fibers
fabricated with the same conditions do not show similar alignment.
Scale bar, 20 um. (c) Confocal microscope image of emitted light
(band-pass filter 514 + 10 nm) depicting the alignment of bundles
inside the fiber and a close-up depicting (d) two such aligned bundles.
L-1

(e) Calculated polarization (P = L

) as a function of polarized

analyzer angle of nanowire—polymer fiber (red) and nanocube—
polymer fiber (blue) demonstrating significant polarized emission
(Ppax = 0.44) in the nanowire composite parallel to the fiber axis, as
compared to the nanocube composite (P, = 0.08).

polarized light (P = 0.36) compared to no polarization for
CsPbBr; nanocubes.™

We assign the polarized emission from the perovskite—
nanowire to its very anisotropic shape and the fact that the
wavelength of the exciting light (480 nm) is much greater than
the wire diameter (10 nm). This results in a dielectric
confinement effect: When the incident field is polarized parallel
to the wire, the electric field inside the wire is not reduced since
it is mainly affected by the micrometer-long wire’s dielectric
constant. However, when polarized perpendicular to the wire
(10 nm diameter), the electric field amplitude is attenuated due
to the effective dielectric constant of the combined perovskite—
polymer medium.”®

B LONG-TERM RETENTION OF QUANTUM YIELD
UPON WATER-SOAKING OF
PEROVSKITE—POLYMER COMPOSITES

To investigate the resistance of the nanocomposites to water,
photoluminescence quantum yield measurements were con-
ducted using an integrating sphere photoluminescence spectro-
graph. Measurements on ~150 ym thick nanocube—SEBS films
immersed continuously in water were conducted periodically
for 122 days. The sample’s absolute photoluminescence
quantum yield is unchanged over that period (Figures 4 and
S2). Similar results are observed in much thinner 1.5 gm thick
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Figure 4. (a) Relative quantum yield of as-synthesized nanocubes in water as a function of soaking time in mins (black). The quantum yield decay is
fitted to a monoexponential function (blue), where the decay coefficient is 16 min, demonstrating the as-synthesized QDs’ sensitivity to water. The
perovskite QD degradation is visible to the naked eye, as shown in pictures of drop-casted as-synthesized samples, excited with UV (4 = 365 nm)
before and after 60 min of water soaking. (b) Relative and absolute quantum yield of 150 gm thick nanocubes—polymer composite films after >4
months of water-soaking, indicating retention of high quantum yield. Thin 3 ym spun-cast composite films also demonstrate enhanced water stability
as illustrated by (Inset pictures) after 11 days of soaking in water and in air. (c) Composite emission spectra before and after 1 month of water
soaking, indicating no changes to the spectra from the original $14 nm and fwhm of 17 nm. (d) No significant changes in the polymer’s macroscopic
mechanical properties is seen after QD incorporation, as demonstrated by tensile engineering stress—strain curves. Inset indicates first 0.07 strain.

composite films, as shown in Figure 4b. As-synthesized
perovskite QDs completely lose their fluorescence after ~60
min of contact with water (Figure 4a). Their luminescence
quantum yields diminish exponentially, with a time constant of
16 min, due to the highly ionic nature and the large solubility-
product constant of PbBr,, which is orders of magnitude greater
than other heavy metal compounds.” We extended our results
on water stability to a second QD geometry, namely, strongly
quantum-confined nanoplates. The nanoplates are more
sensitive to structural changes, and emission shifts as a measure
of water-induced QD degradation, e.g, loss of quantum
confinement, are easier to detect. An important criterion in
determining the stability of the composite is the photo-
luminescence emission spectrum, i.e., its shape, peak maximum,
and line width. Figure 4c illustrates that there was no change in
the emission spectra before and after 60 days of water
immersion, consistent with little to no damage to the polymer-
encapsulated nanocubes and nanoplates (see Figure S3).

This result far exceeds that seen in previous work for any
perovskite material, including perovskite thin films coated with
polymer films.'”'”'®** The enhanced water stability is assigned
to the perovskite QDs’ surface passivation, which consists of
long alkyl ligand chains that are chemically compatible with the
hydrophobic polymer, forming a strong polymeric—ligand
interface that ultimately prevents access of water to the QD
surface."”'®*® We postulate that due to their ionic nature
ligand-free perovskites form weaker interfaces with nonpolar-
hydrophobic polymers, which causes their previously reported
poor stability upon exposure to water.'”'***

Due to their different compositions, there are differences in
stability and water/oxygen diffusion between the three
polymers. First, the contact angle that water makes with each
polymer, as measured by contact angle measurements, is
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different. The contact angle is ~87 for polystyrene,”® ~100 for
SEBS*' and ~110 for PLMA.* Since higher angles mean lower
wettability, the wettability follows the trend of PS > SEBS >
PLMA. Qualitatively, SEBS and PS polymers provide water
stability for long durations, whereas quantitatively we
monitored water stability for perovskite—SEBS composites
which showed no change in PLQY for more than 100 days on
end. SEBS was used for PLQY measurements due to its high
flexibility, which makes the sample preparation easier.
Regarding oxygen diffusion, SEBS adopts a microphase
separated structure,”” with domains ~25 nm in size. Any
entering oxygen will encounter both PS and EB blocks after
only several dozen nanometers.*” The EB block of the SEBS
triblock copolymer has higher oxygen diffusion than the PS
block, since oxygen is impeded by the aromatic groups in PS.**
However, since the SEBS polymer we are using is 60% PS, it
likely has similar oxygen diffusion to pure PS. Unlike SEBS and
PS, PLMA is a viscous liquid that flows readily at room
temperature™ and thus has higher water and oxygen diffusion
rates due to its high chain mobility. Accordingly, we found that
PLMA—nanocrystal composites, while qualitatively stable for
weeks in air, exhibited partial solubility in water. After a week of
immersion in water, the polymer film visibly decreased in size
due to being dissolved into water; thus, this polymer was not
suited for long-term water stability assessments. We found that
stability properties are more dependent on the type of the
polymer host matrix rather than the type of perovskite
nanocrystal, i.e,, in SEBS and PS polymer, we have observed
that all nanocrystal—polymer composites can survive without
any apparent harm or PLQY reduction for long duration in
water. We note that recent work shows that similar polymeric
encapsulation can also improve the onset of thermal
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Figure S. Enhanced light stability in perovskite—polymer composites. (a) Measurements of photons absorbed per quantum dot prior to
photodegradation as a function of excitation flux. Comparing as-synthesized QDs (blue) and composites (SEBS red) (PS magenta) shows a clear
enhancement in the composites. A power—law-like model (exponent value of 0.83) fits the high fluxes but deviates at low fluxes suggesting a
diffusion-controlled degradation pathway. (b) Selection of normalized raw emission spectra of nanocube—polymer composite as a function of
number of photons absorbed per quantum dot, demonstrating the typical degradation pathway of the composites. Spectra are arbitrarily offset for
clarity; dashed line is a guide to the eye. (c) Representative light-soaking trial of as-synthesized QDs film at a flux of 30 W/cm? illustrating
photobrightening (black) and initial blueshifts (blue) indicative of photodegradation. (d) Representative light-soaking trial of nanocube—polymer
composite at a flux of 5.3 X 10* W/cm? as a function of number of photons absorbed per quantum dot, suggesting a different degradation pathway,
with observed photobleaching (black) and red-shifting (red) at high fluxes.

degradation of the perovskite nanocrystals from ~85 C in air to
~110 C via encapsulation in PS.*®

We also tested the quasi-static tensile and dynamic
mechanical properties of the composites."”***" Figure 4d
shows a typical tensile mechanical curve to failure before and
after incorporation of the nanocubes into the polymer.
Specifically, films with optical density 0.1 were made using a
nanocube concentration of 1.5 gmol (~0.5% by weight) in the
polymer. The mechanical properties of the block copolymer
were maintained with a toughness (defined as the area under
the stress—strain curve) of ~1.5 MPa, Young’s modulus ~2
MPa, and ductility >400% before and after nanocube
incorporation. These mechanical properties were maintained
even after prolonged (60 days) exposure to water. We also
assessed the tan delta, or ratio of loss modulus to storage
modulus, of the films as a function of strain. We find that this
property is generally maintained after nanoparticle addition,
which implies that low concentrations (~5% by weight) of QD
incorporation do not significantly degrade the viscoelastic
behavior of the polymer (Figure $4).**

Lead toxicity raises concerns for the use of perovskites in
many situations. To determine if lead escaped from the
nanocube—polymer composites (SEBS, optical density 0.1,
thickness ~150 ym) over a period of 90 days of water-soaking,
inductively coupled atomic emission spectroscopy (ICP-AES)
was conducted. Lead concentration in water which the polymer
was soaked in was comparable (~20 parts per billion) to its
concentration in tap water (within experimental error) and was
200 times higher for the same concentration of unencapsulated,
as-synthesized QDs, dissolved in the same volume of water
(Figure SS). From ICP-MS data (Figure SS) one can estimated
water penetration depth of ~50 nm into the ~100 ym thick
polymer nanocomposite. The low water penetration depth
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(only 0.05% of the total polymer composite layer thickness)
could explain the result of minimum decrease in PLQY over the
course of more than 100 days. This demonstrates that the
polymers not only protect the perovskite QDs from the
environment but also effectively protect the environment from
the toxic lead.

B SUBSTANTIALLY ENHANCED PHOTOSTABILITY IN
PEROVSKITE-POLYMER COMPOSITES

All three shapes of colloidal perovskite QDs in this work are
highly luminescent and promising candidates for future
downshifting photoluminescence technologies, where high
photostability under constant illumination is critical. The
photon budget, ie., the number of photons absorbed before
spectral shifting and photobleaching, is a crucial figure of merit
for QD-based devices.””*® We performed light-soaking experi-
ments on perovskite—polymer composites in order to
determine their photon budget and compared them with as-
synthesized nanocubes. The experiment was conducted both in
PS and SEBS polymers and over S orders of magnitude of
fluxes, ranging from 0.3 to 5 X 10* W/cm? Only composites
with low optical density (~0.05—0.1) were used for light-
soaking experiments, an optical density range similar to those in
QD based displays.”” We quantified our results using the
arbitrary metric of number of photons absorbed per QD prior
to 1 nm of spectral peak shift (a spectral red-shift in the
composites and blue-shift for as-synthesized nanocubes)***’
(see Supporting Information Methods, Tables S1—S2, and
Figures S6—S7). In Figure Sc,d, we show typical results where
we compare spectra from as synthesized QDs and the
composites. As-synthesized QDs undergo blue-shifting (blue
line) and photobrightening (~5—10% black line). These
changes are typical signatures of photo-oxidation and chemical
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degradation that lead to shrinkage of the QDs size and
passivation of long-lived surface defect states.”"”** After further
illumination, these blue-shifts were followed by red-shifts and
more photobrightening (~20%), which implies sintering of the
individual QDs (see Figure S7). Indeed, at the highest
excitation flux of 5 X 10* W/cm? as-synthesized samples
decomposed with clearly visible damage within 1-2 s of laser
illumination (Figure S8). Very different trends were observed
for the composites. Initially, no significant change was seen in
the spectral shape of the emission, indicating light-soaking-
stability of most QDs (Figure Sb). Finally, for QD—SEBS
composites, degradation is manifested in a distinct red-shift
with no photobrightening or blue-shifting, indicating that the
polymer is protecting the QDs from photoinduced degradation
pathways, probably by blocking ambient oxygen from reaching
the QD surface. As a result the composites survive high fluxes
of 5 x 10* W/ecm? orders of magnitude higher than
unprotected cubes. While both samples have eventual spectral
red-shifts, the number of photons absorbed per QD in the PS
and SEBS composite is up to 4 orders of magnitude higher than
that of the as-synthesized QDs (Figures S6 and S7). The
perovskite—polymer composites demonstrated high photo-
stability of >10' absorption events, while as-synthesized
nanocubes reached only ~10°-107 before spectral-shifting
(Figures Sa, S6, and S7). For comparison, a typical semi-
conductor QD photon bud%et is ~10°—10” photons absorbed
prior to photodegradation.””*”** This metric was assessed in
previous work via the number of photons absorbed to complete
photobleaching of single QDs, a metric which does not
consider spectral shifts; however, even slight spectral shifts of
1-2 nm are important for optical downshifting applications.
Because previous metrics did not consider spectral shifts, they
provide a higher estimate than the metric in this work. It is
important to note that studies on light stability have not been
reported for the latest generation of near-unity quantum yield
CdSe dots, which may be more stable.

The mechanism of the red-shift during light exposures in this
work is likely to be induced aggregation through heating effects
because of phonon generation during nonradiative recombina-
tion in the quantum dot composites, similar to the work of
Wang et al.>> Another possibility is that the red-shifting is due
to degradation of the blue (smaller) quantum dot population.
Smaller crystals have a higher surface to volume ratio. Small,
blue emitting quantum dots will die faster than bigger red
emitting ones due to harmful photo-oxidation processes; thus,
the total emission could redshift. This is usually also
accompanied by decrease in the emission fwhm, which was
not observed here.

Figure 5a demonstrates the number of photons absorbed
before spectral shifting as a function of excitation flux. The data
exhibits a power-law-like distribution. At low fluxes, the
deviation from this trend is assigned to the kinetics of the
degradation mechanism. The photoinduced degradation is a
diffusion-controlled reaction, which is limited by the rate of O,
diffusion through the polymeric matrix. From our data, we
estimate a reaction rate constant of k = 10° M~ s for the
photodegradation. This rate is an order of magnitude slower
than the literature limit for diffusion-controlled reactions in
solvents. This is a reasonable value since the SEBS and PS
polymer matrices are significantly more impermeable to O,
diffusion and viscous than standard solvents, which also limits
the ability of the QDs to diffuse.””** This slow photo-oxidation
rate gives rise to the record-high photon budget that we

demonstrate, which to the best of our knowledge is the highest
photon budget reported in the literature to date for any
quantum dot or dye fluorophores.””*® The protection that
perovskite—polymer composites provide is of relevance for
down-shifting devices such as backlit displays.

As mentioned above, the range of concentrations used in this
work is reasonably relevant to actual real-world display
applications, which have typical optical densities for green-
emitting quantum dots of ~0.04.”> We have been able to vary
the optical density in the range of 0.01—1 by changing the
amount of moles of nanocrystal cubes added to the solution
prior to drop-casting or spin-coating the polymer films. We
have not found the nanocrystal concentration in the polymer to
affect water stability much. Both high (OD > 0.75) and low
(OD = 0.05-0.75) concentrations in SEBS polymer were
stable in the water for long time periods. In contrast, light
stability tests are concentration sensitive; higher optical
densities (0.75—1) experienced local heating effects which
quickly degrade the sample. However, these concentrations are
higher than those typically used in applications.*”*’

B CONCLUSION

We have demonstrated advantages properties for perovskite
QD—polymer composites. By changing the shape of the
nanocrystalline component and mechanically aligning aniso-
tropic nanocrystals in polymer fibers, emergent properties such
as polarization and color tunability can be achieved. Although
perovskite QDs are sensitive to light and water, their stability
markedly increases through macroscale polymer encapsulation.
The composites demonstrated high photoluminescence
quantum yield after months of soaking in water and survive
up to >10' photons absorbed per QD before significant
spectral shifts. The light stability and retention of quantum
yield upon water exposure seen in this work is likely due to the
comparatively strong interface formed between the native
hydrophobic surface coating on the perovskite QDs and the
hydrophobic polymers. A similar perovskite ligand—hydro-
phobic polymer matching scheme may also benefit bulk and
thin film perovskites. Finally, in light of the encouraging ability
of these composites to prevent toxic lead leakage, they have
potential for real-world optical device applications, such as
optically pumped lasers and polarized downshifters.

B MATERIALS AND METHODS

Materials. All chemicals were used as received from their
respective sources: poly(styrene-ethylene-butylene-styrene)
(SEBS, MD-1537), ~120 kDa, Kraton corporation; poly(lauryl
methacrylate) solution (PLMA, 30% by weight in toluene,
Aldrich); polystyrene (PS 187 kDa, Aldrich); Cs,CO; (99.9%,
Aldrich); octadecene (ODE, 90%, Aldrich); oleic acid (OA,
90%, Aldrich); PbBr, (99.999%, Aldrich); oleylamine (OLA,
70%, Aldrich); octylamine (OCT, 99%, Aldrich); hexane
(99.9%, Fisher Scientific); toluene (99.9%, Aldrich).

Nanocrystal Synthesis. Nanocubes, nanoplates, and
nanowires were prepared as described previously.” "'

Preparation of Cesium Oleate. Both 0.4 g of Cs,CO; and
1.2 mL of OA were loaded into a 3-necked flask along with 15
mL of ODE, degassed under vacuum at 120 °C for 1 h,
following a second degassing phase at 150 °C under Ar until all
Cs,CO; reacted with OA.

Synthesis of CsPbBr; QDs. ODE (S mL) and PbBr, (0.069g,
99.999%, Aldrich) were loaded into a 25 mL 3-necked flask and
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dried under vacuum for 1 h at 120 °C. Dried oleylamine (0.5
mL, OLA, 70%, Aldrich) and dried OA (0.5 mL) were injected
at 120 °C under Ar. After complete solubilization of a PbBr,
salt, the injection temperature was set, and hot (~100 °C)
cesium oleate solution (0.4 mL, 0.125 M in ODE, prepared as
described above) was quickly injected. The reaction mixture
was immediately cooled by the ice—water bath. Injection
temperatures of 150—180 °C produce nanocubes, while
temperatures of 90—130 °C produce nanoplates. For nano-
wires, 0.8 mL of dried OCT, and 0.8 mL of dried OLA were
injected at 120 °C successively, instead of the above amounts.

Preparation of Polymer—Nanocrystal Composite
Films and Fibers. After centrifugation from the reaction
solution, all shapes of nanocrystals (NCs, NPLs, and NWs)
were cleaned twice using hexane as solvent and ethyl acetate or
methyl-ethyl-ketone as nonsolvent since typical alcohol or
acetone washing techniques degrade the nanocrystals. Next,
nanocrystals were dispersed in toluene (note that the polymers
employed in this work only dissolve in toluene but not hexane.)

In particular, as-made perovskite nanowires may lose their PL
even under these mild cleaning conditions; this is assigned to
the long synthetic process which depletes the surface ligand
coverage. We have developed a surface treatment with the
native ligand and PbBr, precursors that enables us to
reconstruct the surface and protective ligand layer which
ultimately restores with the high PLQY values.

For the surface treatment, anhydrous toluene (5 mL), PbBr,
(0.188 mmol, X = Cl or Br), OA (0.5 mL), and OLA (0.65 mL)
were added to a scintillation vial all within an argon inert
atmosphere glovebox. The solution was stirred at 100 °C within
the glovebox until the complete dissolution of the PbBr, salt
occurs; this may take several hours. The resulting concentrated
stock solution is stable at room temperature but is stored in a
glovebox to maintain dryness of the solution over time. A
cleaned wire solution was then mixed with the above solution
and stirred at 85 °C until the solution turned turbid. The NWs
were isolated by centrifugation at 6000 rpm for 5 min and
redispersed in toluene for further use. The surface treatment
dramatically increases the PLQY and morphological stability of
as-synthesized wires.

Nanocomposites were then formed by mixing nanocrystal
and polymers in toluene (30, 30, and 20% by weight, for
PLMA, SEBS, and PS, respectively). After mixing and
sonicating to form uniform dispersions, the solutions were
cast onto glass slides (SEBS) and dried overnight. Thin films
were spin-coated onto coverslips (PLMA and PS, 500 or 1000
rpm for 30 s) or wound into fiber arrays (PLMA). To draw the
fibers, ~30 uL of a PLMA solution in toluene (30% by weight)
was added to a nanocrystal solution in a volume of toluene of
~30 uL in a 1 mL disposable glass vial. This highly viscous
mixture was vortexed and sonicated for 60 min to ensure
uniform mixing and deposited onto a glass slide. After 2 min,
needles or tweezers were used to draw fibers straight from the
deposit onto any substrate.

The moles of nanoparticles added to the three polymers for
all nanocrystal shapes varied from about 0.5—15 uM for optical
densities of 0.05—1 respectively. The volume of spin-cast or
drop-cast as-synthesized nanocubes was typically around 10 pL.
For 1.5-3 pm thick polystyrene films with optical density
~0.05—0.1, the volume of solution used was typically around
~10 uL. For ~100 um thick polymer films, ~ 200 uL of
solution was cast onto a glass slide. The above quantities used
were consistent for all three nanocrystal shapes. For all

nanocrystal shapes, low optical density composites had optical
densities of 0.05—0.1, while the high optical density composites
ranged from 0.75 to 1.

For the cubes, the concentration that was later on applied for
the estimation of photon absorption per nanoparticle was
determined by using previously published extinction coef-
ficient.”’ By measuring transmittance intensity attenuation with
an optical microscope. (We have taken extra care and verified
that scattering and reflectance from these samples are
negligible.) We use the film thickness as assessed by atomic
force microscopy for films <3 pm thick or digital calipers with
an accuracy of ~1 ym for films ~100 ym in thickness. We use
the Gaussian laser beam radius to obtain the effective
illuminated volume and determine the number of quantum
dots we excite.

For obtaining the molar concentration of NPLs and NWs, we
multiplied the previously reported wavelength-dependent
intrinsic absorption coefficient at the excitation wavelength
used by the respective nanocrystal volume. This resulted in
extinction coefficients of 1.4 X 10° and 0.014 X 10° cm™" for
NWs and NPLs, respectively.

Characterization of Absorbance (Optical Density).
Polymer films were characterized using an Agilent 8453 UV—
visible spectroscopy system. Optical density values are reported
for the 488 nm wavelength.

Monitoring of Photoluminescence Quantum Yield
(PLQY). PLQY was monitored using a lab-built integrating
sphere spectrofluorometer, as described in detail previously.”
Briefly, the sample was placed in a cylindrical glass cuvette
(FireflySci, 7SUV) with a PTFE cap and was excited with 488
nm light from a Fianium SC4S50 supercontinuum laser at a
power density of ~36 W/mm?®. The laser spot size was roughly
1 mm. The composite samples were cut into 30 X 8 mm strips
and fitted into the cuvette. The emitted light from the sample
exits the integrating sphere through a 6.4 mm exit port and
passed through an SP2300 monochromator before being
detected with a thermoelectrically cooled silicon CCD camera
(PIXIS 400B). The laser power was measured continually using
a ThorLabs S120VC silicon photodiode.

For determining the absolute value of the PLQY, we used a
reference sample of pure toluene or hexane (no nanocrystals)
for perovskite nanocrystals in toluene or hexane, while for
polymer films, a reference sample of a pure polymer film of the
same dimensions and thickness (no nanocrystals) was utilized.
For nanocrystal—polymer films in water, a pure polymer film
(no nanocrystals) of the same dimensions and thickness
immersed in water was utilized.

Transmission Electron Microscopy (TEM). Transmission
electron micrographs were acquired using a Tecnai G220 S-
TWIN TEM equipped with a Gatan SC200 CCD camera.
Images were acquired using an accelerating voltage of 200 kV.
Image-J was used for analyzing nanoparticle size distributions.

Measurements of Film Thickness. The thickness of the
films was measured with a digital micrometer (Mitutoyo, 293—
831—30, resolution 1 um) and an atomic force microscope
(Veeco Multimode).

Quasi-Static Tensile Mechanical Testing and Contin-
uous Dynamic Analysis. Mechanical tests on SEBS films
were performed using an Agilent T-150 nanomechanical tensile
tester.”*"” In dynamic mechanical analysis, small oscillatory
forces are used to monitor the evolution of the viscoelastic
properties of the polymer as a function of strain.”* The value of
tan delta represents a convolution of the loss factor (which
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increases with increased viscous behavior) and storage modulus
(which increases with increased elastic behavior) and thus is a
measure of how the overall viscoelastic properties change
during application of a tensile stress. Testing was performed as
described previously.”* The strain rate was set to 107> for SEBS
films, which were mounted into the tensile tester using standard
pivot grips. The harmonic force amplitude was 4.5 mN, while
the oscillation frequency was 20 Hz."”

Inductively Coupled Plasma Atomic Emission Spec-
trometry (ICP-AES). The lead concentration of water that was
in contact with nanocubes—SEBS composites (optical density
0.1) for 90 days was determined by using an Optima 7000 DV
ICP-AES (PerkinElmer). Serial dilutions of a lead standard
solution in 2% nitric acid (Sigma-Aldrich) were prepared
spanning a wide range as calibration solutions. Nanocube
samples were prepared for comparison by drying under
nitrogen followed by dissolving with nitric acid and dilution
to a 10 mL volume with water. The water that the perovskite
nanocomposites was soaked in was diluted to a volume of 10
mL, and 2% by weight nitric acid was added. All samples
contained 2% by weight of nitric acid.

Measurement of Emission Polarization from Polymer
Nanocomposite Fibers. The nanowire-PLMA composites
were excited with a 488 nm Ar+ laser (Lexel Laser, Inc., 95).
Extra care was taken to achieve circular polarization of the
excitation laser. Bright-field and fluorescence images were taken
with a digital microscope camera (Paxcam 2+), as seen in
Figure 3. The polarization fluorescence of the nanocrystals was
monitored using a Zeiss inverted fluorescence microscope with
a spectrometer (Acton Research Corporation, SpectraPro-
3001) and CCD detector (Princeton Instruments, Model
7509—0001). Varying exposure times of 0.5—1 s were used to
collect spectra. To analyze the emitted light polarization, we
used a rotation mounted linear polarizer in the emission path.
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