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Phosphor with λem = 520 nm, FWHM = 42 nm, and the luminesce originates from the intrinsic Mn2+ 

characteristic emission with abnormal short fluorescence lifetime value in the separated [MnBr4] 

tetrahedrons without concentration quenching. The thermal stability of Cs3MnBr5 is improved from 82% to 

87% at 423 K by introducing a small amount of Zn2+ into Cs3MnBr5. By combining Cs3Mn0.96Zn0.04Br5 

green phosphor, KSF:Mn4+ red phosphor and blue InGaN chips, the fabricated LED device shows the high 

luminous efficiency up to 107.66 lm/W with wide color gamut of 101 % NTSC for backlight display, which 

is larger than that of white LED based on commercial green phosphor β-SiAlON:Eu2+ (89%). All results 

indicated that Cs3MnBr5 and Cs3Mn0.96Zn0.04Br5 phosphors can act as a promising narrow-band emitting 

green phosphor in the field of wide-color-gamut LCD backlight display.
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Mn2+-Based Narrow-Band Green-Emitting Cs3MnBr5 Phosphor and 

the performance optimization by Zn2+ alloying†

Binbin Su,a Maxim Molokeevcde, Zhiguo Xia *a

To discover new narrow-band green-emitting phosphors is a challenge for backlighting light-emitting diodes (LEDs) used in 
liquid crystal displays (LCDs). The synthesis and optical properties Cs3MnBr5 is demonstrated, and the intrinsic Mn2+ 
luminescence leads to intense green emission at 520 nm with narrow full width at half maximum of 42 nm and high 
photoluinescence quantum yield (PLQY) of 49% under the excitation at 460 nm. When a small amount of Zn2+ is introduced 
into Cs3MnBr5, the luminescence intensity decreased slightly, moreover, the thermal stability of Cs3MnBr5 is improved from 
82% to 87% with the intensity values at 423 K compared to that at 298 K. The white LED device fabricated by 
Cs3Mn0.96Zn0.04Br5 (green) and K2SiF6:Mn4+ (red) phosphors with a blue LED chip exhibit a high luminous efficiency (107.76 lm 
W−1) and wide color gamut (101% National Television System Committee standard (NTSC) in Commission Internationale de 
L’Eclairage (CIE) 1931 color space), demonstrating its potential application in wide color gamut LCD backlight.  

1. Introduction
Phosphor-converted light-emitting diode (LED) based on a blue-
emitting GaN chip acts as a new backlight technology, which has 
been widely used in modern liquid crystal displays (LCDs) owing to its 
spectral adjustability, stability and high light efficiency, etc..1-3 In this 
technique, phosphors, work as the key materials, the luminescent 
properties, such as peak position and full-width at half-maximum 
(FWHM) of green and red emitters significantly affect the gamut 
range, color purity, luminescence efficiency and reliability of 
backlight unit.4, 5 Therefore, it is crucial to develop narrow-band 
green or red phosphors in suitable spectral region to enlarge the 
maximum accessible color gamut and color purity, and increase the 
visual luminous efficacy for extending the practical application. Since 
the human eyes are able to clearly distinguish green light, thus, the 
discovery of highly efficient narrow-band green-emitting phosphors 
seem to be particularly important. In the typically commercial wide 
gamut LED backlight devices, the narrow-band green-emitting 
phosphor, β-SiAlON:Eu2+ with the emission peaking at 540 nm is 
considered as the optimum choice.6 Although the luminescence 
properties of β-SiAlON:Eu2+ significantly improved, the narrowest 
one also limits the maximum accessible color gamut of backlighting 
display application (90% of NTSC) due to unsatisfied FWHM.7 

† Electronic supplementary information (ESI) available.

Recently, various green-emitting materials in different systems 
have been developed. In particular, the perovskite CsPbBr3 quantum 
dots (QDs) were emerged as the green phosphors in wide-color 
gamut backlight display due to their high PLQYs, and superior narrow 
emission bands with an FWHM of only ≈ 20 nm. The White LED 
fabricated with green phosphor mesoporous-
CsPbBr3/SDDA@PMMA, red phosphor KSF:Mn4+ and blue LED chip, 
exhibits high color-gamut with 102% of NTSC. However, the unstable 
PLQY caused by poor stability and the degradation behavior in the 
ambient environment are the achilles heel, restricting their 
commercial applications, although a variety of methods have been 
used to modify their deficiencies.8-10 On the contrary, other inorganic 
green phosphors beyond β-SiAlON:Eu2+ also exhibit high 
luminescence efficiency, moisture resistance, and excellent thermal 
stability in this application. Xie et al. reported Ba2LiSi7AlN12:Eu2+ and 
Ba[Li2(Al2Si2)N6]:Eu2+ green phosphors peaked at ≈ 515 nm, 532 nm 
with an FWHM of 61 nm, 57 nm respectively, however, they are still 
difficult to satisfy the maximum accessible color gamut of backlights 
due to the unmatched FWHM, peak position, and the harsh synthesis 
condition also restrict the application.11, 12 Recently, our group 
discovered several novel UCr4C4-related narrow-band green-emitting 
phosphors, in which RbLi(Li3SiO4)2:Eu2+ showed a green emission at 
530 nm with a narrow FWHM of 42 nm, and an NTSC value of 107%. 
To further optimize the luminescence properties and improve the 
stability, the Na+ were substituted for Li+, the green emission of 
RbNa(Li3SiO4)2: Eu2+ was obtained with the emission peaking at 523 
nm and FWHM of 41 nm, meanwhile, the color gamut of WLED were 
improved from 107% to 113 % NTSC, and the chemical stability has 
been improved.13, 14 In addition to CsPbBr3 perovskite QDs and rare 
earth Eu2+ doped green emitting phosphors, transition metal Mn2+ 
activated green phosphors can also show potential application in LED 
backlight.  For example, γ-AlON:Mn2+, Mg2+ exhibits a FWHN of 44 

a.State Key Laboratory of Luminescent Materials and Devices and Institute of Optical 
Communication Materials, South China University of Technology, Guangzhou 
510641, China.

b.Laboratory of Crystal Physics, Kirensky Institute of Physics, Federal Research 
Center KSC SB RAS, Krasnoyarsk 660036, Russia
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nm with color gamut of 102% NTSC, and MgAl2O4:Mn2+ with a FWHM 
of 35 nm, color gamut of 116% NTSC. Moreover, Sr2MgAl22O36:Mn2+ 
phosphor has narrow FWHM with 26 nm and wide color gamut with 
127% of NTSC. For ZnAl2O4:Mn2+, the FWHM can be even tuned to 18 
nm.15-18 However, the emission of Mn2+ belong to the spin-forbidden 
d–d transition from 4T1 excited state to 6A1, thus, Mn2+- doped green 
phosphors generally have low absorption efficiency or the quantum 
efficiency, moreover, the long fluorescence lifetime compared with 
rare earth Eu2+ doped phosphors will restrict the application.

As mentioned above, perovskite QDs possess the characteristic 
narrow-band emission, but lack of high physicochemical stability due 
to the existence of intrinsic defect; while inorganic phosphors 
normally show excellent stability, but are unsatisfied with the FWHM 
of the emission band. Therefore, the discovery of physicochemical 
stability and efficient narrow-band green-emitting phosphors are 
urgent. In this paper, we develop a new Mn2+-based narrow-band 
green-emitting phosphor Cs3MnBr5 with intrinsic Mn2+ emission, 
which can be irradiated effectively by blue LED chip and shows a 
narrow band (FWHM = 42 nm) green emission peaking at 520 nm 
with high PLQYs (49 %) and a relative short fluorescence lifetime of 
0.29 ms. The luminescence intensity of Cs3MnBr5 almost retain 
unchanged in low Zn2+ doped concentrations. It's worth noting that 
after doping 4% Zn2+ into Cs3MnBr5, the thermal stability is obviously 
improved from 82 to 87 % with the intensity values at 423K 
compared to that at 298 K. In addition, the white LED device 
fabricated by Cs3MnBr5 (green) and K2SiF6:Mn4+ (red) phosphors with 
a blue LED chip was obtained with high efficiency (108.88 lm W−1) 
and wide color gamut (104% NTSC). After doping 4%Zn2+ into 
Cs3MnBr5, the stability of white LED device fabricated with 
Cs3Mn0.96Zn0.04Br5 green phosphor are improved compared with 
undoped one, which indicated that Cs3Mn0.96Zn0.04Br5 has potential 
as green-emitting phosphors for backlighting display applications. 

2. Experimental section
2.1 Materials and Preparation

The polycrystalline samples of Cs3MnBr5 and Zn2+-doped Cs3MnBr5 
were synthesized by evaporative crystallization with stoichiometric 
amount of Cs2CO3 (99.99%, Aladdin), MnCO3 (99.95%, Aladdin), ZnO 
(99.99%, Aladdin). In a typical procedure of Cs3MnBr5, 1.5 mmol 
Cs2CO3 and 1 mmol MnCO3 were dissolved in a desired amount of the 
HBr. After the dissolution of reactant, excess acid was boiled off and 
the solutions were evaporated to dryness. The obtained sample were 
dissolved in adequate ethyl alcohol to washing superfluous impurity. 
Finally, the obtained products was dried at 373 K for 2 h in air.

2.2 Fabrication of PC-LEDs

The white LEDs were fabricated by integrating the Cs3MnBr5 or 
Cs3Mn0.96Zn0.04Br5 green phosphor, the KSF:Mn4+ commercial red 
phosphor (Beijing Yuji Science &Technology Co., Ltd, China) and blue 
LED InGaN chips (450-460 nm, 2.7–3.4 V, 300 mA, Shenzhen VANDO 
Technology Co., Ltd, China). The phosphors were thoroughly mixed 
with epoxy resin, and the obtained mixture was coated on the LED 
chips. The photoelectric properties, such as, the emission spectrum, 
color temperature (CCT), color rendering index (Ra) and CIE color 

coordinate of the LED, were collected by using an integrating sphere 
spectroradiometer system (ATA-1000, Ever fine).

2.3 Characterization
Structural characterization was conducted by using an Aeris powder 
X-ray diffraction (XRD) diffractometer (PANalytical Corporation, 
Netherlands) operating at 40 kV and 40 mA with monochromatized 
Cu Kα radiation (λ = 1.5406 Å). The data used for Rietveld analysis (2θ 
range 10-105°) was collected in a step-scanning mode with a step size 
of 0.01° and 10 s counting time per step. The Rietveld structure 
refinements were performed by using TOPAS 4.2. The electron 
paramagnetic resonance (EPR) spectroscopy were recorded by an 
electron paramagnetic resonance EPR spectrometer (Bruker, A300). 
The room-temperature photoluminescence (PL) and 
photoluminescence excitation (PLE) spectra were carried out in a 
FLS920 fluorescence spectrophotometer (Edinburgh Instruments 
Ltd., U.K.) with the Xe900 lamp as the excitation source. The same 
instrument was used to collect the decay data with a μF900 lamp 
used as the excitation source. Temperature-dependent PL spectra 
measurement were conducted by a fluorescence spectrophotometer 
(F-4600, HITACHI, Japan), and the phosphor powders were heated to 
523 K in a 25 K interval at a heating rate of 100 K min-1 and held at 
each temperature for 10 min for thermal equilibrium. The PLQYs was 
measured by a Quantaurus-QY spectrophotometer equipped with an 
integrating sphere (Hamamatsu Photonics, Japan). 

Fig.1 (a) The Rietveld refinement XRD patterns of Cs3MnBr5. (b) Crystal 
structure of Cs3MnBr5. (c) Inside the ab plane, the distance between two 
nearest manganese bromide tetrahedrons.
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3 Results and discussion
3.1 Phase Formation 
The phase purity of the as-prepared Cs3MnBr5 powders was 
investigated by the X-ray powder diffraction (XRD) measurement. 
Profile fitting via the Rietveld method was carried out for Cs3MnBr5 
(Fig. 1a) by using TOPAS 4.2.19 All peaks were indexed by tetragonal 
unit cell with parameters highly consistent with the reported pattern 
of Cs3MnBr5 (PDF card No.71-1416), therefore this structure was 
taken as starting model for Rietveld refinement. The refinement 
result shows that this phase has a tetragonal unit cell of a = b = 
9.60672 (13) Å, c = 15.5716 (2) Å, and V = 1437.08 (4) Å3. Refinement 
was stable and gave low R-factors, and the detailed information of 
the refinement processing are provided in Table S1, S2, S3.  The as-
prepared Cs3MnBr5 belong to the tetragonal system, space group 
14/mcm, isostructural with Cs3CoCl5. In this structure, Mn2+ (4b) site 
is bonded to four bromine atoms form [MnBr4] regular tetrahedron 
geometry with D2d symmetry. Cs2 (4a) sites coordinate with ten 
bromine atoms form distorted [CsBr10] polyhedrons, which share two 

Br1 anions with [MnBr4] tetrahedrons result in independent 
distribution of  [MnBr4] tetrahedrons (Fig. 1b). The Cs1 (8h) sites 
coordinate with eight bromine atoms form distorted [CsBr8] 
polyhedrons, which are linked with each other by faces and form ...- 
[CsBr8]- [CsBr8]-... layer. [MnBr4] tetrahedrons are share two Br1 
anion with [CsBr8] polyhedrons form an alternating layer structure. 
Mn2+ (4b) site in Cs3MnBr5 are layer distributed along the c-axis 
direction, the neighbouring manganese bromide tetrahedrons are 
separated by cesium bromide polyhedrons and keep a distance of 
7.785 (6) Å. Inside the ab plane, the distance between two nearest 
manganese bromide tetrahedrons, with the value of approximately 
6.785(5) Å (Fig. 1c). To investigate the thermal stability of Cs3MnBr5, 
thermo-gravimetric analysis (TGA) was carried out from room 
temperature to 923 K, and the mass-change curve was show in Fig. 
S1. The sample exhibit good thermal stability up to T = 723 K. The 
decomposition of sample mainly was divided into two steps. In the 
first stage (298 - 423 K), the quality of Cs3MnBr5 was lost 3.76 % due 
to the evaporation of crystal water. The second stage (728 - 923 K) 

Fig.2 (a) PLE and PL spectra of Cs3MnBr5 (green solid line) and β-SiAlON (red dotted line). The insets show the digital photographs of green Cs3MnBr5 phosphor 
under 365 nm UV lamp. (b) The decay curve of Cs3MnBr5 under excitation at 460 nm, monitored at 520 nm. (c) The Schematic diagram showing the energy 
adsorption, non-radiative relaxation, and emission process of Mn2+ in a tetrahedral environment.

Fig 3. (a) XRD pattern of Cs3Mn1-xBr5: xZn2+(x = 0 - 0.30). (b) The variation of Cell volume of Cs3MnBr5:xZn2+ (x = 0.04, 0.08, 0.15, 0.30). (c) EPR spectra of Zn2+-
doped Cs3MnBr5 obtained with different Zn2+: Mn2+ ratios. The PLE (d) and PL (e) spectra of Cs3MnBr5: xZn2+ (x = 4%，8%，10%，15%，20%，30%). (f) The 
intensity and wavelength change of emission peak of different doping concentration of Zn2+.
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was the process where the metal (II) bromide decomposed 
continuously.

The PLE and PL spectra of Cs3MnBr5 phosphor with intrinsic 
Mn2+ emission were shown in Fig. 2a. The excitation spectrum 
exhibit structured bands with three maxima at 278, 365, and 460 nm, 

corresponding to the electronic transitions of Mn2+ in [MnBr4] 
tetrahedra from the 6A1 ground state to Td excited states due to the 
energy splitting in the 4T1 excited state with D2d symmetry (Fig. 2a). 
The intense band centred at 278 nm together with two main 
absorption peaks at 350 and 460 nm, indicating Cs3MnBr5 phosphor 
can be excited by UV and blue LED chips. Under the excitation at 460 
nm, Cs3MnBr5 shows a prominent green emission at 520 nm with 
FWHM of 42 nm with the high PLQY of 49%. The as-prepared powder 
also exhibits an intense green light under 365 nm lamp irradiation, as 
shown in the inset (Fig. 2a). The strong green emission is ascribed to 
the metal-centred d–d transition of the Mn2+ ion in d5 configuration 
with a tetrahedral coordination geometry.20 The detailed energy 
absorption, non-radiative relaxtion, and emission process of Mn2+ in 
a tetrahedral environment were described in Fig. 2b.The decay curve 
of Cs3MnBr5 phosphor under excitation at 460 nm, monitored at the 
peak of 520 nm at room temperature is presented in Fig. 2c. The 
decay curve can be fitted using a single exponential decay formula:21

                                                              (1)𝐈(𝐭) =  𝑰𝟎 +𝑨𝐞𝐱𝐩 ( ―𝒕
)

Where I(t) and I0 are the luminescence intensity at time t and t >> τ, 
A is a constant, and τ is the decay time for an exponential component. 
As shown in Fig. 2c, by using the above fitting equation, the 
fluorescence lifetime for Cs3MnBr5 is determined to be 0.29 ms.  The 
single exponential decay behaviour also confirms the unique Mn2+ 
site in Cs3MnBr5 phosphor.

To prove potential application of Cs3MnBr5, The β-SiAlON:Eu2+ 
green phosphor was chosen as a reference to compare the optical 
performance. The dashed dotted red lines in Fig. 2a show the PLE 
and PL spectra of β-SiAlON:Eu2+, which can be excited by UV to blue 
light and shows a narrow-band emission at 540 nm with FWHM of 

54 nm under 460 nm excitation.7 Obviously, the PL spectrum of 
Cs3MnBr5 is narrower than that of β-SiAlON:Eu2+ with more proper 
emission peak (520 nm) for LCD applications, suggesting that 
Cs3MnBr5 is more suitable for wide color gamut display backlights. 
Generally, the narrower FWHM implies higher color purity (CP), 
therefore, the comparison of CP between Cs3MnBr5 and the 
commercial β-SiAON:Eu2+ phosphors are also studied. The CIE 
coordinations of the Cs3MnBr5 and β-SiAON:Eu2+ phosphors are 
calculated to be (0.1490, 0.7564) and (0.2405, 0.6312), respectively. 
The CIE diagram is encircled by monochromatic color coordinates 
from 380 to 700 nm. The color purity of a specific color is defined by 
the percentage of the linear distance between the chromaticity 
coordinates of the sample emission and the CIE1931 standard source 
to the linear distance between the chromaticity coordinates of the 
monochromatic light source and the standard source, which can be 
calculated by the following equation: 22

                                 (2)𝐜𝐨𝐥𝐨𝐫 𝐩𝐮𝐫𝐢𝐭𝐲 =
(𝒙 ― 𝒙𝒊)𝟐 + (𝒚 ― 𝒚𝒊)𝟐

(𝒙𝒅 ― 𝒙𝒊)𝟐 + (𝒚𝒅 ― 𝒚𝒊)𝟐 × 𝟏𝟎𝟎%

where (x, y) represents the CIE color coordination of the Cs3MnBr5 
and β-SiAlON:Eu2+ phosphors, (xi, yi) stand for the CIE1931 standard 
source with CIE color coordinate (0.3333, 0.3333), and (xd, yd) is the 
color coordinate corresponding to the monochromatic light source. 
The CP of the Cs3MnBr5 and β-SiAlON:Eu2+ phosphors were 
calculated to be 78.98% and 59.12%, respectively. The higher CP of 
Cs3MnBr5 phosphor will helps to achieve larger color gamut for 
backlighting LEDs.

In addition, for phosphors applied to LCD display, long decay 
time will generate ghost signal, which severely affects the visual 

Green phosphors Lifetime luminous efficiency ( 
with KSF:Mn2+)

Ref

β-SiAlON:Eu2+ 1 μs 136 lm/w [7]

RLSO:Eu2+  0.84 μs 97.28 lm/w   [13]

γ-AlON:Mn2+,Mg2+ 3.89 ms - [15]

MgAl2O4:Mn2+ 6.51 ms 56.32 lm/w [23]

Sr2MgAl22O36:Mn2+  4.71 ms 70.58 lm/w [17]

Cs3MnBr5     0.29 ms             108.88 lm/w           This work

Cs3Mn0.96Zn0.04Br5     0.30 ms  107.76 lm/w This work

Table 1 The comparisons of fluorescence lifetime of green phosphors 
and luminous efficiency of WLED devices 

Fig 4. Temperature-dependent PL spectra of Cs3MnBr5 (a) and 
Cs3Mn0.96Zn0.04Br5 (b) under 460 nm excitation in the temperature range of 
RT–523 K with a temperature interval of 298 K. (c) Temperature-dependent 
normalized integrated PL intensities of Cs3MnBr5 and Cs3Mn0.96Zn0.04Br5. (d) 
The corresponding emission intensity with three heating and cooling cycles 
of the Cs3Mn0.96Zn0.04Br5 phosphor from 298 to 473 K.

Page 6 of 11Journal of Materials Chemistry C
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effect when watching high definition programs. The comparison of 
the fluorescence lifetime among the well-known green phosphors 
are listed in Table 1. The microsecond range of fluorescence lifetime 
(0.29 ms) of Mn2+ in Cs3MnBr5 is more shorter than that Mn2+-doped 
MgAl2O4:Mn2+, γ-AlON:Mn2+,Mg2+ and Sr2MgAl22O36:Mn2+ green 
phosphors with 6.51, 3.89 and 4.71 ms, respectively.15, 17, 23 The 
abnormal character with short lifetime value should be related with 
the intrinsic Mn2+ emission in Cs3MnBr5, and the [MnBr4] 
tetrahedrons are separated each other. Moreover, the fluorescence 
lifetimes of Mn2+ is only two orders of magnitude difference from 
that of the Eu2+-doped green phosphors. In other words, the 
transition metal Mn2+-doped green phosphors with short 
fluorescence lifetime is more expected to achieve broader 
application in backlighting LEDs. 

In order to study the effect of Mn2+ concentration on the 
luminescence properties of Cs3MnBr5, the Zn2+ was introduced into 
Cs3MnBr5 to substitute Mn2+ partially. The typical XRD patterns of 
Cs3MnBr5:xZn2+ samples for various Zn2+ concentrations are shown in 
Fig. 3a. The results indicate that all the diffraction peaks of the as-
prepared Cs3MnBr5:xZn2+ (4 ≤ x ≤ 30%) samples can match well with 
the standard Cs3MnBr5 data (PDF card No.71-1416), and there are no 
impurity phases with the increase of Zn2+ concentration (x). The 
slightly shift of diffraction peaks (right part of Fig. 3a) as well as the 
diminution of cell volume (Fig. 3b) are in a good agreement with the 
fact that the radius of Zn2+ is smaller than that of Mn2+. In addition, 
the decrease of EPR signal of the Cs3MnBr5 further verify the 
successful doping of Zn2+ ion (Fig. 3c). The PLE and PL spectra of the 
Cs3MnBr5: xZn2+ (4 ≤ x ≤ 30%) samples are described in Fig. 3d.e. The 
PL intensity gradually decreased with the increase of Zn2+ 
concentration, in addition, both the position and FWHM of emission 
band almost remain unchanged (Fig. 3f), which indicated that there 
is no concentration quenching in Mn2+-based Cs3MnBr5 phosphor. As 
mentioned above, in Cs3MnBr5, the shortest distance between two 

Cesium bromide polyhedrons are 6.785 (5) Å, the inter- and 
intralayer far distances of cesium bromide polyhedrons will restrict 
the direction of energy migration result in high luminescence 
efficiency without concentration quenching.24

The thermal stability of phosphors has an important effect on 
various performance parameters of the corresponding device.25 
Thus, temperature is a critical parameter to evaluate the potential 
application of phosphors. Fig. 4a,b comparatively shows the 
temperature-dependent PL spectra of Cs3MnBr5 and 
Cs3Mn0.96Zn0.04Br5 phosphors from room temperature (RT, 298K) to 
523K with a step interval of 25K. With the increasing of temperature, 
the emission intensity gradually decreases, which caused by 
nonradiative transitions due to the lattice vibration and the lattice 
relaxation of the luminescent centres.17 The comparison of 
integrated PL intensities between Cs3MnBr5 and Cs3Mn0.96Zn0.04Br5 
from 298 to 523 K are shown in Fig. 4c, The Cs3MnBr5 presents a 
relatively low luminescence quenching behaviour with integrated PL 
intensities remain 82% at 423 K of the initial intensity measured at 
298 K. Moreover, integrated PL intensities of Cs3Mn0.96Zn0.04Br5 can 
still remain 87% at 423 K, which indicated that the doping Zn2+ into 
Cs3MnBr5 effectively improve the thermal stability. The tendencies 
of integrated PL intensities with three heating and cooling cycles of 
the Cs3Mn0.96Zn0.04Br5 from 298 to 473 K also has been investigated 
and are shown in Fig.4d.  After three cycles of heating and cooling 
process, the thermal stability of Cs3Mn0.96Zn0.04Br5 almost remain 
unchanged, the integrated PL intensity even have slightly promotion 
after cool to room temperature. All of results indicate that 
Cs3Mn0.96Zn0.04Br5 phosphor possesses better temperature-
dependent stability, so that it can play a key role in the green 
phosphor in backlighting display.  

Considering the practicability of synthesized phosphors in wide 
color gamut display backlights, the LEDs integrated with green 

Fig 5. (a, b) PL spectrum of the WLED devices fabricated with the green phosphor Cs3MnBr5, Cs3Mn0.96Zn0.04Br5 and the commercial red phosphor KSF: Mn4+ on 
a blue LED GaN chip under a current of 20 mA respectively. The inset shows the photographs of the as-fabricated and lightened LEDs. (c) CIE 1931 color 
coordinates of fabricated LEDs, and color space of NTSC standard (red line) and LED-1 (black line) and LED-2 (blue line). (d, e) PL spectra of the fabricated LEDs 
under various operating currents. (f) The peak intensity variation of green phosphors in WLEDs under various operating currents.
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phosphor Cs3MnBr5 or Cs3Mn0.96Zn0.04Br5, red phosphor K2SiF6:Mn4+, 
and commercial blue emitting InGaN chips  were fabricated, which 
are denoted as LED-1 (Cs3MnBr5) and LED-2 (Cs3Mn0.96Zn0.04Br5). The 
PL spectra of the fabricated LED devices under a current of 20 mA are 
shown in Fig. 5a,b, the inset shows the photographs of the LED 
devices. The LED-1 and LED-2 shows a bright white light with a high 
luminous efficiency up to 108.88 lm/W and 107.76 lm/W, which are 
higher than other previous reported phosphor-converted WLEDs 
(Table 1), except for the recently reported β-SiAlON:Eu2+ based 
WLED. The calculated color gamut cover the color space of the 104% 
and 101% in CIE 1931 with CIE color coordinate is (0.3098, 0.3226) 
and (0.2989, 0.3042), respectively.  Fig. 5d,e show the PL spectra of 
the fabricated LEDs under the various operating currents. Compared 
with LED-1, the LED-2 exhibits better stability, the PL intensity of 
Cs3Mn0.96Zn0.04Br5 still retain 86% at 140 mA operating currents 
(Fig.5f). The results demonstrate that the introduction of Zn2+ into 
Cs3MnBr5 significantly improved the stability of LED device. 
Cs3Mn0.96Zn0.04Br5 is being looked at broadly for potential 
applications in LCD backlight display.

4 Conclusions

In summary, we have discovered the novel Mn2+-based narrow-
band green-emitting Cs3MnBr5 Phosphor with λem = 520 nm, 
FWHM = 42 nm, and the luminesce originates from the intrinsic 
Mn2+ characteristic emission with abnormal short fluorescence 
lifetime value in the separated [MnBr4] tetrahedrons without 
concentration quenching. The thermal stability of Cs3MnBr5 is 
improved from 82% to 87% at 423 K by introducing a small amount 
of Zn2+ into Cs3MnBr5. By combining Cs3Mn0.96Zn0.04Br5 green 
phosphor, KSF:Mn4+ red phosphor and blue InGaN chips, the 
fabricated LED device shows the high luminous efficiency up to 
107.66 lm/W with wide color gamut of 101 % NTSC for backlight 
display, which is larger than that of white LED based on 
commercial green phosphor β-SiAlON:Eu2+ (89%). All results 
indicated that Cs3MnBr5 and Cs3Mn0.96Zn0.04Br5 phosphors can act 
as a promising narrow-band emitting green phosphor in the 
field of wide-color-gamut LCD backlight display.
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Table 1. Main parameters of processing and refinement of the Cs3MnBr5 sample

Compound Cs3MnBr5

Sp.Gr. I4/mcm

a, Å 9.60672 (13)

c, Å 15.5716 (2)

V, Å3 1437.08 (4)

Z 2

2θ-interval, º 10-105

Rwp, % 5.13

Rp, % 3.84

Rexp, % 2.31

χ2 2.21

RB, % 3.08

Table S2. Fractional atomic coordinates and isotropic displacement parameters (Å2) of Cs3MnBr5

x y z Biso

Cs1 0.16040 (14) 0.66040 (14) 0.5 2.5 (2)
Cs2 0 0 0.25 3.0 (2)
Mn1 0 0.5 0.25 1.3 (3)
Br1 0.14742 (16) 0.64742 (16) 0.15389 (11) 3.0 (2)
Br2 0 0 0 2.3 (2)

Table S3. Main bond lengths (Å) of Cs3MnBr5

Cs1—Br1i 3.8082 (19) Cs2—Br1iv 3.9646 (16)
Cs1—Br1ii 3.5439 (19) Cs2—Br2 3.8929 (1)
Cs1—Br2iii 3.6080 (13) Mn1—Br1 2.5002 (16)

Symmetry codes:  (i) -x, y, -z+1/2; (ii) -y+1, -x+1, -z+1/2; (iii) -x, y+1, -z+1/2; (iv) x, y-1, z; (v) -x, y, z+1/2.
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Fig. S1 The TG curve of Cs3MnBr5 sample. 
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