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T
he lighting and display technologies
are looking for color-tunable and nar-
row-band emissive materials to en-

hance the color performance of lighting and
display systems.1�3 Colloidal quantum dots
(QDs) emerge as next generation candi-
dates with color-tunable and narrow-band
emissions as well as high photolumines-
cence quantum yields (PLQYs).3,4 Recently,
notable success has been made on QDs
based on wide-color gamut backlighting
systems for display applications.5 However,
the commercialization still suffers from
the lack of inexpensive and high-quality
materials.5 Organometal halide perovskites

(CH3NH3PbX3, where X = Br, I, Cl) have
attracted great attention due to their excel-
lent performance in solar energy conversion
as well as the interesting excited-state
dynamics.6�12 Because of the wide wave-
length tunability (400�800 nm) and narrow-
band emission (full width at half-maximum,
fwhm ∼20 nm), organometal halide perov-
skites have also been of great interest as
emissive components in phosphor-converted
white-light-emitting diodes (pc-WLED), low-
threshold lasers, and electroluminescence
(EL) devices.13�17 However, owing to the
presence of nonradiative pathways through
sub-band defect states, high PLQYs and
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ABSTRACT Organometal halide perovskites are inexpensive materials

with desirable characteristics of color-tunable and narrow-band emissions

for lighting and display technology, but they suffer from low photo-

luminescence quantum yields at low excitation fluencies. Here we

developed a ligand-assisted reprecipitation strategy to fabricate brightly

luminescent and color-tunable colloidal CH3NH3PbX3 (X = Br, I, Cl)

quantum dots with absolute quantum yield up to 70% at room

temperature and low excitation fluencies. To illustrate the photolumi-

nescence enhancements in these quantum dots, we conducted compre-

hensive composition and surface characterizations and determined the

time- and temperature-dependent photoluminescence spectra. Compar-

isons between small-sized CH3NH3PbBr3 quantum dots (average diameter 3.3 nm) and corresponding micrometer-sized bulk particles (2�8 μm) suggest

that the intense increased photoluminescence quantum yield originates from the increase of exciton binding energy due to size reduction as well as proper

chemical passivations of the Br-rich surface. We further demonstrated wide-color gamut white-light-emitting diodes using green emissive CH3NH3PbBr3
quantum dots and red emissive K2SiF6:Mn

4þ as color converters, providing enhanced color quality for display technology. Moreover, colloidal CH3NH3PbX3
quantum dots are expected to exhibit interesting nanoscale excitonic properties and also have other potential applications in lasers, electroluminescence

devices, and optical sensors.
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bright EL emissions can be only achieved at high
excitation fluencies or high current density, which have
been an obstacle for the device application.18,19 It has
been suggested that the PL emission of organometal
halide perovskites could be enhanced by controlling
their size dimension20,21 or proper passivation of the
surface vacancies.22 By gaining insight into the PL
enhancements, we herein demonstrate a combined
size tuning and chemical passivation strategy to over-
come the problem of trap defects.
The role of defects in semiconductor materials is

very essential in controlling their electrical and optical
properties.23 Theoretical calculations show that orga-
nometal halide perovskites have complicated intrinsic
defects.24,25 Considering the size effects, the number of
intrinsic defects should decrease with the volume
shirking and may be further reduced due to
the autoexcluding effects.26 However, surface defects
are dominant in nanosized materials due to the large
surface to volume ratio. Considering the increased
exciton binding energy in small-sized QDs, the PL
emission is more likely to originate from the exciton
recombination rather than the recombination from
free electrons and holes.27 If the surface defects of
nanosized organometal halide perovskites can be
well-passivated, it could be possible to obtain highly
luminescent nanoparticles with fewer defects, which
potentially have high PLQYs at room temperature
and low excitation density.19 This has been evidenced
by recent works, which reported the fabrication of
CH3NH3PbBr3 and CsPbX3 nanocrystals and with
high PLQYs up to ∼80% by adapting the heating up
injection method from II�VI QDs.28,29 Because
CH3NH3PbBr3 was predicted to have an exciton Bohr
radius of ∼2.0 nm,30 smaller-size nanoparticles with a
diameter less than 4 nm may exhibit enhanced
quantum confinement effects and have been of great
interest for fundamental study. We report here a
ligand-assisted reprecipitation (LARP) technique, which
is convenient and versatile for the fabrication of
CH3NH3PbX3 QDs at room temperature.
Reprecipitation method through solvent mixing is a

simple technique that can prepare organic nano-
particles or polymer dots simultaneously through the
solvent mixing.31�33 Introduction of capping ligands
on the surface of nanoparticles has been extensively
investigated and has become an increasingly mature
strategy to control their size and morphology.34,35 This
inspired us to control the crystallization of CH3NH3PbX3
in the reprecipitation process by varying the surface
ligands. Without using long-chain ligands, the repreci-
pitation method gives micrometer-sized particles with
very low PLQYs (<0.1%). By incorporating n-octylamine
and oleic acid as coligands into the reprecipitation
process, we produced brightly luminescent colloidal
CH3NH3PbBr3 QDs with absolute PLQYs up to 70%. To
illustrate the PL enhancements in these CH3NH3PbBr3

QDs, we conducted comparative studies between
CH3NH3PbBr3 QDs (average diameter 3.3 nm) and
corresponding micrometer-sized particles. The in-
crease of exciton binding energy due to size reduction
as well as proper chemical passivations of the Br-rich
surface is clarified and discussed. We further demon-
strate the wide gamut prototype LED devices.

RESULTS AND DISCUSSION

The LARP synthesis is accomplished by simply mix-
ing a solution of CH3NH3PbBr3 precursors in good
solvent (N-dimethylformamide, DMF) into a vigorously
stirred poor solvent (toluene, hexane, etc.) with long-
chain organic ligands, which subsequently result in the
controlled crystallization of precursors into colloidal
nanoparticles. Figure 1 schematically illustrates the
typical fabrication process of the LARP technique. In
a typical synthesis of CH3NH3PbBr3 QDs, a mixture of
PbBr2, CH3NH3Br, n-octylamine, and oleic acid was
dissolved into DMF to form a clear precursor solution.
In the precursor solution, DMF acts as a good solvent to
dissolve the inorganic salts and small molecules. The
formation of free-standing layered precursors in DMF
has been previously discussed and is schematically
shown in Figure 1b.36 A fixed amount of precursor
solution was dropped into toluene under vigorous
stirring. After that, a yellow-green colloidal solution
was formed, indicating the aggregation process of the
precursors into nanoparticles. The colloidal solution in
toluene was centrifuged at 7000 rpm to discard large
particles. As shown in Figure 1c, the resulting colloidal
solution is of high quality, indicating the formation of
small-sized nanoparticles.
To understand the role of long-chain ligands in the

formation process, we conducted contrast experi-
ments with various reagents in the precursor solution.
Without n-octylamine added, the precursors undergo
fast crystallization and aggregated into large particles

Figure 1. (a) Schematic illustration of the reaction system
and process for LARP technique. (b) Schematic illustration
of starting materials in the precursor solution. (c) Typical
optical image of colloidal CH3NH3PbBr3 solution.
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and subsequently precipitated from the solution. The
use of other alkylamines with longer chains, including
dodecylamine, hexadecylamine, and hexylamine, can
also control the crystallization process and give colloi-
dal QD solutions. Without using oleic acid, a lumines-
cent colloidal QDs solution can be also obtained;
however, the colloidal solution became cloudy after
storage for 24 h (see Figure S1 in the Supporting
Information). Moreover, other long-chain alkyl acids
(octanoic acid, butyric acid, etc.) are also suitable to
stabilize the formed colloidal CH3NH3PbBr3 QDs. Based
on the above observations, it is assumed that the
crystallization process is controlled by the supersatura-
tion induced by the solubility change with solvent
mixing. These results also revealed that n-octylamine
controls the kinetics of crystallization, which mainly
contributes to the size control of QDs. Oleic acid plays
an important role in suppressing the QD aggregation
effects and contributes to the colloidal stability. Be-
cause of the high volume to surface ratio of nano-
particles, the stabilization effects of oleic acid may be
explained by the charge equilibrium.
Figure 2a,b shows a typical transmission electron

microscopy (TEM) image of CH3NH3PbBr3 QDs as well
as the size distribution; it is observed that typical
CH3NH3PbBr3 QDs have an average diameter of
3.3 nm with a size deviation of (0.7 nm. In order to
analyze the phase structure, X-ray diffraction (XRD)
patterns and high-resolution transmission electron
microscopy (HRTEM) determinations were applied to
characterize the obtained samples. The XRD data
(Figure 2d) show that the sample has a well-defined
three-dimensional structure, which confirmed the

formation of CH3NH3PbBr3 QDs. Detailed information
on the lattice spacing is listed in Supporting Informa-
tion Table S1. To further elucidate the crystal struc-
ture, we also characterized the micrometer-sized
CH3NH3PbBr3 particles (the preparation is described
in the Materials and Methods section), which were are
the bulk counterpart. Figures S2 and S3 present the
SEM images as well as the XRD patterns of the micro-
meter-sized CH3NH3PbBr3 particles. In comparison to
the micrometer-sized particles, we observed obvious
broadening of the diffraction peaks corresponding to
the small size of colloidal QDs. From the HRTEM image
(Figure 2c) and the fast Fourier transformation (FFT)
image (inset of Figure 2c), interplanar distances of 1.99
and 2.12 Å corresponding to the (300) and (220) crystal
faces, respectively, can be easily identified, which are
consistent with the XRD results.
According to the structural formula, CH3NH3PbBr3

has an ideal Br/Pb molar ratio close to ∼3.0 for
bulk materials. The energy-dispersive spectroscopy
(EDS) measurement shows that micrometer-sized
CH3NH3PbBr3 particles have a Br/Pb molar ratio of 3.1
(see Table S2 in the Supporting Information), which
agrees well with the stoichiometry. As it is widely
recognized, surface atoms play a vital role in determin-
ing the physical properties of colloidal QDs.37�39 Small-
sized QDs are usually nonstoichiometric due to the
anion- or cation-rich surface.37 Figure 3a shows the
molecular structural model of CH3NH3PbBr3 QDs. Be-
cause surface atoms occupy a large ratio in nanosized
particles, the Br/Pbmolar ratio should varywith the size
decrease due to the enhanced influence from surface
atoms. The Br/Pb molar ratio of CH3NH3PbBr3 QDs was

Figure 2. (a) TEM image of colloidal CH3NH3PbBr3 QDs. (b) Analysis of size distribution for the sample shown in panel a.
(c) HRTEM image of a typical CH3NH3PbBr3 QD. The inset in the bottom right corner is the corresponding FFT image. (d) XRD
patterns of CH3NH3PbBr3 QDs. The corresponding Miller indexes are labeled at the top of the diffraction peaks.
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also determined by applying EDS measurements.
As shown in Figure 3b, the as-fabricated 3.3 nm
CH3NH3PbBr3 QDs have a Br/Pb molar ratio of 3.5,
implying a Br-rich surface. If we assumed that the
obtained CH3NH3PbBr3 QDs consisted of ideal
[PbBr6]

4� octahedron unit cell, the Br atom should
account for a large percentage on the surface com-
pared with the corresponding bulkmaterial. Therefore,
we conduct simple modeling to describe the correla-
tions between QDs' size and surface stoichiometry as
well as the surface atomic percentage. This model
assumes that the resulting QDs are cubic cubes with
stoichiometric composition within the dots and that
any excess ions exist on the surface (see Figure S4 in
the Supporting Information). Figure 3c shows the
variation of Br/Pb molar ratio and surface atomic
percentage with particle size. It is worth noting that
the 3.3 nm CH3NH3PbBr3 QDs are predicted to have a
Br/Pb molar ratio of 3.55. The prediction is in good
agreement with the EDS results (∼3.5), confirming the
existence of a Br-rich surface.
X-ray photoelectron spectroscopy (XPS) determina-

tions were also performed to further investigate the
surface properties of colloidal CH3NH3PbBr3 QDs and
micrometer-sized particles. Figure 3d�f shows the XPS
spectra of Pb 4f, Br 3d, and N 1s spectra for resulting
QDs and the corresponding bulk counterpart. The
main peaks of Pb 5f and Br 4d in the QDs' spectra have
binding energy positions similar to those of the bulk
micrometer-sized particles. The presence of small
peaks in the lower binding energy is noted for the
bulk micrometer-sized particles, implying the absence
of Pb ions on the QDs' surface. The Br 3d peaks can be
fitted into two peaks with binding energies of 67.7 and
68.7 eV for 3.3 nm QDs and 68.0 and 69.0 eV for

micrometer-sized particles, corresponding to the inner
and surface ions, respectively. The intensity ratio dif-
ference between these two peaks and the peak be-
tween QDs and the bulk counterpart can be attributed
to the Br-rich surface of QDs. The N 1s spectrum of
CH3NH3PbBr3 QDs shows two peaks with binding
energy at 399.0 and 401.6 eV, implying the two existing
chemical conditions of the N element. When XPS
spectra of micrometer-sized particles were com-
pared, the peak with a binding energy of 399.0 eV of
CH3NH3PbBr3 QDs can be attributed to the presence of
n-octylamine, while the peak with a binding energy of
401.6 eV originates frommethylamine. The presence of
n-octylamine confirmed that n-octylamine acts as a
capping ligand to control the crystallization process
and to account for the formation of colloidal QDs. In all,
CH3NH3PbBr3 QDs have a Br-rich surface with n-octy-
lamine and oleic acid capping.
We further studied the optical properties of

CH3NH3PbBr3 QDs and corresponding micrometer-
sized particles. Figure 4a shows the absorption (red)
and emission (green) spectra of CH3NH3PbBr3 QDs. The
UV�vis absorption spectrum of CH3NH3PbBr3 QDs has
a band edge at 505 nm. In the PL spectrum, a sharp
emission peak at 515 nm with a fwhm value of only
21 nm (∼96 meV) can be observed, indicating the
superior color saturation than that reported for CdSe-
or InP-based QDs.5,34 The sample has a relatively
smaller Stokes shift of ∼49 meV, implying that the
PL emission of QDs originates from direct exciton
recombination. In addition, the emission peak was
∼30 nm (∼131 meV) blue-shifted compared to that
of CH3NH3PbBr3 bulk materials.20 Because of the smal-
ler size of CH3NH3PbBr3 QDs relative to the 2-fold
exciton Bohr radius (∼4.0 nm),30 the observed blue

Figure 3. (a) Molecular structural model. (b) EDS spectra of a typical sample of CH3NH3PbBr3 QDs. (c) Relationship between
the percentage of the surface atom and Br/Pb ratio with particle size. (d�f) XPS spectra corresponding to Pb 4f (d), Br 3d
(e), and N 1s (f) of CH3NH3PbBr3 QDs and bulk materials.
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shift of CH3NH3PbBr3 QDs could be explained by
the quantum confinement effect. However, the
CH3NH3PbBr3 QDs exhibit less quantum confinement
effects than thewell-knownCdSe- and InP-basedQDs,5

which give them the advantage of slight batch to batch
variations. The absolute PLQYs of dilutedQDs solutions
were determined using a fluorescence spectrometer
with an integrated sphere excited at a wavelength of
450 nm. The PLQYs of 50�70% were recorded for the
samples from different batches, which are comparable
to nonshelled CdSe QDs.34,37 The high PLQYs indicated
the reduction of nonradiative decay in high-quality
smaller CH3NH3PbBr3 QDs. To gain more insight into
the exciton recombination dynamics, time-resolved PL
spectra were measured, as shown in Figure 4b. The PL
decay can be described by biexponential fitting (eq 1),
giving a short-lived PL lifetime (τ1) of 6.6 ns with a
percentage of 63.6% and long-lived PL lifetime (τ2) of
18.0 ns with a percentage of 36.4%.

A(t) ¼ A1exp
�t
τ1

� �
þA2exp

�t
τ2

� �
(1)

Compared to bulk films (average PL lifetime of
∼100 ns),40 the average PL lifetime of colloidal
CH3NH3PbBr3 QDs was greatly reduced with decreas-
ing size. This suggests that the PL decay of colloidal
CH3NH3PbBr3 QDs mainly took place through exciton
radiative recombination. The biexponential decay be-
havior strongly suggested that two different species
are involved in the emission. According to the study of
surface-related emission in highly luminescent CdSe
QDs,41 the short-lived PL lifetime is attributed to the
recombination of initially generated excitons upon
light absorption, while the long-lived component
may correlate to the exciton recombination with the
involvement of surface states due to the stable exci-
tons at room temperature. However, this may need
further spectroscopic study.
According to the statements in the introduction, the

PL enhancements of CH3NH3PbBr3 QDs are correlated
with the increased exciton binding energy and/or the
reduced density of defect states. To further verify
the mechanism of PL enhancement, low-temperature-
dependent PL spectra were obtained on colloidal QDs

and correspondingmicrometer-sizedparticles. As shown
in Figure 5a,b, a pseudocolor map of the temperature-
dependent PL spectra illustrates the evolution of PL
emission with temperature from 5 to 300 K for colloidal
QDs and corresponding bulk material. Because of the
high PLQYs of QDs, the evolution of PL spectra at higher
temperatures from 300 to 400 K was also studied to
elucidate the potential integration into LED devices (see
Figure 5c).42 To gain more insights, these temperature-
dependent PL spectra were analyzed in detail. As shown
in Figure S5 in the Supporting Information, the absence
of defect-related emission in the PL spectra of QDs at 5 K
demonstrated that the surface defect states of resulting
QDs are well-passivated. To further compare the PL
properties, we plotted the photon energy of PL emission
with increasing temperature (see Figure S6a in the
Supporting Information). Both of the CH3NH3PbBr3 QDs
and micrometer-sized particles exhibit obvious blue
shifts in the PL spectra with increasing temperature. It
is observed that the micrometer-sized particles have a
transitionpoint around100K. Similar behaviorswere also
observed in phase transitions on CH3NH3PbI3 porous
films.43 In comparison to the bulk counterpart,
CH3NH3PbBr3 QDs only slightly varied in the range from
4 to 50 K but gradually increased thereafter with increas-
ing temperature. This unusual phenomenon is counter-
intuitive with the temperature-dependent behavior in
most of the semiconductors but is in accordancewith the
recent observations in lead- and copper-salt-based
semiconductors.44

Comparison of the integrated PL evolution between
QDs and the bulk counterpart implies that the exci-
tonic binding energy greatly increases with the size
reduction, and the reduction of trap defects reduces
the exciton migration into traps states. As shown in
Figure S6b, the integrated PL intensity shows a differ-
ent temperature-dependent evolution. The integrated
PL intensity of QDs first decreased in the temperature
range of 4�120 K, slightly varied from100 to 273 K, and
decreased to 70% of the initial value (room tem-
perature) at the high temperature of 300�400 K. In
contrast, the bulk material exhibited an exponential
drop in the temperature before ∼100 K and became
nonluminescent thereafter. To extract the exciton

Figure 4. (a) UV�vis absorption and PL emission spectra. (b) Time-resolved PL decay and fitting curve of a typical sample of
CH3NH3PbBr3 QDs in toluene.
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binding energy, Figure 5d,e plots the integrated PL
emission intensity as a function of temperature for QDs
(273�393 K) and bulk material (50�300 K) in their
corresponding temperature range. The curves can be
fitted using eq 243

I(T) ¼ I0
1þAe�Eb=kBT

(2)

in which I0 is the intensity at 0 K, Eb is the exciton
binding energy, and kB is the Boltzmann constant.
From the fitting analysis, the QDs has a large exciton
binding energy of ∼375 meV, while the bulk counter-
part has an Eb of ∼65 meV, which is close to the
previously reported values of 76 meV estimated from
the magnetic absorption spectra.30 Although the ex-
citon binding energy of bulk CH3NH3PbBr3 is large
enough to show the excitonic effect at room tempera-
ture, previous works have demonstrated that recom-
bination of bulk CH3NH3PbBr3 was dominated by the
recombination of free electrons and holes.19 This has
been attributed to the overestimation of exciton bind-
ing energy based on low-temperature experiments.43

In our work, the exciton binding energy of QDs was
evaluated by fitting the high temperature (300�400 K)
spectroscopic results. Importantly, the relative 5.8-fold
increase of exciton binding energy confirmed that the
PL emissions of QDsmainly took place through exciton
recombination rather than the recombination of free
electrons and holes due to the enhanced exciton
stability.
A detailed analysis of the temperature dependence

of the PL peak broadening can provide information on
the exciton�phonon coupling in QDs, which also
strongly influences the excitonic PL emissions. The
temperature-dependent fwhm of PL emissions for

QDs (Figure 5f) can be fitted to extract optical phonon
energy by adapting the independent Boson model
(eq 3).43

Γ(T) ¼ Γ0 þ σT þ Γop

epωop=kBT � 1
(3)

in which the first term, Γ0, is the inhomogeneous
broadening contribution and σ and Γop describe the
interactions of exciton�acoustic phonon and exciton�
optical phonon contributions to the line width broad-
ening, respectively. The fitting analysis shows that
the optical phonon is mainly involved in the exciton�
phonon interaction for CH3NH3PbBr3 QDs. The optical
phonon energy (pωop) is calculated to be ∼42.2 meV,
implying strong exciton�phonon interactions. The ex-
tracted phonon energy is in accordance with the un-
resolved vibration energy (∼340 cm�1) in the Raman
spectrum.45 In addition, the high optical phonon energy
also agrees well with the thermal antiquenching effects
at higher temperature.46

On the basis of the above discussions, it is obvious
that the excitonic properties of CH3NH3PbBr3 strongly
depend on their size dimension and surface properties.
Table S3 in the Supporting Information summarizes the
characteristics of CH3NH3PbBr3 QDs and micrometer-
sized particles. With decreasing size, the increased
exciton binding energy in QDs enables the generation
of stable excitons at room temperature and influences
the exciton recombination radiations. The observed
blue shift and significant increase of PLQYs should
correlate with the large exciton binding energy and
Br-rich surface. Further works will focus on the size
and surface control as well as the investigation of
the correlations between structure and physical
properties.

Figure 5. Pseudocolor maps of temperature-dependent PL spectra. (a) CH3NH3PbBr3 QDs (5�300 K). (b) Corresponding bulk
material (5�300 K). (c) CH3NH3PbBr3 QDs (300�400 K). The PL intensity is represented by the color. The plots of integrated PL
emission intensity as a function of temperature. (d) QDs (273�393 K). (e) Bulk material (50�300 K). (f) Plot of fwhm as a
function of temperature for CH3NH3PbBr3 QDs.
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This simple LARP technique can be easily ex-
tended to fabricate colloidal CH3NH3PbX3QDs through
halide substitutions. By simple mixing of PbX2 salts in
the precursors, we fabricated a series of colloidal
CH3NH3PbX3 QDs with tunable compositions (see
Table S4 in the Supporting Information). Figure 6a,b
shows the optical images of these samples under
sunlight and a 365 nm UV lamp. As shown in
Figure 6b and Figure S7, the absorption and PL spectra
can be finely tuned from 407 to 734 nm by varying the
composition of cations (X = Br, Cl, and I). The color
coordinates of these samples were labeled as black
circles in the commission international de L'Eclarage
(CIE) chromaticity diagram (see Figure 6c), showing
high color saturation due to their relative narrow
emissions (fwhm = 20�50 nm). It noteworthy that
colloidal CH3NH3PbBr3 QDs with iodide substitution
are very sensitive to air exposure. A similar phenom-
enon has also been observed in bulk films, which can
be explained by the larger iodide-atom-induced struc-
tural deviation from the cubic phase.47 The resulting
Cl-substituted samples were further characterized by
applying TEM and XRD measurements (see Figures S8
and S9 in the Supporting Information). These Cl-
substituted QDs have size and structures similar to
those of CH3NH3PbBr3 QDs.
The available high-quality and stable colloidal

CH3NH3PbBr3 QDs with saturated green emission pro-
vide the opportunities to explore their use in display
technology. To demonstrate their potential use in
display technology, wide-color gamut prototype
pc-WLED devices were fabricated by combing green
emissive CH3NH3PbBr3 QDs and red emissive rare-
earth phosphor K2SiF6:Mn4þ (KSF) with blue emissive
GaN chips. Figure 6d,e shows the illustrative structure
of pc-WLED devices and their corresponding EL spec-
trum. The optimized device has a luminous efficiency
of 48 lm/W at a current density of 4.9 mA with a

coordinate value of (0.33, 0.27) (see Table S5 in the
Supporting Information). As shown in Figure 6c, the
pc-WLED device covered a much larger area than
the color space of the National Television Systems
Committee (∼130% of NTSC 1931) standard with a
matching rate of 96%. The color rendition is superior
to the performance of previously reported CdSe
QD-based LEDs.48 These results reflect great poten-
tial applications to fabricate wide-color gamut dis-
play devices.

CONCLUSIONS

In summary, we developed a simple and versatile
LARP technique for the fabrication of brightly lumines-
cent colloidal CH3NH3PbX3 QDs with absolute PLQYs
of 50�70%. The LARP technique is low cost and
convenient for scale-up fabrications. The as-fabricated
CH3NH3PbBr3 QDs are nonstoichiometric due to the
Br-rich surface. The proper chemical passivations of
n-octylamine and oleic acid on the surface provide
good colloidal stability. Moreover, the analysis of tem-
perature-dependent PL spectra revealed that the
3.3 nm CH3NH3PbBr3 QDs have an exciton binding
energy of∼375 meV and an optical phonon energy of
∼42 meV. The intense increase of exciton binding
energy in QDs and their proper surface passivations
account for the PL enhancements in CH3NH3PbX3 QDs.
Importantly, the combination of narrow emission with
a fwhm of 20�50 nm, wide wavelength tunability of
400�750 nm, as well as high absolute PLQYs up to 70%
provides potential alternatives with highly desirable
characteristics for display technology. Using greenemis-
sive colloidal CH3NH3PbBr3 QDs and red emissive rare-
earth phosphor KSF, we fabricated wide-color gamut
light-emitting prototype devices, which open up the
possibility to improve the color performance of display
technology. Moreover, colloidal CH3NH3PbX3 QDs are
also expected to exhibit interesting excitonic properties

Figure 6. Color-tunable CH3NH3PbX3 QDs and wide-color gamut pc-WLED devices. (a) Optical images of CH3NH3PbX3 QDs
(nos. 1�9) under ambient light and a 365 nm UV lamp. (b) PL emission spectra of CH3NH3PbX3 QDs. (c) CIE color coordinates
corresponding to the CH3NH3PbX3 QDs (no. 1�9, black circle), pc-WLED devices (blue lines), and NTSC standard (bright area).
(d,e) Schematic diagram and EL spectra of pc-WLED devices using green emissive CH3NH3PbBr3 QDs and red emissive rare-
earth phosphor KSF.
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because of the intermediate dielectronic constants
between inorganic and organic materials.49 Finally, the
available brightly luminescent colloidal CH3NH3PbX3

QDs add new family members to the field of QDs and
will open the door to a range of applications, including
lasers, EL devices, as well as optical sensors.

MATERIALS AND METHODS
Materials. All reagents were used as receivedwithout further

purification: PbCl2 (lead(II) chloride, 99%, Alfa Aesar), PbBr2
(lead(II) bromide 99%, Aladdin), PbI2 (lead(II) iodide 98.5%, Alfa
Aesar), methylamine (CH3NH2, 33 wt % in absolute ethanol,
Aladdin), n-octylamine (g99%, Aladdin), hydrochloric acid (HCl,
37 wt % in water, Aladdin), hydrobromic acid (HBr, 48 wt % in
water, Aladdin), hydriodic acid (HI, 57 wt % in water, Alfa Aesar),
oleic acid (g90%, Alfa Aesar), N,N-dimethylformamide (ana-
lytical grade, Beijing Chemical Reagent Co., Ltd., China), dimethyl
sulfoxide (DMSO, analytical grade, Beijing Chemical Reagent Co.,
Ltd., China), toluene (analytical grade, Beijing Chemical Reagent
Co., Ltd., China), K2SiF6:Mn4þ (KSF, Beijing Yuji Science & Tech-
nology Co., Ltd., China), poly(methyl methacrylate) (PMMA,
average MW ∼35000, Alfa Aesar).

Synthesis of CH3NH3X (X = Cl, Br, or I). CH3NH3X (X = Cl, Br, or I)
was synthesized by reaction of the methylamine with the
corresponding acid. First, methylamine in absolute ethanol
was stirred and cooled to 0 �C with the addition of acid. The
reaction solution was stirred for 2 h. Then rotary evaporation
was applied to evaporate the solventwith a pressure of�0.1MPa
at 45 �C. The precipitate was washed three times with diethyl
ether and dried under vacuum (60 �C, 5 h) for future use.

Fabrication of Hybrid CH3NH3PbX3 QDs. Colloidal CH3NH3PbX3
QDs were fabricated following the LARP technique, which is
described in the following section. In a typical synthesis of
CH3NH3PbBr3 QDs, a mixture of 0.16 mmol CH3NH3Br and
0.2 mmol PbBr2 was dissolved in 5 mL of DMF with 20 μL of
n-octylamine and 0.5 mL of oleic acid to form a precursor
solution. Two milliliters of precursor solution was dropped into
10 mL of toluene with vigorous stirring. Along with the mixing,
strong green PL emission was observed. After centrifugation at
7000 rpm for 10 min to discard the precipitates, a bright yellow-
green colloidal solution was obtained. CH3NH3PbCl3 QDs and
CH3NH3PbI3 QDs were fabricated by varying the precursors and
solvents following a similar LARP strategy. DMSO was used to
dissolve PbCl2 for the fabrication of CH3NH3PbBr3�xClx QDs.
Halide substitutions were performed by blending appropriate
reagents (PbCl2, PbBr2, PbI2, CH3NH3Br, CH3NH3Cl, and CH3NH3I)
in the preparation of precursor solutions. To avoid fast degrada-
tion, the fabrication of iodide-substituted samples was accom-
plished in a glovebox. The solid powder of CH3NH3PbBr3 QDs
was obtained by fast evaporating the residual organic solvents
on a hot plate at 100 �C. It is noted that the formation yield of
CH3NH3PbBr3 QDs is very limited due to the formation of large
particles along with small-sized QDs.

Preparation of Micrometer-Sized CH3NH3PbBr3 Particles. Micro-
meter-sized CH3NH3PbBr3 particles were prepared following a
reprecipitation method using a precursor solution made by
dissolving 0.2 mmol CH3NH3Br and 0.2 mmol PbBr2 into 5 mL of
DMF solution. Then, the precursor solution was added dropwise
into 10 mL of toluene, and the as-formed precipitates were
collected and dried into powder for further characterizations.

Fabrication of LED Devices. The KSF powder was blended with
silicone gel A and B followed by waiting for 30 min to let the
silicone gel cure. The CH3NH3PbBr3 QDs were dissolved into
chloroform with PMMA. A layer of silicone gel with KSF was
painted on the surface of the blue chip, followed by casting a
layer of QDs in PMMA.

Characterizations. The XRDmeasurements were measured on
a Bruker/D8 FOCUS X-ray diffractometer, using a Cu KR radia-
tion source (wavelength at 1.5405 Å). The samples were
scanned from 3� < 2θ < 60� at an increment of 2�/min. Liquid
samples in toluene was deposited on amorphous carbon-
coated copper grids, and the samples were analyzed using a
JEOL-JEM 2100F TEM machine operating at an acceleration
voltage of 200 kV. XPS determinations were carried out at a

ULVAC-PHI machine (PHIQUANTERA-II SXM) with Al KR as the
X-ray source. EDS analyses were performed on a S-4800 micro-
scope, working at 15 kV. UV�vis absorption spectra of QDs
dissolved in toluene were measured on a UV-6100 UV�vis
spectrophotometer (Shanghai Mapada Instruments Co., Ltd.,
China). PL spectra were taken using a F-380 fluorescence
spectrometer (Tianjin Gangdong Sci. & Tech. Development
Co., Ltd., China). Time-resolved PL measurement was collected
using a fluorescence lifetime measurement system (C11367-11,
Hamamatsu Photonics, Japan). Low-temperature-dependent
PL spectra measurements were performed in the temperature
range of 5�300 K using a liquid helium cooler. The high-
temperature-dependent PL emissions were collected by the
microscope system equipped with a GaN laser (405 nm) and an
objective lens (LMU-20X-325, 50� magnification) on a T95-PE
heating stage (Linkam Scientific Instruments Ltd.). The absolute
PLQYs of diluted QD solutions were determined using a fluo-
rescence spectrometer with an integrated sphere (C9920-02,
Hamamatsu Photonics, Japan) excited at a wavelength of
450 nm using a blue LED light source.
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