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Abstract: Perovskite colloidal quantum wells 

(QWs) are promising to realize narrow deep-blue 

emission, but the poor optical performance and 

stability suppress their practical application. Here, 

we creatively propose a water-driven synthesis 

strategy to obtain size-homogenized and strongly 

confined deep-blue CsPbBr3 QWs, corresponding 

to three monolayers, which emit at the deep-blue 

wavelength of 456 nm. The water controls the 

orientation and distribution of the ligands on the 

surface of the nanocrystals, thus inducing 

orientated growth through the Ostwald ripening 

process by phagocytizing unstable nanocrystals to 

form well-crystallized QWs. These QWs present 

remarkable stability and high photoluminescence 

quantum yield of 94%. Furthermore, we have 

prepared light-emitting diodes based on the QWs 

via the all-solution fabrication strategy, achieving 

an external quantum efficiency of 1% and 

luminance of 2946 cd m-2, demonstrating state-of-

the-art brightness for perovskite QW-based LEDs. 

Introduction 

Cesium lead halide (CsPbX3; X = Cl, Br, and I) 

perovskite nanocrystals have recently attracted a 

great deal of attention for their intriguing properties, 

including intrinsic defect tolerance, nearly unity 

photoluminescence quantum yield (PLQY), 

emission tunability, and facile solution-process 

fabrication.[1] These unique properties make them 

the most promising candidates for practical 

applications in high-definition displays. Recently, 

red and green light-emitting diodes (LEDs) based 

on perovskite nanocrystals have shown significant 

improved efficiency, showing an external quantum 

efficiency (EQE) of over 20%, [2] which is 

comparable to those of organic LEDs. However, 

the EQE of the blue LEDs lags behind that of their 

red and green counterparts, especially for deep-

blue (≤ 460 nm) ones. [3] Therefore, it is important 

to thoroughly investigate and develop highly 

efficient and stable perovskite LEDs with the 

desired blue wavelength. 

To date, composition engineering of mixed halides 

such as CsPb(BrxCl1-x)3 is commonly applied to 

adjust the blue emission wavelengths of 

perovskites. Nevertheless, the mixed-halide 

perovskites are plagued by phase instability issues 

stemming from extensive ion migration under 

illumination and voltage bias. [4] Another widely 

employed strategy to achieve blue emission is 

referred to as dimensional engineering, which 

utilizes the quantum confinement effect to tune the 

band gap to the desired emission wavelength. 

Significant efforts have been made on the colloidal 

synthesis of strong-confined perovskite 

nanocrystals with tunable morphologies, involving 

nanoparticles, nanorods, nanowires, and 

nanoplatelets. [2a, 5] Among these, the colloidal 

quantum wells (QWs), also referred to as 

nanoplatelets, have shown significant potential for 

the fabrication of efficient blue LEDs, owing to 

their tunable optical properties at the molecular 

level, narrow emission wavelength with suppressed 

inhomogeneous broadening, and notable optical 

non-linearities. [6] However, the long-chain organic 
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ligands limit the charge transfer, whereas ligands 

with reduced chain-lengths induce uncontrolled 

thickness distribution of the perovskite QWs. [7] 

Recently, perovskite QWs obtained by Wang et al., 

who used short-chain ligands such as ammonium 

bromide (NH4Br) and butylamine (C4) to improve 

the charge mobility of the perovskite QWs films 

when constructing LEDs. [8] However, the overall 

PLQYs were observed to be in the range of 64% to 

71%, indicating that there was still potential to 

further improve the optical performance of the 

perovskite QWs. Additionally, solution-processed 

QWs generally contain a distribution of several 

well-widths, which may contribute to non-radiative 

recombination loss and broadened emissions.[9] 

Considering these two main opportunities to 

prepare improved LEDs, here we propose a water-

driven synthesis strategy to obtain perovskite QWs 

with improved crystallinity and size homogeneity. 

The water is able to control the orientation of the 

ligand distribution on the surface of the QWs. 

Those QWs with defective crystal facets have high 

surface energies, thus inducing the orientation 

growth towards the (100) plane by phagocytizing 

unstable nanocrystals based on the Ostwald 

ripening process. As a result, the homogenous QWs 

present narrow full width at half maximum 

(FWHM) of 20 nm with a single PL emission peak 

at 456 nm, corresponding to three monolayers 

(MLs). More importantly, the QWs present high 

PLQY of 94 %, which is attributed to high crystal 

quality and reduced surface defects. Furthermore, 

the LEDs based on the QWs show an EQE of 1% 

and luminance of 2946 cd m-2, which is the highest 

luminance value reported so far for blue perovskite 

LEDs based on QWs. 

Results and Discussion 

We have developed a novel strategy to synthesize 

CsPbBr3 QWs based on the conventional hot-

injection method (Figure 1a). Briefly, the pristine 

CsPbBr3 QWs are first prepared by swiftly 

injecting Cs-Oleate into the PbBr2 precursor at 

105 °C, followed by ice-water cooling to 40 °C. 

The water-driven synthesized (WD-synthesized) 

QWs are obtained by injecting purified water into 

the pristine sample reheated at 70 °C, stirring for ~ 

30 s (see the Experimental section for further 

details).  
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Figure 1. Fabrication, morphology and optical performance of the QWs. (a) Illustration of the water-
driven synthesis process of QWs. (b-c) TEM and HRTEM images of the QWs without water addition. (d) 
TEM image of the QWs with water addition for 15 s. (e-g) TEM and HRTEM images of the QWs with 
water addition for 30 s. (h) PL profile. (i) PLQY of the QWs with added water at different stages (0 s, 15 
s, 30 s, 45 s, and 60 s). (j) PL and absorption spectra of the pristine QWs and QWs with 40 μL water 
addition for 30 s. 
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Figures 1b-g show the transmission electron 

microscopy (TEM) and high-resolution TEM 

(HRTEM) images of the perovskite QWs at 

different reaction stages, including the pristine 

product without the introduction of water and the 

QWs with water introduced for 15 s and 30 s, 

respectively. Initially, the obtained QWs without 

water addition present poor crystal quality, low 

crystallite coverage rate, and irregular shape 

distribution (Figure S1a). After introducing water 

for 15 s, the ultra-small QWs and nanocrystals 

disappear, while the uniform-sized QWs are 

obtained (Figure S1b), indicating that the addition 

of water might prompt the oriented crystallization 

of the QWs. When the reaction period is further 

extended, all QWs show high crystallinity with 

vertical stacking in a face-to-face manner (Figure 

S2). The size distribution of the final QWs satisfies 

the Gaussian distribution much better than the 

initial stage (Figure S3). The average thickness of 

2.3 ± 0.02 nm (length of 12.5 ± 0.17 nm) 

corresponds to three MLs of the unit cell in 

perovskites, which is in accordance with the deep-

blue spectrum achieved by the strong quantum 

confinement.[8] The crystal structure is illustrated in 

Figure S4, indicating that the quantum confinement 

effect is dominant along the thickness direction of 

QWs. Compared with the HRTEM images of the 

QWs without/with addition of water (Figures 1c 

and g), there is no significant change in the d-

spacing, which remains 0.58 nm, corresponding to 

the (100) crystal plane of the cubic CsPbBr3 phase, 

which illustrates that the intrinsic crystal structure 

is unaffected by water. Meanwhile, various crystal 

facets of the pristine sample (without addition of 

water ) are exposed because of poor crystallinity, 

resulting in atomic vacancies in the surface. The 

WD-synthesized QWs possess regular rectangle 

shape with the perfect crystal structure, and defects 

are rarely detected in the field of view, while the 

lattice extends along the [010] direction. Note that 

a set of diffraction peaks with a period of 6.7 º is 

observed at small angles in the X-ray diffraction 

(XRD) results (Figure S5), corresponding to the 

pristine QWs with a thickness of 1.3 nm. The 

periodic diffraction pattern disappears in the WD-

synthesized QWs, indicating that those QWs with 

ultra-small size are eliminated by water 

introduction, and the overall crystal quality is 

improved. Moreover, the elemental mapping 

images (Figure S6) indicate that the distribution of 

elements in the WD-synthesized QWs remains 

uniform, revealing that only the morphology is 

affected by the incorporation of water. 

Such structural evolution is associated with change 

in the optical performance of the QWs. Figure 1h 

shows the PL spectra of the objects at different 

stages after injection of water, and the 

corresponding absorption profile is given in Figure 

S7. It can be seen that the PL and absorption spectra 

of the QWs present a minor redshift as the reaction 

duration is extended. An additional emission peak 

at ~520 nm shows up when the reaction time 

reaches 60 s, which is attributed to the further 

growth of the QWs along the thickness direction 

(quantum confinement effect direction) because of 

the dynamic desorption of surface ligands of the 

QWs (oleic acid (OA), oleylamine (OAm)),[10] 
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indicating a suitable reaction period is essential. 

Taking PLQY as a criterion (Figure 1i), the 

maximum value of 94% (the average value is 87%) 

is obtained when the reaction duration is 30s, 

suggesting high crystal quality and low trap density 

for the products at this stage. The effect of adding 

water on the optical performance of the QWs is also 

studied (Figures S8-10). The results demonstrate 

that the appropriate amount of water to be added is 

40 μL. An additional PL emission peak position at 

~ 515 nm is observed when the added amount is 

more than 70 µL, which might stem from some 

oversized QWs under water-rich condition.[11] 

More detailed results are summarized in Figure S11 

and Tables S1-2. Compared to the pristine sample, 

the final WD-synthesized QWs possess a similar 

emission peak but a sharper exciton peak (Figure 

1j), illustrating that the quantum confinement effect 

is maintained while improving their crystallinity. 

The narrower FWHM (30 nm to 20 nm) and 

improved PLQY (45% to 94%) of the WD-

synthesized QWs arise from the better 

crystallization and size distribution, and their 

surface might subsequently be passivated or 

modified by water-driven surface reconstruction.[12]   

A PL spectrum in situ tracking system is set up to 

reveal the formation mechanism of the QWs with 

the addition of water (Figure 2a). Figures 2 b-c 

represent the spectral evolution of two samples 

during the synthesis process. The PL intensity of 

the pristine QWs slightly decreases with time, 

owing to desorption of surface ligands and high-

temperature fluorescence quenching, [13] while that 

of the WD-synthesized QWs increases after the 

introduction of water, indicating reduction of the 

defect density. In addition, the emission intensity 

enhanced region of the WD-synthesized QWs is 

much narrower than that of the pristine QWs, 

which is confirmed by the instant FWHM 

recording (Figure 2d). Figure 2e shows the terminal 

emission distribution of two samples. The pristine 

sample exhibits blue emission with two prominent 

PL emission peaks at around 441 nm and 456 nm, 

corresponding to 2 MLs and 3 MLs nanoplatelets, 

respectively. [11b] An obvious band tail is also fitted 

at 468 nm, which might result from the generation 

of significant defects, whereby excitons recombine 

through a non-radiative process.[14] The PL profile 

of the WD-synthesized QWs is more symmetrical 

with a single emission peak at 455 nm and 

suppressed band tail, suggestive of the improved 

crystal quality and size distribution. 

Knowing that the surface ligands control the 

growth orientation of nanocrystals, [15] calculations 

based on the density functional theory (DFT) are 

employed to assist in elucidating the interactions 

between the ligands and crystal facets. The DFT 

results (Figure 2f) provide adsorption energies (Eads) 

of the [OA, OAm], adsorbed on the (100), (110) 

and (111) crystal planes of [-0.45, -0.38 eV], [-0.18, 

-0.17 eV], and [-0.41, -0.36 eV], respectively. The 

strongest interactions of OA and OAm could 

stabilize the (100) and (111) planes, because the 

attached ligands would retain surface ions and act 

as ionic anchoring sites. [5g] In contrast, vacancies 

are more likely to be generated on the (110) crystal 

planes as the adsorption energy is weaker. As such, 

the strong surface-ligand interactions would favor 
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the formation of more regular nanocrystals with fewer defects.  

 

 

Figure 2. Formation process of the WD-synthesized QWs. (a) Illustration of the in-situ PL spectra 
monitoring system. Color map of spectral evolution of (b) the pristine and (c) the WD-synthesized QWs, 
respectively. (d) FWHM and (e) PL intensity variance of the pristine and WD-synthesized QWs. (f) DFT 
calculations of the adsorption energies of ligands (OA and OAm) at the QW surfaces. (g) Illustration of 
the mechanism of the evolution of the morphology of the WD-synthesized QWs. 
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Based on the results above, the mechanism of the 

WD-synthesized QWs can be illustrated in Figure 

2g. There are many more defects in the surfaces of 

the pristine QWs because of their intrinsically 

unstable nature. In addition, the surfaces of the 

pristine QWs are randomly and dynamically 

capped with ligands, which are labile and sensitive 

to polar solvents (such as water). [10] Knowing that 

the binding energy between the ligands and the 

(100) crystal facet is the strongest, after introducing 

water into the crude solution, highly dynamic 

ligands could be dissociated from the other facets, 

exposing the pristine QWs with defective layers at 

the surface. Those defective crystal facets are 

highly reactive, which induces reconstruction of 

the QWs involving neighboring particles until all 

exposed facets are (100) plane, where the strongly 

bound ligands passivate the surfaces. [5a, 16] 

Meanwhile, some unstable QWs of ultra-small size 

are phagocytized by the bigger QWs to form high-

quality QWs with a homogenized phase 

distribution based on the Ostwald ripening theory. 
[17] Those fully evolved WD-synthesized QWs 

finally show better crystallinity and a uniform size 

distribution, which is consistent with their high 

optical performance.
 

 

Figure 3. Exciton dynamics of the QWs. The 2D pseudo-color fs-TA plots of (a) the pristine and (b) the 
WD-synthesized QWs. (c) TA comparisons of bleach recovery dynamics of the pristine and WD-
synthesized QWs. The fs-TA spectra of (d) the pristine and (e) the WD-synthesized QWs at different delay 
times. (f) TRPL decay of the pristine and WD-synthesized QWs. 
 

Ultrafast femtosecond transient absorption (TA) is conducted to gain further insight into the 
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mechanism behind the intriguing photo-physical 

properties of the QWs. As shown in the 2D pseudo-

color TA plots (Figures 3 a-b), the WD-synthesized 

QWs show enhanced and narrower ground-state 

bleaching (GSB) in comparison with the pristine 

QWs, which is attributed to the decrease of trap 

density for the WD-synthesized QWs. [18] In 

addition, the spectral diffusion of the WD-

synthesized QWs is suppressed with time, 

indicating the trap density is reduced near the band-

edge, [18,19] which is confirmed by the higher PLQY 

of the WD-synthesized QWs. The optical 

absorption change (ΔA) is depicted in Figures 3 d-

e, which exhibits a negative bleaching signal (PB) 

with two small positive signals on bilateral sides. 

Both samples give obvious PB signals at 437 nm 

and 439 nm, matching the energy of the first 

exciton transition in the linear absorption of 435 

nm and 436 nm, respectively. The spectrum shape 

of the pristine QWs remains almost unchanged for 

5 ps with negligible redshift; the time to maintain 

the stable spectral line becomes longer for the WD-

synthesized QWs (almost 250 ps). As it is known 

that the bi-exciton recombination dominates the 

decay process, [5b, 20] the increased decay time of 

the WD-synthesized QWs reveals a stronger 

exciton-exciton interaction. In combination with 

the bleach recovery dynamics (Figure 3c and Table 

S3), the pristine sample exhibits bi-exponential 

bleach recovery dynamics with an ultrafast 

component of 10.6 ps (τ1) and a longer component 

of 1508 ps (τ2). However, the WD-synthesized 

QWs present single-exponential decay dynamics 

with one time constant of 3437.8 ps, revealing that 

the non-radiative recombination paths are 

effectively suppressed, and excited carriers are 

efficiently utilized. [21] This consequence is 

consistent with the results of the time-resolved PL 

measurements (TRPL). As shown in Figure 3f (and 

Tables S4-5), the WD-synthesized QWs exhibit a 

bi-exponential PL decay with an average lifetime 

of 4.0 ns, i.e., longer than that of the pristine sample 

(2.6 ns), indicating that non-radiative 

recombination in the WD-synthesized QWs is 

eliminated through efficient surface defect 

reduction, which can be verified further by the 

radiative rate. The WD-synthesized QWs have a 

faster radiative rate (0.24 ns-1) and suppressed non-

radiative rate (0.01 ns-1), compared with the 

pristine counterpart (0.17 ns-1 and 0.21 ns-1, 

correspondingly). In summary, the carrier 

dynamics of the WD-synthesized QWs are slower 

than that of their pristine counterparts, indicating 

that the band gap might be renormalized in QWs, 

showing stronger Coulombic interactions and 

higher exciton binding energies, [21a] which is 

verified by the temperature-dependent PL 

measurements (100 – 300 K), shown in Figure S12. 

The fitting results give Eb values of 288.69 eV and 

471.17 eV for the pristine and WD-synthesized 

QWs, respectively. The increased Eb is 

theoretically beneficial in QWs to keep excitons 

dynamic and allow more efficient recombination. 
[22]
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Figure 4. Spectral stability of the QWs. (a) PL intensity profiles of the pristine and WD-synthesized QWs 
after UV-light irradiation for various periods, as indicated in the frame. XPS spectra of (b) Pb-4f and (c) 
Br-3d of the pristine and the WD-synthesized QWs, respectively. 
 

Considering that the ligands are actively dynamic 

under ultraviolet (UV) immersion, thereby 

inducing spectral instability and degradation of 

optical performance, [23] we assess the spectral 

stability of the QWs by monitoring the solution 

under continuous UV-light irradiation (365 nm 

wavelength). With increasing irradiation time, the 

PL peak position of the pristine sample shows a 

progressive redshift (from 456 nm to 486 nm) and 

a distinct change in their emission color (Figure 4a). 

In contrast, the WD-synthesized QWs preserve the 

emission position and intensity under the same 

condition, revealing excellent long-term stability. 

By quantifying the profile of the Fourier-

transformed infrared spectroscopy (FITR), shown 

in Figure S13, we observe no noticeable vibration 

signal difference between the two samples, 

suggesting that the surface ligands are unaffected 

by water. Additionally, X-ray photoelectron 

spectroscopy (XPS) analysis is performed to verify 

the surface coordination environment of the QWs. 

Compared to the pristine sample, the WD-

synthesized QWs show gradual shifts to higher 

binding energies for Pb 4f and Br 3d (Figures 4 b-

c, respectively), implying stronger Pb-Br 

interaction in the [PbBr6]
4- octahedra. Therefore, 

the suppressed coalescence in the solution under 

relatively intense UV radiation is attributed to the 

stronger binding energy for the WD-synthesized 

QWs, which benefit from their high crystallinity 

and low defect density, as discussed previously. 
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Figure 5. Performance of the LEDs based on the QWs. (a) Illustration of the all-solution process for 
preparing WD-synthesized QWs-based LEDs. (b) Device structure image. (c) J-V-L profiles; (d) EQE 
performance. (e) CIE index for the WD-synthesized QWs-based LEDs. 
 

We have fabricated LEDs based on the WD-

synthesized QWs via the all-solution process, 

illustrated in Figure 5a. This multilayered structure 

(Figure 5b) is comprised of indium tin oxide (ITO)-

coated glass substrate / poly (3,4-

ethylenedioxythiophene) polystyrenes sulfonate 

(PEDOT: PSS) / Polyvinyl carbazole (PVK) / 

CsPbBr3 QWs / zinc oxide (ZnO) / Ag. The typical 

electrodes (cathode and anode) are equipped to 

achieve carriers (electrons and holes) injection. The 

injected electrons and holes drift into the QWs 

layer through electron-transport layer (ETL) and 

hole-transport layer (HTL), respectively, achieving 

radiative recombination to emit photons. The QWs 

are processed by ligand exchange to prepare LEDs 

according to our previous work. [3d] Further detail 

related to the QWs can be found in Figures S14-19, 

and Table S6. The current density-voltage-

luminance (J-V-L) profiles of the device are shown 

in Figure 5c. The peak luminance of the LEDs is 

2946 cd m-2, which is the best performance for 

deep-blue LEDs based on perovskites QWs 

reported so far. The best-performing EQE (Figure 

5d) of the LEDs is 1% at the current density of 188 

mA cm-2. Furthermore, the blue emission of the 

LEDs corresponds to the CIE (Commission 

Internationale de L'Eclairage) color coordinates of 

(0.12,0.09) (Figure 5e), satisfying both the 

National Television System Committee (NTSC) 

standard and the Rec. 2020 standards, thus 

indicating their excellent potential for display 

applications. 
 

Conclusion 
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We have devised a water-driven synthesis strategy 

to obtain strong-confined CsPbBr3 QWs of 

homogenized size and excellent crystallinity. 

Water in the reaction system controlled the 

orientation of the ligand distribution on the surface 

of the QWs, inducing better orientational 

crystallization of the QWs via an Ostwald ripening 

process that phagocytizes unstable nanocrystals. 

Consequently, the WD-synthesized QWs presented 

a deep-blue emission of 456 nm, narrow FWHM of 

20 nm, and high PLQY of 94%, which is attributed 

to the great crystal quality, uniform size and 

morphology distribution. TA analysis verified the 

excellent optical performance of the WD-

synthesized QWs, as a result of reduced surface 

defects and the suppressed non-radiative 

recombination dynamics. Based on the WD-

synthesized QWs, we have fabricated blue LEDs 

via the all-solution process, gaining an EQE of 1% 

and outstanding luminance of 2946 cd m-2, which 

is one of the highest luminance records for 

perovskites QW-based LEDs reported so far. 

Further studies are now required to further improve 

the operational efficiency and stability of QW-

based LEDs, and explore further potential 

commercial applications of such QWs. 
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A creatively water-driven strategy is devised to obtain size-homogenized and strongly confined deep-

blue perovskite quantum wells (QWs) with remarkable stability and high photoluminescence quantum 

yield of 94%. The electroluminescent devices based on the QWs show high luminance of 2946 cd m-2, 

demonstrating state-of-the-art brightness for perovskite QWs based devices. 
 


