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Abstract 

With the continuous advancement of lighting technology, people’s pursuit of lighting quality has gradually shifted from simple 

power and brightness indicators to high-quality, healthy lighting and solar-like illumination. White light phosphors co-doped 

with multiple ions suffer from drawbacks including complicated ratio regulation, energy transfer loss, and thermally induced 

color drift, while single-component luminescent materials activated by a single rare-earth ion can effectively avoid the above 

deficiencies. In this work, a series of Ba7-xF12Cl2: xEu2+ fluorochloride phosphors were successfully synthesized via a high-

temperature solid-state reaction method. Their crystal structures, fluorescence spectra, thermal stability, and CIE chromaticity 

coordinates were systematically characterized. X-ray diffraction (XRD) results confirm that all as-prepared samples are pure 

phases, and Eu2+ doping does not destroy the crystal structure of the host matrix. Under excitation by near-ultraviolet light, the 

samples exhibit broad-band white light emission centered at 430 nm with a full width at half maximum (FWHM) of 

approximately 90 nm, which originates from the characteristic 4f65d1 → 4f7 transition of Eu2+. Thermal stability measurements 

reveal that the luminescence intensity of the samples remains above 95% of the room-temperature value at 85°C. The obtained 

results demonstrate that Ba7F12Cl2: Eu2+ phosphors are promising single-component white light-emitting materials excited by 

near-ultraviolet light. 
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1. Introduction 

With the rapid development of the lighting industry, peo-

ple’s demands for lighting products are no longer limited to 

basic brightness. High-quality light sources featuring healthy 

illumination, a high color rendering index, and simulated nat-

ural sunlight have become the mainstream trend in industrial 

development [1]. Commercial white light-emitting diodes 

(WLEDs) usually achieve white light output by mixing multi-

ple phosphors or co-doping multiple rare-earth ions. Never-

theless, such systems possess obvious inherent disadvantages: 
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it is hard to precisely control the proportion of different lumi-

nescent ions, energy transfer between ions will cause lumi-

nous loss, and severe color drift tends to occur under high-

temperature working conditions, which severely limits the 

long-term operational stability of devices [2-5]. In comparison, 

realizing white light emission in a single host with only one 

type of activator ion can fundamentally simplify the composi-

tion of phosphors and eliminate the inherent defects of multi-

ion systems. Accordingly, broadband white luminescent ma-

terials activated by a single rare-earth ion have become an im-

portant research direction in the field of luminescent materials 

[6]. 

As a classic activator with broadband emission, Eu2+ has 

5d–4f transitions that are extremely sensitive to the exter-

nal crystal field environment. Fluorochloride mixed halide 

hosts contain coordination fields of both F— and Cl— anions, 

which can form various inequivalent cation lattice sites in 

the crystal lattice and induce Eu2+ to generate superim-

posed multi-band broadband emission. Therefore, fluoro-

chlorides are ideal host materials for constructing single-

ion white light phosphors. Barium-based fluorochlorides 

have low phonon energy, simple synthesis routes, and re-

markable compatibility with near-ultraviolet excitation 

light sources [7, 8]. To date, few studies have reported rare-

earth-doped luminescence based on the Ba7F12Cl2 fluoro-

chloride host. The lattice site occupation behavior of Eu2+, 

the regulation rule of broadband white luminescence and 

thermal stability in this system remain to be systematically 

investigated [9]. 

In view of the above reasons, Eu2+-doped Ba7F12Cl2 phos-

phor is prepared by the high-temperature solid-state reaction 

method in this paper. Multiple characterization techniques in-

cluding X-ray diffraction (XRD), steady-state photolumines-

cence spectroscopy, temperature-dependent luminescence 

tests and CIE chromaticity coordinates are utilized to system-

atically explore the effects of Eu2+ doping on phase structure, 

broadband white emission and thermal stability, and the lumi-

nescence mechanism of single-center Eu2+ broadband white 

light under near-ultraviolet excitation is further analyzed. This 

work expands the family of barium fluorochloride lumines-

cent hosts and offers a new strategy for the design and fabri-

cation of single-component healthy white phosphors excited 

by near-ultraviolet light. 

2. Experimental Section 

2.1. Materials and Methods 

A single-component broadband white-emitting Ba7F12Cl2: 

0.009Eu2+ phosphor was successfully synthesized via a con-

ventional high-temperature solid-state reaction method. Bar-

ium carbonate BaCO3(A.R.), ammonium chloride 

NH4Cl(A.R.), ammonium fluoride NH4F(A.R.) and europium 

oxide Eu2O3(99.99%) were selected as raw materials and ac-

curately weighed according to the designed stoichiometric ra-

tio. The well-weighed mixtures were fully ground in an agate 

mortar for 30 min to achieve uniform component mixing. The 

homogeneous powders were transferred into an alumina ce-

ramic crucible and calcined in a muffle furnace under a carbon 

powder reducing atmosphere with a two-stage sintering pro-

cedure: the samples were firstly pre-sintered at 360°C for 0.5 

h, and then heated up to 800°C and held for 2 h. After the com-

pletion of chemical reaction, the crucible was cooled naturally 

to room temperature inside the furnace to avoid lattice defects 

caused by rapid quenching. The cooled bulk samples were re-

ground for another 30 min to form fine homogeneous powders. 

Ba7F12Cl2: 0.009Eu2+ phosphor was ultimately obtained. 

2.2. Characterization Techniques 

The crystal phase of all phosphor samples was identified by 

an X-ray diffractometer (XRD, SmartLab 3 kW, Rigaku) with 

Cu Kα radiation (λ = 0.1541 nm). The instrument parameters 

were set as: operating voltage of 40 kV, operating current of 

40 mA, scanning range of 10°-90° and scanning rate of 0.02°/s. 

A phosphor excitation spectrum and thermal quenching anal-

ysis system (EX1000, Everfine) was utilized to measure the 

temperature-dependent luminescence spectra, CIE chromatic-

ity coordinates, correlated color temperature and color purity 

of the samples. The photoluminescence excitation and emis-

sion spectra were recorded via a steady-state and transient flu-

orescence spectrometer (FLS980, Edinburgh Instrument). The 

absolute photoluminescence quantum yield was measured by 

an absolute quantum efficiency measurement system (Quan-

taurus-QY, Hamamatsu). Ultimately, the synthesized 

Ba7F12Cl2: 0.009Eu2+ phosphor was mixed with commercial 

red-emitting (Ca, Sr)AlSiN3: Eu2+ phosphor and packaged on 

a commercial 365 nm near-ultraviolet LED chip to fabricate 

WLED devices, and the comprehensive optoelectronic perfor-

mances of the assembled WLEDs were further characterized. 

3. Results and Discussion 

3.1. Phase Analysis 

Figure 1 shows that Ba7F12Cl2 compound belongs to the 

hexagonal crystal system and crystallizes in the non-centro-

symmetric hexagonal space group P-6 at room temperature. 

Its unit cell parameters are determined as a = b = 10.6589(2) 

Å and c = 4.1752(6) Å, which are slightly smaller than those 

of the standard hexagonal Ba7F12Cl2 phase (a = b = 10.6844 

Å, c = 4.1829 Å). This phenomenon can be attributed to the 

smaller ionic radius of Eu2+ (0.109 nm) compared with Ba2+ 

(0.135 nm). According to the substitution principle of similar 

ionic radii, it can be preliminarily concluded that Eu2+ ions 

replace Ba2+ cation sites and incorporate into the Ba7F12Cl2 

crystal lattice. Moreover, low-concentration Eu2+ doping does 

not change the crystal structure of the host matrix [9, 10]. 
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Figure 1. Crystal structure of Ba7F12Cl2. 

 
Figure 2. Ba7F12Cl2: 0.009Eu2+ XRD pattern of phosphor. 

Figure 2 displays the X-ray diffraction pattern of Ba7F12Cl2: 

0.009Eu2+ phosphor. By comparison with the standard card of 

Ba7F12Cl2 (PDF#89-1826) and BaFCl (PDF#76-1368), nearly 

all diffraction peaks of the as-synthesized sample are well 

matched with the standard Ba7F12Cl2 phase, while only a weak 

set of diffraction peaks correspond to the impurity BaFCl 

phase. The results confirm that the obtained sample is domi-

nated by the pure Ba7F12Cl2 main phase with a tiny amount of 

BaFCl impurity. It demonstrates that Eu2+ ions successfully 

substitute for Ba2+ ions in the host lattice at low doping content, 

and the crystal framework of Ba7F12Cl2 host remains basically 

unchanged. 

3.2. Fluorescent Spectra 

Two spectra of Ba7F12Cl2: 0.009Eu2+ phosphor were meas-

ured in the range of 225-750 nm, as shown in Figure 3, which 

are the excitation spectrum (magenta curve) at a monitoring 

wavelength of 430 nm and the emission spectrum (light cyan 

curve) at an excitation wavelength of 280 nm. The broad ex-

citation band ranging from 240 to 360 nm originates from the 

electronic transition of Eu2+ from the ground 4f7 state to the 

excited 4f65d1 state [11]. This absorption band covers deep-

ultraviolet and near-ultraviolet regions (250–360 nm), con-

firming that the phosphor can be efficiently pumped by com-

mercial near-UV LED chips. Multiple split sub-peaks are ob-

served in the excitation spectrum profile, which arise from in-

equivalent Ba2+ crystallographic sites in the host lattice. Di-

verse crystal field environments split the 5d energy levels of 

Eu2+, generating several discrete absorption bands [8]. 

 
Figure 3. Excitation and emission spectra of Ba7F12Cl2: 0.009Eu2+ 

phosphor. 

Upon excitation at 280 nm, a broad visible emission band 

peaking at 430 nm is detected, extending across 350–550 nm. 

This broadband emission is assigned to the parity-allowed 

4f65d1 → 4f7 transition of Eu2+. The ultra-wide emission pro-

file stems from multiple inequivalent cation sites occupied by 

Eu2+; distinct crystal field strengths at different lattice posi-

tions produce overlapping sub-bands, which combine to form 

a continuous broad band emission without co-doping other 

rare-earth activators [9]. 

The wide excitation coverage in the near-UV region to-

gether with continuous broadband visible emission demon-

strates that this barium fluorochloride phosphor is a promising 

single-component white-light emitter for near-UV-excited 

WLEDs, and the spectral results validate the strategy of real-

izing single-activator white luminescence via multi-site Eu2+ 

doping [6]. 
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Figure 4. Excitation spectra of Ba7F12Cl2: 0.009Eu2+ phosphor un-

der different excitation wavelengths. 

Figure 4 displays the photoluminescence emission spectra 

of the Ba7F12Cl2: 0.009Eu2+ phosphor recorded under four dis-

tinct near-ultraviolet excitation wavelengths of 280 nm, 300 

nm, 330 nm and 360 nm. All spectra retain identical broad-

band profiles with emission maxima fixed at 430 nm, which 

confirms that the intrinsic luminescence origin from the 4f65d1 

→ 4f7 transition of Eu2+ remains unchanged regardless of ex-

citation wavelength [7]. No obvious shift of the peak position 

is observed across all excitation conditions, indicating that the 

crystal field environment around Eu2+ activators is stable and 

free from excitation-wavelength-dependent distortion. 

Nevertheless, the luminescence intensity exhibits a remark-

able declining trend as the excitation wavelength increases. 

The maximum emission intensity is achieved under 280 nm 

excitation, followed by 300 nm, 330 nm, and the weakest in-

tensity is obtained at 360 nm. This tendency is consistent with 

the characteristic absorption range shown in the previous ex-

citation spectrum: the phosphor possesses the strongest light 

absorption capacity within the 270–290 nm deep ultraviolet 

region, while absorption efficiency gradually weakens when 

the excitation wavelength shifts toward longer near-ultraviolet 

bands [9]. 

Notably, even when excited at 360 nm, the sample still 

maintains considerable broadband white emission covering 

the whole visible region. This feature demonstrates that the 

Ba7F12Cl2: Eu2+ phosphor can be effectively driven by a wide 

range of commercial near-UV LED chips spanning 280–360 

nm. Combined with the CIE chromaticity coordinate variation 

trend mentioned above, tuning the excitation wavelength can 

rationally adjust the luminous color of the phosphor, which 

provides extra flexibility for optimizing the optical perfor-

mance of near-UV pumped WLED devices [11]. 

3.3. Quantum Yield 

Fluorescence quantum yield (QY) is a crucial parameter for 

evaluating the performance of phosphors. The spectrum of 

Ba7F12Cl2: 0.009Eu2+, measured with an integrating sphere un-

der excitation at 350 nm, is shown in Figure 5. The following 

formula (1) can calculate the QY value of this phosphor [12]: 


𝑄𝑌

=
∫ 𝐿𝑆

∫𝐸𝑅−∫𝐸𝑆
                  (1) 

where LS represents the luminescence spectrum of the Ba7F12Cl2: 

0.009Eu2+, ES represents the excitation spectrum of the sample, 

ER represents the excitation spectrum of reference BaSO4, and 

QY is the photoluminescence quantum efficiency. The calcu-

lated QY value is 52.12%, which is lower than Y3Al5O12: Ce3+ 

phosphors (QY = 97%) for commercial products [13] and (Sr, 

Ca)AlSiN3: Eu2+ phosphors (QY = 92%) for LED application 

[14]. Even so, the QY recorded for the Ba7F12Cl2:0.009Eu2⁺ lu-

minescent powder remains far inferior to those of commercially 

available phosphors, which suggests that this phosphor pos-

sesses excellent practical application potential once its lumines-

cence performance is further optimized. 

 
Figure 5. Excitation line of BaSO4 and emission spectrum of 

Ba7F12Cl2: 0.009Eu2+ phosphor collected by using an integrating 

sphere (λex = 280 nm). The inset shows a magnification of the emis-

sion spectrum. 

3.4. CIE Color Coordinate and Thermal 

Quenching Analysis 

The color coordinate values describe the position of the 

phosphor within the color space, enabling researchers to 

choose the most suitable phosphor for particular applications. 

Figure 6 presents the CIE chromaticity coordinates of the 

Ba7F12Cl2: 0.009Eu2+ phosphor measured under four distinct 

excitation wavelengths. As the excitation wavelength in-

creases, the corresponding chromaticity coordinate points 

gradually shift toward the white light region on the Planckian 

locus. This trend verifies that the emission color of the 

Ba7F12Cl2: 0.009Eu2+ phosphor can be effectively tuned to a 
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certain extent by adjusting the near-ultraviolet excitation 

wavelength. 

The color purity of phosphors is a crucial metric for as-

sessing the saturation of their emitted light color, calculable 

via the subsequent formula (2) [15]: 

Colorpurity=√
(x-xi

)2+(y-yi
)2

(xd-xi
)2+(yd-yi

)2 ×100%
         (2) 

where (xi, yi), (xd, yd) and (x, y) represent the illumination point, 

dominant wavelength, and the chromaticity coordinates of 

phosphors, respectively. In this work, the values of (xi, yi) and 

(xd, yd) are (0.333, 0.333) and (0.678, 0.320), respectively. 

Therefore, combined with the emission spectrum data of the 

phosphor, the values of color purity of the Ba7F12Cl2: 

0.009Eu2+ were calculated and displayed in Table 1. 

Thermal stability tests show that the phosphor retains more 

than 95% of its initial room-temperature luminescence inten-

sity at 85°C, demonstrating excellent thermal stability suffi-

cient for practical commercial lighting applications. 

 
Figure 6. The chromaticity coordinates of Ba7F12Cl2: 0.009Eu2+ 

sample at various excitation wavelengths. 

Table 1. The CIE chromaticity coordinates, color purity of Ba7F12Cl2: 

0.009Eu2+ sample at various excitation wavelengths. 

Ba7F12Cl2: 0.009Eu2+ CIE (x, y) Color purity 

280 nm (0.2273, 0.2278) 45.9% 

290 nm (0.2320, 0.2383) 43.2% 

Ba7F12Cl2: 0.009Eu2+ CIE (x, y) Color purity 

320 nm (0.2656, 0.2806) 27.6% 

360 nm (0.2976, 0.3200) 13.1% 

3.5. LED Packaging 

Figure 7 illustrates the WLED device fabricated by combin-

ing white phosphor Ba7F12Cl2: 0.009Eu2+ and red phosphor (Sr, 

Ca)AlSiN3: Eu2+ in a specific ratio, followed by encapsulation 

and excitation using a 365 nm UV LED chip. In addition, the 

packaged LED device emits bright white light, with CIE chro-

maticity coordinates, correlated color temperature (CCT) and 

color rendering index (CRI) of (0.3689, 0.3942), 4428 K and 

94.9, respectively. The experiment demonstrates that the 

WLED device emits bright white light when a forward current 

of 20 mA is applied. The device delivers high brightness and 

stable color performance, demonstrating great potential for 

practical illumination applications. 

 
Figure 7. The visible light spectrum and luminescence of Ba7F12Cl2: 

0.009Eu2+ packaged WLED. 

4. Conclusions 

In this work, a single-component fluorochloride white-

emitting Ba7F12Cl2:Eu2+ phosphor was successfully synthe-

sized via the high-temperature solid-state reaction method. 

The crystal structure, optical spectroscopic characteristics, lu-

minescence properties and thermal stability of the as-prepared 

materials were systematically investigated. XRD results re-

veal that all as-synthesized samples exhibit a pure crystalline 

phase. The Ba7F12Cl2 host retains its complete crystal frame-

work at suitable Eu2+ doping levels, which proves that this flu-

orochloride matrix has outstanding structural tolerance toward 

rare-earth ion doping. Upon near-ultraviolet excitation, the 

Ba7F12Cl2:Eu2+ phosphor exhibits a broadband white emission 
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band centered at 430 nm with a FWHM of 90 nm, which orig-

inates from the characteristic 4f65d1 → 4f7 electronic transi-

tion of Eu2+ ions. The realization of single-activator domi-

nated broadband white emission effectively overcomes the in-

herent drawbacks of conventional multi-ion co-doped white 

light systems, including complex component ratio regulation, 

inevitable luminescence energy loss and poor color stability. 

Thermal stability characterization demonstrates that the lumi-

nescence intensity of the phosphor at 85°C remains higher 

than 95% of its room-temperature baseline value. The optimal 

Ba7F12Cl2:Eu2+ phosphor possesses an absolute photolumines-

cence quantum yield of 52.12%. Furthermore, the WLED de-

vice fabricated with this phosphor emits bright natural white 

light with a high color rendering index (CRI = 94.9) and a cor-

related color temperature of 4428 K. Overall experimental re-

sults verify that the newly developed barium fluorochloride 

Ba7F12Cl2 host can efficiently realize broadband white emis-

sion of Eu2+. As a high-performance single-component white 

phosphor with promising prospects for near-UV-excited 

WLEDs, this material offers a new host candidate and rational 

design strategy for developing healthy sunlight-simulating lu-

minescent materials. 
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