
Liquid Nitrogen Passivation for Deep-Blue Perovskite Quantum Dots
with Nearly Unit Quantum Yield
Xiaodong Peng,† Cheng Yan,† Fengjun Chun,† Wen Li, Xiankan Zeng, Xuehai Fu, Yue Gao, Xiang Chu,
Guo Tian, and Weiqing Yang*

Cite This: J. Phys. Chem. C 2022, 126, 1017−1025 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Deep-blue metal halide perovskite light-emitting diodes (PeLEDs)
(450−470 nm) still fall behind their green and red counterparts in terms of efficiency,
luminance, and lifetime, badly suffering from excess intrinsic surface defects of metal
halide perovskites. Herein, we presented a liquid nitrogen passivation (LNP) strategy to
effectually restrain the defects of surface Br vacancy (VBr) for high-quality deep-blue
MAPbBr3 quantum dots (QDs). This liquid nitrogen (LN) provides a low-temperature
environment to reduce the size of MAPbBr3 QDs for the green-to-deep-blue emission transformation and impel NH4Br to firmly
anchor surface Br ions for VBr passivation. These irreversible deep-blue MAPbBr3 QDs remarkably feature the high
photoluminescence quantum yield of 97.64% and the strong stability of 91% remaining photoluminescence intensity against
ultraviolet irradiation after 120 min, which are comparable to those of red/green counterparts. Based on these findings, we developed
deep-blue PeLEDs with the electroluminescence emission of 455 nm, which is in line with the standard of the National Television
Standards Committee (NTSC). Evidently, this LNP strategy may open a way to transform the emission spectra and achieve high-
quality deep-blue perovskite QDs, promoting the commercial development of deep-blue PeLEDs.

■ INTRODUCTION

Metal halide perovskite light-emitting diodes (PeLEDs) have
shown great potential as emerging emitters for the next-
generation solid-state lighting due to narrow full width at half-
maximum (FWHM), wide color gamut, and low-cost solution
process.1−7 Currently, the advanced PeLEDs regarding green/
red PeLEDs have been made impulsive progress with high
external quantum efficiencies boosted to 23.48 and 23%,9

respectively. However, the performance of deep-blue PeLEDs
(450−470 nm), which is imperative for NTSC requirements of
next-generation displays, still lag behind their green and red
counterparts.7,10,11 This backwardness is simultaneously as-
cribed to the thorny preparation and excess intrinsic surface
defects of deep-blue perovskites.11−13

Generally, the synthesis methods of deep-blue perovskites can
be classified into two categories: compositional regulation14 and
dimensional engineering.15 On one hand, compositional
regulation employs mixed (Cl/Br) halide perovskites to widen
the band gap in the blue-region spectra.16 Althoughmixed Br/Cl
can readily achieve deep-blue spectra, phase segregation of
mixed halide perovskites under external field is unfavorable for
spectrally stable PeLEDs.17 On the other hand, dimensional
engineering expands the band gap under the strong quantum
confinement effect for deep-blue emission by reducing some
spatial dimension of pure-bromide perovskites.18 However,
there are a large number of Br vacancy (VBr) defects on the
crystal surface due to the high surface-to-volume ratio, which
seriously aggravates the optical properties of small-sized deep-
blue QDs.19,20 The acid-etching-driven ligand-exchange strategy

was promoted to obtain deep-blue (470 nm) CsPbBr3 QDs.
11

Nevertheless, this strategy, which uses the hot-injection method,
is not suitable for practical application owing to its complexity
and relatively high cost.
Furthermore, the VBr defect formation in deep-blue QDs

occurs due to various reasons. First, owing to the low defect
formation energy at room temperature, the vacancy defects can
be facilely generated on the surface of perovskite QDs during the
fast nucleation and growth process.21,22 Second, highly dynamic
organic capping ligands, such as oleic acid (OA) and n-
octylamine (OTAm), cannot stabilize the perovskite QD
structure well, easily regenerating VBr defects at room temper-
ature.23−25 The inorganic ligands, such as PrCl3,

16 ZnBr2,
26 and

NaBr,15 can adhere to the QDs, forming a Br−-sufficient surface
to inhabit the VBr regeneration. To reduce the defect number
within deep-blue perovskite QDs, their defects must be intensely
suppressed during the synthesis process. Furthermore, vacancy
defect renewal produced by excessive dynamic surface organic
ligands should be occupied by selecting suitable inorganic
ligands. As a result, it is crucial for developing a novel strategy for
the simple fabrication of deep-blue perovskite QDs as well as the
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effective passivation of VBr exposed on the QD surface at the
same time.
Herein, we design a liquid nitrogen passivation (LNP)

strategy to transform the PL spectrum of MAPbBr3 QDs from
green emission to deep-blue emission and to restrain
undesirable VBr defects by NH4Br for the enhancement of
PLQY simultaneously. As for MAPbBr3 QDs, the LN can play a
critical role in nucleation, growth, and surface VBr defect
passivation. Owing to the suppression of nucleate and growth
rates at extremely low temperatures, MAPbBr3 QDs present a
strongly confined size of 2.12 nm and an intense deep-blue
emission of 458 nm. Moreover, benefiting from the high defect
formation energy at cryogenic temperature, the introduced
NH4Br can firmly anchor surface Br− ions for the passivation of
VBr defects and reconstruct the surface−ligand environment for
the regeneration of VBr defects. Based on the LNP strategy, the
optimized MAPbBr3 QDs facilely achieve a near-unity PLQY of
97.64%. In addition, the MAPbBr3 QD film demonstrates the
remarkable UV irradiation stability of 91% remaining photo-
luminescence intensity after 120 min. Further, we successfully
fabricated the deep-blue PeLEDs with electroluminescence
(EL) emission of 455 nm, which is consistent with the deep-blue
standard of NTSC. This strategy may open a way to transform
the emission spectra and achieve high-quality deep-blue
perovskite QDs, promoting the commercial development of
deep-blue PeLEDs.

■ METHODS
Deep-blue MAPbBr3 QDs with liquid nitrogen passivation
(LNP QDs) were synthesized using a modified ligand-assisted
reprecipitation (LARP) method at low temperatures (190 K).
MABr (0.1 mmol), 0.1 mmol NH4Br, and 0.12 mmol PbBr2
were dissolved in 3 mL of DMF. A certain amount of liquid

nitrogen was put into 10 mL of toluene containing 5 μL of n-
octylamine and 200 μL of oleic acid. After about 20 s, when “bad
solvent” toluene is cooled to 190 K, measured by a low-
temperature thermometer, 200 μL of the precursor solution was
quickly injected into toluene. After about 15 min, a strong blue
PL emission was observed under ultraviolet lamp excitation.
After centrifuging at 8000 rpm for 8 min using a refrigerated
centrifuge to discard the unreacted precipitate, a bright
supernatant blue solution was obtained. Green MAPbBr3 QDs
(RT QDs) were obtained by the traditional LARP at room
temperature (298.15 K). Briefly, 200 μL of a precursor
containing 0.1 mmol MABr and 0.12 mmol PbBr2 was injected
into 10 mL of the toluene solution with similar organic ligand
contents. Details of the material information and device
fabrication can be found in the Supporting Information.

■ RESULTS AND DISCUSSION
Colloidal MAPbBr3 QDs synthesized by the traditional LARP
method at room temperature only emit a 524 nm green emission
spectrum (Figure 1a).27,28 Nevertheless, employing a feasible
LNP strategy, the significantly blue-shifted MAPbBr3 QDs were
successfully prepared. In brief, we lowered the reaction
temperature to 190 K using liquid nitrogen and subsequently
injected pre-prepared precursor solution containing MABr,
PbBr2, and NH4Br into the cryogenic toluene solution (see
detailed information in Figure S1, Methods, and Video S1).
Consequently, the MAPbBr3 QDs treated by LN (LN QDs)
exhibited a sharp deep-blue PL emission at 458 nm and an
obvious exciton absorption at 443 nm (Figure 1b). These deep-
blue LN QDs had a narrower FWHM of 15 nm, indicating high
deep-blue color purity. From the results of respective absorption
Tauc plots, the band gap of MAPbBr3 QDs extends from 2.30 to
2.70 eV after the introduction of LN (Figure S2 and eq 1 in the

Figure 1. Photoluminescence spectra transformation of MAPbBr3 QDs after liquid nitrogen passivation (LNP). (a) PL and absorption spectra of
room-temperature (RT) QDs. (b) PL and absorption spectra of liquid nitrogen (LN) QDs. The insets show the photographs of RT and LN QDs
under UV irradiation (365 nm). The bottom schematic diagram shows that the MAPbBr3 QDs present deep-blue emission with low-density defects
and fewer organic ligands after LNP.
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Supporting Information). Compared with RT QDs, the LN
QDs with the strong quantum confinement effect show a
remarkable blue-shift in PL emission (66 nm), which proves that
the deep-blue QDs could be easily obtained by the LN
treatment.
To investigate the nanostructure of RT QDs and LN QDs,

transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were utilized. The RT QDs presented an
average particle size of 4.09 nmwith a size deviation of±0.65 nm
(Figure 2a). The related crystal structure was further revealed by
HRTEM (the inset). According to HRTEM, the interplanar
distances of RT QDs is 2.63 Å, matching along with the (210)
crystal plane.29 Notably, under different experimental con-
ditions, the sizes of green-emitting RT QDs are different.30

Figure 2b demonstrates the nanostructure details of the LN
QDs. It has been reported that MAPbBr3 QDs with a size close
to 2 nm possess an intensive quantum confinement effect.31 The
average particle size of LN QDs was 2.12 ± 0.37 nm with an
interplanar distance of 2.97 Å, corresponding to the (200)
crystal plane of the cubic MAPbBr3.

31 The results of the XRD
diffraction peak are consistent with those of the respective TEM
and HRTEM (Figure 2c). The XRD pattern for RT QDs
exhibited main peaks at 15.0, 21.3, 30.2, and 33.7°,
corresponding to the (100), (110), (200), and (210),
respectively. However, for LN QDs, there were primary peaks
with border half peak width at 15.1, 21.3, 30.3, and 33.8°, which

indicated that LN QDs have smaller particle sizes than those of
RT QDs according to the Scherrer equation.32 Generally, the
smaller the nanoparticle size, the stronger the quantum
confinement effect, which contributes to the blue-shift in
luminescence.18 The size of LNQDswas smaller than that of RT
QDs, indicating that the LN passivation strategy can remarkably
reduce the QD size for enlarging the band gap of QDs.
The lower the reaction ambient temperature, the higher the

defect formation energy, which indicates fewer defects in
pristine deep-blue QDs.33−35 However, long-time exposure to
air causes the generation of defects again in pristine QDs owing
to the active ion migration.36 Also, ultrasmall deep-blue QDs
would grow slowly, leading to poor size uniformity due to
excessive dynamic organic ligands.16 Replacing the traditional
long alkyl ligands by inorganic ligands has been put forward to
improve their optical performances and stabilize perovskite
QDs.9,37 Hence, we introduced NH4Br salts in an LN-aided
process to repair undesirable VBr defects and reconstruct
surface−ligand environment for firmly fixing deep-blue proper-
ties of QDs. Briefly, by the usage of LN, NH4Br-treated and
NH4Br-free QDs were, respectively, denoted as LNP QDs and
LNP-free QDs. To demonstrate this strategy, the LNP/LNP-
free QDs were dissected to explore the surface capping ligands
and defects. Figure 3a illustrates the results of the Fourier
transform infrared spectrum (FTIR). The obviously decreased
peak intensity in the range 2700−3000 cm−1 (attributed to the

Figure 2.Morphology and optical properties of MAPbBr3 QDs. Transmission electron microscopy (TEM) images of (a) RT QDs and (b) LN QDs.
The scale bar is 50 nm. The inset at the bottom of the image represents the respective high-resolution TEM. The scale bar is 2 nm. The inset at the top
of the image shows the corresponding particle size distribution of QDs. (c) XRD patterns of RT and LN QDs.

Figure 3. Surface states of LNP QDs and LNP-free QDs. (a) FTIR results. (b) High-resolution Br 3d XPS spectra of QDs. (c) High-resolution XPS
spectra for Pb 4f.
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saturated vibration of C−H) indicated that organic ligands were
partially replaced by NH4Br after LNP. In addition, the CO
stretching vibration of the carboxylate group at 1712 cm−1 was
weakened after LNP, confirming the notable decrease in OA.32

The stretching vibration peak of the −NH2 group existing in
OTAm is located at 3358 cm−1, the characteristic signal of which
is weakened as well. Furthermore, XPS characterization was
utilized to further analyze the surface defect states of LNP and
LNP-free QDs. As illustrated in Figure 3b, the Br 3d spectrum
can be separated into two peaks, corresponding to the higher
binding energy peak of surface Br− ions and the lower binding
energy peak of inner Br− ions.27,28 The surface Br− peak (69.49
eV) of LNP QDs shifted to higher binding energies compared
with LNP-free QDs, suggesting the sufficient passivation of
surface VBr and the strong Pb−Br interaction by LNP
strategy.28,38,39 In addition, the level of Br in the LNP QDs
increased because of the enhancement of the Br/Pb ratio
(Figure S3), implying that VBr was notably decreased. Compared
with the LNP-free QDs, the Pb 4f5/2 (143.40 eV) and 4f7/2
(138.62 eV) peaks in the Pb 4f spectra for LNP QDs shifted
toward higher binding energy of 0.12 eV, indicating a stronger
Pb−Br bond and improved chemical environment of octahedral
[PbBr6]

4− in LNP QDs (Figure 3c).39 In Figure S3, the high-
resolution XPS spectrum of N 1s for the LNP-free QDs can be
fitted into two peaks at 401.8 eV and 399.9 eV, which
correspond to the protonated groups (−NH3

+) and the amine
groups (−NH2), respectively.

23 However, for LNP QDs, the N
1s core level can be deconvoluted in other two peaks: the

−NH3
+ peak at 401.8 eV and the NH4

+ peak at 402.2 eV. The
disappearance of the peak at 399.9 eV for the amine group and
the appearance of the peak at 402.2 eV for NH4

+ shown in Figure
S3 demonstrated that excess surface organic ligands were
replaced by NH4Br. Also, the oxygen content in the O/Pb atom
ratio of XPS reduced remarkably from 2.15 (LN-free QDs) to
1.35 (LN QDs) in Figure S3. This result also demonstrated that
some organic OA ligands were substituted by NH4Br because O
atoms are present only in OA. Combined with FTIR and XPS
results, this result confirms the validity mechanism of the LNP
strategy, in which NH4Br can bond with Br− ions as inorganic
ligands for a decrease in the long-chain organic ligands and
adhered it to the surface of QDs for promoting the formation of
Br−-rich surface with the decrease of VBr. Consequently, the
spin-coated perovskite films showed different morphologies, as
revealed by atomic force microscopy (AFM) diagrams in Figure
S4. The LNP-free QD films showed a large root-mean-square
(RMS) roughness of 5.76 nm, resulting from the plentiful
organic ligands.32 Also, LNP QD films with less capping organic
ligands presented a decreased RMS of 4.63 nm. Herein, NH4Br,
as an inorganic ligand, plays the role of surface defect passivation
without affecting the perovskite crystal structure. To verify this,
we carried out XRD and TEM characterization. Figure S5
demonstrates that the LNP-free QDs presented an average
particle size of 2.22 nm, which is similar to the size of LNP QDs.
Also, the radius of NH4

+ (1.46 Å) is much smaller than that of
MA+ (2.17 Å), which leads to the limited ability to shape a stable
perovskite structure.40 Compared with LNP-free QDs, no

Figure 4. Evolution of the emissive performance with different x values (x is defined as the ratios of NH4Br and MABr, x = 0, 0.5, 1.0, 1.5). (a) PL and
absorption spectra of the corresponding samples. (b) TRPL spectra. (c) Absorption curves for the calculation of Urbach energy (EU). (d) Absolute
PLQY value of QD colloidal solution and (e) related spin-coated films on ITO/PEDOT:PSS/PVK substrates for a series of x values.
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diffraction peak shift appeared in the LNP QDs (x = 0.5, 1.0,
1.5) in Figure S5, proving that NH4

+ is anchored on the surface
of QDs rather than being incorporated into the QD crystal
lattice.
To explore the optimum content of NH4Br, MAPbBr3 QDs

were synthesized with the addition of a series of concentrations
of NH4Br salts. Also, x was defined as the molar ratio of
ammonium bromide to methylamine bromide (x = NH4Br/
MABr), including x = 0, 0.5, 1, and 1.5. As shown in Figure 4a, all
four samples exhibited similar emission peaks at 458 nm, while
their first exciton absorption peaks are located at 447 nm (x = 0),
445 nm (x = 0.5), 443 nm (x = 1.0), and 437 nm (x = 1.5). The
LNP QDs (x = 0.5, 1.0, 1.5) have a larger Stokes shift than the
LNP-free QDs (x = 0) according to the results in Figure S6. As
the content of NH4Br increased to x = 1.5, the LNPQDs showed
the largest Stokes shift (123.6 meV) and the widest FWHM (19
nm). Compared with the TEM diagrams of each sample in
Figure S5, the x = 1.5 LNP QDs have a wider size distribution
leading to the above results.41 This larger Stokes shift in
perovskite QDs results in lower self-absorption, which is good
for the improvement in PLQY of the perovskite film.42

Additionally, the relative optical band gap is almost unchanged
with the addition of different concentrations of NH4Br,
displaying a wide band gap value (∼2.70 eV) calculated from
eq 1 in the Supporting Information and Figure S7. The degree of
crystal disorder of MAPbBr3 QDs as direct band gap
semiconductors is related to the absorption edge (Urbach
tail). To evaluate the VBr defect density in deep-blue MAPbBr3
QDs, Urbach energies (EU) of the samples were calculated by
the absorption coefficient as a function of photon energy (eq 2 in
the Supporting Information). Generally, a smaller EU value
indicates the fewer defects in perovskites.43 As depicted in

Figure 4b, the EU of the LNP-free QDs is 60 meV, while those of
the LNP QDs are obviously reduced to 34 meV (x = 1), 46.5
meV (x = 1.5), and 49.6meV (x = 0.5), indicating that the defect
states have been significantly passivated in LNPQDs.Moreover,
the TRPL was utilized to analyze the exciton recombination
dynamics for LNP-free QDs and LNP QDs in Figure 4c. Time-
resolved PL decay (TRPL) was carried out to demonstrate the
LNP advantages in decay kinetics. Also, average lifetimes (τave)
can be calculated by eqs 3 and 4 in the Supporting Information.
Obviously, LNPQDs presented a longer average lifetime (29.45
ns) than the LNP-free QDs (14.07 ns), demonstrating that
nonradiative recombination originating from defect-related fast
exciton trapping was effectively eliminated,3 especially for the
samples of x = 1 (Table S1). Furthermore, we tested the PLQY
of colloidal QD solutions and spin-coated films with different
concentrations of NH4Br (Figures 4d,e, S8, and S9). The PLQY
of the deep-blue QDs regarding the colloidal solution with
different NH4Br contents (x = 0, 0.5, 1) notably increased from
57.64 to 97.64%. As the contents further increase (x = 1.5), the
PLQY slightly dropped to 74.23%, which might be attributed to
excessive NH4

+. Excess NH4
+ cations will affect the periodicity

of the perovskite host lattice, hindering the charge transport and
weakening the luminescence properties of host perovskites.44

Certainly, the PLQY of the related spin-coated films for the
deep-blue QDs also showed the same trend with a colloidal
solution. Among these remaining samples, the x = 1 sample film
showed the highest value of PLQY (46.82%). These results
revealed that the LNP QDs with the best NH4Br addition
amount (x = 1) have the lowest defect density (EU: 34meV) and
the highest PLQY (97.64%).
To probe into the carrier dynamics of LNPQDs more deeply,

the logarithmic absorption and time−temperature PL spectra

Figure 5. Exciton dynamic characterization and stability test. (a)Measured Abs spectrumwith fitting curves. (b)Measured temperature-dependent PL
spectra curves for Eb calculation of LNPQDs. (c) Integrated PL intensity as a function of the reciprocal of temperature. (d) Air stability test of the film
of LNPQDs (T: 298.35 K; RH: 54.3%). (e) UV stability test of the film of LNPQDs (365 nm, 20W). (f) Normalized PL intensity as a function of time
for LNP QDs.
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were utilized. Ultrasmall deep-blue QDs with a strong
confinement effect could result in a high exciton binding energy
(Eb). More importantly, the stronger the binding energy, the
more efficient the exciton recombination.12 Exciton binding
energy can be extracted from logarithmic absorption spectra
using eqs 5 and 6

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjj

y

{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑγ
= +

− −
+p E p

A E E E
( )

2
erf

( )
1x

c 0 b
x

c (5)

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjjj

y
{
zzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
i
k
jjjjj

y
{
zzzzzη γ

γ
η

γ
η η

=
−

− + −
−

p
E E E E1

2
erf

2
1 exp

4x
0

2

2
0

(6)

where px is the absorption curve with asymmetric broadening η.
γ, γc, and Ac are the line width of the absorption peak, width of
continuous edge, and step height, respectively.45 E0 and Eb

x are
the absolute exciton energy and the binding exciton energy,
respectively. There is an obvious exciton absorption peak in the
logarithm−treatment absorption line, indicating that Eb can be
acquired from the band edge absorption fitting. As illustrated in
Figures 5a and S10, the Eb of LNPQDs (230meV) is larger than
that of LNP-free QDs (187 meV), which means that more
effective exciton radiative recombinations are formed in LNP
QDs. Also, Eb can be obtained from the temperature-dependent
PL spectra to confirm the veracity of the above result Eb from the
absorption spectra. Eb can be calculated using eq 7

=
+ −I T

I
Ae

( )
1 E k T

0
/b B (7)

where I0 is the maximum integrated intensity, Eb is the exciton
binding energy, and kB is the Boltzmann constant.46,47 The fitted
Eb of LNP QDs is 232.1 meV from the temperature-dependent
PL spectra in Figure 5b,c. However, the LNP-free QDs
possessed a smaller value of Eb (188.6 meV) in Figure S11
than that of LNP QDs, which is consistent with the logarithmic
absorption spectra results. In comparison with LNP-free QDs,
there are more effective radiative recombinations in LNP QDs
from the fitted results of Eb, demonstrating the superiority of
LNP for deep-blue QDs. Moreover, the stability of deep-blue
LNP QDs against the pernicious effect of air and UV-light
irradiation was tested. Although the stability of perovskite QDs
was assessed in terms of colloidal solutions from different
reported works, the QDs were protected by nonpolar solvents
(e.g., toluene, hexane). The stability of colloidal QD solution has
little significance for commercialized deep-blue perovskite
LEDs.48 Therefore, the film stability, comprising air stability
and photostability, is more direct and pivotal compared with that
of colloidal solutions for deep-blue light-emitting diodes in the
future. As depicted in Figure 5d, the film of LNP QDs
maintained 91% initial intensity after 72 h under the
environmental conditions (T: 298.35 K; RH: 54.3%). We also
investigated the stability without any encapsulation under
continuous ultraviolet irradiation. The film can retain 80%
intensity after 120 min under intense irradiation (Figure 5e). In

Figure 6. Deep-blue LED based on LNP QDs. (a) Device architecture. (b) Energy-level diagram. (c) CIE coordinates of the deep-blue LED. (d)
Electroluminescence spectra of the deep-blue LEDs at different driven voltages.
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addition, Figure 5f evidently presents the strong air stability and
photostability for LNP QDs. However, for LNP-free QDs, the
spin-coated film exhibited lower air stability (40% of initial PL
intensity) after 72 h and irradiation stability (46% of initial PL
intensity) after 120 min UV irradiation than LNP QD film
(Figure S12).
Subsequently, we fabricated deep-blue PeLEDs by applying a

typical multilayered structure of ITO/PEDOT:PSS/PVK/
MAPbBr3 QDs/TPBi/LiF/Al (Figure 6a). Notably, both the
hole transport layer (HTL) and perovskite layer were prepared
by a solution-based spin-coating method with a period of
annealing treatment. Also, the higher layers, comprising TPBi
(30 nm), LiF (10 nm), and Al electrodes (100 nm), were
deposited by vacuum evaporation equipment. Figure 6b depicts
the schematic band structure of deep-blue LEDs. As shown in
Figure 6c, deep-blue PeLEDs based on LNP QDs exhibited an
EL emission peak at 455 nm, with high color purity (FWHM,
19.4 nm). The deep-blue EL emission of the related devices
adhered to the Commission International de l’Eclairage
coordinates (0.17, 0.07), stratifying the required blue gamut in
the range of CIE (γ coordinates <0.1),49 as revealed in Figure 6d.
Other performance data of the deep-blue perovskite LED,
including current density, luminance, and external quantum
efficiency, are shown in Figure S13.
The excellent deep-blue LNP QDs with good color purity,

high PLQY, and strong stability should be mainly attributed to
the following factors. For starters, liquid nitrogen, an inert and
freezing liquid, can swiftly lower the reaction temperature
without affecting the crystal structure or ligands. Second, the
cryogenic liquid nitrogen environment strongly confines the size
of MAPbBr3 QDs, resulting in a significant shift from green to
deep-blue emission. Under the strong quantum confinement
effect, liquid nitrogen provides low-temperature reaction
conditions that suppress the nucleation and growth of MAPbBr3
QDs, causing the QD size to decrease dramatically and the band
gap to enlarge noticeably. Third, the high defect formation
energy in a low-temperature atmosphere is favorable for
reducing defect generation during the synthesis process. The
thermal defect concentration in ionic crystals is affected by
temperature. In general, the low synthesis temperature restricts
the thermal movement of ions, resulting in less vacancy defect
formation. Fourth, the abundant NH4Br in the LNP process can
not only passivate the VBr defects but also reconstruct the
surface−ligand environment of QDs, hence fixing their excellent
deep-blue optical properties.
Consequently, this work proved the large potential of LNP for

the easy preparation of high-performance deep-blue perovskite
QDs, underpinning the development of deep-blue PeLEDs.

■ CONCLUSIONS
In summary, we report a novel strategy of liquid nitrogen
passivation for producing high-quality deep-blueMAPbBr3 QDs
in a low-temperature environment. The strongly confined
MAPbBr3 QDs with an ultrasmall size of 2.12 nm present an
intense deep-blue emission of 458 nm after the LNP strategy. To
firmly fix the superior deep-blue optical properties, the
introduced NH4Br can anchor surface Br− ions for the
passivation of VBr defects and reconstruct a surface−ligand
environment for the inhabitation of VBr. As a result, the LNP-
treated deep-blue MAPbBr3 QDs exhibit a high PLQY of up to
97.64%, originating from low-density defects (EU: 34 meV),
more radiative recombination (τave = 29.45 ns), and large exciton
binding energy (230 meV). In addition, without any packaging

protection, the associated deep-blue films have resistant air
stability of 70 h and UV stability of 120 min. Finally, the
fabricated deep-blue PeLEDs based on LNP QDs show an EL
emission at 455 nm, indicating some potential for commercial-
ized blue lighting. As a result, our work contributes to the
development of deep-blue PeLEDs by introducing a novel
method for the easy preparation of superior deep-blue emission
QDs.
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