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Narrowing the Phase Distribution of Quasi-2D Perovskites
for Stable Deep-Blue Electroluminescence

Yoonseo Nah, Devan Solanki, Yitong Dong, Jason A. R6hr, André D. Taylor, Shu Hu,

Edward H. Sargent,* and Dong Ha Kim*

Solution-processed quasi-2D perovskites contain multiple quantum wells with
a broad width distribution. Inhomogeneity results in the charge funneling into
the smallest bandgap components, which hinders deep-blue emission and
accelerates Auger recombination. Here, a synthetic strategy applied to a range
of quasi-2D perovskite systems is reported, that significantly narrows the
quantum well dispersity. It is shown that the phase distribution in the
perovskite film is significantly narrowed with controlled, simultaneous
evaporation of solvent and antisolvent. Modulation of film formation kinetics
of quasi-2D perovskite enables stable deep-blue electroluminescence with a
peak emission wavelength of 466 nm and a narrow linewidth of 14 nm. Light

1. Introduction

Quasi-2D perovskites consist of nanometer-
thick halide perovskites separated by or-
ganic spacers. They have recently been con-
sidered as candidate light-emitters since
the dielectric confinement provides a large
exciton binding energy,'3! their defect
tolerance allows superior color purity,*
and they are solution-processible at room
temperature.®!

Solution-processed quasi-2D perovskites
contain multiple quantum wells and of-

emitting diodes using the perovskite film show a maximum luminance of
280 cd m2 at an external quantum efficiency of 0.1%. This synthetic approach
will serve in producing new materials widening the color gamut of

next-generation displays.

ten exhibit a broad width distribution.
Inhomogeneity derives from sponta-
neous formation of colloidal sol-gel
complexes, which offer nucleation sites
for local crystallization.l®’] As a result,
each nanocrystalline slab with its unique
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Figure 1. Schematic diagrams illustrating the phase distribution of <n> = 2 perovskites synthesized using different techniques. a) Hot-casted perovskite
showing vertical and lateral phase segregation, as the hot-casting method accelerates the evaporation of solvent at the liquid—air interface. b) Antisolvent
treatment also leads to the spatially non-uniform nucleation, because antisolvent molecules spread above the substrate and reduce local solubility.
Consequently, hot-casted and antisolvent-treated quasi-2D perovskites contain multiple quantum wells with a broad width distribution. c) In contrast,
when the evaporation rate of solvent at the liquid—air interface equates with the evaporation rate of antisolvent near the substrate, the supersaturated
regions are minimized and perovskites crystallize at a uniform nucleation rate. Therefore, the evaporation-controlled perovskite shows the narrowest

phase distribution.

bandgap energy orients randomly with respect to the substrate.

Inhomogeneous band alignment allows charge carriers to be
funneled into the lowest-energy radiative-recombination centers
and saturate shallow trap sites.>3° This efficient energy fun-
neling contributes to increased photoluminescence quantum
yield.[>M] However, the resulting cascade energy landscape often
limits device performance in two ways: (i) excitons recombine in
large n phases or quasi-3D phases, thus hindering the deep-blue
emission; and (ii) Auger recombination dominates at high cur-
rent density due to the increased charge carriers confined in a
small subpopulation of recombination centers.!'213]

To overcome these limitations, it is important to control quan-
tum well dispersity. A narrow phase distribution allows deep-
blue electroluminescence from small n phases and also mitigates
Auger recombination, since it increases the number of recom-
bination centers. Given the difficulty in controlling the crystal-
lization rate during the sol-gel stage, however, only a few studies
have reported narrow quantum well distributions to date.'*8l
Additionally, the most promising strategies currently are based
on modulating chemical composition; this limits material sys-
tems and often relies on a multistep synthesis.

Here we use film formation kinetics to tailor the phase disper-
sity of various Ruddlesden—Popper phase perovskite materials.
Prior reports showed that solvent-precursor intermediates pro-
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mote the growth of quantum wells, as solvent evaporation re-
leases inorganic precursors and incorporates these into partially
formed quasi-2D slabs.['*2%] The thickness of quantum wells is
thus determined after the formation of organic bilayers. We note
that crystallization kinetics can be tailored by modulating the syn-
thesis parameters. For example, in light of the rapid evaporation
of solvent at the liquid—air interface, the local supersaturation at
this regime is generally higher than that at the liquid-substrate
interface. Therefore, hot-casted films show a gradual increase in
slab thickness (n value) along the vertical and lateral directions
(Figure 1a).[?!] In contrast, the phase distribution in antisolvent-
treated perovskite film is different due to the higher local su-
persaturation near the substrate, which results from the uneven
distribution of antisolvent molecules as depicted in Figure 1b.
Whereas thick quantum wells crystallize near the substrate due to
the prompt local supersaturation, the combination of slower nu-
cleation and an excess amount of residual organic spacers leads
to the formation of thinner wells on the corner regions.

2. Results and Discussion

To narrow the phase distribution, we sought to prolong the
process of incorporation of newly released precursors into
the existing perovskite slabs. This can be achieved either by

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Photophysical characterizations. a—c) UV-vis absorption and photoluminescence spectra of <n> = 2 perovskites (PEA,CsPb,Br;) synthesized
using different techniques. The excitation wavelength was 365 nm. The inset photograph was taken under a UV lamp. Film size: 25 x 25 mm.

(i) accelerating the formation of organic bilayers to quench the
growth of quantum wells or (ii) regulating the nucleation rates
throughout the film. Assuming a uniform distribution of dis-
solved organic moieties in the film and their low diffusivity due
to their large sizes, a viable approach to accelerate the formation
of organic bilayers is to increase their concentration. However,
employing more organic spacers than the stoichiometric quan-
tity leads to more monolayered slabs, which decreases the charge
transport capability.!??]

Alternatively, spatially uniform nucleation also restricts the
growth of thick quantum wells as it implies an increased num-
ber of nucleation sites. Considering that the evaporation of sol-
vent starts from the liquid—air interface and that the antisolvent
lingers near the substrate, uniform nucleation can be achieved by
matching the temperature of the system (i.e., precursor solution
and substrate) with the boiling point of antisolvent (Figure 1c).
This will induce simultaneous evaporation of solvent and anti-
solvent, which accelerates nucleation throughout the film and
enables even distribution of organic barriers. The width distri-
bution of perovskite quantum wells can thus be regulated.

To verify our proposed approach, we synthesized quasi-2D
perovskites (PEA,CsPb,Br,, n = 2) on glass substrates by us-
ing three different techniques: (i) hot-casting, (ii) antisolvent-
treatment, and (iii) evaporation-control methods. First, pre-
cursor solutions were prepared by dissolving stoichiometric
amounts of 2-phenylethylammonium bromide (PEABr), cesium
bromide (CsBr), and lead bromide (PbBr,) into dimethylsulfox-
ide (DMSO). Small amounts of n-propylammonium bromide
(nPABr) were added to improve crystallinity and to suppress
the formation of the n = 1 phase.[?>%] This nPABr has negligi-
ble impact on the formation of larger n phases (see Figure S3,
Supporting Information). For the syntheses of hot-casted and
evaporation-controlled perovskites, the precursor solutions and
the glass substrates were pre-heated at 110 °C for 20 min and
then transferred to a spin-coater. Meanwhile, during the spin-
coating process of antisolvent-treated and evaporation-controlled
perovskites, 150 pL of toluene was dropped onto the substrate
(see Experimental Section).

We first compared the photophysical properties of <n> = 2
perovskites synthesized using different techniques. As shown in
Figure 2a, the hot-casted perovskite exhibits sharp excitonic ab-
sorption peaks which correspond to the absorption from n =1,
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2, 3 and quasi-3D phases. Multiple emission peaks indicate in-
efficient energy transfer from larger to smaller bandgap com-
ponents. On the contrary, the antisolvent-treated perovskite ex-
hibits reduced absorption from n > 3 phases, suggesting a re-
duction of the thicker n > 3 slabs in the film (Figure 2b). It
should be noted, however, that this does not preclude the exis-
tence of large n phases. The photoluminescence spectrum shows
a distinct shoulder at 477 nm, which implies that a considerable
amount of photon energy is delivered to n > 3 phases despite their
small concentration. In stark contrast, the quasi-2D perovskite
synthesized under uniform evaporation does not exhibit any ab-
sorption nor emission peaks that correspond to n > 3 phases (Fig-
ure 2c). Although emission from the n = 2 phase is still observ-
able, the sharp fluorescence peak at 464 nm with full-width at
half-maximum (FWHM) of 19 nm confirms that the maximum
n value of existing inorganic frameworks is 3.

We then sought to investigate the spatial distributions of quan-
tum wells by measuring the photoluminescence spectra at the
center and corner parts of each film (see Figure S1, Supporting
Information). Unlike previous measurements in which excita-
tion laser beams were sent onto the front side of perovskite lay-
ers, films were illuminated from the back side under various exci-
tation wavelengths; fluorescence spectra measured with shorter
excitation wavelengths, for example, would provide information
about energy landscape near the substrate due to the short pen-
etration depths.!?®] Yet, considering that emission peak intensi-
ties of multiple quantum well systems depend on many factors
(including quantum well alignment, exciton funneling, and pho-
ton reabsorption), these spectra should be carefully examined.
As expected, the hot-casted perovskite shows a smaller degree
of vertical phase segregation at the corner where surface-area-
to-volume ratio is larger than that of the central region (Figure
Sleh, Supporting Information). Antisolvent-treated perovskite,
however, shows the opposite trend (Figure S1f,i, Supporting In-
formation). A notable increase in emission peak intensities of
small n slabs at the corner under increasing excitation wave-
lengths indicates a higher degree of phase segregation and that
thinner quantum wells dominate near the perovskite-air inter-
face. Overall, evaporation-controlled perovskite has the smallest
degree of vertical and lateral phase segregation, which confirms
that simultaneous evaporation of solvent and antisolvent allows
uniform nucleation rates throughout the film.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Structural characterizations. a—c) Film X-ray diffraction patterns. Peaks were assigned by comparing with the diffraction patterns of single
crystal counterparts. d—f) AFM topography. g—i) Phase contrast images of <n> = 2 perovskites (PEA,CsPb,Br;) synthesized using different techniques.

Note that precise control of the temperature is crucial to
achieve the spatially uniform nucleation. A broad absorption tail
emerges when the temperature of the system is 20 °C, which
is significantly lower than the boiling point of the antisolvent
toluene (110.6 °C) (see Figure S4, Supporting Information). In-
terestingly, a similar trend is observed when the temperature
of the system is significantly higher than that of the antisol-
vent (155 °C). These results imply that toluene should evapo-
rate rapidly to narrow the phase distribution, yet should linger
in DMSO for a sufficient amount of time. This assumption was
corroborated by performing control experiments using differ-
ent antisolvents. As presented in Figure S5 (see Supporting In-
formation), when the boiling point of the antisolvent is higher
(chlorobenzene, 132 °C) or lower (chloroform, 61.2 °C) than the
temperature of the system (110 °C), the synthesized perovskites
will contain large n phases. These results indicate that the nar-
rowest phase distribution is achieved when the temperature of
the system is comparable to the boiling point of the antisolvent.

To further investigate the phase distribution of perovskite
films, we performed structural analyses of <n> = 2 perovskites
synthesized using different techniques. As shown in Figure 3a,
the film X-ray diffraction (XRD) pattern of the hot-casted per-
ovskite shows n > 3 phases, which indicates that the forma-
tion of quasi-3D slabs is dominant at the liquid—air interface.
In comparison, antisolvent-treated perovskites exhibit intense
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diffraction peaks that correspond to the monolayer perovskite as
well as large n phases (Figure 3b). The lower degree of vertical
phase segregation compared to the hot-casted counterpart is at-
tributed to the relatively slower evaporation of toluene. In con-
trast, the XRD pattern of the evaporation-controlled perovskites
is significantly different from that of hot-casted and antisolvent-
treated perovskites (Figure 3c). Sharp diffraction peaks confirm
enhanced crystallinity in evaporation-controlled perovskites, im-
plying reduced energy landscape disorder within the system.
Most importantly, peaks corresponding to n > 3 phases are not
observed, which supports the improved phase distribution using
the evaporation-controlled approach.

Atomic force microscopy (AFM) measurements corroborated
the observation that the phase distribution of quasi-2D per-
ovskites depends on synthetic techniques. Arithmetic aver-
age values of surface roughness of the hot-casted, antisolvent-
treated and evaporation-controlled perovskite are 8.68, 3.08, and
1.23 nm, respectively (Figure 3d—f). We also measured phase
lag between driving signal of cantilever oscillation and its out-
put signal, which reflects the variance in mechanical proper-
ties of the surface. As presented in Figure 3g—i, hot-casted per-
ovskite shows the most pronounced phase contrast, whereas the
evaporation-controlled perovskite film shows smallest phase dif-
ference. Given that the elasticity of quasi-2D perovskites is largely
determined by the thickness of inorganic layers,?°! larger phase

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Device performance. a) Schematic diagram illustrating the configuration of tested perovskite light-emitting diodes. b) Plots of current density
and luminance as a function of driving voltage. The turn-on voltages were determined to be 3.7 V. c) Plots of external quantum efficiency as a function
of current density. d) Electroluminescence spectra of devices at a driving voltage of 7.0 V. Inset photographs were taken during the measurements (Top:
hot-casted, middle: antisolvent-treated, bottom: evaporation-controlled perovskite light-emitting diodes). Device size: 3 X 2 mm.

contrast can be translated into a broader phase distribution. In
summary, structural and photophysical characterizations indi-
cate that the quasi-2D perovskite synthesized using a spatially
uniform evaporation approach has the narrowest width distribu-
tion of quantum wells.

We then fabricated multilayer electroluminescence de-
vices and measured their performance. As illustrated in Fig-
ure 4a, each device has a configuration of ITO/PEDOT:PSS
(<10 nm)/PVK:PFI (x~15 nm)/perovskite/TPBi (40 nm)/LiF
(2 nm)/Al (70 nm). The valence band edge (E,) of perovskite
layer was determined by performing ultraviolet photoelectron
spectroscopy (UPS) measurement (see Figure S6, Supporting
Information), and the conduction band edge (E_) was estimated
by adding the optical bandgap energy (Figure 2). Under for-
ward bias, holes are injected from the anode to PEDOT:PSS
(poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) and
then transferred to PVK (poly(9-vinylcarbazole)). At the same
time, electrons are injected from the cathode to TPBi (2,2',2"'-
(1,3,5-benzenetriyl)tris(1-phenyl-1H-benzimidazole)). ~ Charge
carriers are then transported to the perovskite layer and un-
dergo radiative or nonradiative recombination. The electronic
band structure of perovskites was determined by performing
ultraviolet photoelectron spectroscopy (UPS) measurement. It

Adv. Sci. 2022, 9, 2201807
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should be acknowledged that the choice of hole transporting
materials, i.e., the growth substrates, can affect the crystal growth
dynamics of the perovskite layer.[?*?”] While these effects are
outside the scope of this study, we aim to investigate this in the
future.

Performance of tested devices is summarized in Table 1 and
Figure 4b—d. The electroluminescence peak wavelengths of the
hot-casted, antisolvent-treated, and evaporation-controlled per-
ovskites locate at 510, 498, and 466 nm, respectively. None of
these devices experience spectral instability, as the perovskites
do not consist of mixed anions (see Figure S11 and S12, Sup-
porting Information).?%! Note that the electroluminescence spec-
tra of hot-casted and antisolvent-treated perovskites are signifi-
cantly different from their photoluminescence spectra, which in-
dicates efficient charge transfer from lower n phases to quasi-3D
slabs (Figure 2a,b). Consequently, large n phases, albeit existing
in a small concentration, must be eliminated to achieve deep-
blue electroluminescence. In contrast, the evaporation-controlled
perovskite shows a peak emission wavelength at 466 nm with a
FWHM of 14 nm; this is the narrowest FMHM reported to date
among deep-blue quasi-2D perovskite devices. This extremely
narrow linewidth confirms suppressed energetic disorder, indica-
tive of a homogeneous energy landscape.3!]

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Synthetic Agl [nm]P FWHM [nm]9 CIE [xy]” Voltage [V]9) Luminance EQE [%]?) Power efficiency  Current efficiency

technique? [ed m219) [Im w1 [cd A1)

Hot-casted 510 20 (0.05, 0.63) 6.75/6.00 150.0/135.2 0.10/0.12 0.11/0.15 0.25/0.29

Antisolvent-treated 498 20 (0.05, 0.50) 7.25/6.50 132.4/103.1 0.12/0.21 0.06/0.12 0.13/0.24

Evaporation- 466 14 (0.15, 0.10) 8.00/7.25 240.0/200.3 0.11/0.13 0.05/0.07 0.13/0.16
controlled

? Device configuration: ITO/PEDOT:PSS/PVK:PFI/PEA,CsPb,Br; /TPBi/LiF /Al ® The electroluminescence peak wavelength, FWHM and CIE coordinates at the driving voltage

of 7.0V. 9 The driving voltage at maximum luminance and at maximum EQE.

. . . € .
Maximum luminance value and value at maximum EQE. ) External quantum efficiency value

at maximum luminance and maximum EQE value. ' Power efficiency value at maximum luminance and value at maximum EQE; ¥ Current efficiency value at maximum

luminance and value at maximum EQE.
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Figure 5. Versatility of our strategy. Full-width at half maximum (FWHM)
and photon energy values of electroluminescence peaks of <n> = 2 per-
ovskites based on (1) 2-phenylethylammonium, (2) benzylammonium, (3)
n-hexylammonium, and (4) isopropyl ammonium organic spacers.

The device based on the evaporation-controlled perovskite
shows a maximum luminance of 240 cd m2, which is a record-
high value for reported quasi-2D perovskite deep-blue emitting
LEDs emitting (see Table S1, Supporting Information). In addi-
tion, as presented in Figure 4c, hot-casted and antisolvent-treated
perovskites suffer from severe efficiency roll-off at low current
density (<50 mA cm™?), which is attributed to the charge accumu-
lation in recombination centers. In stark contrast, the efficiency
of the evaporation-controlled perovskite starts to decrease at a
much higher current density (~126.7 mA cm2) despite stronger
Coulomb electron-hole interactions in n = 3 phases. Increasing
EQE values over a wider range of current densities are ascribed
to an increased subpopulation of recombination centers, as a nar-
rower phase distribution promotes a spontaneous formation of
additional n = 3 phases. It is anticipated that device performance
can be improved further by employing passivation agents and op-
timizing the device architecture.3?!

We emphasize that our strategy is independent of material
compositions and hence can be extended to various types of
quasi-2D perovskite systems (see Figures S7-S9, Supporting In-
formation). As presented in Figure 5, a similar trend is found
for <n> = 2 perovskites consisting of different aromatic (benzy-
lammonium, 2) or aliphatic (n-hexylammonium, 3, and isopropyl

Adv. Sci. 2022, 9, 2201807
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ammonium, 4) organic spacers. In all systems, evaporation-
controlled perovskites exhibit the narrowest phase distribution
and emit blue electroluminescence. Our method can also be ap-
plied to iodide-based perovskites, can therefore be used as a new
strategy for achieving stable yellow emission, a long-time chal-
lenge (see Figure S10, Supporting Information). It should be
noted, however, that the formation kinetics of organic bilayers
should also affect the resulting energy landscape. For example, an
<n> = 2 perovskite based on a benzylammonium cation records
a maximum luminance of 277.3 cd m™ with emission peak wave-
length at 467 nm (see Figure S13, Supporting Information). In-
terestingly, the emission peak wavelength of the corresponding
perovskite that was synthesized using the antisolvent technique
was similar, yet its device performance was inferior compared
to its evaporation-controlled counterpart. These results indicate
rapid formation of benzylammonium bilayers, presumably due
to strong z—z interactions. In contrast, recombination centers in
perovskites based on aliphatic organic spacers are located at the
n = 4 slabs. This is because the formation of organic barriers re-
lies on weak van der Waals interactions (see Figures S14 and 15,
Supporting Information). As a result, perovskites emit sky-blue
electroluminescence and show poor device performance due to
the increased energetic disorder.

3. Conclusion

To summarize, the width distribution of perovskite quantum
wells can be tailored by controlling the evaporation kinetics. Si-
multaneous evaporation of solvent and antisolvent enables spa-
tially uniform nucleation of perovskite crystallites, which entails
narrow phase distribution. To do so, the temperature of the sys-
tem should be matched with the boiling point of the antisolvent.
By performing structural and photophysical analyses, we proved
that the phase dispersity of well-studied <n> = 2 perovskites
were significantly decreased. The resulting perovskites emitted
deep-blue electroluminescence with maximum luminance of up
to 277.3 cd m™, with an extremely narrow linewidth of 14 nm.
Moreover, evaporation-controlled perovskites showed maximum
EQE at higher current density compared to their hot-casted and
antisolvent-treated counterparts, which is attributed to an in-
creased subpopulation of recombination centers. We envision
our strategy could be extended to other material systems and will
forge a new path to designing deep-blue emissive quasi-2D per-
ovskite materials.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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4. Experimental Section

Materials: Lead(ll) bromide
cesium iodide (Csl), isopropyl
phenylethylammonium  bromide

(PbBr;), cesium bromide (CsBr),
ammonium bromide (iPABr), 2-
(PEABr), 2-phenylethylammonium

iodide (PEAI), dimethyl sulfoxide (DMSO), toluene, chloroform,

chlorobenzene, poly(9-vinylcarbazole) (PVK), Nafion perfluorinated
resin solution (PFl), and lithium fluoride (LiF) were purchased from

Sigma-Aldrich. n-propylammonium bromide (nPABr) and benzylammo-

nium bromide (BABr) were purchased from GreatCell Solar. PEDOT:PSS

Al4083 was purchased from Heraeus. 2,2",2"-(1,3,5-benzenetriyl)tris(1-

phenyl-1H-benzimidazole) (TPBi) was purchased from Tokyo Chemical

Industry. Al was purchased from Itasco. All commercially available

chemicals were used as received without further purification.

Fabrication of Perovskite Thin Films: Perovskite precursor solution was
prepared by dissolving stoichiometric quantities of PbBr,, CsBr, and
PEABr in DMSO solvent. The molar concentration of PbBr, was fixed
at 0.30 M. 10 mg mL~" of nPABr was added to the precursor solution
to improve the crystallinity. The resulting solution was stirred vigorously
at 110 °C for 20 min and filtered using a polytetrafluoroethylene syringe
filter (0.2 um). For the fabrication of hot-casted perovskite, hot precur-
sor solution was immediately spin-coated onto the pre-heated substrate
(110 °C) at 4000 rpm for 20 s. For the fabrication of antisolvent-treated
perovskite, precursor solution was cooled down to the room tempera-
ture and spin-coated at 4000 rpm for 60 s. During this process, 150 uL of
toluene was dropped onto the substrate as an antisolvent. For the fabrica-
tion of evaporation-controlled perovskite, hot precursor solution was im-
mediately spin-coated onto the pre-heated substrate (110 °C) at 4000 rpm
for 20 s. During this process, 150 pL of antisolvent was dropped onto the
substrate. All resulting films were then annealed at 100 °C for 4 min.

Fabrication of Perovskite Light-Emitting Diodes: The PEDOT:PSS was
spin-coated on pre-cleaned ITO substrates at 5000 rpm for 40 s and an-
nealed at 150 °C for 20 min. PVK dissolved in chlorobenzene (3 mg mL™")
was spin-coated on top of the PEDOT:PSS layer at 4000 rpm for 35 s and
annealed at 100 °C for 20 min. 0.1 wt% of PFI dissolved in isopropyl alco-
hol was then spin-coated at 4000 rpm for 30 s to reduce the hole injection
barrier. On top of the perovskite layer, a 40-nm TPBi layer, a 2-nm LiF layer,
and a 70-nm thick Al layer were deposited consecutively using a thermal
evaporation system at a pressure <1.0 X 107 torr. The deposition rates of
the organic and metal layers were 0.1and 0.3 nm s, respectively. Devices
were encapsulated using UV-curable resin and transferred to a dry room
for measurements.

Steady-State UV-Vis Absorption Measurements: UV-vis absorption
spectra were collected using a Varian, Cary 5000 Spectrometer at 298 K.

Steady-State Photoluminescence Measurements: ~ Steady-state photolu-
minescence spectra were measured by using a JASCO, FP-8500 spectroflu-
orometer at 298 K. The excitation wavelength was 365 nm.

UV Photoelectron Spectroscopy Measurements: Photoelectron spec-
troscopy was performed using a ULVAC-PHI, Veresprobe Il spectroscope.

Atomic Force Microscopy Measurements:  Morphologies and phase con-
trast images of perovskite thin films were characterized by employing a
Bruker, Dimension Edge atomic force microscope.

Device Characterizations: Electroluminescence performance of de-
vices were obtained by using a KEITHLEY, Keithley 2400 sourcemeter and
YPCMC, CS-2000 spectroradiometer.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This work was supported by National Research Foundation (NRF) of Ko-
rea Grant funded by the Korean Government (2020R 1A 2C 3003958), by
Basic Science Research Program through the NRF of Korea funded by the

Adv. Sci. 2022, 9, 2201807

2201807 (7 of 8)

www.advancedscience.com

Ministry of Education (2021RTA6A1A10039823), and by Korea Basic Sci-
ence Institute (National Research Facilities and Equipment Center) grant
funded by the Ministry of Education (2020R 1A 6C 101B194). S.H. acknowl-
edges the financial support provided by the Division of Chemical Sciences,
Geosciences and Biosciences, Office of Basic Energy Sciences, of the U.S.
Department of Energy through grant no. DE-SC0021953.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

antisolvent engineering, blue light-emitting diodes, deep-blue electrolumi-
nescence, energy landscape, evaporation kinetics, quantum well disper-
sity, quasi-2D perovskites

Received: March 29, 2022
Revised: May 23, 2022
Published online: July 6, 2022

[1] K. Tanaka, T. Takahashi, T. Kondo, T. Umebayashi, K. Asai, K. Ema,

Phys. Rev. B 2005, 71, 045312.

O. Yaffe, A. Chernikov, Z. M. Norman, Y. Zhong, A. Velauthapillai, A.

Van Der Zande, |. S. Owen, T. F. Heinz, Phys. Rev. B 2015, 92, 045414.

J. V. Passarelli, C. M. Mauck, S. W. Winslow, C. F. Perkinson, J. C. Bard,

H. Sai, K. W. Williams, A. Narayanan, D. |. Fairfield, M. P. Hendricks,

W. A. Tisdale, S. I. Stupp, Nat. Chem. 2020, 12, 672.

[4] W. ). Yin, T. Shi, Y. Yan, Appl. Phys. Lett. 2014, 104, 063903.

[5] N.Wang, L. Cheng, R. Ge, S. Zhang, Y. Miao, W. Zou, C. Yi, Y. Sun, Y.

Cao, R. Yang, Y. Wei, Q. Guo, Y. Ke, M. Yu, Y. Jin, Y. Liu, Q. Ding, D.
Di, L. Yang, G. Xing, H. Tian, C. Jin, F. Gao, R. H. Friend, J. Wang, W.
Huang, Nat. Photonics 2016, 10, 699.

[6] K. Yan, M. Long, T. Zhang, Z. Wei, H. Chen, S. Yang, . Xu, J. Am.

Chem. Soc. 2015, 137, 4460.

X. Zhang, R. Munir, Z. Xu, Y. Liu, H. Tsai, W. Nie, J. Li, T. Niu, D. M.

Smilgies, M. G. Kanatzidis, A. D. Mohite, K. Zhao, A. Amassian, S. F.

Liu, Adv. Mater. 2018, 30, 1707166.

M. Yuan, L. N. Quan, R. Comin, G. Walters, R. Sabatini, O. Voznyy, S.

Hoogland, Y. Zhao, E. M. Beauregard, P. Kanjanaboos, Z. Lu, D. H.

Kim, E. H. Sargent, Nat. Nanotechnol. 2016, 11, 872.

[9] L. N. Quan, Y. Zhao, F. P. Garcia De Arquer, R. Sabatini, G. Walters,
O. Voznyy, R. Comin, Y. Li, ). Z. Fan, H. Tan, J. Pan, M. Yuan, O. M.
Bakr, Z. Lu, D. H. Kim, E. H. Sargent, Nano Lett. 2017, 17, 3701.

[10] G. Xing, B. Wu, X. Wu, M. Li, B. Du, Q. Wei, J. Guo, E. K. L. Yeow, T.
C. Sum, W. Huang, Nat. Commun. 2017, 8, 14558.

[11] L.Kong, X.Zhang, Y. Li, H. Wang, Y. Jiang, S. Wang, M. You, C. Zhang,
T. Zhang, S. V. Kershaw, W. Zheng, Y. Yang, Q. Lin, M. Yuan, A. L.
Rogach, X. Yang, Nat. Commun. 2021, 12, 1246.

[12] W. Zou, R. Li, S. Zhang, Y. Liu, N. Wang, Y. Cao, Y. Miao, M. Xu, Q.
Guo, D. Di, L. Zhang, C.Yi, F. Gao, R. H. Friend, . Wang, W. Huang,
Nat. Commun. 2018, 9, 608.

[13] Y. Jiang, M. Cui, S. Li, C. Sun, Y. Huang, ). Wei, L. Zhang, M. Lv, C.
Qin, Y. Liu, M. Yuan, Nat. Commun. 2021, 12, 336.

[14] S.Yuan, Z. K. Wang, L. X. Xiao, C. F. Zhang, S. Y. Yang, B. B. Chen, H.
T. Ge, Q. S. Tian, Y. Jin, L. S. Liao, Adv. Mater. 2019, 317, 1904319.

[2

3

[7

(8

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[15]

[16]

(7]

(18]

[19]

(20]

[21]

[22]

Adv. Sci. 2022, 9, 2201807

N. Yantara, N. F. Jamaludin, B. Febriansyah, D. Giovanni, A. Bruno,
C.Soci, T. C. Sum, S. Mhaisalkar, N. Mathews, ACS Energy Lett. 2020,
5, 1593.

D. Zhang, Y. Fu, C. Liu, C. Zhao, X. Gao, ). Zhang, W. Guo, J. Liu, C.
Qin, L. Wang, Adv. Funct. Mater. 2021, 31, 2103890.

T. L. Leung, H. W. Tam, F. Liu, J. Lin, A. M. C. Ng, W. K. Chan, W. Chen,
Z. He, I. Lontari¢, L. Grisanti, C. Ma, K. S. Wong, Y. S. Lau, F. Zhu, Z.
Skoko, J. Popovi¢, A. B. Djurisi¢, Adv. Opt. Mater. 2020, 8, 1901679.

X. Li, Y. Wu, S. Zhang, B. Cai, Y. Gu, ). Song, H. Zeng, Adv. Funct.
Mater. 2016, 26, 2435.

R. Quintero-Bermudez, A. Gold-Parker, A. H. Proppe, R. Munir, Z.
Yang, S. O. Kelley, A. Amassian, M. F. Toney, E. H. Sargent, Nat. Mater.
2018, 17, 900.

J. M. Hoffman, . Strzalka, N. C. Flanders, |. Hadar, S. A. Cuthriell,
Q. Zhang, R. D. Schaller, W. R. Dichtel, L. X. Chen, M. G. Kanatzidis,
Adv. Mater. 2020, 32, 2002812.

Y. Lin, Y. Fang, J. Zhao, Y. Shao, S. ]. Stuard, M. M. Nahid, H. Ade, Q.
Wang, |. E. Shield, N. Zhou, A. M. Moran, |. Huang, Nat. Commun.
2019, 70, 1008.

S. Deng, E. Shi, L. Yuan, L. Jin, L. Dou, L. Huang, Nat. Commun. 2020,
11, 664.

(23]

(24]
(2]
(26]
[27]
28]
(29]
(30]
(31

(32

2201807 (8 of 8)

www.advancedscience.com

J. Xing, Y. Zhao, M. Askerka, L. N. Quan, X. Gong, W. Zhao, . Zhao,
H. Tan, G. Long, L. Gao, Z. Yang, O. Voznyy, J. Tang, Z. H. Lu, Q.
Xiong, E. H. Sargent, Nat. Commun. 2018, 9, 3541.

F. Wang, Z. Wang, W. Sun, Z. Wang, Y. Bai, T. Hayat, A. Alsaedi, Z.
Tan, Small 2020, 2002940, 2002940.

Z.Ren, L. Li, J. Yu, R. Ma, X. Xiao, R. Chen, K. Wang, X. W. Sun, W. J.
Yin, W. C. H. Choy, ACS Energy Lett. 2020, 5, 2569.

W. A. Dunlap-Shohl, Y. Zhou, N. P. Padture, D. B. Mitzi, Chem. Rev.
2019, 7179, 3193.

M. Jung, S. G. Ji, G. Kim, S. Il Seok, Chem. Soc. Rev. 2019, 48,
2011,

Y. Shao, Z. Xiao, C. Bi, Y. Yuan, ). Huang, Nat. Commun. 2014, 5, 5784.
M. A. Reyes-Martinez, P. Tan, A. Kakekhani, S. Banerjee, A. A.
Zhumekenov, W. Peng, O. M. Bakr, A. M. Rappe, Y. L. Loo, ACS Appl.
Mater. Interfaces 2020, 12, 17831.

Y. Nah, O. Allam, H. S. Kim, J. Il Choi, I. S. Kim, J. Byun, S. O. Kim, S.
S. Jang, D. H. Kim, ACS Nano 2021, 15, 1486.

T. He, S. Lj, Y. Jiang, C. Qin, M. Cui, L. Qiao, H. Xu, J. Yang, R. Long,
H. Wang, M. Yuan, Nat. Commun. 2020, 11, 1672.

J. Li, L. Xu, T. Wang, . Song, |. Chen, |. Xue, Y. Dong, B. Cai, Q. Shan,
B. Han, H. Zeng, Adv. Mater. 2017, 29, 1603885.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



