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ABSTRACT: To best catch human eyes in next-generation displays, the updated
recommendation 2020 (Rec. 2020) standard has called for ultrapure green emitters to
be qualified with a narrow emission of 525−535 nm with a full width at half-maximum
(fwhm) below 25 nm. However, it is still challenging to find an emitter which can
simultaneously cover these two criteria. Instead of traditional II−VI group
semiconductor quantum dots, perovskite nanocrystals (NCs) can render versatile
emitting tunability to allow them access to the Rec. 2020 standard. Herein, to realize
the critical window of Rec. 2020, we have proposed a scalable, room temperature
synthesis route of formamidinium lead bromide (FAPbBr3) NCs using a sole ligand of
sulfobetaine-18 (SBE-18). The as-synthesized FAPbBr3 NCs exhibit an ideal emission at 534 nm with an ultranarrow fwhm of
20.5 nm and a high photoluminescence quantum yield of 90.6%, overwhelming the FAPbBr3 nanoplates capped with oleic acid/
oleylamine (OA/OAM). Introducing these high quality NCs into backlight displays, an ultrapure green backlight which covers
≈85.7% of the Rec. 2020 standard in the CIE 1931 color space is achieved, signifying the “greenest” backlight till now. Thus, we
can foresee perovskite NCs as the most potential candidates for next-generation displays.
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1. INTRODUCTION

Conventional II−VI group inorganic semiconductor quantum
dots have been considered as the most promising candidates to
achieve the newly defined International Telecommunication
Union (ITU) Recommendation BT 2020 (Rec. 2020)
standard.1 However, there still exist two drawbacks to hinder
their commercialization: (i) a relatively broad full width at half-
maximum (fwhm) of 25−35 nm;2 (ii) the higher concen-
tration cadmium usage beyond the maximum limit (100 ppm)
in display equipment.3 Therefore, exploring a cadmium-free
material with ultranarrow fwhm remains challenging.
Recently, lead halide perovskites (APbX3, where A is a metal

cesium (Cs+), methylammonium (CH3NH3
+; MA+) and

formamidinium (CH(NH2)2
+; FA+) cation, and X is a Cl−,

Br−, and I− anion) have drawn extensive interests for backlight
displays,4−6 lasers,7−9 photodetectors,10,11 photovoltaics,12−15

and light-emitting diodes (LEDs),16−18 owing to not only their
high photoluminescence quantum yield (PLQY) and narrow
fwhm (<25 nm)19−21 but also their lower cost and more

simple synthesis.22,23 Focusing on the most popular MAPbBr3
and CsPbBr3 nanocrystals (NCs), both of them generally
possess a PL emission of <520 nm apart from CsPbBr3
supercrystals,24−28 far beyond the ultrapure green emission
of 525−535 nm defined by the Rec. 2020 standard. To this
end, the mixed halide perovskite (MAPbBr3−xIx or
CsPbBr3−xIx) NCs have been proposed to realize the desirable
emission spectrum.29−32 Unfortunately, the PLQY of such
hybrid NCs tends to decrease,33 significantly imposing the
potential risk of the working stability. Besides, the iodine-ion
incorporation will lead to the spontaneous phase separation
under durable operation.34,35

Nowadays, it has been demonstrated that FAPbBr3 with a
smaller band gap than MAPbBr3 and CsPbBr3 can ideally reach
the strict standard after being finely tuned.36−38 For example,
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Shih et al. reported ultrapure green LEDs at 531 nm PL
emission using two-dimensional (2D) FAPbBr3 nanoplates
(NPLs).2 Zeng et al. synthesized FAPbBr3 NPLs with an
emission of 525−535 nm through an ion-exchange-mediated
self-assembly method.39 Besides, Brabec et al. developed a
ligand-assisted reprecipitation method to achieve FAPbBr3
NPLs with 533 nm PL emission.40 Obviously, all the
abovementioned nano materials were prepared by using
conventional ligands such as oleamine/acetic acid and
octylamine/oleic acid. Nevertheless, there is a complicated
protonation and deprotonation process between these coupled
ligands, eventually leading to the poor stability.41−46 Notably,
recent reports have shown that zwitterion-capped CsPbBr3
NCs possess a better stability and higher concentrated colloids
than those of NCs capped by conventional ligands.47,48

Therefore, the zwitterionic ligands could offer the feasibility
to substitute the conventional ligands.
In this work, we synthesize colloidal 2D FAPbBr3 NCs at

room temperature in open air using a sole ligand of
sulfobetaine-18 (SBE-18), which readily realize a desirable
534 nm emission with high color purity (fwhm ≈ 20.5 nm)
and a high PLQY of up to 90.6%. As a downconverter, the
(SBE-18)-capped FAPbBr3 NCs enable the realization of an
ultrapure green backlight with ∼85.7% Rec. 2020 coverage in
the CIE 1931 color space, to the best of our knowledge,
representing the “greenest” backlight till now.

2. EXPERIMENTAL SECTION
2.1. Chemicals. PbBr2 (99.999%) and formamidinium bromide

(FABr, 99.99%) were purchased from Alfa Aesar, and sulfobetaine 8
(SBE-8) (98%), sulfobetaine 10 (SBE-10) (98%), sulfobetaine 12
(SBE-12) (98%) , 3 -(N ,N -d imethy lmyr i s ty l ammonio) -
p r o p a n e s u l f o n a t e ( S B E - 1 4 ) ( 9 8 % ) , 3 - ( N , N -
dimethylpalmitylammonio)propanesulfonate (SBE-16) (98%), 3-
(N,N-dimethyloctadecylammonio)-propanesulfonate (sulfobetaine-
18, SBE-18) (97%), and dichloromethane (≥99.8%) were purchased
from Aladdin. Oleic acid (OA, 97%), oleylamine (OAM, 80−90%),
N,N-Dimethylformamide (DMF, 99.9%), and toluene (>99%) were
obtained from Sigma-Aldrich. All chemicals were used without further
purification.

2.2. Synthesis of (SBE-18)-Capped FAPbBr3 NCs. FABr (0.09
mmol) and PbBr2 (0.1 mmol) were dissolved in 1 mL of DMF. Then,
0.05 mmol SBE-18 was added at 90 °C under vigorous stirring until
completely dissolved. Subsequently, 100 μL of the hot precursor
solution was injected into 3 mL of dichloromethane under vigorous
stirring at room temperature in open air. The solution immediately
turned yellow, and the reaction was finished within seconds. After the
FAPbBr3 crude solution was centrifuged at 6000 rpm for 2 min, the
precipitates were dispersed in 4 mL of toluene. To be noted, all other
SBE-based ligands maintain the same concentration of 0.05 mmol as
SBE-18. For comparative investigation, FAPbBr3 NPLs capped by
OA/OAM ligands were obtained as the same as the synthesis step of
FAPbBr3 NCs capped by SBE-18, except for replacing with 0.05 mmol
SBE-18 with 200 μL of OA and 40 μL of OAM without heating.

2.3. Fabrication of WLEDs. The fabrication process of the white
LED (WLED) device is as follows: the red-emitting K2SiF6:Mn4+

phosphors blended with poly(dimethylsiloxane) (PDMS) were
directly dropped onto the blue-emitting GaN chip. Subsequently,
the ultrapure green FAPbBr3 NCs and PDMS mixture slurry were
dropped. Finally, the obtained films were solidified in a vacuum drying
oven, forming a downconversion layer.

2.4. Characterization. Powder X-ray diffraction (XRD) was
performed with a X-ray diffractometer (D/MAX-2400, Rigaku, Japan)
with Cu Kα radiation (λ = 1.54178 Å). X-ray photoelectron
spectroscopy (XPS) spectra of the as-prepared samples were
measured on a Thermo Fisher ESCALAB Xi+. Transmission electron
microscopy (TEM) images were collected on JEM-2100F (JEOL,
Japan). Proton nuclear magnetic resonance spectroscopy (1HNMR)
was performed by employing a 400 MHz NMR (Bruker, CH). UV−
vis absorption spectra were recorded with a Cary 5 spectropho-
tometer. FLS 920 spectrometer from Edinburgh Instruments was used
to test the PLQY and photoluminescence lifetime. The electro-
luminescence (EL) spectrum, CIE color coordinates, and luminous
efficiency of the fabricated devices were measured by using ATA-500
equipped with an integrating sphere.

3. RESULTS AND DISCUSSION

Colloidal 2D FAPbBr3 NCs were synthesized via a modified
ligand-assisted reprecipitation method at room temperature in
open air,40 whose schematic illustration is depicted in Figure
1a. The hybrid FAPbBr3 NCs exhibit the enhanced PLQY and
blue-shifted PL emission as the length of the carbon chain of

Figure 1. (a) Schematic illustration of the synthesis process of FAPbBr3 NCs. (b) PL spectra of FAPbBr3 NCs prepared with different carbon chain
ligands. (c) UV−vis absorption and PL spectra of (SBE-18)-capped FAPbBr3 NCs and OA/OAM-capped FAPbBr3 NPLs, and the inset showing
their colloidal solutions under 365 nm UV light. (d) Time-resolved photoluminescence lifetimes (TRPL) for (SBE-18)-capped NCs and OA/
OAM-capped NPLs, and the inset showing their PL lifetimes.
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ligands increases (Figure 1b), indicating the smaller size
formation of NCs with a reduced nonradiative recombination
center.28,33 The short carbon chain of SBE-8 ligands, however,
leads to the insufficient passivation and low PLQY (55.9%) of
FAPbBr3 NCs. When the carbon chain increased to 21, that is,
SBE-18 ligands, the highest PLQY (90.6%) of NCs was
achieved, and its optimal dosage was also obtained and shown
in Figure S1. Figure S2 shows the crystal structure of (SBE-
18)-capped FAPbBr3 NCs, where both the functional amino
and sulfonate groups of the ligands strongly bind to the surface
cations and anions simultaneously. Figure 1c shows the PL and
UV−vis absorption spectra of FAPbBr3 capped by SBE-18 and
OA/OAM ligands. The (SBE-18)-capped NCs exhibit the
PLQY of 90.6%, much better than the PLQY value (83.2%) of
OA/OAM-capped NPLs. In addition, the (SBE-18)-capped
FAPbBr3 NCs possess higher color purity (fwhm ≈ 20.5 nm)
than OA/OAM-capped FAPbBr3 NPLs (fwhm ≈ 24 nm). To
be noted, the (OA + OAM)-capped FAPbBr3 nanocubes could
be also achieved, and they exhibited a PL peak exceeding 533
nm,40 far from the ultrapure emission peak defined by the Rec.
2020 standard. Therefore, we study the ligand effect on
FAPbBr3 with different nanostructures. To the best of our
knowledge, the highest PLQY and narrowest fwhm of FAPbBr3
in this work have joined the leading league of FAPbBr3 studies,
as summarized in Table 1. TRPL of (SBE-18)-capped NCs and

OA/OAM-capped NPLs are displayed in Figure 1d, and the
curves are fitted by a biexponent decay function, where A and τ
refer to the amplitude components and lifetimes, respectively.
The average lifetime (τave.) is defined as τave. = A1·τ1 + A2·τ2.
The lifetime (τave.) of (SBE-18)-capped NCs is 89.97 ns, which
is nearly threefold longer than that of OA/OAM-capped NPLs
(30.02 ns). This phenomenon shows the suppressed non-
radiative recombination centers of NCs than those of NPLs
(inset of Figure 1d). Notably, the PL decay curve of (SBE-18)-
capped NCs is close to the single-exponent decay function,
that is, achieving less trap of NCs and thereby an ultrahigh
PLQY.49

To confirm whether SBE-18 and OA/OAM ligands
anchored on the perovskite surface and study how they
affected the morphological and structural characteristic, TEM,
XRD, XPS, and proton nuclear magnetic resonance spectros-
copy (1HNMR) were performed. Figure 2a−b shows the TEM
images of OA/OAM-capped NPLs and (SBE-18)-capped NCs.
The platelet-like morphology of OA/OAM-capped NPLs has
an average lateral size and thickness of 22.3 and 2.5 nm,
respectively. In parallel, the cubic-shape morphology of (SBE-
18)-capped NCs has an average lateral size and thickness of
35.7 and 6.3 nm, respectively. Considering FAPbBr3
monolayers with a unit cell thickness of ∼0.6 nm, n ≈ 4 and
n ≈ 10 are therefore determined for (SBE-18)-capped NCs
and OA/OAM-capped NPLs, respectively. Figure 2c displays
the XRD patterns for (SBE-18)-capped NCs and OA/OAM-
capped NPLs, revealing the highly crystallized cubic perovskite
phase in both samples. The existence of sulfonate groups on
the (SBE-18)-capped NC surface is confirmed by S 2p traces
and typical infrared vibration modes (Figure 2d). In contrast,
the sulfur element did not appear on the surface of OA/OAM-
capped NPLs. Figure 2e shows the 1HNMR spectra, where we
can find that α2-CH2

1H resonances appeared at 2.64 ppm in
(SBE-18)-capped NCs. Because of the nonexistence of the
protonation and deprotonation process of amino and sulfonate
groups, these ligands are able to strongly anchor on NC
surfaces. However, for OA/OAM-capped NPLs, the compli-
cated protonation and deprotonation process will occur
between highly dynamic OA/OAM ligands, proven by the

Table 1. Summary of the PLQY, PL, and fwhm of FAPbBr3
Studies

perovskite PLQY (%) PL (nm) fwhm (nm) date/reference

FAPbBr3 90.6 534 20.5 this work
FAPbBr3 88 532 21 201938

FAPbBr3 74 531.8 24.8 201839

FAPbBr3 76 518 20 20184

FAPbBr3 88 531 21.8 20172

FAPbBr3 85 533 201740

FAPbBr3 72 528 27 201733

FAPbBr3 85 530 22 201637

FAPbBr3 60 530 22.5 201636

Figure 2. TEM images of (a) OA/OAM-capped FAPbBr3 NPLs and (b) (SBE-18)-capped FAPbBr3 NCs. (c) XRD patterns of (SBE-18)-capped
NCs and OA/OAM-capped NPLs. (d) XPS spectra of S 2p for (SBE-18)-capped NCs and OA/OAM-capped NPLs. (e) 1HNMR spectra of (SBE-
18)-capped NCs and OA/OAM-capped NPLs.
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α1-CH2
1H signal at 12.16 ppm of −NH3

+ in OAmH+

coordinated with the surface Br atoms.43

As is known, the stability of colloidal perovskite NCs is
critical to be overcome for practical applications. Interrogating
the origins, there exists a weak binding state between ligands
and NCs because of the ionic character of the perovskite
lattice, which easily leads to the detachment of surface ligands
and unstable NCs.50 Besides, the perovskite inks are highly
sensitive to the moisture and temperature, thus irreversibly
deteriorating NCs. After storing for 10 days, the (SBE-18)-
capped NCs could maintain a good dispersion as the same as
the pristine solution. However, the OA/OAM-capped NPLs
got turbid because of the formation of larger NPLs (Figure 3a).
In addition, the (SBE-18)-capped NCs exhibit much higher
brightness in comparison with OA/OAM-capped NPLs under
UV light. More importantly, regarding (SBE-18)-capped NCs,
the PL intensity dropped a little and the PL emission was
almost unchanged after storing for 10 days (Figure 3b,c).
However, regarding OA/OAM-capped NPLs, the PL intensity
was merely retained at 48% of the initial value and an obvious
red shift from 528 to 535 nm of the PL wavelength can be
observed (Figure 3b,d). All the abovementioned results have
indicated that the (SBE-18)-capped NCs possess higher
stability over OA/OAM-capped NPLs. The origin of stability
enhancement is as follows: the binding energy of sulfobetaine-
18 ligands with NCs was computed to be ca. 40−45 kcal/mol,
indicating good affinity of all of the ion pairs to the NC
surface.47 Besides, the colloidal stability of (SBE-18)-capped
NCs is improved than conventional ligands capping NPLs
because of the chelate effect.
The ligand-assisted reprecipitation method is performed at

room temperature in open air instead of the most common
hot-injection method requiring high temperature and an inert
atmosphere.51,52 Accordingly, this method not only can
significantly save the cost but also is quite easy to be enlarged
to the order of gram yield. Besides, the higher concentrated

colloids are formed, when SBE-18 is used as surface ligands in
replacement of conventional OA/OAM ligands. More
importantly, the PL emission is able to be precisely tuned by
using the sole ligand of SBE-18 instead of conventional OA/
OAM ligands. As a verification, a 40-fold enlargement of the
synthesis was implemented by increasing the amount of the
precursor and synthetic solvent. Figure 4a shows the scale-up

to 40-fold of (SBE-18)-capped FAPbBr3 colloidal solution
under daylight and UV light (365 nm). The TEM image shows
that there remains no obvious change in NC morphology when
the synthesis was enlarged to 40-fold (Figure 4b). The PL
spectra of the (SBE-18)-capped NCs by the enlargement
preparation and small batch preparation are shown in Figure
4c, where a slightly red-shifted wavelength about 2 nm was
observed and the fwhm was nearly unchanged. In addition, an

Figure 3. (a) Photographs of (SBE-18)-capped FAPbBr3 NCs and OA/OAM-capped FAPbBr3 NPLs before and after storage for 10 days under
daylight and UV light. (b) PLQY changes for (SBE-18)-capped NCs and OA/OAM-capped NPLs after storage for 10 days under ambient
conditions. (c) PL spectra of (SBE-18)-capped NCs before and after storage for 10 days. (d) PL spectra of OA/OAM-capped NPLs before and
after storage for 10 days.

Figure 4. (a) Photographs of scaled-up 40-fold preparation of (SBE-
18)-capped FAPbBr3 NC colloidal solution under daylight and UV
light. (b) TEM image of 40-fold synthesis for (SBE-18)-capped NCs.
(c) PL spectra of (SBE-18)-capped NCs by a small-batch synthesis
and a 40-fold enlarged synthesis.
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ultrahigh PLQY exceeding 80% was achieved. This facile scale-
up production suggests that the synthesis method shows a
great potential for industrialization available for future NC
displays.
As an example of application in backlit displays, the

WLEDdevices were fabricated by ultrapure green-emitting
FAPbBr3 NCs and commercially available red-emissive
K2SiF6:Mn4+ on the blue-emitting GaN chip. Figure 5a,b
shows the EL spectrum of WLEDs and the photograph of the
device operated at an applied voltage of 2.6 V, respectively.
This as-fabricated device exhibited a color rendering index of
52 and a luminous efficiency of 50.9 lm/W. Encouragingly, for
(SBE-18)-capped FAPbBr3 NCs, an ultrapure green EL that
locates at (0.20, 0.75) of the CIE coordinate was obtained
(Figures 5c and S3), closer to the Rec. 2020 standard of
(0.170, 0.797) compared with the advanced green-emitting
materials such as MAPbBr3,

53 CsPbBr3 NCs,22 Cd-based
quantum dots,54 Ba3Si6O12N2:Eu,

55 and α-sialon:Yb2+.56 The
CIE chromaticity coordinate of the prototype device is (0.30,
0.25). In addition, a wide color gamut overlap of >85.7% Rec.
2020 standard, >114.7% NTSC standard, and >161.9% Rec.
709 standard of the WLEDs was achieved (Figure 5d),
implying the bright future for next-generation displays.

4. CONCLUSIONS
In summary, high-performance colloidal 2D FAPbBr3 NCs
with bright and stable luminescence were synthesized on the
basis of a sole zwitterionic ligand at room temperature in open
air. Assemblying this ultrapure green-emitting material within
backlight WLEDs, an ultrawide color gamut was achieved,
which covered ≈85.7% of the Rec. 2020 standard in the CIE
1931 color space. This outstanding performance has joined the
“greenest” backlight league ever reported. Our work not only
sets a solid fundamental to obtain low-cost, large-scale, and
high-quality FAPbBr3 NCs but also demonstrates the great

potential applications of perovskite NCs toward next-
generation displays.
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