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Doubly Stabilized Perovskite Nanocrystal Luminescence

Downconverters

Qi Xue,* Carola Lampe,* Tassilo Naujoks, Kilian Frank, Moritz Gramlich,
Markus Schoger, Willem Vanderlinden, Patrick Reisbeck, Bert Nickel, Wolfgang Briitting,

and Alexander S. Urban*

Halide perovskite nanocrystals (NCs) have emerged as a promising material
for applications ranging from light-emitting diodes (LEDs) to solar cells and
photodetectors. Still, several issues impede the realization of the NCs’ full
potential, most notably their susceptibility to degradation from environmental
stress. This work demonstrates highly stable perovskite NCs with quantum
yields (QYs) as high as 95% by exploiting a ligand-assisted copolymer
nanoreactor-based synthesis. The organic ligands thereby serve a dual func-
tion by enhancing the uptake of precursors and passivating the NCs. The
polymer micelles and ligands thus form a double protection system, shielding
the encapsulated NCs from water-, heat- and UV-light-induced degradation.
The authors demonstrate optoelectronic integrability by incorporating the
perovskite NCs as spectrally pure downconverters on top of a deep-blue-emit-
ting organic LED. These results establish a way of stabilizing perovskite NCs

and modern architectures build on the
more prevalent organic LEDs (OLEDs).[3-]
With charge balancing and high efficiency
across the whole visible spectrum still far
from optimal, QDs are typically used as
color-pure luminescence downconverters
for displays in backlighting inorganic
LEDs.28 While research into device archi-
tectures is critical for future development,
many groups are also exploring alterna-
tive materials for QDs to reduce cost,
minimize abundance concerns, and limit
toxicity.”! Having initially emerged in
2012 as a promising material for photo-
voltaics,” halide perovskites possess
significant potential for nearly all optoelec-

for optoelectronics while retaining their excellent optical properties.

1. Introduction

Quantum dots (QDs), which are semiconductor nanocrystals
(NCs) exhibiting strong quantum-confinement, have incred-
ibly appealing properties for display and lighting applications,
including bright and color-pure photoluminescence (PL) and
large spectral tuning ranges.!"? Electroluminescence (EL) from
a QD light-emitting diode (LED) was first demonstrated in 1994,

tronic devices, such as photodetectors,!
lasers,"?l and LEDs.['*-*] Halide perovskite
NCs are especially advantageous for light
emission, with their emission wavelength tunable throughout
the visible range by composition and morphology,'®l exceed-
ingly high quantum yields (QYs), even approaching unity,[/-""!
and syntheses which are generally facile, cheap, and easily scal-
able.?%2l In contrast, traditional QDs typically require inor-
ganic core-shell structures, high precursor purity, and complex,
tedious syntheses to achieve impressive optical properties.??l
However, perovskite NCs lack sufficient stability to enable
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widespread commercialization.?}l Therefore, much research
has concentrated on enhancing NC stability by embedding
the NCs inside matrices,?*?°! by optimizing ligands,?! or by
developing core-shell systems.[*”28 Each strategy has advan-
tages and limitations, such as reduced QY, stability, or limited
charge injection. Recently, we developed a method employing
block copolymers, which function both as nanoreactors and sta-
bilizers for the perovskite NCs.[?%l These individually wrapped
NCs were remarkably stable, with thin films able to survive
full underwater submersion for nearly 80 days. Nevertheless,
photoluminescence quantum yields (PLQYs) in dispersion did
not surpass 63%, and the overall yield of NCs was relatively
low. This is likely because we did not employ any organic
ligands, which are typically crucial for obtaining high-quality
halide perovskite NCs.3%3! The ligands serve a dual purpose,
enhancing the solubility of the perovskite precursors and pas-
sivating undercoordinated ions at the NC surfaces, minimizing
nonradiative recombination. Here, we merge both synthetic
strategies by adding organic ligands to the block copolymer-
based synthesis to improve the efficiency of our already highly
stable NCs. The resulting dispersions are highly luminescent,
with QYs reaching 95%. We confirm the inner structure of the
NCs and their assemblies by combining transmission electron
microscopy (TEM), X-ray diffraction (XRD), and linear optical
spectroscopy. Interestingly, we find that the length of the
organic ligand has a strong effect on the emission wavelength
of the NCs, i.e., shorter ligands induce stronger quantum con-
finement. The ligand plus polymer stabilized NCs are markedly
less susceptible to degradation induced by exposure to water,
UV-light, and heat. Most importantly, however, the enhanced
stability allows for optoelectronic integration. We demonstrate
their applicability as efficient luminescence downconverters
on top of a proof-of-concept deep-blue-emitting OLED. These
results highlight that the doubly stabilized NCs present a sub-
stantial advancement for obtaining simultaneously stable and
efficient perovskite NC emitters and could find widespread use
in displays or even optically pumped lasers.

2. Results and Discussion

For the synthesis, we dissolve a diblock copolymer comprising
polystyrene and poly(2-vinyl pyridine) (PS-b-P2VP) in toluene.l?’]
Above the critical micelle concentration (CMC), the polymers
spontaneously undergo phase separation and form uniform
core-shell micelles with the P2VP forming the core surrounded
by a PS shell. A methylammonium halide precursor (MAX,
X = Br, I) is added to the solution under vigorous stirring to
enable diffusion into the micellar cores, where the environment
is more polar. The first part of this synthesis is identical to our
previously published method. However, for these NCs here, we
now add a solution comprising the lead halide precursor and
organic ligands (aliphatic amines and acids). The dispersions
show an immediate increase in coloration, which continually
intensifies over time. This clearly indicates that this step sub-
stantially improves the perovskite NCs' formation process. To
quantify this observation, we obtained linear PL spectra of the
brightly colored dispersions (Figure 1a). These exhibited strong
PL emission, characterized by a single, narrow peak (<120 meV
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full width at half maximum - FWHM). The emission max-
imum shifted between 520 and 716 nm, depending on the
bromide to iodide ratio and the ligands used in the precursor.
The PLQY of all dispersions—even the mixed halides—were
exceedingly high, peaking at 95% (for the pure bromide compo-
sition), far above our previously obtained maximum of 63%.2%]

TEM was employed to investigate the NCs' morphology
(Figure 1b). The large amount of organic material precludes a
detailed analysis of the size, shape, and number of NCs within
the micellar cores. However, we can clearly see the extent of
the micellar cores, which are essentially completely filled with
perovskite NCs. The micellar cores exhibited a narrow size
distribution with diameters of 18 £ 2 nm and the encapsu-
lated NCs formed densely packed self-assembled monolayers
upon drop-casting on the TEM grids. A FFT of the TEM image
reveals a center-to-center distance of approximately 19 nm
(inset in Figure 1b). Atomic force microscopy (AFM) imaging
of the NC films confirms this self-assembly process and the
obtained sizes (see Figure S1, Supporting Information) and
excellent sample homogeneity. Analysis reveals nearly perfect
monolayers, 16 nm in height, slightly above the value obtained
from the TEM images, over hundreds of um? with a typical sur-
face roughness of 1.5 nm.

We used X-ray scattering to investigate the morphology and
ordering of the doubly stabilized NCs in films. GISAXS data of
such dried multilayer films on a silicon substrate are shown in
Figure 1c and Figure S2 (Supporting Information). The GISAXS
data reveal a circular diffraction signal around the direct beam
at q=47” Sin[?)=0~035 A~ The homogeneous powder-ring-
like diffraction image indicates an isotropic packing of the
micelles in all three dimensions. We obtain a center-to-center
distance of the micelles of d = 20.7 nm assuming hexagonal
close-packing (see Table S1, Supporting Information). This size
nearly equals the value obtained from TEM analysis. To inves-
tigate the perovskite crystallinity, we also recorded GIWAXS of
the NCs (Figure 1d and Figure S2, Supporting Information).
We find pronounced diffraction peaks (green line) whose posi-
tions reveal a near-perfect match to those expected from a cubic
MAPDBr; structure (black bars).32 A Scherrer analysis of the
MAPDBr; peak widths reveals a NC size of (10.3 + 2.6 nm),
matching the core sizes observed in the TEM images. Inter-
estingly, at small scattering angles (g < 0.5 A™), we find a pro-
nounced additional diffraction signal stemming from a lamellar
structure ordered parallel to the substrate (yellow line, see also
Figures S2 and S3, Supporting Information). Analysis of these
peaks reveals a lamellar structure with a spacing of 3.96 +
0.03 nm. Being approximately twice the length of an oleylamine
molecule,?¥l we attribute this signal to a multilamellar ligand
phase comprising the oleylamine and oleic acid molecules and
domain sizes of at least 30 nm.*¥ Accordingly, we envision
the films to consist of MAPbBr; NCs passivated with organic
ligands and incorporated inside the polymer micelles. These
doubly stabilized NCs self-assemble into densely packed layers,
with residual ligands forming lamellar bilayers, oriented par-
allel to the substrate and surrounding the micellar-encapsulated
NCs (Figure le).

The GIWAXS data suggested that the encapsulated NCs
are embedded in a lamellar bilayer structure formed by excess
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Figure 1. Formation and morphology of perovskite NCs. a) PL spectra of doubly stabilized MAPbBr,l;_, NCs with 0 < x < 3. b) TEM image of doubly
stabilized MAPbBr; NCs. The NCs self-assemble to form a monolayer and exhibit a homogeneous core size of 18 £ 2 nm. Fast Fourier transform (FFT)
of the image (inset) results in a value of 19 = 1 nm for the NC spacing. c) Grazing-incidence small-angle X-ray scattering (GISAXS) detector image of
bare polymer micelles mixed with dodecylamine ligands revealing a spacing of 20.7 nm. d) Grazing-incidence wide-angle scattering (GIWAXS) data
of doubly stabilized MAPbBr; NCs with oleylamine ligands (gray dots) show Bragg peaks matching DFT calculations of the cubic MAPbBr; structure
(black lines).? Scherrer analysis of the peak widths (green line) yields NC core sizes of 10.3 + 2.6 nm. Sharp peaks at small scattering angles (yellow
line) correspond to a lamellar ligand bilayer phase with 3.96 nm spacing. e) Schematic of a NC film on substrates composed of tightly packed doubly

stabilized NC assemblies embedded in an excess ligand phase.

ligands. Therefore, we varied the ligand length to probe whether
they influence the synthesis beyond enhancing the precursors’
solubility. Indeed, in contrast to the precursor concentration, the
amine ligand’s length had a pronounced effect on the spectral
position of the PL emission maximum (Figure 2). The PL
emission maximum of MAPbBr; NCs blueshifts from 520 nm
down to 491 nm as we shorten the alkyl chain from 18 carbon
atoms (oleylamine) down to 6 (hexylamine). UV-vis spectra also
showed a progressive blueshift of the absorption onset from
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520 to 491 nm with decreasing chain length for oleylamine and
hexylamine, respectively (see Figure S7a, Supporting Informa-
tion). For MAPbI; NCs, we observe a similar behavior with
a shift from 670 to 610 nm of the PL emission maximum (see
Figure 2b). This blueshift suggests that the ligands induce
quantum confinement in the NCs. To confirm this, we imaged
the NCs again, using TEM. The NCs all form homogeneous
monolayers on the TEM grids. Astoundingly, the NC core size
and center-to-center distance exhibit negligible dependence on
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Figure 2. Effect of organic ligand length on NC properties. a) PL spectra of MAPbBr; NCs synthesized with varying amine ligand lengths (from left
to right hexylamine, octylamine, dodecylamine, oleylamine). b) PL spectra of MAPbl; NCs synthesized with varying amine ligand lengths (from left to

right hexylamine, octylamine, dodecylamine, and oleylamine).
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Figure 3. Stability of doubly stabilized perovskite NCs. a) PL spectra of dropcasted doubly stabilized perovskite NC films with varying amine ligand
length immediately after synthesis (solid lines) and after submersion underwater for 12 h (dashed lines). b) Evolution of the PLQY of doubly stabi-
lized perovskite NC films stored in ambient conditions for 30 days. (Three films were fabricated, and their average PLQY and the standard deviation
determined). c) Development of the PL intensity of perovskite NC dispersions for doubly stabilized NCs (green) and ligand encapsulated NCs (black)

illuminated with UV light.

the amine ligand length for all samples (see Figure S8, Sup-
porting Information). To explain these results, we must assume
that each micelle contains more than one NC on average, each
small enough to induce quantum confinement and unresolvable
in the TEM images. Compared to previous reports on quantum-
confined NCs, we surmise that the NCs responsible for the PL
here are between 3 and 15 nm in size.?3*3% If the NCs do not
fill the entire core space, there will likely be a more considerable
inhomogeneity in the NC sizes, increasing the PL peak width.
This is supported by the PL peak widths, which are considerably
broader for the shorter ligand-containing samples than those
synthesized with oleylamine (170 meV compared to 118 meV).

Hexylamine is the shortest viable amine ligand; even shorter
ones, e.g., butylamine, resulted in very low PL emission (see
Figure S9, Supporting Information). The high volatility of
the shorter amines, which causes them to evaporate from the
solution, likely reduces their concentration significantly, prohib-
iting them from participating during the synthesis. Notably, the
PLQY assumed high values for all viable ligands, with a max-
imum average value of 90% for octylamine and a minimum of
78% for dodecylamine. Interestingly, the acidic ligand plays a
less significant role, i.e., varying the length of the acid chain
from 18 to 6 C-atoms shifted the PL spectra by only 9 nm, in
contrast to the 29 nm shift obtained for the amine chain length
variation (see Figure 2 and Figure S10, Supporting Informa-
tion). Moreover, PLQYs were generally significantly reduced for
the other acid ligands.

In our previous publication, we found that the polymer micelle
encapsulation greatly enhanced the stability of the perovskite
NCs toward environmentally induced degradation, even per-
mitting films to be stored underwater for up to 75 days.?l The
degradation progressed much faster initially and then slowed
down considerably. We repeated similar measurements to deter-
mine whether the organic ligands help deter degradation by pro-
ducing drop-casted films of the doubly protected perovskite NCs.
To minimize the protective effect of thick drop-casted films, we
fabricated films with as little material as possible to still obtain
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reliable PL signals. We submersed these in water, monitoring
the PL spectra and intensities over the first 12 h (Figure 3a).
All films remained luminescent, exhibiting PL spectra with
nearly no change in the shape, only lower overall intensities.
Interestingly, the intensity decrease was highly dependent on the
ligand length used. While the hexylamine sample’s PL strength
decreased to 46%, the oleylamine-protected NCs retained 86%
of their original PL signal. This effect is likely due to the higher
hydrophobicity of the longer chains, which shield the NCs more
effectively. The NCs are bright and highly efficient, with films
comprising oleylamine doubly protected NCs exhibiting QYs
of 60% (Figure 3b). The QY of these otherwise unprotected
films shows a gradual yet slow decrease to 37% after exposure
to ambient conditions for 30 days. This constitutes a signifi-
cant improvement over most nanocrystalline or thin perovskite
films.[2636371 Additionally, the films are relatively stable to heat
and UV light exposure, showing little change in the PL spectra
or overall intensity (Figure 3c and Figure S11, Supporting Infor-
mation). We investigated the stability regarding UV exposure in
dispersions to exclude the combined effect of oxygen and UV expo-
sure (Figure 3c). Reference MAPbBr; NCs synthesized through
the ligand-assisted reprecipitation (LARP) method without
the block copolymer rapidly degrade when exposed to 365 nm
light, with the PL intensity dropping to zero after only 150 min.
In comparison, the doubly stabilized NCs did not exhibit a dis-
cernible drop in their PL even for significantly longer exposure
times (up to 24 h). This stability is especially relevant for device
fabrication, as the NCs do not need to be processed immediately
and instead can be stored in ambient conditions until required.

The doubly stabilized NCs are substantially more stable than
typical perovskite NCs; however, the additional organic material
in the structure might impede integration into optoelectronic
devices. To investigate this, we employed the NCs as efficient
luminescence downconverters with highly pure emission, sim-
ilar to those used in QD-TVs.

To this end, we fabricated an OLED comprising a deep-blue
fluorescent emitter (Figure 4; for details on the layer stack and
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Figure 4. Perovskite NC DC-OLED. a) Schematic layer stack of the blue pump OLED on the top side of a glass substrate with the perovskite NC down-
conversion layer applied to the bottom side of the substrate. b) EL emission of the bare OLED (blue) and the complete device (green). Photographs
of the two devices are shown as insets. ¢) Current density and luminance of the bare OLED (black, blue) and the entire device (gray, green) dependent
on the driving voltage. d) External quantum efficiency (EQE) of the bare OLED (blue) and the DC-OLED (green) as a function of the current density.

the used materials, see Figures S12 and S13, Supporting Infor-
mation). This OLED has a low turn-on voltage of about 3V,
a spectral emission peaking at 405 nm, and reaches a lumi-
nance of more than 1000 cd m at 10 V. The OLED’s external
quantum efficiency (EQE) is about 0.4% at low current den-
sity before it starts to roll off above 10 mA ¢cm™2, which can be
ascribed to exciton-exciton and exciton-polaron quenching.l*®l
We fabricated a green downconverter OLED (DC-OLED) by
drop-casting a layer of highly concentrated doubly protected
NCs comprising oleylamine and oleic acid ligands onto the
back of the deep-blue OLED’s glass substrate, as shown sche-
matically in Figure 4a. The perovskite layer absorbs nearly all
blue light emanating from the OLED pump and converts it into
green light. The resulting device is strongly luminescent with
an EL emission peaking at 532 nm and a very narrow FWHM
of only 24 nm (Figure 4b). As expected, the DC-OLED shows
almost identical electrical characteristics; however, the lumi-
nance reaches substantially higher values than the OLED for
all driving voltages and achieves a maximum of 2650 c¢d m™
at 10 V, which was the highest voltage used (Figure 4c). This
increase in luminance is understandable as the human eye is
more sensitive toward the green part of the visible spectrum.

Adv. Optical Mater. 2022, 10, 2102791 2102791 (5 of 9)

Most remarkable, however, is the enhancement of the EQE of
the DC-OLED (Figure 4d).

In detail, the DC-OLED EQE, initially below that of the orig-
inal OLED, increases steeply with increasing current density,
rapidly surpassing the former’s performance and reaching a
peak value of about 0.5% at 20 mA cm? (corresponding to a
luminance of about 350 cd m~2) and then decreasing rapidly.
Such behavior is frequently observed in QD-LEDs because the
total recombination current has three contributions, scaling
with different power of the carrier density: a linear (nonradia-
tive) term owing to trap-assisted recombination, a quadratic
term for the radiative recombination, and, finally, a cubic term
for Auger quenching.?*#% Since the EQE is defined as the ratio
of the radiative and the total recombination currents, it typically
has a maximum at intermediate current densities, where the
quadratic term is the dominant contribution. Following this
scenario for the DC-OLEDs studied here, the “roll-on” behavior
can tentatively be ascribed to trap filling in the perovskites with
increasing photon flux from the blue OLED pump. A concomi-
tant increase in PLQY with increasing excitation fluence occur-
ring in the neat DC film supports this explanation. A similar
effect has already been reported for perovskite nanostructures.*!
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We reinforce this by adding a fluence-dependent PLQY
measurement (see Figure S15, Supporting Information).
The excitation intensity of the blue pump LED, which is
its radiant intensity, reaches 1 W m™ at a current density of
10 mA cm2, which is the point of PLQY saturation measured
in Figure S15 (Supporting Information). On the other hand,
the steep “roll-off” above the EQE maximum is a superposition
of the droop of the OLED itself, plus an additional contribu-
tion stemming from Auger recombination in the perovskite
micelles.*?l Further investigations toward clarifying the precise
nature of these processes are underway. The enhancement of
the EQE over a wide range of current densities is remarkable.
The higher EQE is a priori not expected if only a simple lumi-
nescence downconversion process is assumed, where each
absorbed blue pump photon can, at best, produce one green
photon in the perovskite. It is even more surprising given the
less than ideal PLQY of the doubly stabilized perovskite film
of about 71% (see Figure S15, Supporting Information), which
should lead to a decrease in the EQE. Consequentially, this
indicates that the perovskite layer on top of the glass substrate
itself improves light outcoupling from the blue OLED pump.
This, in turn, overcompensates the losses in the luminescence
downconversion process. Although exact quantification of the
overall enhancement factor is not straightforward (see the
Experimental Section for details), one can qualitatively under-
stand this boost by considering the effective refractive index of
the perovskite-polymer composite layer. As this is higher than
glass, significantly more blue photons—about a factor of 2—
from the OLED pump are extracted into this layer compared
to the glass—air interface in the pristine device. Moreover, the
high density and viscosity of the dispersion result in the for-
mation of larger aggregates of encapsulated perovskite NCs in
the applied layer. Accordingly, the top layer of the device is not
flat but is considerably roughened. These aggregates scatter a
considerable fraction of green photons out of the device that
otherwise would have been trapped due to total internal reflec-
tion. Additionally, photon recycling has also been reported to
increase the light-outcoupling of perovskite films and is likely
to be prominent in the thick perovskite films.*!

3. Conclusion

In summary, we have synthesized perovskite NCs inside block
copolymer nanoreactors with PLQYs of up to 95% by incorpo-
rating organic ligands into the synthesis. The organic ligands
help solubilize the perovskite precursors, promoting their dif-
fusion into the micellar nanoreactor cores. Therein, the perov-
skite NCs form spontaneously and are efficiently stabilized by
both the diblock copolymer micelle and the organic ligands.
This leads to enhanced quantum confinement and, conse-
quently, a tuning of the PL emission. The polymer and organic
ligands form a stabilized system around the NCs, shielding
them from the environment and substantially reducing deg-
radation due to water, heat, and UV-light exposure. Since the
double stabilization system is optically transparent, integration
into optoelectronic devices is straightforward. We demonstrate
this by fabricating an efficient DC-LED with strong, spectrally
narrow green luminescence. The novel structured NCs exhibit
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a respectable combination of stability and optical properties
and could pave the way to commercialize perovskite NC-based
optoelectronics. Initially used as luminescence downconverters
for displays, after resolving charge and energy transport issues,
doubly stabilized perovskite NCs could represent an alternative
material for realizing electrically contacted QD-LEDs.

4. Experimental Section

Chemicals:  Methylammonium  bromide (MABr, 99.5%) and
methylammonium iodide (MAI, 99.9%) were purchased from Ossila.
Lead bromide (PbBr, 98%), butylamine (99%), hexylamine (99%),
octylamine (99%), dodecylamine (99%), oleic acid (technical grade
90%), and oleylamine (technical grade 70%) were purchased from
Sigma-Aldrich. Lead iodide (99.9%) was purchased from Alfa Aesar.
Toluene (99.8%) was purchased from VWR chemicals. Block copolymers
were purchased from Polymer Source Inc. All chemicals were used
without further purification.

Doubly  Stabilized ~Perovskite Nanocrystal ~Synthesis: Briefly, the
perovskite NCs were prepared through a wet chemical synthesis
method. To prepare the polymer micelle solution, a PS-PVP polymer
(9.536 x 107 mol) was dissolved in toluene (3 mL) and continuously
stirred overnight. Then, MAX (2.14 x 107> mol; X = Br, 1) was added into
the polymer solution, followed by vigorous stirring for 5 h. A lead halide
salt (0.1 mmol) was dissolved in toluene (500 pL) with an acid ligand
(0.14 mmol) and an amine ligand (0.38 mmol) as the lead precursor.
The lead precursor (30 pL) was added into the MAX-polymer mixture
and stirred for at least 24 h. The reaction mixture was centrifuged for
10 min at 10000 rpm for further purification. The supernatant was
subsequently centrifuged for 30 min at 12 000 rpm and further used for
characterization.

MAPbBry; NCs Synthesized through the Ligand-Assisted Reprecipitation
(LARP) Method: Typically, MABr (0.16 mmol) and PbBr, (0.2 mmol) were
added into dimethylformamide (DMF) (5 mL), followed by n-octylamine
(20 pL) and oleic acid (0.5 mL) to obtain a precursor solution. Under
vigorous stirring, precursor solution (2 mL) was added into toluene
(10 mL). The reaction mixture was centrifuged for 10 min at 7000 rpm to
obtain a greenly fluorescing supernatant with NCs.

Transmission Electron Microscopy: The morphology of the perovskite
NCs was characterized by TEM operating at an accelerating voltage of
80 kV (JEOL JEM-1017).

Atomic Force Microscopy: AFM imaging was performed on a JPK
Nanowizard Ultraspeed 2 AFM (Bruker). Images were recorded
in amplitude-modulation mode on dried samples, under ambient
conditions, and using silicon cantilevers (Olympus; AC160TS; resonance
frequency =250- 300 kHz). Typical scans were recorded at 1-3 Hz line
frequency, with optimized feedback parameters, and at = 2 nm pixel™.
The Scanning Probe Image processor software (SPIP; v6.4; Image
Metrology) was employed for image processing and analysis. Image
processing involved background correction using a global fitting with a
third-order polynomial and line-by-line correction through the histogram
alignment routine.

Grazing-Incidence Small/Wide-Angle Scattering: (GI)SAXS and (Gl)
WAXS data were recorded at the molybdenum microfocus X-ray setup
at LMU Munich." The X-ray energy is 17.4 keV (wavelength A= 0.71 A).
GISAXS and GIWAXS were recorded from samples dried on 1 x 1 cm?
silicon substrates (Siegert Wafer) at a grazing incidence angle of 0.2°.

For GISAXS, either a Pilatus 300K (Dectris, Baden—Dittwil,
Switzerland) detector at 2.53 m distance or a Pilatus 100K detector at
1.05 m distance was used. The total exposure time per sample was
between 3 and 5 h.

For GIWAXS, a Pilatus 100K detector at 23.5 cm distance was raster-
scanned perpendicular to the direct beam to increase the g-range. The
total exposure time per sample was between 10 and 15 h.

The median of multiple detector images was used for background
reduction for further processing. The resulting images were processed
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with the Nika packagel®! for Igor Pro (Wavemetrics, Portland, OR, USA).
For GISAXS, the beam stop’s shadow, scattering around the specular
axis g = 0, and data below the sample horizon were masked before
azimuthal integration. For GIWAXS, the beam stop’s shadow, diffuse
scattering from the silicon substrate, and data below the sample horizon
were masked before azimuthal integration. A baseline was subtracted
from the data in Origin Pro (OriginLab, Northampton MA, USA).
Data are shown as a function of scattering vector g:

U

A =071 A is the X-ray wavelength, 20 is the scattering angle. In the
grazing incidence geometry, the data was shown as a function of the
scattering vector in the substrate plane (q,, g,, q)) and perpendicular to
the substrate (q,):

4, =2 (cos(ers ) cos(9) —cos(z)) @
4y =2f- cos(ay)sin(9) e
qa :m 4)
4, :ZTﬂ(sin((x,-)+sin((xf)) 5)

o; and o are the incidence and exit angles, respectively. The exit angles
of and @ were calculated from the position of the direct beam (xy) on
the detector.

— y
o —arctan(ﬁ)—ai (6)

o= arctan(sgD) (7)

SDD is the sample-to-detector distance.

Peak widths were analyzed using Python and the numpy, scipy,
matplotlib, Imfit, and fablO packages.l***°l Gaussian peak broadening
of a peak at 26,to a FWHM b, due to the finite size of the NCs was
assumed. Additionally, there is an instrumental peak broadening. The
main contribution to instrumental peak broadening is the sample
length | = 10 mm, which is approximately described by a boxcar peak
shape between scattering angles 26, and 26,. This boxcar function
must be convoluted with a Gaussian peak of width bs, which includes
the broadening due to finite crystallite size and remaining instrumental
contributions. This leads to a peak shape function B(26):

h 20, —20 26, -20
-4 (2
_(200-26,) (26,20,
N—erf( oo ) erf( N ) ©)
26, —arct SDD:sin(26;)
0 =AM SDDcos (26y)- 12 (10)
B SDD:-sin(26)
26 _arCtan(SDDcos(ZQ]) + 1/2) ()

by
= 12
2,/2In(2) (12
Herein, h is the height of the peak, N is a normalization factor,

X
erf(x) = 2 J‘e*TIdT is the error function, 26 is the scattering angle, by is

n

Adv. Optical Mater. 2022, 10, 2102791 2102791 (7 0f9)

www.advopticalmat.de

the fwhm of the Gaussian contribution to the peak. SDD is the sample-
to-detector distance, and [ is the sample length.

All remaining contributions to instrumental peak broadening (direct
beam profile, detector pixel size, and X-ray wavelength spread) can be
summarized in a Gaussian function of angle-dependent width b,. This
work determined the width by fitting the diffraction peaks of a lanthanum
hexaboride standard (NIST SRM 660c), taking into account its different
sample length [ =1 mm in the function B(26).

The final peak width (FWHM) after correction of all instrumental
contributions is then

by =Jb2 b3 (13)

The crystallite size can be calculated by applying the Scherrer
equation to the diffraction peak width, using the following expression:*°l

KA

D:b1 cos(26,/2) (14)

Herein, K=11is a shape factor, 4 the X-ray wavelength, and b, and 26,
the peak width and diffraction angle as described above. The mean
and standard deviation of D values obtained from fitting six diffraction
peaks were reported, as shown in Figure 1d and Figure S3 (Supporting
Information).

For comparison to existing crystallographic data, peak positions were
simulated using the software Mercury 4.2.0.51

OLED Device Fabrication: Devices were fabricated with a structure
of Borosilicate glass (0.7 mm)/ITO (90 nm)/PEDOT:PSS (CH8000,
40 nm)/MoO; (10 nm)/mCBP (5 nm)/TCTA (40 nm)/Cz-PS:TCTA
(1:9 vol. ratio doping, 15 nm)/TPBi (45 nm)/LiF (0.5 nm)/Aluminium
(100 nm), according to Figure S12 (Supporting Information), with the
organic materials’ structure and full names in Figure S13 (Supporting
Information). The ITO-glass substrates were obtained from Thin Film
Devices Inc. PEDOT:PSS CH8000 alias “CLEVIOS™ P VP CH 8000” from
Heraeus Epurio was used as a smoothing polymer. The molybdenum
oxide was bought from Sigma Aldrich and stored in N,-atmosphere.
So were all organic semiconductors, which were purchased from
Luminescence Technology Corporation. After a cleaning procedure
with UV grade acetone and isopropanol, the surface was treated in a
UV-Ozone-Cleaner (Novascan Model PSD-UV4). PEDOT:PSS of type
CHB8000 was spin-coated at 3000 rpm and baked at 150 °C for 15 min in
air. All other OLED materials were deposited by thermal evaporation at a
pressure of less than 2 x 107 Pa at deposition rates of 100 pm s~

OLED and DC-OLED Operation: The electrical measurements were
performed with an Agilent E5263A source-measure unit. Luminance
was determined with a calibrated photopic filter and photodiode
combination by Gigahertz-Optik GmbH. The electroluminescent
spectra were taken with a calibrated spectrometer by Jena Technische
Instrumente GmbH “JETI specbos 1201 focus”. The EQE was estimated
with the acquired spectra, the applied current, and a Lambertian
emission profile approximation. After complete characterization of the
pristine OLED, the downconverter layer was created as follows. The
aforementioned micellar perovskite NC dispersions were concentrated
by up to ten times and mixed with a small amount of polystyrene to
increase the viscosity. (An exact determination of the concentration was
not possible due to the high optical density and the final viscosity of
the dispersion.) Subsequently, 2 x 100 uL of the polystyrene enriched
dispersion was dropcoated onto the back of the OLED’s glass substrate
and dried at room temperature in a nitrogen atmosphere resulting in
a film of approximately 500 um thickness. Intensity-dependent PLQY
measurements were performed within a calibrated BaSO,-coated
integrating sphere via the three-step method reported previously.’

Excitation intensity was varied with a continuous optical-density filter
wheel in front of a 442 nm laser source. Detection of both the laser
excitation and the PL signal was performed with a fiber-coupled CCD
spectrometer (Princeton Instruments PyLoN).

Estimating Downconversion Efficiency and Light Outcoupling Efficiency:
As discussed in the main manuscript, the DC-OLED shows a higher
external quantum efficiency than the original pump OLED. This is a
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priori unexpected because in a simple luminescence down-conversion
(color conversion) from blue to green photon multiplication is not
possible. However, since a significant fraction of photons is initially
trapped in the blue pump OLED within waveguided and substrate
modes, the quantum efficiency can be boosted by releasing these.
It has been shown that high index outcoupling structures can lead to
significant EQE increases.’® It is proposed that the perovskite-micelle
film, which almost certainly has a refractive index greater than the used
glass substrate, suppresses part of the total internal reflection at the
glass-air interface. Moreover, due to its morphology it is also expected
to scatter light quite efficiently and, therefore, effectively acts as a high
index outcoupling medium.

The luminescence downconversion efficiency (DCE) can be estimated
from the ratio of the EQEs of the original blue pump OLED and the green
DC-OLED. At the point where the spectra (see Figure S14, Supporting
Information) are taken, i.e., at a current density of about 25 mA cm?,
these values are 0.39 % resp. 0.50 %, which leads to a DCE of 126 %.
Furthermore, with the known PLQY, the extent of the different involved
factors can be estimated: In the absence of any extra light outcoupling
from the pump OLED, the DCE should be equal to the PLQY, i.e., 71%
(see Figure S15, Supporting Information), at best. However, the DCE
> 1 can be explained, provided that i) additional light outcouples from
the blue OLED into the perovskite layer and ii) there is an enhanced
outcoupling of the converted green light due to scattering. These effects
can be described by a factor n,,,, (for ambient outcoupling):

DCE = PLQY X Mymp (15)

Thus, the light outcoupling from the original blue OLED to the
environment is increased by n,,, = 177% upon application of the
doubly protected perovskite NC downconverter film.

It is further insightful to compare the emission spectra of both
OLEDs, i.e., the original blue pump and the green DC-OLED. The
emission spectrum of the DC-OLED is described as a superposition of
the PL spectrum (A) of the micelles and the driving OLED’s EL spectrum
(A), weighted with the absorption spectrum A(4) of the micelles, as
shown in Figure S14 (Supporting Information). This superposition fits
the EL spectrum of the DC-OLED quite well proving that absorption and
subsequent re-emission by the micelles is indeed the main conversion
process in that device. In detail, the following expression was used for
the fit:

a-EL(A)(1-sA(A))+b-PL(A - Ao) (16)

where a, b, and s are adjustable parameters, and the wavelength offset
Ao was fitted to be 7.4 nm. This offset can be ascribed to reabsorption in
the thick perovskite-micelle film, which is different under EL conditions
where excitation occurs by the blue OLED through the glass substrate,
whereas PL excitation of a film is performed from the surface to air.
Since the Stokes shift in perovskite NCs is very small, such reabsorption
is stronger for the high-energy side of the emission spectrum and,
therefore, effectively leads to a red-shift for the EL spectrum.

Finally, the PLQY of a neat perovskite micelles film (i.e., without the
blue pump OLED) was investigated in dependence of the excitation
fluence (Figure S15, Supporting Information). Although the 442 nm laser
excitation wavelength does not exactly match the maximum of the blue
pump OLED’s emission spectrum, it allows for a comparison with the
current density dependent EQE of the DC-OLED shown in Figure 4d
of the main manuscript. Specifically, the lowest laser excitation fluence
of 107" W m™ approximately corresponds to a current density of
0.1 mA cm?, i.e., well below the EQE maximum. With increasing laser
intensity, the PLQY also increases by about 20% before saturating at a
value of = 71% at higher intensities. This behavior is often observed in
luminescent quantum dots and is usually ascribed to trap filling.[*0:4
Consequently, the “roll-on” in the device EQE of the DC-OLED can most
likely be attributed to the PLQY increase if the difference in excitation
wavelength is neglected.
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