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A B S T R A C T   

Perovskite Cs4PbBr6/CsPbBr3 heterojunction with a strongly carrier-confined effect is emerging as a promising 
luminescent material for perovskite light-emitting diodes (PeLEDs). However, it is a big challenge to construct 
the heterojunction on a molecular scale to fully excavate this confinement effect for efficient electroluminescence 
efficiencies of PeLEDs. Herein, we report a water-induced construction of Cs4PbBr6/CsPbBr3 heterojunction for 
efficient PeLEDs via adding trace water with strong polarity. Benefiting from its strong carrier confinement ef-
fect, this heterojunction has a higher exciton binding energy (94.7 meV) and a lower nonradiative decay rate 
constant (0.007 ns− 1) compared to that of single CsPbBr3 nanocrystals (NCs) (14.1 meV and 0.031 ns− 1). Based 
on it, the as-fabricated PeLEDs exhibit a greatly-improved maximum current efficiency of 43.62 cd A− 1 and a 
peak EQE of 11.31%, approximately 1.5 times that of CsPbBr3 NCs (28.43 cd A− 1 and 7.78%). Evidently, this 
work provides an important way toward the construction of Cs4PbBr6/CsPbBr3 heterojunction and then promotes 
the commercial development of heterojunction-like optoelectronics.   

1. Introduction 

All inorganic lead halide perovskite (CsPbX3, X = Cl, Br, I) nano-
crystals (PNCs) with outstanding optical and electrical properties have 
been regarded as promising materials for photovoltaic and optoelec-
tronic applications, such as solar cells [1–3], perovskite light-emitting 
diodes (PeLEDs) [4–11], laser [12,13] and photodetectors [14,15]. 
Among them, CsPbBr3 NCs naturally possessing high photoluminescence 
quantum yields (PLQYs), narrow emission spectrum and wide tunable 
emission [16–18], have gained much attention for light-emitting ap-
plications. The external quantum efficiency (EQE) of CsPbBr3-based 
PeLEDs has been optimized from an initial 0.12% to over 20% in just a 
few years [5]. However, the smaller exciton binding energies of 
three-dimensional (3D) CsPbBr3 NCs at room temperature (RT) result in 
facile dissociation of excitons and slower radiative recombination effi-
ciency [19–21]. Free carriers from dissociation are easily captured by 
nonradiative recombination centers, leading to more defect states [22, 
23]. Hence, the single 3D CsPbBr3 NCs exhibit weak defect passivation 
and carrier confinement capacities. 

To solve this problem, the construction of heterojunction is a 

potential strategy to spatially confine electrons and holes of CsPbBr3 NCs 
and improve the radiative recombination efficiency. Recently, re-
searchers have constructed Cs4PbBr6-CsPbBr3 heterodimer, 3D/2D 
(CsPbBr3/CsPb2Br5) heterojunctions, CsPbBr3/CsPb2Br5 and CsPbBr3/ 
Cs4PbBr6 core/shell structures to enhance the optical performance of 3D 
CsPbBr3 NCs [18,24–34]. These structures were evidently proved to 
effectively confine electrons and holes of CsPbBr3 NCs for the obvious 
improvement of the radiative recombination efficiency [25,35]. 
Furthermore, these structures were also applicable to organic-inorganic 
hybrid perovskites, such as MAPbBr3 and FAPbBr3 with improved op-
tical performance and stability [36,37]. But most of these composite 
structures were simply mixed or epitaxially grown, inevitably leading to 
a serious or slight lattice mismatch and then weakening the confinement 
effect. So far, it is still a big challenge to construct heterojunctions on a 
molecular scale to fully excavate this confinement effect for efficient 
electroluminescence efficiencies of PeLEDs. 

Herein, we successfully construct a Cs4PbBr6/CsPbBr3 hetero-
junction to enhance the performances of PeLEDs by adding trace water 
with strong polarity. Due to the strong carrier confinement effect, this 
heterojunction has a higher exciton binding energy (94.7 meV) and a 
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lower nonradiative decay rate constant (0.007 ns− 1) compared to that of 
the single CsPbBr3 NC (14.1 meV and 0.031 ns− 1). Furthermore, the as- 
fabricated PeLEDs exhibit a maximum current efficiency of 43.62 cd A− 1 

and a peak EQE of 11.31%, one of the best devices performance based on 
the Cs4PbBr6/CsPbBr3 system. Therefore, this work may provide a po-
tential path to construct Cs4PbBr6/CsPbBr3 heterojunction for the 
commercial development of heterojunction-like optoelectronics. 

2. Results and discussion 

Water-induced construction of Cs4PbBr6/CsPbBr3 heterojunction 
contains two stages: kinetically fast growth process (Stage (I)) and polar 
molecular tailoring process (Stage (II)). For Stage (I), strong polar water 
can contribute to activating the PNCs surface by reducing the density of 
surface capping ligands [38,39]. Furthermore, some small-sized PNCs 
already formed can be re-dissolved by adding water and then the pre-
cursor concentration increases, generating a faster growth rate and 
large-sized CsPbBr3 PNCs [38,40]. Next, the large-sized CsPbBr3 PNCs 
can be transformed into Cs4PbBr6/CsPbBr3 heterojunction via a polar 
molecular tailoring process. As shown in Fig. 1a, the pure CsPbBr3 with a 
corner shared [PbBr6]4− octahedron is surrounded by the strong polar 
H2O molecular. As a polar molecular scissor, this scissor will locally 
tailor the shared vertices between interconnected [PbBr6]4− octahedral 
of the CsPbBr3 crystal. After tailoring, the CsPbBr3 is transformed into 
the Cs4PbBr6 with isolated [PbBr6]4− octahedral. 

The whole water-induced construction of the Cs4PbBr6/CsPbBr3 
heterojunction could be described by the following equation: 

4CsBr + 4PbBr2 ⇔ water4CsPbBr3 (Stage I)  

4CsPbBr3 ̅̅→
water Cs4PbBr6 + 3PbBr2 (Stage II) 

Eventually, the lattice-matched Cs4PbBr6/CsPbBr3 heterojunction is 
formed. The corresponding phase transformation from CsPbBr3 to 
Cs4PbBr6 has also been achieved by adding ZnBr2 [41] or prolonging 
exposure to humidity of CsPbBr3 film [42]. The polar molecular tailoring 
process is similar to the interaction of organic-inorganic hybrid perov-
skites with trace water such as MAPbI3, accompanied by a phase tran-
sition from MAPbI3 to MA4PbI6⋅2H2O [43,44]. Furthermore, the lattice 
constant of Cs4PbBr6 matches well with that of CsPbBr3, and Cs4PbBr6 
could effectively passivate the CsPbBr3 surface without additional 
interface strain [21,24]. Herein, this heterojunction can also effectively 
reduce the nonradiative recombination rate and trap states. From 
Fig. 1b, the smaller exciton binding energy of CsPbBr3 PNCs would 
undesirably lead to the separation and migration of injected charge 
carriers, which will dramatically reduce the number of formed excitons. 
In the more severe cases, the defect states in the grain boundary would 
trap already-formed excitons, resulting in their quenching [35,45]. 
These issues will seriously restrict the efficiency of the radiative 
recombination of PNCs. In contrast, the construction of 
Cs4PbBr6/CsPbBr3 heterojunction can greatly improve the efficiency of 
radiative recombination (Fig. 1c), which can be attributed to two as-
pects: (i) the larger exciton binding energy of Cs4PbBr6/CsPbBr3 heter-
ojunction can make charge carriers easier to be confined into excitons 
(carrier confinement effect); (ii) the trap states are passivated by 
Cs4PbBr6 of Cs4PbBr6/CsPbBr3 heterojunction, substantially reducing 
quenching losses [21,24]. 

Fig. 2 shows the morphological and structural characterization of 

Fig. 1. Schematic illustrations of the polar molecular tailoring process. (a) Schematically showing a water-induced construction of Cs4PbBr6/CsPbBr3 heterojunction. 
Schematic illustrations of (b) charge migration and nonradiative recombination, (c) carrier confinement and trap passivation processes. 
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CsPbBr3 without (w/o) water and Cs4PbBr6/CsPbBr3 heterojunction 
(with water: 0.68% and 1.36%). In Figs. 2a, 2d, 2g and S1a–c, the 
average lateral dimension of PNCs with water (10.86 nm for 0.68% 
water, 10.21 nm for 1.36% water) is much larger than that of PNCs w/o 
water (7.07 nm). This is attributed to the water-induced particle size 
increase of PNC [38] and a result of the kinetically fast growth process 
(Stage (I)). From their HRTEM images, the PNCs w/o water present 
characteristic interplanar spacing of 2.906 Å, 2.923 Å and 4.121 Å, 
assigned to (2 0 0), (0 0 2) and (1 1 0) crystal faces of CsPbBr3, 
respectively, identifying the formation of pure CsPbBr3 phase (Fig. 2b). 
While except for (− 2 2 0) and (2 0 0) crystal faces of CsPbBr3 phase, 
PNCs with water also show the interplanar spacing of 1.805 Å and 4.329 
Å attributed to (1 6 1) and (1 1 3) crystal faces of Cs4PbBr6 phase 

(Fig. 2e, 2h). These results evidently prove the construction of 
Cs4PbBr6/CsPbBr3 heterojunction on a molecular scale with the addition 
of water. Moreover, the lattice mismatch is also calculated. For the PNCs 
with 0.68% water, the lattice mismatch is 2.53% between the (2 0 2) 
plane of CsPbBr3 [7d202 (CsPbBr3) = 14.084 Å] and (1 6 1) plane of 
Cs4PbBr6 [8d113 (Cs4PbBr6) = 14.44 Å]. And a mismatch of 2.00% be-
tween 2d113 (Cs4PbBr6) = 8.658 Å and 3d200 (CsPbBr3) = 8.835 Å is 
obtained for Cs4PbBr6/CsPbBr3 PNCs with 1.36% water. This slight 
mismatch is lower than 5% in the published reports [25,31,33], indi-
cating excellent lattice matching for water-induced construction of 
Cs4PbBr6/CsPbBr3 heterojunction. 

The corresponding selected area electron diffraction patterns (SAED) 
in Fig. 2c, 2f and 2i also confirm the formation of Cs4PbBr6/CsPbBr3 

Fig. 2. Morphological and structural characterization. TEM images of (a) CsPbBr3 (w/o water), (d) Cs4PbBr6/CsPbBr3 heterojunction (with water: 0.68%) and (g) 
Cs4PbBr6/CsPbBr3 heterojunction (with water: 1.36%). The scale bar is 50 nm. HR-TEM images of (b) CsPbBr3 (w/o water), (e) Cs4PbBr6/CsPbBr3 heterojunction 
(with water: 0.68%) and (h) Cs4PbBr6/CsPbBr3 heterojunction (with water: 1.36%). The scale bar is 5 nm. Cs4PbBr6 domains are shaded in green, and CsPbBr3 
domains are shaded in yellow; SAED patterns of (c) CsPbBr3 (w/o water), (f) Cs4PbBr6/CsPbBr3 heterojunction (with water: 0.68%) and (i) Cs4PbBr6/CsPbBr3 
heterojunction (with water: 1.36%). The scale bar is 5 nm− 1. The yellow circle represents the CsPbBr3 phase, and the cyan circle represents the Cs4PbBr6 phase. (j–l) 
XPS spectra of Cs 3d (j), Pb 4f (k) and Br 3d (l) of the PNCs with (0.68% water) and w/o water. 
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heterojunction for the PNCs with water. As shown in Fig. S2, PNC w/o 
water is the monoclinic CsPbBr3 phase, while PNC with 0.68% or 1.36% 
water is the mixed phase of CsPbBr3/Cs4PbBr6, which further confirms 
the formation of Cs4PbBr6/CsPbBr3 heterojunction. These XRD results 
are well consistent with their HRTEM and SAED results. Moreover, X-ray 
photoelectron spectroscopy (XPS) quantitative analysis of PNCs with 
and w/o water show significantly-improved ratios of Cs/Pb (0.99~1.01) 
and Br/Pb (3.07~4.36) of PNCs with water (0.68%), reconfirming the 
coexistence of Cs4PbBr6 and CsPbBr3 phases (Fig. S3). In Fig. 2j, 2k, 
compared with PNCs w/o water, the Cs 3d and Pb 4f peaks of PNCs with 
water slightly shift to a higher binding energy, manifesting that H2O 
molecular indeed attaches to the PNCs surface via coordination with Cs+

and Pb2+ [38,46]. While for Br 3d peak, the lower binding energy 
obviously reveals the weaker Pb-Br bonding of adjacent [PbBr6]4−

octahedra from Cs4PbBr6/CsPbBr3 heterojunction (Fig. 2l), which is in 
good agreement with TEM and XRD results. Therefore, the 
Cs4PbBr6/CsPbBr3 heterojunction is successfully constructed by adding 
water. 

Fig. 3 further confirms the water-induced construction of Cs4PbBr6/ 
CsPbBr3 heterojunction from the photophysical perspective. In Fig. 3a 
and Table S1, PNCs with water have a lower Urbach energy (Eu) (41.1 
meV) from their absorption spectra (the detailed analysis in Figs. S4 and 
S5) compared to that of w/o water (45.0 meV), revealing the fewer 
defect states of Cs4PbBr6/CsPbBr3 heterojunction. As shown in Fig. 3b, 
the steady-state photoluminescence (PL) peaks of PNCs change from 
504 nm (w/o water) to 515 nm (with water), showing an obvious red- 
shift consistent with the absorption spectra (Figs. S4 and S5). The red 
shift of the emission peak is due to the formation of the large-sized PNCs 
(Fig. S2). To further analyze the energy band structure of Cs4PbBr6/ 
CsPbBr3 heterojunction, the calculated valence band potential (EVB, XPS) 
is 2.312 eV for CsPbBr3 and 2.770 eV for Cs4PbBr6, respectively 
(Fig. S6). The corresponding standard hydrogen electrode (EVB, NHE) is 
estimated to be 2.072 eV for CsPbBr3 and 2.570 eV for Cs4PbBr6 [47]. 

The conduction band (CB) potential can be obtained by the sum of the 
bandgap and EVB, NHE. Based on the above calculation results, the con-
structed Cs4PbBr6/CsPbBr3 heterojunction belongs to a type I hetero-
junction, where both electrons and holes are confined in the CsPbBr3 due 
to the barrier effect of Cs4PbBr6 with a wide band gap (Fig. S7) [48]. 

As illustrated in Fig. 3c, compared with PNCs w/o water, the PNCs 
with water exhibit a stronger green emission, a higher photo-
luminescence quantum yield (PLQY) and a narrower full-width at half- 
maximum (FWHM), indicating an enhanced PL performance 
(Table S1). The corresponding Commission Internationale de l’Eclairage 
(CIE) coordinates of PNCs are shown in Fig. S8 and Table S1. To better 
understand the role of Cs4PbBr6/CsPbBr3 type I heterojunction on the 
charge carrier dynamics, time-resolved PL (TRPL) decay measurements 
are conducted. From Fig. 3d, the average PL lifetime (τave) for the PNCs 
with water is 20.778 ns, 2.2 times higher than that of the PNCs w/o 
water (9.383 ns) fitted by bi-exponential function, identifying reduced 
trap states (Table S2) [37]. Furthermore, the PNCs with water possess a 
much slower nonradiative decay rate constant (Knr) of 0.007 ns− 1 

compared to that of 0.031 ns− 1 for PNCs w/o water (Table S2), fully 
revealing enhanced radiation recombination and reduced trap states for 
Cs4PbBr6/CsPbBr3 type I heterojunction [49]. 

In general, the radiative recombination efficiency is supposed to be 
relevant to the exciton binding energy (Eb) [50]. So the 
temperature-dependent PL spectra (80 ~ 300 K) measurements were 
executed in Fig. S9. Both the PL spectra of PNCs with and w/o water 
show a continuous blue-shift and the gradually-decreased PL intensity 
with increasing temperature, which is ascribed to the increased proba-
bility of nonradiative recombination process caused by thermal activa-
tion [36]. In Fig. 3e, the calculated Eb of PNCs w/o water fitted by the 
Arrhenius equation [51] is only 14.1 meV, much lower than RT thermal 
ionization energy (26 meV), so the excitons for CsPbBr3 at RT are easy to 
ionize to free excitons [52], resulting in a lower radiative recombination 
efficiency. In comparison, PNCs with water have a larger Eb of 94.7 meV, 

Fig. 3. Photophysical properties characterization analysis. (a) Urbach energy (Eu) diagram for the PNCs with and w/o water. (b) Normalized steady-state photo-
luminescence (PL) spectra and (c) photoluminescence quantum yield (PLQY) of PNCs with and w/o water. Inset: The photographs of PNCs w/o and with water under 
UV light. (d) Time-resolved PL spectra. (e) Temperature-dependent integrated PL intensity and (f) PL full-width at half-maximum (FWHM) as a function of reciprocal 
temperature in the range from 80 K to 300 K. 
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approaching previous reports [4,36], nearly seven times as much as that 
of PNCs w/o water. This result evidently manifests the stronger 
confinement effect of Cs4PbBr6/CsPbBr3 type I heterojunction. As shown 
in Fig. 3f, the optical phonon energy (ℏωOP) are derived by adapting the 
independent Boson model [51]. The fitted value of ℏωOP for PNC with 
water is 24.03 meV, lower than that of PNC w/o water (26.04 meV), 
indicating reduced carrier-phonon coupling for the Cs4PbBr6/CsPbBr3 
type I heterojunction. This optical phonon energy result agrees well with 
the value of ℏωOP(16–40 meV) [53]. Therefore, this Cs4PbBr6/CsPbBr3 
type I heterojunction has a slower nonradiative recombination rate and 
a lower trap state, which will be a potential candidate for fabricating 
high-performance PeLEDs. 

Photo, thermal and water stabilities are important indicators to 
evaluate the PL performance of PNCs for LED applications. Fig. 4 pre-
sents the corresponding stability characterizations. Compared with 
PNCs w/o water, the PL intensity of PNCs with water is almost un-
changed under continuous ultraviolet radiation (UV) for 3 h (Fig. 4a–c). 
In Fig. 4d, 4e, the PL intensity of PNCs w/o water exhibit an obvious 
decrease along with a slight red-shift of the PL spectrum, while the PNCs 
with water maintain 70% of initial PL intensity with constant PL emis-
sion peak when the temperature reaches 140 ℃ (Fig. 4f). In Fig. 4g–i, the 

PL intensity of PNCs with water have a smaller decrease accompanied by 
the slight red-shift of PL spectrum than that of PNCs w/o water over 
time. Therefore, these stability measurement results fully signify that 
Cs4PbBr6/CsPbBr3 type I heterojunction should tremendously boost the 
photo, heat and water stabilities of PNCs and greatly facilitate the 
commercialization development of PeLEDs. 

Finally, we fabricated PeLED devices using a layered structure of 
ITO/PEDOT: PSS/PTAA/PNCs/TPBi/LiF/Al, as illustrated in Fig. 5a. 
The VB of PNCs with water is determined by the ultraviolet photoelec-
tron spectroscopy and the CB is the sum of VB and band gap (Fig. S10). 
From Fig. 5b, the EL spectra of PNCs with water show a constant EL peak 
located at 518 nm with an increased EL intensity as the bias voltage 
increase (3 V - 6 V). The inset of Fig. 5b shows a bright green emission of 
the device under an operation voltage of 6 V. As presented in Fig. 5c, the 
maximum luminance of PeLED devices using PNCs with water (50,221 
cd m− 2) is approximately 3 times that of PNCs w/o water (16,780 cd 
m− 2). From Fig. 5d, PeLED devices based on PNCs with water exhibit the 
highest current efficiency (CE) of 43.62 cd A− 1 and a peak EQE of 
11.31%, much higher than that of PNCs w/o water (28.43 cd A− 1 and 
7.78%). Furthermore, as shown in Fig. S11, PeLEDs with water exhibit a 
superior T50 (indicating the time that the luminance decreased to 50% of 

Fig. 4. Environmental stability test. PL spectra of PNCs with (a) and w/o water (b). (c) The time-dependent PL intensity under continuous ultraviolet (UV) radiation 
(365 nm, 5 mW cm− 2). PL spectra of PNCs with (d) and w/o water (e). (f) PL intensity as a function of temperature at 30 ~ 140 ℃. PL spectra of PNCs with (g) and w/ 
o water (h). (i) PL intensity with water treatment time. 
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the initial value) of 135 min, much longer than that of PeLEDs w/o water 
(86 min). The detailed EL performances of PeLED devices fabricated by 
PNCs with water are summarized in Table S3. The enhanced EL per-
formances demonstrate the superiority of in-situ constructing Cs4PbBr6/ 
CsPbBr3 heterojunction, which is one of the best devices performance 
based on the Cs4PbBr6/ CsPbBr3 system (Table S4). 

3. Conclusions 

In summary, we reported water-induced construction of Cs4PbBr6/ 
CsPbBr3 heterojunction for efficient PeLEDs. This heterojunction pos-
sesses significantly enhanced PLQY, PL lifetime and exciton binding 
energy, which should be attributed to the enhanced radiation recom-
bination and reduced trap states. Furthermore, the PNCs with water 
exhibited improved photo, heat and water stabilities. Based on this 
Cs4PbBr6/CsPbBr3 heterojunction, the fabricated PeLED device exhibits 
a maximum current efficiency of 43.62 cd A− 1 and a peak EQE of up to 
11.31%, much higher than that of CsPbBr3 PNCs. Therefore, this work 
may provide a promising strategy for constructing Cs4PbBr6/CsPbBr3 
heterojunction on a molecular scale and promote the commercial 
development of heterojunction-like optoelectronics. 
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