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ABSTRACT: The epitaxial growth of a perovskite matrix on
quantum dots (QDs) has enabled the emergence of efficient red
light-emitting diodes (LEDs) because it unites efficient charge
transport with strong surface passivation. However, the synthesis of
wide-band gap (Eg) QD-in-matrix heterostructures has so far
remained elusive in the case of sky-blue LEDs. Here, we developed
CsPbBr3 QD-in-perovskite matrix solids that enable high
luminescent efficiency and spectral stability with an optical Eg of
over 2.6 eV. We screened alloy candidates that modulate the
perovskite Eg and allow heteroepitaxy, seeking to implement lattice-
matched type-I band alignment. Specifically, we introduced a
CsPb1−xSrxBr3 matrix, in which alloying with Sr2+ increased the Eg
of the perovskite and minimized lattice mismatch. We then
developed an approach to passivation that would overcome the hygroscopic nature of Sr2+. We found that bis(4-
fluorophenyl)phenylphosphine oxide strongly coordinates with Sr2+ and provides steric hindrance to block H2O, a finding
obtained by combining molecular dynamics simulations with experimental results. The resulting QD-in-matrix solids exhibit
enhanced air- and photo-stability with efficient charge transport from the matrix to the QDs. LEDs made from this material exhibit
an external quantum efficiency of 13.8% and a brightness exceeding 6000 cd m−2.

■ INTRODUCTION

Incorporating quantum dots (QDs) into a lead halide
perovskite (APbX3) matrix enables efficient charge transport
and surface passivation, leading to efficient and stable
optoelectronics.1−3 Red light-emitting diodes (LEDs) based
on perovskite QD-in-matrix solids have been developed,
showing an external quantum efficiency (EQE) of over 18%
and an operating lifetime (T50) of over 2000 h at an initial
luminance of 100 cd m−2.4 This approach has opened the door
for efficient and stable perovskite optoelectronics. In the case
of perovskite sky-blue LEDs, both the stability and EQE are
still well below the criteria for commercialization.
Strongly confined CsPbBr3 QDs with an Eg > 2.55 eV enable

blue emission.5,6 Embedding the wide-Eg perovskite QDs into
a perovskite matrix thus offers a route toward efficient sky-blue
LEDs.
Efficient charge transport in QD-in-matrix solids demands a

type-I band alignment between matrix and embedded QDs,
requiring the Eg of the matrix to be larger than that of the QDs.
Mixing > 30% Cl tunes the Eg of CsPbBr3-based perovskites
above 2.6 eV.7,8 However, the high Cl content leads to halide
segregation of the mixed Cl/Br perovskite (Figure 1A).8

Lattice mismatch between the mixed Cl/Br perovskite matrix
(for instance, 5.77 Å for 40% Cl and 5.80 Å for 30% Cl9) and

CsPbBr3 QDs (5.87 Å6) makes these materials vulnerable to
inhomogeneous crystallization due to the epitaxial growth of
the [PbBr6]

4− octahedron on CsPbBr3 QDs.
2,10,11

We therefore investigated how varying the cation in the
perovskite matrix can tune the Eg without introducing lattice
distortion. We found that Sr-alloyed perovskites have an Eg >
2.6 eV.12,13 Meanwhile, because Sr2+ and Pb2+ have similar
sizes,14 the lattice of the perovskite remains nearly unchanged.
However, the use of Sr2+ introduced a chemical challenge:

the hygroscopic nature of Sr2+ leads to the rapid formation of
SrBr2 xH2O in air and the decomposition of the mixed Sr/Pb
phase.15,16 By uniting molecular dynamics (MD) simulations
with experimental results, we found a new passivator, bis(4-
fluorophenyl)phenylphosphine oxide (DFPPO); DFPPO
strongly coordinates with Sr2+ cations located on the
perovskite surface and offers sufficient steric hindrance to
prevent H2O from invading into the perovskite lattice.
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We report as a result air-stable perovskite QD-in-matrix
solids that exhibit efficient sky-blue emission (Supporting

Information Figure S1), and we realize LEDs with an EQE of
13.8% and a luminance of over 6 kcd m−2.

Figure 1. (A) Schematic of halide segregation in mixed Cl/Br perovskites. (B) PL spectra of the mixed Br/Cl perovskite matrix and CsPbBr3 QD-
in-mixed Br/Cl perovskite matrix solids. (C,D) XRD patterns of (C) mixed Br/Cl perovskite matrix and (D) CsPbBr3 QD-in-mixed Br/Cl matrix.

Figure 2. (A) Upper: comparison of the Eg shift induced by alloying. Middle: comparison of the PL photon energy of the resulting materials after
being alloyed/doped. Bottom: comparison of the ionic radii of A-site and B-site cation candidates with Pb2+ and Cs+. (B) PL spectra of mixed Sr/
Pb perovskite matrix and QD-in-mixed Sr/Pb perovskite matrix under N2. (C) PL spectra tracking of the unpassivated mixed Sr/Pb perovskite
matrix under ambient conditions. (D) XRD pattern of mixed Sr/Pb perovskite matrix when stored under ambient conditions. (E) Schematic of the
dissociation of Sr2+ cations as a result of H2O coordination.
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■ RESULTS AND DISCUSSION

Seeking to obtain a perovskite matrix with an Eg > 2.6 eV, we
initially tested a mixed Cl/Br perovskite with 40% Cl content.8

However, the resulting films exhibited a broad photo-
luminescence (PL) spectrum (Figure 1B), indicating the
occurrence of phase segregation. When the mixed Cl/Br
perovskite was applied as a matrix to QDs, we observed
multiple emission peaks (λ1 ∼ 463 nm and λ2 ∼ 497 nm,
Figure 1B) from the QD-in-matrix films, a finding we
attributed to domains with different Cl contents.17 This agrees
with the emergence of an X-ray diffraction (XRD) peak at a
high angle (2θ = 15.48°, Figure 1D) in the QD-in-matrix film,
which indicates a Cl-rich phase with a smaller lattice parameter
[d(100) ∼ 5.72 Å]. In comparison, the mixed Cl/Br perovskite
matrix showed a diffraction peak at 15.18° [Figure 1C, d(100)
∼ 5.83 Å]. Embedding QDs into the mixed Cl/Br matrix
increased the degree of halide segregation, which may be
related to the crystallization preference of the Br-rich phase on
CsPbBr3 QDs.
To address the problem, we turned away from the mixed Cl/

Br perovskites and investigated A-site and B-site cation alloys
to tune the perovskites. We screened cation alloys that are
widely used in perovskite materials: Al3+,18 Zn2+,19 Rb+,20

Mn2+,21 Ni2+,22 Nd2+,23 Yb3+,21 Ca2+,13 Eu2+,24 Ag+,25,26

Bi3+,25,26 Mg2+,27 and Sr2+.12,13 Cation candidates that increase

the Eg of perovskites were selected (Figure 2A). With the goal
of minimizing lattice mismatch, we focused on Sr2+ in light of
its close match with Pb2+ in ionic radius (Figure 2A,
Supporting Information Figure S2). We screened out Eu2+ in
light of its low solubility in perovskite precursor solution.28

The resulting QD−matrix combination shows a type-I
alignment seen in ultraviolet photoelectron spectroscopy
(UPS, Supporting Information Figure S3).
Unfortunately, when we fabricated CsPb1−xSrxBr3 perovskite

films, we observed that they became green and wet in the air
immediately and were readily wiped away (Supporting
Information Figure S4A−C). This was accompanied by a red
shift in the PL spectrum (Figure 2B,C). Furthermore, XRD
patterns of the mixed Sr/Pb perovskite revealed a decomposed
thin film containing precursor residues (Figure 2D), an
observation we attribute to the dissociation of [Sr(H2O)6]

2+.
The Sr2+ cations in perovskites are hygroscopic and prone to

form Sr(H2O)x
2+ in the presence of moisture.15,16 H2O

molecules react with [SrBr6]
4− octahedrons and extract Sr2+

cations from the perovskite lattice (Figure 2E).
We therefore pursued the passivation of Sr2+ cations in our

mixed Sr/Pb perovskite. We posited that Lewis bases (e.g., S
O, PO, and PS)29−31 that coordinate with Sr2+ cations
would compete with H2O. This should also be combined with

Figure 3. (A) Schematic of Sr2+ cations passivated by DFPPO, which offers strong binding and steric hindrance to block H2O. (B) Binding energy
of DFPPO and H2O with the Sr2+−perovskite surface. Snapshots after 20 ps of MD simulations for the (C) DFPPO- and (D) MPPO-passivated
CsPb0.6Sr0.4Br3/H2O interface. (E) Number of H2O molecules within 7.5 Å perpendicular distance from the Cs−Br-terminated perovskite surface
during the MD simulations for DFPPO- and MPPO-passivated interfaces. (F) PL spectra tracking over 14 days of DFPPO-passivated QD-in-mixed
solid stored under ambient conditions. (G) 31P and 19F NMR spectra of DFPPO-Sr and pristine DFPPO.
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large functional groups that offer steric hindrance to H2O
(Figure 3A).
Based on this finding, we chose DFPPO (Supporting

Information Figure S5A), a molecule that contains an
electron-donating phosphine oxide group (R3PO)29 and
large functional groups (4-fluorophenyl and phenyl groups).
From first-principles calculations, we find that DFPPO has

much higher binding energy (Eb = −2.08 eV) with the
perovskite surface than H2O (Eb = −0.45 eV) (Figure 3B). We
also find that DFPPO has a higher binding energy with Sr2+

(Eb = −2.08 eV) than with Pb2+ (Eb = −1.51 eV) on the
perovskite surface (Supporting Information Figure S6A). The
affinity between DFPPO and Sr2+ cations was testified by
recording chemical shifts (δ) in 31P and 19F nuclear magnetic
resonance (NMR) measurement. The δ values increased upon
mixing Sr2+ with DFPPO solution (Figure 3G), which is higher
than that of other perovskite precursors (Supporting
Information Figure S7A).
We compared the Eb with two other molecules that contain

smaller functional groups, 3-methyl-1-phenyl-2-phospholene 1-
oxide (MPPO) and (2-ethoxyethyl)(diphenyl)phosphine oxide
(EDPO) (Supporting Information Figure S5B,C). DFPPO
exhibited stronger binding with Sr2+ than EDPO (Eb = −1.79
eV) and MPPO (Eb = −1.95 eV) (Supporting Information
Figure S6B,C, NMR results in Supporting Information Figure
S7B,C).
To further verify the role that steric hindrance plays in the

passivation against water degradation, we performed MD
simulations for the interface of the ligand-passivated perov-
skite/H2O. We find that fewer H2O molecules penetrate the
perovskite layer in the DFPPO-passivated system compared
with MPPO (Figure 3C,D). We show the number of H2O
molecules within 7.5 Å perpendicular distance from the Cs−

Br-terminated perovskite surface during the MD simulations
(Figure 3E). There are 14 and 38 H2O molecules on average
(between 15 and 20 ps) located in this height region for
DFPPO- and MPPO-passivated perovskites, respectively.
We offer that DFPPO provides increased steric hindrance

that helps to prevent H2O from invading into the perovskite
lattice. We also found that no degradation occurred in the
mixed Sr/Pb perovskite when using triphenylphosphine oxide
(TPPO), a structural analogue of DFPPO (Supporting
Information Figures S5D, S8A).
The resulting DFPPO-passivated mixed Sr/Pb perovskite

exhibited stable emission at 482 nm. The films showed a PL
shift of less than 5 nm when stored under ambient conditions
over 14 days (relative humidity = 15%, used in all PL
measurements under ambient conditions; Figure 3F), indicat-
ing that nearly no degradation occurred. The addition of
DFPPO molecules also improved the stability of the mixed Sr/
Pb perovskite thin films under intense excitation (Supporting
Information Figure S9), a common attribute of a defect- and
degradation-free material. XRD patterns demonstrated that the
perovskite structure was retained and no precursor peaks arose
(Supporting Information Figure S10A). Although MPPO and
EDPO exhibit comparably high binding energy, severe phase
degradation was observed in the thin films using MPPO and
EDPO for passivation: multiple PL peaks arose when these
thin films were exposed to air (Supporting Information Figures
S4E, S8B,C). These results support the prediction from the
MD simulations that H2O molecules penetrate through small
passivants and react with Sr2+ cations.
To acquire the structural information of the QD-in-matrix

solid, we carried out high-resolution transmission electron
microscopy. The QDs have a diameter of ∼4.2 nm and are
surrounded by a perovskite matrix (Supporting Information

Figure 4. (A) TA spectra of the CsPbBr3 QD-in-mixed Sr/Pb matrix solid. (B) Kinetic traces of P2 (matrix) and P3 (QD) bleach peaks derived
from (A). (C) Representative luminance and current density performance vs applied bias derived from QD-in-mixed Sr/Pb matrix LEDs. (D) EQE,
as a function of current density for devices from (C).
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Figure S11A). Both the QD and matrix show clear lattice
patterns and similar patterns in fast Fourier transform images,
agreeing with the possibility of heteroepitaxy (Supporting
Information Figure S11C,D). The matrix-only perovskite
shows featureless perovskite flakes, while CsPbBr3 QDs show
isolated particles (Supporting Information Figure S11E,F). We
further measured in situ PL during spin coating: intense PL
emerged immediately after we deposited QDs on the matrix
solution, supporting the view that QDs remained intact in the
matrix solution (Supporting Information Figure S12A,B). The
PL is retained in the resulting QD-in-matrix solid following
methyl acetate rinsing, which is attributed to the protection of
the matrix ( Supporting Information Figure S12C,D). XRD
patterns of the QD-in-matrix solid reveal a decomposition-free
film (Supporting Information Figure S10B) and nearly
identical lattice parameters of the QDs and matrix (Supporting
Information Figure S10C).
To investigate charge transport and surface passivation in

QD-in-matrix solids, we employed transient absorption (TA)
and PL lifetime measurements. We observed bleach peaks in
TA spectra at 430 nm (P1), 460 nm (P2), and 472 nm (P3) in
the QD-in-mixed Sr/Pb matrix samples (Figure 4A). We assign
these to the band-edge bleach of the matrix (P1 and P2) and
QDs (P3). The emergence of multiple bleach peaks (P1 and
P2) is related to the domain size mixing in 2.5 D perovskites
that we used as the matrix. The bleach recovery dynamics of
P2 and P3 (Figure 4B) show increasing peak amplitude of P3
(QD) accompanied by fast recovery of P2 (matrix) in the first
4 ps. This agrees with population transfer from P2 to P3
(Figure 4A). Similar charge transfer processes were observed
previously in chalcogenide QD-in-matrix and perovskite QD-
in-matrix studies,2,4 in which charges were funneled through
the wide-Eg matrix to the low-Eg QDs. Meanwhile, the longer
bleach recovery time of P3 suggests a high-quality QD-matrix
interface (Figure 4B). Compared with pristine QDs passivated
by bipolar ligands, the QD-in-matrix solids show longer PL
lifetimes, again consistent with the surface passivation of the
QDs by the matrix (Supporting Information Figure S13).
We then fabricated LEDs based on the new QD-in-matrix

material, using an ITO/PEDOT:PSS:PFI (PEPFI)/QD-in-
matrix solid/TPBi/LiF/Al (Supporting Information Figure
S14A) device structure. PEPFI is chosen as the hole transport
layer (HTL) considering its hole injection capability and polar
solvent compatibility with the matrix precursor solution.
However, an undesired red shift arose when we processed
the matrix films on PEPFI (Supporting Information Figure
S15), a finding we attribute to the ionic nature of the PEPFI
surface.7,31,32 In order to maintain type-I band alignment, we
revised the synthesis of the QDs by increasing the temperature
at which hot injection was carried out (details in Method),
shifting their PL emission to >485 nm.
LEDs based on smaller QDs exhibited an electrolumines-

cence (EL) maximum at 488 nm, a maximum luminance of
∼2400 cd m−2, and an EQE of 8.7%. Devices using larger QDs
showed an EL maximum at 495 nm, a maximum luminance of
6113 cd m−2, and an EQE of 13.8% (Figure 4C,D). In
comparison, QD-only devices showed an EQE of 0.5% and a
luminance of ∼400 cd m−2; matrix-only devices showed an
EQE of 0.2% and a luminance of ∼40 cd m−2 (Supporting
Information Figure S14B−D).
We further studied the stability of the QD-in-matrix solid by

tracking PL under intense laser illumination (300 mW cm−2

CW laser @445 nm) and ambient conditions. The QD-in-

matrix solid is resistant to PL shifting (Supporting Information
Figure S16B,C, ∼5 nm after T50 = 140 min) while QD-only
and matrix-only samples suffered from rapid decay in PL
intensity in the first 6 and 30 min, respectively (Supporting
Information Figure S16A,C). We attribute these results to the
surface protection of the QD by the matrix and the efficient
charge funneling into the QDs that reduces charge
accumulation in the matrix.4,33 The QD-in-matrix LEDs retain
their emission wavelength when we increase bias to 12 V
(Supporting Information Figure S17A) and exhibit enhanced
EL stability (T50) compared with the QD-only devices (relative
humidity = 17%, used in all LED measurements. Supporting
Information Figure S17B; matrix-only devices do not reach
100 cd m−2 luminance).

■ CONCLUSIONS
We developed air-stable mixed Sr/Pb perovskites as matrix
materials for CsPbBr3 QDs and fabricated wide-Eg perovskite
QD-in-matrix solids for sky-blue LEDs. The perovskite QD-in-
matrix solids implement a type-I band alignment and lattice
matching between the QD and the matrix. To overcome the
hygroscopic nature of Sr2+ cations, we passivated the mixed Sr/
Pb perovskite matrix using DFPPO molecules that offer strong
binding with the Sr2+ cations and sufficient steric hindrance to
block H2O. Efficient and spectra-stable LEDs were fabricated
based on the QD-in-matrix solid. Furthermore, studies are
required to develop HTLs with improved charge injection
capability and perovskite crystallization compatibility.

■ EXPERIMENTAL SECTION
CsPbBr3 QD Synthesis and Purification. Quantum-confined

size-tunable CsPbBr3 QDs were synthesized and purified following a
previously reported method.5 Cs precursors were prepared by loading
300 mg of Cs2CO3, 1.2 mL of oleic acid (OAc), and 3.2 mL of 1-
octadecene (ODE) in a three-necked round-bottom flask under
nitrogen. Then, the Cs precursors were dried at room temperature for
10 min and dissolved at 150 °C under N2 atmosphere. The solution
was kept under 120 °C before use.

For 480 nm QDs, 600 mg of PbBr2 and 1400 mg of ZnBr2 were
loaded in a 250 mL flask together with 14 mL of OAc, 14 mL of
oleylamine (OAm), and 40 mL of ODE. The solution was
subsequently stirred and dried at 100 °C until no residual could be
found. Then, the solution was slowly cooled down under N2 until 80
°C when 2.7 mL of the Cs precursor was swiftly injected. The solution
was kept at 80 °C for 3 min to complete the reaction and quenched in
an ice bath. The obtained solution was centrifuged and kept at room
temperature for 24 h before purification. The stilled solution was
centrifuged again, and the supernatant was kept for purification.

The nanoparticles were obtained by adding acetone with a volume
ratio of 1:1 to the solution, followed by centrifugation at 7800 rpm for
3 min. All the particles were redissolved in 7 mL of toluene and stored
in a fridge.

Synthesis and purification of 485 and 490 nm QDs follow a similar
procedure, where 700 mg of PbBr2 was loaded in the precursor
solution instead. The injection temperatures are 85 and 95 °C for 485
and 490 nm QDs, respectively.

CsPbBr3 QD Ligand Exchange. CsPbBr3 QD ligand exchange
follows a previously reported method.6 The QD solution was stored
in a fridge for over 24 h before use and was centrifuged again before
ligand exchange. Then, the QDs were precipitated with 20 mL of
methyl acetate and redissolved in 5 mL of toluene. Then, ∼120 μL of
200 mg/mL IPABr DMF solution was added to the mixture. The
solution was vortexed for 1 min and centrifuged at 7800 rpm for 1
min to remove exchanged and excessive ligands. The QDs were
precipitated again with 20 mL of methyl acetate and redissolved in 5
mL of toluene.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c12556
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12556/suppl_file/ja1c12556_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To keep a bromine-rich surface for matrix−perovskite shelling, ∼80
μL of NaBr saturated DMF solution was added for additional
exchange. QDs were purified again following the abovementioned
steps. The final QD precipitants were dissolved in 1.5 mL of
DFPPO−toluene solution (10 mg mL−1) followed by centrifuging at
15,000 rpm. The exchanged QDs were immediately used for making
QD-in-matrix solids.
The final concentration of QDs was estimated by measuring the

optical density of the solution at 400 nm using previously reported
data of CsPbBr3 QD cross-sections.34 The final QD concentration was
around 38−43 μM.
Preparation of Mixed Sr/Pb Reduced-Dimensional Perov-

skite Precursors. Reduced-dimensional perovskite precursor sol-
utions were prepared by dissolving PbBr2, SrBr2, MABr, CsBr, and
PEABr in DMSO with a Pb + Sr concentration of 0.3 M. In detail, for
40% Sr and n = 3 matrix shell, 0.36 mmol of PbBr2, 0.24 mmol of
SrBr2, 0.32 mmol of CsBr, 15 mg of MABr, and 0.4 mmol of PEABr
were mixed and dissolved in 2 mL of DMSO in a nitrogen-filled
glovebox with continuous stirring for over 120 min. Mixed Cl/Br
precur sor s were prepared wi th a chemica l fo rmula
PEA2(Cs0.8MA0.2)2Pb3(Br1−xClx)10 while keeping a Pb concentration
of 0.4 M. All solutions were filtrated using 0.45 μm PTFE filters
before use.
Fabrication of QD-in-Matrix Solid and LEDs. 120 μL of

precursor solution was spin-cast by a two-step process at 1000 rpm for
10 s and 5000 rpm for 30 s, sequentially. 150 μL of QD solution was
then dripped on the precursor solution at 25 s in the second step of
spin casting to obtain a QD-dispersed saturated precursor solution
film. Films were kept initially at 50 °C for ∼30 s for controlled
crystallization and annealed at 100 °C for another 5 min. For matrix-
only films, antisolvent (toluene herein) solely containing 10 mg mL−1

DFPPO was used instead of a QD solution; all steps are the same for
preparing QD-in-matrix solid.
For LED fabrication, ITO/glass substrates were cleaned using

deionized water, acetone, and 2-propanol sequentially using ultrasonic
cleaners and dried. PEDOT:PSS solution was mixed with PFI solution
at a mass ratio of 1:0.99 under continuous stirring for 1 h. Filtered
(using 0.45 μm polyvinylidene difluoride filters) PEDOT:PSS:PFI
solution was spin-coated on the O-plasma-treated ITO substrate
following a two-step recipe (500 rpm for 10 s followed by 4500 rpm
for 90 s). The PEDOT:PSS:PFI films were baked at 150 °C under
ambient conditions for 15−30 min.
Deposition of active layers was conducted in a nitrogen-filled

glovebox. QD-in-matrix and matrix-only films were coated following
the abovementioned recipe. Before depositing QD-only films, PVK (4
mg mL−1 in chlorobenzene) was spin-coated on the PEDOT:PSS:PFI
substrate (3000 rpm for 30 s), followed by annealing at 125 °C for 15
min. Then, a 10 mg mL−1 PEABr solution was deposited on PVK
(4000 rpm for 30 s), immediately followed by deposition of QD
solution (3000 rpm 30 s). The as-prepared QD films were annealed at
80 °C for 5 min.
Then, 40 nm TPBi, 1 nm LiF, and 90 nm Al were deposited on the

active layers in a thermal evaporation chamber under a high vacuum
(<10−7 Torr). All the devices were encapsulated using Scotch tapes.
LED Performance and Stability Measurement. The J−V

characteristics of LEDs were recorded using a Keithley 647 source
meter. EL spectra and luminance at a certain J−V point were
measured using a calibrated fiber-coupled spectrometer (QE-pro,
Ocean Optics) and an integrating sphere.
UPS Measurements. UPS measurement was performed at

nanoFAB, University of Alberta (Canada), using a Kratos Axis Ultra
spectrometer. UPS was performed with a He I source (hν = 21.2 eV).
The sample was measured under −10 V bias. The power for UPS was
3 kV × 20 mA (60 W).
TA Measurements. TA spectra were collected using a femto-

second (fs) pump−probe spectroscopy system. The fs laser pulses
were produced using a regeneratively amplified Yb:KGW laser (Light
Conversion, Pharos) at a 1 kHz repetition rate. The pump pulse was
generated by passing through an optical parametric amplifier (OPA,
light conversion orpheus) and chopped, while the other portion of the

fundamental beam was directed on a sapphire crystal after focusing to
generate a white light supercontinuum as the probe light. The power
of the pump light was measured using a power meter (Ophir) to
ensure that the excitation fluence was below the Auger threshold. The
time delay of the probe pulses was optically controlled with a
translation stage. The probe light spectra were collected with a CCD
detector. TA bleach recovery dynamics were recorded at the band-
edge bleach peak position.

X-Ray Diffraction Measurement. XRD patterns were obtained
using a benchtop X-ray diffractometer (Miniflex, Rigaku). For QD
powder preparation, QDs were purified twice with methyl acetate and
eventually dissolved in 1.5 mL of toluene. QD solution was then
deposited on a substrate dropwise until fully dried.

Steady-State and Time-Resolved PL Measurement. PL
spectra and PLQY were measured and calculated using a HORIBA
Fluorolog system coupled with a xenon lamp. High-power excited,
time-resolved PL intensity tracking was conducted by using a CW
laser (442 nm) and a fiber-coupled spectrometer (QE-pro, Ocean
Optics) under ambient conditions.

TEM Measurement. Samples for TEM imaging were prepared by
using the same spin coating and annealing method above with a
copper TEM grid. TEM was performed using a Hitachi HF-3300 S/
TEM system, operated at 300 kV.

NMR Measurement. Samples for NMR measurement were
prepared by dissolving DFPPO (10 mg mL−1) alone and with SrBr2
(10 mg mL−1) (same for MPPO, EDPO, PbBr2, MABr, and PEABr
samples) in DMSO-d6. 1D 19F NMR (19F; 470.30 MHz), and 1D
31P NMR (31P; 202.35 MHz) spectra were acquired at 25 °C using a
500 MHz Agilent DD2 spectrometer equipped with a 5 mm 1H−
19F{X} OneNMR probe. The spectra were acquired using the
standard phosphorus pulse sequence as supplied by Varian/Agilent
acquisition software.

DFT Calculation. First-principles calculations based on density
functional theory (DFT) were carried out using the Vienna Ab initio
Simulation Package (VASP).35 The generalized gradient approxima-
tion (GGA) of the Perdew−Burke−Ernzerhof (PBE) functional was
employed as the exchange−correlation functional.36 The DFT-D3
method for the van der Waals (vdW) correction was included.37 The
plane-wave cutoff energy was 400 eV. The energy and force
convergence criteria were set to 10−5 eV and 0.02 eV·Å−1,
respectively. The Γ-centered 2 × 2×1 k-mesh was used in the surface
slab calculations. The binding energies (Eb) of ligands with the
perovskite surface were calculated as E(ligand@perovskite) −
E(ligand) − E(perovskite), where E(structure) is the total energy of
the corresponding structure.

Molecular Dynamics Simulations. Ab-initio molecular dynam-
ics simulations (AIMD) were performed with the CP2K package38 in
the constant-volume and constant-temperature (NVT) ensemble. The
target temperature was set to 300 K with a Nose-́Hoover
thermostat.39 The PBE-D3 functional was used with double-zeta
basis sets (DZVP-MOLOPT)40 and Goedecker−Teter−Hutter
(GTH) pseudopotentials.41 The cutoff was set to 560 Ry. We
constructed the CsPb0.6Sr0.4Br3/H2O interface model with a (3 × 3)
supercell and a 15 Å-thick H2O layer, employing the experimental
density of liquid water. The AIMD simulations are run for 20 ps with
a 1.0 fs time step.
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M. H.; Weber, V.; Borsťnik, U.; Taillefumier, M.; Jakobovits, A. S.;
Lazzaro, A.; Pabst, H.; Müller, T.; Schade, R.; Guidon, M.;
Andermatt, S.; Holmberg, N.; Schenter, G. K.; Hehn, A.; Bussy, A.;
Belleflamme, F.; Tabacchi, G.; Glöß, A.; Lass, M.; Bethune, I.; Mundy,
C. J.; Plessl, C.; Watkins, M.; VandeVondele, J.; Krack, M.; Hutter, J.
CP2K: An Electronic Structure and Molecular Dynamics Software
Package -Quickstep: Efficient and Accurate Electronic Structure
Calculations. J. Chem. Phys. 2020, 152, 194103 AIP Publishing
LLCAIP Publishing May.
(39) Nosé, S. A Unified Formulation of the Constant Temperature
Molecular Dynamics Methods. J. Chem. Phys. 1984, 81, 511−519.
(40) VandeVondele, J.; Hutter, J. Gaussian Basis Sets for Accurate
Calculations on Molecular Systems in Gas and Condensed Phases. J.
Chem. Phys. 2007, 127, 114105.
(41) Goedecker, S.; Teter, M.; Hutter, J. Separable Dual-Space
Gaussian Pseudopotentials. Phys. Rev. B 1996, 54, 1703−1710.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c12556
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

H

https://doi.org/10.1016/j.jcrysgro.2017.10.031
https://doi.org/10.1021/acs.jpcc.5b06436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b06436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b06436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adom.202001440
https://doi.org/10.1002/adom.202001440
https://doi.org/10.1002/adom.202001440
https://doi.org/10.1002/advs.201700335
https://doi.org/10.1002/advs.201700335
https://doi.org/10.1002/advs.201700335
https://doi.org/10.1038/s41598-019-55228-1
https://doi.org/10.1038/s41598-019-55228-1
https://doi.org/10.1038/s41598-019-55228-1
https://doi.org/10.1038/s41467-019-09794-7
https://doi.org/10.1002/advs.202001317
https://doi.org/10.1002/advs.202001317
https://doi.org/10.1002/advs.202001317
https://doi.org/10.1021/acsami.0c01074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c01074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c01074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c11736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c11736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202101903
https://doi.org/10.1002/adma.202101903
https://doi.org/10.1021/acsenergylett.7b00824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mattod.2019.04.023
https://doi.org/10.1016/j.mattod.2019.04.023
https://doi.org/10.1002/adom.201900916
https://doi.org/10.1002/adom.201900916
https://doi.org/10.1002/adom.201900916
https://doi.org/10.1021/acs.nanolett.0c00692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c00692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00987a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00987a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00987a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01497a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01497a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-021-03997-z
https://doi.org/10.1038/s41586-021-03997-z
https://doi.org/10.1038/s41467-018-05909-8
https://doi.org/10.1038/s41467-018-05909-8
https://doi.org/10.1038/s41467-017-00284-2
https://doi.org/10.1038/s41467-017-00284-2
https://doi.org/10.1063/1.5126039
https://doi.org/10.1063/1.5126039
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevb.82.081101
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/5.0007045
https://doi.org/10.1063/1.447334
https://doi.org/10.1063/1.447334
https://doi.org/10.1063/1.2770708
https://doi.org/10.1063/1.2770708
https://doi.org/10.1103/physrevb.54.1703
https://doi.org/10.1103/physrevb.54.1703
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?utm_source=pdf_stamp

