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unite solution processing with desirable 
optoelectronic properties such as tunable 
light emission and long carrier lifetimes 
and diffusion lengths.[9–11] The rapid devel-
opment of mixed-halide CsPbBrx/I3−x 
nanocrystals via compositional tuning has 
enabled an EQE of 20.3% in the red with 
a full-width at half maximum (FWHM) 
of 40  nm.[12] Unfortunately, they have yet 
to rise to match the operating stability 
of organic[13,14] and inorganic quantum 
dot[15,16] LEDs: device operating stability 
(T50) to date, at an initial luminance of 
140 cd m–2

, has been limited to hours.[12]

The organic ligands used in synthesis, 
and the subsequent exchange, provide col-
loidal stability in solution. However, these 
surface ligands are labile, exhibit limited 
surface binding affinity, and provide high 

surface coverage only when present in excess in solution.[18,19] 
They are readily desorbed upon dilution and washing, inducing 
incomplete passivation of surface sites.

Introducing inorganic ligands in order to better passivate 
surfaces has shown promising progress in single halide com-
position in our previous work in both blue and red LEDs.[10,27] 
However, these strategies rely on a highly polar solvent (DMF) 
to carry out the inorganic salts. The introduction of the highly 
polar solvent compromises perovskite nanocrystal structural 
stability and harms the operating stability of LEDs.

Here, we report a strategy wherein we introduce inorganic 
ligands in the antisolvent used in nanocrystal purification. We 
show that working with a mildly polar antisolvent, such as ethyl 
acetate used in this work, allows a gentler processing of the vul-
nerable perovskite quantum dots. Only by introducing ultrason-
ication during the introduction of the antisolvent were we able 
to develop an exchange that was successful, and substantially 
complete. The inorganic ligands replace, in situ, the organic 
ligands that are detached from the dot surface (Figure 1a): the 
small inorganic cations provide a rich surface coverage supe-
rior to that offered by long-chain organic ligands, and thus pre-
vent trap formation. The inorganic ligands fill surface defects 
and improve material conductivity and charge-carrier injection 
in LEDs. The strategy improves bandgap stability, resulting in 
MHP solids with a storage stability of 1 year in ambient condi-
tions (25 °C and 40% humidity), in comparison to controls that 
show phase changes after 7 days under the same conditions.

Instability in mixed-halide perovskites (MHPs) is a key issue limiting perov-
skite solar cells and light-emitting diodes (LEDs). One form of instability 
arises during the processing of MHP quantum dots using an antisolvent to 
precipitate and purify the dots forming surface traps that lead to decreased 
luminescence, compromised colloidal stability, and emission broadening. 
Here, the introduction of inorganic ligands in the antisolvents used in dot 
purification is reported in order to overcome this problem. MHPs that are 
colloidally stable for over 1 year at 25 °C and 40% humidity are demonstrated 
and films that are stable under 100 W cm−2 photoirradiation, 4× longer than 
the best previously reported MHPs, are reported. In LEDs, the materials 
enable an EQE of 24.4% (average 22.5 ± 1.3%) and narrow emission (full-
width at half maximum of 30 nm). Sixfold-enhanced operating stability rela-
tive to the most stable prior red perovskite LEDs having external quantum 
efficiency >20% is reported.

1. Introduction

Lead halide perovskites show promise for solar cells,[1,2] 
lasers,[3,4] photodetectors,[5,6] and light-emitting diodes.[7,8] They 
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2. Results and Discussion

We began by synthesizing CsPb(IxBr1−x)3 nanocrystals using a 
modified ligand-assisted anion-exchange method.[21] We then 
used potassium iodide as the inorganic additive and applied 
the in situ inorganic ligand strategy (Figure 1b). Similar results 
were obtained with the use of NaI as the inorganic additive 
(Figure S1, Supporting Information). For the mild polar sol-
vent, we employed ethyl acetate due to its lower polarity than 
methyl acetate, making for a more perovskite-friendly solvent. 
In addition, the ethyl acetate has the appropriate polarity to pre-
cipitate the nanocrystals and form a saturated inorganic ligand 
solution to provide full passivation.

We then investigated the bandgap stability of MHP films. 
Control CsPb(IxBr1−x)3 films exhibited a blue-shift in emission 
after 10  min, ultimately reaching 642  nm, accompanied by 
broadening of the full-width at half maximum (FWHM). Under 

continuous photoirradiation (≈100  W  cm–2), a second, higher-
energy, photoluminescence peak emerged at 550 nm (Figure 1c), 
indicating phase segregation of the mixed Br/I perovskites 
yielding bromine-rich and iodine-rich domains; inefficient 
energy transfer from the bromine-rich domain to the iodine-rich 
domain results in an extra peak at ≈550 nm.[24,25] On the other 
hand, the in situ strategy led to a consistent PL emission pro-
file (Figure 1d) and retention of luminescence intensity, without 
the emergence of additional peaks and emission broadening.  
The treated nanocrystal solids are stable under storage for over 
1  year at 25  °C and 40% humidity, while controls show phase 
segregation after 7 days under the same conditions (Figure S2, 
Supporting Information).

We used time-correlated single-photon counting to investi-
gate the surface trap density of the CsPb(IxBr1−x)3 nanocrystals. 
The treated films showed a longer radiative lifetime compared 
to controls (50 vs 30 ns, Figure 2a) along with a greater PLQY 
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Figure 1.  In situ inorganic ligand introduction leading to stability under photoirradiation. a) Organic ligands and inorganic ligands were introduced 
using highly polar solvents. b) The process and advantage of the in situ inorganic ligand strategy via a mildly polar antisolvent. c,d) Bandgap stability 
of control (c) and treated MHP films (d) under 100 W cm–2 photoirradiation. The photographs between (c) and (d) show the color change in degraded 
films after one week.
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(95% for treated films vs to 62% for controls). These results 
suggest that the in situ inorganic ligand is useful in improving 
the photophysical properties of the MHP nanocrystals. When 
exposed to temperatures of 100 °C for 30 min, the treated sam-
ples show stable emission (Figure  2b and Figure S3a, Sup-
porting Information), in contrast to controls (Figure  2c and 
Figure S3b, Supporting Information).

Next, we used XPS and XRD to characterize the composition 
and structure of MHP films. XPS of the treated films exhibits a 
K2p peak in the range of 290–300 eV, while the additive-free con-
trol films lack features in this range (Figure 2d). XRD measure-
ments (Figure 2e) indicate a cubic phase with a lattice constant  
of 6.10  Å for nanocrystal films with and without treatment. 
The incorporation of the inorganic ligand is supported by a 
redshift in emission (Figure S4a, Supporting Information) and 
the presence of a K2p peak in the XPS of treated samples. The 
HRTEM of the treated sample maintains a more homogenous 
size distribution than the controls due to the well-passivation  
surface endowed by in situ inorganic ligand treatment (Figure 
S4b, Supporting Information). Space-charge-limited-current 
(SCLC) measurements (Figure  2f) show that the charge 
mobility of nanocrystal films after treatment increases from  
9 × 10–4 cm2 V–1 s–1 to 6 × 10–2 cm2 V–1 s–1.[26,27]

We studied, as controls, the use of pure antisolvent (Figure 3a)  
and also investigated the use of high-solubility organic ligands 
alone (Figure 3b). A shoulder at higher energy emerged in each 
case following continuous irradiation,[28,29] while in situ inor-
ganic ligand treated samples maintained a consistent emission 

profile (Figure  3c). The failure to generate stable films using 
organic ligands is attributed to ligand loss upon antisolvent 
wash, which leads to vacancies that facilitate phase segregation.

To investigate the ligand loss phenomenon, density func-
tional theory (DFT) simulations were employed to probe the 
impact of surface ligand coverage on the formation of surface 
halide vacancies. Our calculations showed that the energy 
needed to remove an iodide from a partially covered surface 
is ≈0.25  eV lower compared to the fully covered counterpart 
(Figure S5, Supporting Information). This finding supports the 
notion that increased surface coverage from inorganic cations 
in the antisolvent suppresses the generation of halide vacancies 
and related phase segregation.

To further explore the ability of the in situ inorganic ligand 
strategy in protecting the surface, we investigated the anion 
exchange process with and without treatment. In transient 
absorption, additive-free controls showed two bleach peaks, 
one at 480  nm and the other at 540  nm, which we assign to 
CsPbBr3 and CsPb(IxBr1−x)3, respectively[30] (Figure  3d). The 
organic ligand treated samples showed reduced halide vacan-
cies compared to antisolvent-only samples, but the shift of 
bleach peaks to below 600  nm (Figure  3e) indicates incom-
plete stability. By contrast, the in situ inorganic additive treated 
samples show a bleach peak fixed in its original position 
(Figure 3f).

We sought to assess the nanocrystals in light-emitting 
diodes (LEDs). A schematic of the device stack with the energy 
level of each layer is shown in Figure 4a. The energy levels of  
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Figure 2.  Photoluminescence lifetime, carrier mobility, and bandgap stability in films compared to controls. a) Time-resolved photoluminescence 
(TRPL) decay of control and treated films. b,c) Bandgap stability of in situ inorganic ligand treated CsPb(IxBr1−x)3 (b) and control (c) films at different 
temperatures. d) XPS spectra of CsPb(IxBr1−x)3 nanocrystal films in the K2p detection range. e) XRD of control and treated films. f) Current density–
voltage curves of a representative hole-only device under dark conditions. The inset shows the device structure.
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perovskites were calculated from optical data and ultraviolet 
photoelectron spectroscopy (Figure S6, Supporting Infor-
mation). The LED employed an ITO glass substrate anode, 
poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate) mixed 
with PFI as a hole-injection layer (HIL), a poly(bis-4butyl-
phenyl-N,N-bisphenyl)benzidine) hole-transport layer (HTL), 
an active CsPb(IxBr1−x)3 emission layer, a 3′,3′′′,3′′′′′-(1,3,5-tria-
zine-2,4,6-triyl)tris([1,1′-biphenyl]-3-carbonitrile) electron-trans-
port layer (ETL), and a LiF/Al double-layered cathode.

In situ inorganic ligand treated LEDs required a lower 
driving voltage (2.6 V at 100 cd m–2) than did controls (≈3.3 V 
at 100 cd m–2) (Figures 4b–d). This drive voltage is among the 
lowest for CsPb(IxBr1−x)3 based perovskite red LEDs.[12,21,27] 
Champion devices exhibited an external quantum efficiency for 
red perovskite LEDs (Figures 4c,d): the highest EQEmax herein, 
24.4%, is 1.1-fold greater than in the highest-EQE CsPbBrx/
I3−x red perovskite LED prior report.[21] Additionally, the lumi-
nance at maximum EQE is 1.3× higher than that recently dem-
onstrated in CsPb(IxBr1−x)3.[12] Compared to control devices 
(Figure  4e), we observed a 1.4× narrower EL profile (30 and 
42  nm) in the treated LEDs. The control LEDs exhibited a 
progressive broadening of the emission peak when the current 
density was increased from 1 to 10 mA cm–2. At 20 mA cm–2, 
the broadening intensified, and this was accompanied by a  
2 nm redshift (Figure  4f). By contrast, the emission pro-
file for the treated LEDs is stable under the same progres-
sively increasing drive conditions (Figure  4g). Figure  4h 
shows the EQE histogram of 15 devices. Angle-dependent  

electroluminescence (EL) measurements (Figure 4i) reveal that 
the radiation patterns are Lambertian.[31] The better morphology 
of treated films also contributes to better device performance 
(Figure S7, Supporting Information).

We then monitored the surface temperature variation at even 
driving electrical currents (150 mA cm–2) to challenge further the 
bandgap stability of the treated LEDs. The emission was stable 
even as Joule heating increased the steady-state temperature to 
≈40  °C  (Figure S8, Supporting Information). We investigated  
the LED operating lifetime, monitoring the luminescence as a 
function of time: at an initial luminance of 290 cd m–2, the T50 
(time to decay to 50% of its initial value) was ≈20 h (Figure 4j), 
a sixfold increase relative to the most stable prior red perov-
skite LEDs having EQEs exceeding 20% (Table S1, Supporting 
Information).[12,21,27]

3. Conclusion

This work reports an antisolvent-assisted in situ inorganic 
ligand strategy that increases the bandgap stability of MHPs. 
Introducing the inorganic ligand in the antisolvent helps 
to saturate surface traps caused by the removal of organic 
ligands during nanocrystal purification, and in improving 
c-NC conductivity for LEDs. The strategy leads to MHP 
nanocrystals with a colloidal stability of 1 year under ambient 
conditions; and thin films stable under photoirradiation and 
electrical bias. LEDs exhibited an EQE of 24.4% and the longest  
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Figure 3.  In situ PL and femtosecond transient absorption. a–c) PL spectra of CsPb(IxBr1−x)3 samples treated with antisolvent alone (a); and with 
oleylamine iodide (b); all as a function of time under 100 W cm–2 photoirradiation; this is compared with in situ inorganic ligand treated samples (c) 
under the same conditions of irradiation. d–f) Transient absorption spectra of control CsPb(IxBr1−x)3 samples treated with antisolvent alone (d); and 
with oleylamine iodide (e) versus in situ inorganic ligand treated samples (f) with three different powers recorded at a time delay of 3 ps.
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operating stability among red perovskite LEDs having EQE 
over 20%.

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