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Inorganic halide perovskite quantum dots (QDs) suffer from pro-

blems related to poor water stability and poor thermal stability.

Here we developed a simple strategy to synthesize alkyl phosphate

(TDPA) coated CsPbBr3 QDs by using 1-tetradecylphosphonic acid

both as the ligand for the CsPbBr3 QDs and as the precursor for

the formation of alkyl phosphate. These QDs not only retain a high

photoluminescence quantum yield (PLQY, 68%) and narrow band

emission (FHWM ∼ 22 nm) but also exhibit high stability against

water and heat. The relative PL intensity of the QDs was maintained

at 75% or 59% after being dispersed in water for 5 h or heated to

375 K (100 °C), respectively. Finally, white light-emitting diodes

(WLEDs) with a high luminous efficiency of 63 lm W−1 and a wide

color gamut (122% of NTSC) were fabricated by using green-emit-

ting CsPbBr3/TDPA QDs and red-emitting K2SiF6:Mn4+ phosphors

as color converters. The luminous efficiency of the WLEDs

remained at 90% after working under a relative humidity (RH) of

60% for 15 h, thereby showing promise for use as backlight devices

in LCDs.

Introduction

White light-emitting diodes (WLEDs) have potential appli-
cations in displays due to their high luminous efficiency, long
lifetimes, low power consumption, fast response, and so on.1–3

The commercially available WLEDs are based on a blue LED

chip with yellow Y3Al15O12:Ce
3+ (YAG) phosphors because of

their low cost, high luminous efficiency, and simple structure.4

However, this type of WLED cannot cover sufficient color space
due to a lack of green and red components in the emission,
which makes its use as backlight devices in liquid-crystal dis-
plays (LCDs) difficult. Cadmium chalcogenide quantum dots
(QDs) have been widely used in LED displays due to their
tunable emission, narrow band emission, high photo-
luminescence quantum yield (PLQY), and good stability.5–7

However, the cadmium chalcogenide QDs have some draw-
backs such as self-absorption and the need for high reaction
temperatures.8,9

Lately, all inorganic halide perovskite quantum dots
(IPQDs), CsPbX3 (X = Cl, Br, I), have been attracting increasing
attention because of their potential applications in light-emit-
ting diodes (LEDs), solar cells, and lasers as a result of their
more excellent optical properties, such as a negligible influ-
ence of self-absorption, low reaction temperature, high PLQY,
wide tunable emission, and narrow band emission, compared
to cadmium chalcogenide QDs.10–16 However, the IPQDs suffer
from problems related to poor water stability and poor thermal
stability that limit their practical applications.17–22 Therefore,
there is an urgent need for the development of a simple
process to synthesize IPQDs that show high stability while pre-
serving a high PLQY and a narrow band emission.23 To
improve the stability of IPQDs, mesoporous silica, polyhedral
oligomeric silsesquioxane (POSS), intermolecular CvC
bonding, silica matrices, and alumina have been introduced to
provide resistance upon exposure to water in moist
air.17,18,21,24–29 Although the obtained composites exhibit
improved stability in air, the stability of these IPQDs under
extreme conditions, including when dispersed in water or
heated to high temperatures, is of greater concern because
these composites are not stable enough for practical
application.

Coating with an alkyl phosphate layer is a great method
that can protect core luminescent materials against water and
heat because of its high stability and excellent optical
transparency.30–32 Alkyl phosphate coated on the surface of
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fluoride was found to provide improved water and thermal
stability.33 The formation of alkyl phosphate was based on the
esterification of P2O5 with alcohols. On the other hand, the
alkyl phosphate layer was prepared via a self-assembled route
in aqueous solutions for passive surfaces and for corrosion
protection of metals and metal oxide surfaces.34–41 However,
these approaches cannot be used in the case of IPQDs because
the alcohols or water will decompose them before the gene-
ration of the alkyl phosphate layers. Thus, the development of
a strategy to coat alkyl phosphate over the surface of IPQDs
such that they have excellent luminescence properties and
high stability is a very worthwhile task to perform. Koh et al.
reported the synthesis of phosphonic acid stabilized CsPbX3

NCs with improved stability in air via a hot-injection route
(∼150 °C) under the protection of N2.

42 However, it is hard to
apply the hot-injection approach to large-scale synthesis due
to complex manipulations and the difficulty in controlling the
rate of precursor injection, batch transfer in a short time, and
reaction temperature.6 Moreover, the stability of the QDs dis-
persed in water and heated to high temperature has not been
investigated.

Here, a simple process (Fig. 1) was developed to synthesize
CsPbBr3/TDPA QDs under ambient conditions. 1-Tetra-
decylphosphonic acid was chosen both as the ligand for the
CsPbBr3 QDs and as the precursor for the formation of alkyl
phosphate. The as-prepared CsPbBr3/TDPA QDs not only
retain a high PLQY and a narrow band emission but also
exhibit excellent water and thermal stability, which are
beneficial to fabricate WLEDs. Therefore, the green-emitting
CsPbBr3/TDPA QDs were combined with the red-emitting
K2SiF6:Mn4+ (KSF) phosphors and a blue LED chip to fabricate
a WLED that exhibits a wide color gamut and has high lumi-
nous efficiency and high stability. These characteristics indi-
cate that the as-prepared QDs are promising green emitters for
use in liquid crystal display (LCD) backlight devices.

Results and discussion

To investigate the microstructure of the CsPbBr3/TDPA QDs,
the QDs were characterized by transmission electron
microscopy (TEM) and X-ray diffraction (XRD). The TEM image
of CsPbBr3/TDPA QDs, Fig. 2a, shows that the CsPbBr3 QDs
dispersed in alkyl phosphate without evident aggregation. The

presence of the alkyl phosphate not only preserves the size of
the CsPbBr3 QDs but also effectively separates the CsPbBr3
QDs from each other. The high-resolution TEM (HR-TEM)
image (Fig. 2b) of the QDs shows a d-spacing of 2.898 Å, which
is consistent with the (200) crystal face of cubic phase
CsPbBr3.

18 The energy dispersive X-ray spectroscopy (EDS)
spectrum (Fig. S2a†), scanning TEM (STEM) EDS-mapping
(Fig. S2b†) and EDS line profile spectra (Fig. S3†) of the QDs
showed the uniform distributions of P, Cs, Pb, and Br
elements. In addition, the XRD patterns (Fig. 2c) of pure
CsPbBr3 and the QDs indicate that all their structures belong
to the cubic phase (JCPDS no. 54-0752). However, some
impure peaks were found in the XRD spectra of the QDs,
which were confirmed to be alkyl phosphate on comparison
with the XRD spectrum of TDPA.

To verify the process of formation of the CsPbBr3/TDPA
QDs, the FTIR spectra (Fig. 2d) of the TDPA and CsPbBr3/TDPA
QDs were compared. Before the formation of alkyl phosphate,
the FTIR spectrum of TDPA shows the PvO stretching
vibration at 1230 cm−1 and the P–O–H vibrations at 1000 and
955 cm−1.34,38,41 However, in the case of the CsPbBr3/TDPA
QDs, the vibration of PvO at 1230 cm−1 was replaced by a
broad peak at 1000–900 cm−1 (Pb–O–P),34,35 which indicates
that the PvO bond and the P–O–H bond were gradually
broken to produce the Pb–O–P bond, thereby forming alkyl
phosphate on the surface of QDs.33 The absorption bands at
2935 and 2886 cm−1 correspond to the vibrations of the C–H
groups.43 Moreover, the X-ray photoelectron spectroscopy
(XPS) spectra of the QDs, shown in Fig. 2e, further confirm the
presence of P, O, C, Cs, Pb, N, and Br elements on the surface
of the QDs. Note that the O 1s spectrum (Fig. 2f) could be
fitted to three peaks: P–O–Pb at 530.8 eV, Pb–O at 530.2 eV,
and bulk O at 529.7 eV; the assignment of these peaks shows
good agreement with the analysis of FTIR spectra (Fig. 2d).

To optimize the optical properties of CsPbBr3/TDPA QDs,
the QDs were synthesized with different TDPA concentrations

Fig. 2 The (a) TEM and (b) HR-TEM images of CsPbBr3/TDPA QDs. The
(c) XRD and (d) FTIR spectra of TDPA, pure CsPbBr3 QDs, and CsPbBr3/
TDPA QDs. (e) The XPS spectrum of the QDs. (f ) The high-resolution
spectra of O 1s.

Fig. 1 (a) The molecular formula of TDPA. (b) Schematic illustration of
the formation of CsPbBr3/TDPA QDs.
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in the precursor solution. The photographs of the QDs dis-
persed in solution in daylight and under 365 nm UV light are
shown in Fig. 3a and b, respectively. Fig. 3c and d illustrate
that their absorption and emission spectra are dependent on
the 1-tetradecylphosphonic acid concentration. The absorption
and emission spectra exhibit a significant shift to the shorter
wavelength with the increase in the concentration of 1-tetrade-
cylphosphonic acid, which indicates the production of smaller
CsPbBr3 QDs (Fig. S4†). These are attributed to the increase in
the concentration of 1-tetradecylphosphonic acid which causes
a decrease in the rate of monomer delivery through the ligand-
capping layer. Simultaneously, the highest PLQY of the QDs
(68%) was obtained with a narrow band emission (FWHM =
22 nm) when the concentration of 1-tetradecylphosphonic acid
increased to 7.5 mg mL−1. Above 7.5 mg mL−1, the PLQY of
the QDs started to decrease because the steric hindrance
caused by the high concentration of 1-tetradecylphosphonic
acid results in a greater number of uncoordinated surface
atoms. Note that the PLQY of the CsPbBr3/TDPA powders was
preserved at 60%, compared to the low PLQY (<5%) of pure
CsPbBr3 powder. This is because the presence of the alkyl
phosphate matrix prevents the agglomeration of the CsPbBr3
QDs and fluorescence quenching. In addition, approximately
1.4 g of CsPbBr3/TDPA powder was obtained at one time with a
PLQY of 58% and a FWHM of 23 nm.

High stability is the prerequisite for the CsPbBr3/TDPA QDs
to be successfully applied to WLED devices. Therefore, the
water and thermal stability of the as-prepared QDs was investi-
gated, as shown in Fig. 4. To evaluate the water stability of the
CsPbBr3/TDPA QDs and pure CsPbBr3 QDs, 0.5 mg mL−1 QDs
were dispersed in water with vigorous stirring. The relative PL
intensity of the CsPbBr3/TDPA QDs in water remained at 75%

of the initial intensity after 5 h, which is much higher than
that of pure CsPbBr3 QDs after 1 h (7%). In addition, all the
XRD peaks (Fig. S5†) of the CsPbBr3/TDPA QDs immersed in
water for different times correspond to cubic CsPbBr3 and
alkyl phosphate. These illustrate the excellent water stability of
the CsPbBr3/TDPA QDs due to the strong steric hindrance of
the alkyl phosphate layers, which reduce the access of water
molecules to the surfaces of the CsPbBr3 core QDs. Long-term
water stability was also evaluated, as shown in Fig. S6.† The
relative PL intensity of the QDs remained at 23% after 210 h.
This illustrates that the CsPbBr3/TDPA QDs have high water
stability compared to CsPbBr3@POSS, CsPbBr3/SiO2, CsPbBr3/
ZnS, and pure CsPbBr3 QDs.

18,20,21,24,25,44

To evaluate the thermal stability of CsPbBr3/TDPA QDs, the
QDs and pure CsPbBr3 were heated from 300 K to 400 K and
cooled back to room temperature while monitoring the PL
spectra (Fig. 4c). Remarkably, the relative PL intensity of the
QDs preserved approximately 59% of the initial intensity when
the temperature increased to 375 K (100 °C) (Fig. 4d), exhibit-
ing much better thermal stability than those of pure CsPbBr3
QDs (19%)45 and CsPbBr3/SiO2 composites.18 In addition, the
QDs were heated further up to 400 K that retained the PL
intensity of 43%. The QDs still retained 92% of the initial
intensity when cooled back to room temperature, which is
much higher than that of pure CsPbBr3 QDs (34.8%). The high
thermal stability of the QDs may be caused by the increase in
the organic content of the alkyl phosphate matrix.
Furthermore, the PL intensity of the QDs can be fitted accord-
ing to eqn (S1),† as shown in Fig. S7.† A binding energy of
279 meV was obtained for the QDs, which is approximately

Fig. 4 (a) The relative PL intensity of 0.5 mg mL−1 QDs as a function of
time in water. (b) Photograph of CsPbBr3/TDPA QDs dispersed in water
for different times. (c) Pseudocolor maps of temperature-dependent PL
spectra of the CsPbBr3/TDPA QDs (300–400 K). (d) Plots of relative PL
intensity of the CsPbBr3/TDPA QDs and pure CsPbBr3 QDs as a function
of temperature (300–400 K). The solid line refers to the heating stages
and dashed line to the cooling stages.

Fig. 3 The images of CsPbBr3/TDPA QDs in (a) daylight and (b) under
365 nm UV light. The (c) UV/vis absorption and (d) PL (d) spectra of
CsPbBr3/TDPA QDs with different concentrations of TDPA (TDPA-1:
5 mg mL−1, TDPA-2: 7.5 mg mL−1, TDPA-3: 10 mg mL−1, TDPA-4:
11 mg mL−1).
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eight times higher than that of the bulk CsPbBr3 (approxi-
mately 35 meV).11,46,47 Such a large binding energy implies
that the PL emission of the CsPbBr3/TDPA QDs more likely
occurs via exciton recombination rather than via the recombi-
nation of free holes and electrons.

The as-prepared green-emitting CsPbBr3/TDPA QDs show
high PLQY, narrow band emission, and high stability, making
them promising for use as green emitters in display devices.
K2SiF6:Mn4+ (KSF) is a narrow-band red-emitting phosphor
with excellent PL properties and higher stability than that of
red-emitting IPQDs (CsPb(Br/I)3).

20 In addition, the two phos-
phors can be well excited at 453 nm without overlap between
the PLE spectrum of the red phosphors and the PL spectrum
of the green CsPbBr3/TDPA QDs (Fig. S8†). Based on these
factors, a WLED (Fig. 5a) was fabricated by encapsulating a
mixture of the green-emitting CsPbBr3/TDPA QDs, red-emit-
ting KSF phosphors and silicone resin onto a blue LED chip
(λpeaks = 453 nm); this process is similar to the commercial
white LED packaging process. As shown in Fig. 5b, the WLED
at a driving current of 20 mA generated white emission with a
high luminous efficiency of 63 lm W−1, a color rendering index
(CRI) of 83, a CIE chromaticity coordinate of (0.31, 0.29), and a
color temperature (CCT) of 7072 K without optimizing the
structure of the device and these results are a little better than
those of the previously reported CsPb(Br/I)3/SiO2-based WLED
(61 lm W−1).18 The corresponding EL spectrum (Fig. 5c)
obviously consists of three emission peaks located at 453, 525,
and 631 nm, which belong to the blue LED chip, green QDs
and red phosphors, respectively. The CIE color coordinates of
WLEDs, blue LEDs, CsPbBr3/TDPA QDs, and KSF phosphors
are shown in Fig. 5d, the combination can cover over 122% of
the National Television System Committee (NTSC) standard,
which shows the wide color gamut of our WLED device. After
the WLED worked under a relative humidity of 60% for 5 h,
there was no evident change in its EL spectra, indicating a

reasonable stability of the device. With a prolonged working
time, the intensity of the green band dropped slightly while
those of the blue and red bands remained nearly unchanged,
which reveals that the CsPbBr3/TDPA QDs are a little more sen-
sitive to blue light than to red KSF phosphors. 15 h later, the
luminous efficiency retains 90% (57 lm W−1) of the initial
efficiency, which has been compared with the reported WLEDs
in Table S1.† These results (Fig. 5e and f) indicate that the PL
stability of CsPbBr3/TDPA QDs has been significantly improved
and the CsPbBr3/TDPA QDs have potential applications in LCD
devices.

Conclusions

In summary, we demonstrated a facile strategy for the syn-
thesis of alkyl phosphate coated CsPbBr3 QDs. The as-prepared
QDs were found to not only preserve high PLQY (68%) and
narrow band emission (FWHM = 22 nm) but also display high
stability against water and heat because of the presence of the
alkyl phosphate matrix. Moreover, the green-emitting CsPbBr3/
TDPA QDs were combined with the red-emitting KSF phos-
phors and a blue LED chip to fabricate a WLED. The device
exhibited a high luminous efficiency of 63 lm W−1 and a wide
color gamut (122% of NTSC standard). Moreover, the lumi-
nous efficiency of the device degraded a little after working for
15 h. These results imply that the green-emitting CsPbBr3/
TDPA QDs have great potential for application in wide color
gamut display devices.
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