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Abstract: 

Ultra-broad-band white emitting phosphors have a wide application prospect in 

the new generation of illumination systems. Due to the sensitivity of Bi3+ to the 

surrounding environment, it exhibits different luminescence properties in different 

crystallographic sites, which makes it easy to achieve white emission. Cationic 

substitution engineering is the most effective strategy for controlling the environment 

around Bi-site and realizing the spectrum tuning. Herein, we conducted substitution 

engineering in K2MgGeO4:Bi3+ that uses alkali metal A+ (A = Li, Na, Rb) to 

substituted K+. The difference in emission spectrum excited at various wavelengths is 

related to extra luminescent centers generation and Bi3+ occupancy rearrangement in 

KMGO:Bi3+ under the influence of Li+ and Na+, which also leads to the expansion of 

full widths at half-maximum (FWHM) to 204 nm forming a bright white emission. 

Besides, the modulation of Rb+ increases the activation energy and enhances its 

thermal stability to 88.66%. The high Ra values (93.4) of the fabricated WLED 

indicate that K1.456Na0.54MgGeO4:0.004Bi3+ could be used as a single-component 

white phosphor in solid-state lighting. Our research shows that alkali metal 

substitution engineering is of great significance to controlling the luminescence 

emission and improving the thermal stability of luminescent materials. 

Keywords: K2MgGeO4:Bi3+; Substitution engineering; Tunable emission; 

Ultra-broad-band white emission; WLED. 

 

 



1. Introduction 

Phosphor-converted white-light-emitting diodes (pc-WLEDs), with the 

advantages of high luminescence efficiency, excellent durability and low production 

costs, have innovated the entire lighting industry [1-3]. At present, white light 

emission of pc-LED is realized mainly through the following four ways: (i) blue chip 

+ yellow phosphor; (ii) blue chip + green/red or green/yellow/red phosphors; (iii) UV 

or n-UV LED chip + blue/green/red or blue/green/yellow/red phosphors; (iv) UV or 

n-UV LED chip + broad band white phosphor [4-7]. Among them, the fourth way is 

considered to be the most optimal strategy to obtain white emission, since it has a 

lower correlated color temperature (CCT) and a more suitable color rendering index 

(Ra). More importantly, the phenomenon of reabsorption between multiphase 

phosphors and the problem of color aberrations at high temperatures could be 

effectively avoided in this method [8-10]. Hence, it’s a hot research project to design 

and obtain single-phase white phosphors with broad FWHM.  

As far as the commonly used pc-WLEDs phosphors are concerned, the number 

of white emitting compounds is quite restricted. Nowadays, plentiful research on 

white phosphors are mainly concentrated on the rare-earth ions (Eu2+, Ce3+) such as 

Sr2AlSi2O6N:Eu2+ [8], Sr3Ce(PO4)3:Eu2+ [11], Sr3Sc4O9:Ce3+ [12], Y3Si5N9O:Ce3+ [13] 

etc. However, the unbalanced white light emission caused by the partial overlap of 

excitation and emission bands makes their emission bands far away from the light 

sensitive area of human eye (400-700 nm), which limits the application of these types 

of phosphor in pc-LED industry [14, 15]. Based on this situation, phosphors with 



non-rare earth metals as activators are considered by researchers. For example, Xia’s 

group recently reported an ultra-broad-band white emission phosphor, 

(C6H18N2O2)PbBr4:Mn2+, (λem = 640 nm; FWHM = 230 nm), but it has low quantum 

efficiency (about 12.51%) and poor chemical stability due to the existence of small 

organic molecules [16]. Compared to the activators Eu2+, Ce3+ and Mn2+ 

aforementioned, Bi3+ has a high probability of achieving white light emission in 

different host materials, since Bi3+ is sensitive to the surrounding crystal field 

environment, which makes it easy to achieve tunable emission by adjusting the crystal 

structure [2, 17-19]. In addition, the excitation band of Bi3+ is mainly concentrated in 

the near-UV region, and it barely overlaps with its emission band, which effectively 

avoids the problem of chromatic aberration caused by reabsorption [6, 20, 21]. 

Therefore, broadband white light could be realized by adjusting the crystal fields of 

Bi3+ emission centers.  

In order to broaden the emission range of Bi3+-doped phosphors, many effective 

strategies have been adopted: (i) cationic substitution engineering: Xia et al. achieved 

different emission of Bi3+ in ALa0.98Ta2O7:0.02Bi3+ samples by mutual exchange of 

Rb, K and Na, corresponding to the emission peaks of 540, 550 and 510 nm, 

respectively [22]. Similarly, a spectral regulation from 456 nm to 674 nm was 

obtained by controlling the ratios of Sc/Y and V/Nb in the (Nb1-x,Vx)(Y1-y,Scy)O4:Bi3+ 

phosphors [23]. (ii) energy transfer engineering: Lin and colleagues conducted energy 

transfer of Bi3+ to Eu3+ in BaSc2O4 host, and announced that the emission color could 

be successfully adjusted from blue (at 440 nm) to red (at 660 nm) [24]. Other types of 



energy transfer such as host → Bi3+, Bi3+ → Mn4+, Bi3+ → Sm3+, Bi3+ → Mn2+ and so 

on have also been proven in which it could tune the emission color [25-30]. (iii) 

site-selective excitation: based on the previous works by Lei et al., multiple different 

luminous centers were discovered in ZnWO4 crystal, which resulted in the 498-672 

nm emission being monitored under 250-400 nm excitation wavelengths [31]. (iv) 

Bi3+ concentration engineering: the PL spectra may be shifted when Bi3+ ions occupy 

different luminous centers. For example, a red shift of the emission peak from 418 to 

462 nm was achieved with the increase of Bi3+ concentration in Ca5(BO3)3F:yBi3+ 

phosphor [32]. Analogously, the emission color of Sr3Ga4O9:Bi3+ changes from blue 

to red area[33]. All in all, the above strategies have crucial guiding significance for 

obtaining Bi3+-doped broadband white phosphors [6, 34]. 

In recent years, the K2MgGeO4:Bi3+ (KMGO:Bi3+) phosphor has been reported, 

which has a broad band emission with FWHM of 148 nm. For the KMGO structure, 

there are four different positions (K1, K2, K3 and K4) for Bi3+ to occupy, which may 

lead to different luminescence properties of Bi3+. However, the occupied state of Bi3+ 

in these four sites has not been studied thoroughly in previous reports [35]. 

Enlightened by the above reports, we designed the K2-x-yAxMgGeO4:yBi3+ (A = Li, Na 

and Rb) and investigated the influence of site-selective excitation and Bi3+ doping 

concentration on the Bi3+ emission. The results showed that the FWHM is broadened 

to 204 nm in the K1.456N0.54MGO:0.004Bi3+ sample under excitation at 320 nm, this 

behavior was explained due to the generation of new luminous centers and occupied 

rearrangement of Bi3+ in KMGO:Bi3+ host caused by alkali metal ions (Li+, Na+) 



substitution. Moreover, the thermal stability of KMGO:Bi3+ was enhanced from 83.97% 

to 88.66% after Rb+ substitution engineering. Finally, the WLED devices with high 

CRI (Ra = 93.4) can be fabricated by combining the as-prepared phosphor and 

near-UV chip. This study may open up a new understanding and perspective for 

designing broadband white phosphors. 

 

2. Experimental section 

2.1. Materials synthesis: 

K2-x-yAxMgGeO4:yBi3+ (A = Li, Na and Rb; 0 ≤ x ≤ 1) were prepared by using 

proper amounts of K2CO3 (AR), Li2CO3 (AR), Na2CO3 (AR), Rb2CO3 (99.999%), 

GeO2 (99.999%), MgO (AR) and Bi2O3 (99.999%) as raw materials. All the 

ingredients were purchased from Aladdin. According to the stoichiometric ratio, the 

required ingredients were weighted and ground together with 2 mL ethanol for 20 min 

by hand. Prior to final sintering, the mixtures were pre-fired at 800 °C for 2 h with a 

heating rate of 2 °C/min, which was followed by grinding for 10 min to blend these 

powders more fully. After that, the mixtures were sintered again at 1050 °C for 10 h 

(heating rate of 5 °C/min). Finally, these samples were quenched to room temperature 

and were reground for consequent measurements. Concretely, take 

K1.45N0.54MGO:0.04Bi3+ as an example, 3.4133 g raw materials (1.2483 g K2CO3, 

1.2983 g GeO2, 0.3551 g Na2CO3, 0.5 g MgO, 0.0116 g Bi2O3) can produce about 

2.6149 g products. 

2.2. WLED fabrication: 



WLED device was fabricated through combining the representative 

K1.456N0.54MGO:0.004Bi3+ phosphor and 330 nm n-UV chip. Typically, the phosphor 

was evenly blended with epoxy resin A and B (A:B = 2:1), and the gained 

phosphor-epoxy resin mixture was coated on a n-UV chip. All the epoxy resin were 

purchased from Guangdong Evergrande New Material Technology Co., Ltd. After that, 

the obtained device was dried at 120 °C for 3 h. The detailed pc-LED preparation 

process can refer to Fig. S1. For the convenience of comparison, the 

K1.996MGO:0.004Bi3+ phosphor was manufactured into WLED in the same way. 

Optical tests, including CCT, Ra, CIE color coordinates and electroluminescence (EL) 

spectrum of the WLEDs, were collected on an ATA-500 measurement system 

(Everfine, China). 

2.3. Characterization: 

Powder XRD of as-prepared samples were measured on a Rigaku 

D/SHIMADZU-6000 diffractometer equip with Cu-Kα radiation, running from 10° to 

80° (scan speed of 6°/min). The data for Rietveld refinement were collected on a D8 

Advance diffractometer (Bruker Corporation, Germany) and the phase purity were 

refined based on the TOPAS 4.2 software. Dualbeam electron microscope (Tescan 

Mira3) was used to test scanning electron microscope (SEM) images and elemental 

composition. The X-ray photoelectron spectroscopy (XPS) was obtained on Thermo 

Scientific K-Alpha+ with an Al Kα source. QE-2100 testing system (Otsuka, Japan) 

was used to test the quantum efficiency (QE). Under the excitation source of 150 W 

Xe lamp, the emission and excitation spectra were obtained on a Hitachi F-4700 



spectrometer. The same spectrometer combined an Orient KOJI heat controller was 

used to test temperature-dependent emission spectra. The decay times were measured 

by an Edinburgh FLS920 spectrometer using a Xe900 lamp.  

 

3. Results and discussion 

3.1. Crystal Structure and morphology analysis 

The designed compound with chemical formula K2-xNaxMgGeO4:Bi3+ 

(abbreviated to K2-xNxMGO:Bi3+ hereafter) is obtained by cation replacement 

engineering on the basis of KMGO:Bi3+. Fig. 1a displays the XRD patterns of 

K2-xNxMGO:Bi3+ phosphors. When a small amount of Na+ substitutes for K+ in the 

KMGO:Bi3+ matrix, all main peaks are almost identical with the calculated XRD 

patterns, suggesting the successful preparation and phase purity. Impurities begin to 

appear when more Na+ (x > 0.4) replaces K+ in the sample. Moreover, Rietveld 

refinement results show that the impurity belongs to Na2MgGeO4 (NMGO) 

compound and its content increases following the improved substitution level of Na+. 

In the phosphor with x = 0.6, the maximum amount of impurity is found to be 16.2 wt% 

(see Fig. S2). Furthermore, NMGO:Bi3+ sample was prepared and tested to explore its 

influence on the main phase luminescence, and the related results are given in Fig. S3. 

Obviously, there is little overlap in the emission spectrum between NMGO:Bi3+ and 

K2-xNxMGO:Bi3+ (x = 0-1). Therefore, when discussing the luminescence properties 

of K2-xNxMGO:Bi3+, the impurity phase will not interfere with it. In addition, the 

enlarged XRD pattern in Fig. 1a shows that the strongest diffraction peak at 32.0° 



shifts to higher angle direction with the gradual substitution with Na+. In 

consideration of r(K+) > r(Na+), this phenomenon could be well explained by Bragg’s 

law 2dsinθ = nλ (where λ, θ and d are the diffraction angle and integer, diffraction 

wavelength and the interplanar crystal spacing, respectively) [17, 27]. Besides, the 

cell parameters of KMGO:Bi3+ are listed as a = 11.19 Å, b = 5.58 Å, c = 15.83 Å and 

V = 988.20 Å3, while these parameters in K1.4N0.6MGO:Bi3+ are a = 11.15 Å, b = 5.56 

Å, c = 15.77 Å and V = 977.57 Å3, which indicates that Na+ is replaced into the unit 

cell successfully and lead to the shrinkage of lattice volume. A comparison of the 

measured and calculated XRD patterns is shown in Fig. 1b and Fig. 1c. 

(Inset Fig. 1) 

The KMGO crystal belongs to Pca21 space group with orthorhombic system as 

displayed in Fig. 1d. The crystal framework of KMGO was constituted of Mg and Ge 

tetrahedron and K atoms located at the cavities sites. Concretely, GeO4 and MgO4 are 

arranged alternately and connected by their corners to form a cavity. Therein, four 

kinds of K atoms are located at the cavities, named as K1, K2, K3, and K4 sites. K1 

and K4 are coordinated by five oxygen atoms to form [KO5] hexahedron, respectively. 

For K2 and K3 atoms, K2 coordinates with the surrounding six oxygens to form [KO6] 

octahedron, and K3 coordinates with the eight oxygens to form [KO8] polyhedron. In 

most cases, the coordination number of Bi3+ ion is usually 5, 6 and 8. Hence, we 

suggest that, in KMGO host, Bi3+ ion could occupy the position of K+. According to 

the report of Davolos [35, 36], K+ and Bi3+ have similar ionic radii (radii difference 

between substituted and doped ions < 30%), regardless of CN = 6 or CN = 8. 



However, for K in the environment of CN =5, its radius is quite different from that of 

Bi3+, so we believe that Bi3+ cannot occupy K+ in [KO5] hexahedron. Na+ and K+ are 

both alkali metal ions with similar properties and radii (Supplementary Table S1), the 

replacement between them has been proven to be feasible in many past works [22, 

37-39]. Likewise, from the ionic radii and coordination environment point of view, 

Na+ would preferentially occupy the K+ sites. The substitution of Na+ for K+ would 

lead to the structural shrinkage, affects the crystal field environment around Bi3+ and 

tune the optical properties. The specific details will be discussed in the next chapter. 

(Inset Fig. 2) 

The local morphology and chemical composition of K2-xNxMGO:Bi3+ phosphor 

were further characterized by SEM and EDS mapping. As displayed in Fig. 2a-e, the 

average particle size range of the sample was measured to be around 10-20 µm under 

different magnifications. Besides, these irregularly shaped particles were composed of 

small agglomerated crystals, just like most of the products that were obtained by high 

temperature solid reaction. The elemental mapping images show that all the original 

elements including Na, K, Ge, Mg, and O are homogeneously distributed in the 

particles (shown in Fig. 2f), without any element aggregation or phase separation, 

implying that ideal materials were successfully synthesized through alkali metal 

modulation engineering. 

The luminescence properties of Bi are closely related to its valence state, and 

thus determining the valence state of Bi is crucial to the subsequent discussion [40]. 

According to the information in Table. S2, the XPS data of K1.996MGO:Bi3+ and 



K1.456N0.54MGO:Bi3+ samples were fitted, as shown in Fig. S4 and Fig. 2g. All 

samples show two characteristic Bi3+ peaks at near 158.2 and 163.5 eV, which 

correspond to the Bi 4f7/2 and Bi 4f5/2, respectively [2, 9]. Therein, the content of Bi3+ 

is calculated as 92.26% and 94.75% in the K1.996MGO:Bi3+ and K1.456N0.54MGO:Bi3+ 

phosphors, respectively, implying that Bi3+ is dominant in these samples. 

3.2. Tunable photoluminescence in Na+ modulated KMGO:Bi3+ phosphors 

(Inset Fig. 3) 

In order to understand the influence of Na+ substitution engineering, the 

luminescence properties of K2-xNxMGO:Bi3+ (x = 0-1) phosphors were investigated in 

details. Fig. 3a presents the emission spectra of KMGO:Bi3+ under the excitation 

wavelengths of 300-360 nm. The PL spectrum shows a broad emission band peaking 

at 566 nm, which is attributed to 3P1→1S0 transition of Bi3+. Moreover, the emission 

intensity of KMGO:Bi3+ increases obviously with the gradual change of the excitation 

wavelength until λex = 330 nm. Furthermore, as Fig. 3b shows, the emission spectrum 

could be divided into two peaks at 19920 cm-1 (502 nm) and 17123 cm-1 (584 nm) by 

the Gaussian fitting, implying that Bi3+ occupy two sites in KMGO matrix. According 

to the previous analysis, Bi3+ can occupy two main positions (K2 and K3) to form 

luminous centers. Thus, crystal field splitting (Dq) could be introduced to explain this 

phenomenon, according to the equation below [38]: 

𝐷𝐷𝑞𝑞 = 1
6
𝑍𝑍𝑒𝑒2 𝑟𝑟

4

𝑅𝑅5
                            (1) 

where Z represents the charge of the anion, e is electron charge, r stands for the radius 

of the d wave function, and R represents the bond length. Generally, the weaker the 



Dq value is, the shorter the emission wavelength will be. Taking into consideration of 

the different ionic radii of the two sites (K2, r = 0.138 Å, CN = 6; K3, r = 0.151 Å, 

CN = 8), it could be inferred that Bi3+ ions occupy the K2 and K3 sites that result in 

the emission peaks at 584 and 502 nm, respectively. Fig. 3c displays that the 

excitation peaks of KMGO:Bi3+ are located at 326.8 and 327.8 nm under the 

monitoring of 502 and 584 nm. For the most part, different luminescence centers 

could be identified through measuring the luminescence decay curves. Hence, the 

decay curve of KMGO:Bi3+ is measured and fitted, as shown in Fig. 3d. These data 

can be fitted through typical double exponential decay model, and specific equations 

shown below [20]: 

𝐼𝐼(𝑡𝑡) = 𝐼𝐼0 + 𝐴𝐴1 exp �−𝑡𝑡
 𝜏𝜏1
�+ 𝐴𝐴2exp (−𝑡𝑡

 𝜏𝜏2
)                 (2) 

𝜏𝜏∗ = 𝐴𝐴1𝜏𝜏12+𝐴𝐴2𝜏𝜏22

𝐴𝐴1𝜏𝜏1+𝐴𝐴2𝜏𝜏2
                          (3) 

where I(t) and I0 are the luminescence intensity at time t and 0, respectively. A1 and A2 

stand for constants, τ1 and τ2 are exponential components of the decay time, and τ* 

stands for the average lifetime. Here, the τ* for peaks at 502 and 584 nm were 

calculated to be 0.83 and 1.30 μs, indicating the existence of two luminous centers in 

KMGO:Bi3+. Furthermore, the intensity comparison of two luminescence centers at 

different excitation wavelengths is shown in Fig. 3e. The luminescence intensity of 

Bi3+ in six-coordination is significantly higher than in eight-coordination, illustrating 

the dominance of BiK2
3+ centers in emission. 

(Inset Fig. 4) 

In order to evaluate the effect of Na+ modulation on the photoluminescence 



properties, the normalized emission spectra of K1.99-xNxMGO:0.01Bi3+ (x = 0-1) 

phosphors are measured under the excitation wavelengths of 300-365 nm, as shown in 

Fig. S5 and Fig. S6. As Na+ is gradually introduced, the extra emission peak (465 nm) 

is observed. More importantly, the emission intensity at 566 nm gradually decreases, 

and the intensity at around 465 nm gradually increases. This result demonstrates that 

introduction of Na+ resulted in new luminous centers and reformed the lattice 

placeholder of Bi3+. Besides, these luminous centers have different responsiveness to 

different excitation sources. To better understand this phenomenon, Fig. 4a shows the 

emission spectra of a typical sample (K1.45N0.54MGO:0.01Bi3+) under different 

excitation wavelengths. As the excitation wavelengths are adjust from 300 to 365 nm, 

the strongest emission peak gradually shifts from 566 nm to 465 nm. In addition to the 

peak positions, the peak intensities are closely related to the excitation wavelength, 

and thus the broad spectral emission could be obtained by controlling over site 

selective excitation. Fig. 4b presents the FWHM of K1.99-xNxMGO:0.01Bi3+ (x = 0-1) 

phosphors under various excitation wavelengths. The result shows that 

K1.44N0.54MGO:0.01Bi3+ sample gains the widest FWHM (203 nm) under UV 

excitation at 320 nm, as plotted in Fig. 4c.  

In general, adjusting the Bi3+ doping concentration is another way to achieve the 

emission tuning when multiple luminescence centers exist in the hosts [20]. The 

emission spectra of the K1.46-yN0.54MGO:yBi3+ samples with different Bi3+ 

concentrations are measured and shown in Fig. 4d. When excited at 320 nm of the UV 

light, the emission spectrum showed two emission peaks, located at 465 and 566 nm, 



respectively. At low Bi3+ doping concentration (x < 0.002), the emission peak at 465 

nm is dominant. With the increase of Bi3+ concentration, long-wavelength emission 

intensity begins to increase compared to short-wavelength. When x = 0.004, the 

intensities of the emission peaks at the two locations are roughly equal. This 

phenomenon indicates that Bi3+ with low doping level prefers occupying the Na+ site 

corresponding to the blue emission，and for higher Bi3+ content, the orange-red 

emission could be assigned to the Bi3+ in the K+ sites. However, the overall intensity 

of PL spectrum starts to decrease due to the concentration quenching after the 

concentration of Bi3+ exceeds 0.0015. Based on the average Bi-Bi distances (RC) and 

Dexter’s theory in K1.46-yN0.54MGO:yBi3+ [41, 42], energy transfer among the nearest 

neighbor ions accounts for the observed concentration quenching (see details in 

Supplementary Fig. S7). Besides, the optimal FWHM (about 204 nm) is detected 

when the Bi3+ doping concentration reaches 0.004 (see Fig. 4e). Based on Gaussian 

fitting, Fig. 4f shows that the emission spectrum could be divided into four peaks at 

22624 cm-1 (442 nm), 20746 cm-1 (482 nm), 18416 cm-1 (543 nm) and 16694 cm-1 

(599 nm), respectively. Furthermore, two different excitation spectra were obtained 

under the monitoring of the above emission peaks, and the excitation peak positions 

are located at 329 and 340 nm, respectively (see Fig. 4g). Compared with the 

spectrum of KMGO:Bi3+ phosphors, the new luminescence centers are generated after 

Na+ modulation that can be mainly excited by 340 nm light source. Fig. 4h displays 

the photoluminescence decay curves of the K1.456N0.54MGO:0.04Bi3+ sample, and 

these data are different from the result of KMGO:Bi3+, which are more in line with the 



third-order exponential decay model, confirming further the fact that the new 

luminous center was generated. The third-order exponential decay model is expressed 

as follows [15]: 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴1 exp �−𝑡𝑡
 𝜏𝜏1
� + 𝐴𝐴2 exp �−𝑡𝑡

 𝜏𝜏2
� + 𝐴𝐴3 exp �−𝑡𝑡

 𝜏𝜏3
�            (4) 

𝜏𝜏∗ = 𝐴𝐴1𝜏𝜏12+𝐴𝐴2𝜏𝜏22+𝐴𝐴3𝜏𝜏32

𝐴𝐴1𝜏𝜏1+𝐴𝐴2𝜏𝜏2+𝐴𝐴3𝜏𝜏3
                       (5) 

Herein, the lifetimes of the four Gauss peaks were calculated to be 0.47, 0.70, 1.19 

and 1.46 μs, respectively. Generally speaking, tunable emission can be realized in 

KMGO phosphor by using Na+ substitution engineering combined with site-selective 

excitation and Bi3+ concentration optimization. The CIE chromaticity coordinates 

diagram and the corresponding photographs of K1.456N0.54MGO:xBi3+ phosphors 

excited at 320 nm and K1.456N0.54MGO:0.04Bi3+ phosphor excited at different 

wavelengths are displayed in Fig. 4i, in which the emission color tuning from orange 

to blue can be clearly observed. 

Fig. 5a,b display the QE measurements of K1.456N0.54MGO:0.004Bi3+ and 

K1.996MGO:0.004Bi3+ phosphors and more details were listed in Table. S3. The results 

show that the influence of the introduction of Na+ on QE is closely related to the 

excitation wavelength. Specifically compared with K1.996MGO:0.004Bi3+, the 

introduction of Na+ could improve the QE under low-energy excitation (λex = 340-360 

nm). While under high-energy excitation (λex = 300-330 nm), it has a 

counterproductive effect. In summary, the optimal IQE and EQE of 

K1.45N0.54MGO:0.04Bi3+ were determined to be 47.01% and 30.06%, respectively, 

which still has a certain gap with commercial phosphors. Therefore, the QE of this 



phosphor needs to be further improved by eliminating the impurity, controlling the 

particle size and morphology. 

(Inset Fig. 5) 

3.3. Universal verification of mechanism 

As mentioned above, Na+ modulation can effectively regulate Bi3+ luminescence 

performance. One may ask, could other alkali metals such as Li+ and Rb+ play the 

same role? To verify this speculation, the corresponding Li+/Rb+ substitution samples 

were prepared and studied. In order to keep the consistency with the previous part, the 

following takes K1.456Li0.54MgGeO4:Bi3+ (K1.456L0.54MGO:Bi3+) and 

K1.456Rb0.54MgGeO4:Bi3+ (K1.456R0.54MGO:Bi3+) as examples for illustration. The 

emission spectra of K1.456L0.54MGO:Bi3+ sample at different excitation wavelengths 

are shown in Fig. 6a, and the phosphors mainly produce broadband emission with 

emission peak at 530 nm under the excitation of high energy (300 nm). The emission 

peak has a gradual blue shifts to 444 nm as the excitation energy decreases to 360 nm, 

and the FWHM initially increases and then decreases. According to the Gaussian 

fitting, the emission band of 320 nm excited can be divided into four sub-bands 

peaking at 425, 479, 542 and 606 nm, respectively (Fig. 6b). The excitation spectra 

were measured using these Gaussian peaks as the monitoring conditions, as shown in 

Fig. 6c, and the results show that the excitation spectrum is mainly distributed in two 

positions at 314 and 370 nm. These phenomena are similar to K1.456N0.54MGO:Bi3+, 

indicating that the Li+ substitution engineering can also generate new luminous 

centers. However, the results of Rb+ modulation are more similar to those of 



KMGO:Bi3+ (see Fig. 6d-f). The K1.456R0.54MGO:Bi3+ phosphor exhibits a broad band 

of a dominant peak at 562 nm under different excitation wavelength. Furthermore, 

two sub-bands could be obtained by Gaussian fitting of emission spectrum and the 

excitation spectrum shows the same shape and peak position (334 nm). 

(Inset Fig. 6) 

By combining the above experimental phenomena and crystal structure, the four 

luminescence centers can be divided into two types: (1) Bi3+ occupies the K1 and K4 

sites; (2) Bi3+ occupies the K2 and K3 sites. According to the analysis of the crystal 

structure, Bi3+ would be more likely to occupy K2 and K3 sites in the KMGO matrix, 

corresponding to the emission of 502 and 584 nm. Considering the order r(Li+) < 

r(Na+) < r(K+) (Supplementary Table S1), when Li+ or Na+ replaces K+ at K1 and K4 

sites, Bi3+ can occupy the Li+ or Na+ with a relatively small radius in these sites, 

leading to the generation of new luminous center. However, for Rb+ with r(Rb+) > 

r(K+) (Supplementary Table S1), Bi3+ is less likely to occupy Rb+ at the sites of K1 

and K4, which results in the emission spectrum of K1.456R0.54MGO:Bi3+ similar to 

KMGO:Bi3+. Fig. 7 is the schematic energy-level diagram of Bi3+ in different 

environment, exhibiting the change of excitation and emission. 

(Inset Fig. 7) 

3.4. The effect of alkali metal modulation engineering on the thermal stability of 

KMGO:Bi3+ 

(Inset Fig. 8) 

Normally, high temperature (about 150 ℃) during WLED operation will cause 



emission losses because of strong electron-phonon coupling [17, 43-45]. Hence, 

phosphors with excellent thermal stability is extremely crucial in the application of 

WLED devices. Based on this requirement, the thermal quenching behaviors of 

K1.996MGO:Bi3+, K1.456L0.54MGO:Bi3+, K1.456N0.54MGO:Bi3+ and K1.456R0.54MGO:Bi3+ 

phosphors were measured at evaluated temperature from 25 to 200 ℃ under 320 nm 

excitation, as shown in Fig. 8a and Fig. S8a. The emission peaks of all the samples 

shift to shorter wavelength with increasing temperature, this blueshift is attributed to 

the different sensitivity response to temperature for the Bi3+ ions at different K+ sites. 

Fig. 8b specifically describes the change of peak position and FWHM along with the 

temperature variation. It is noted that K1.456L0.54MGO:Bi3+ and K1.456N0.54MGO:Bi3+ 

show a stronger blueshift compared to K1.996MGO:Bi3+ and K1.456R0.54MGO:Bi3+, 

indicating the Li+ and Na+ modulation will induce Bi3+ to occupy the K1 and K4 sites 

in the lattice. This phenomenon further validates the feasibility of the previous 

analysis about the site occupation of Bi3+ ions. As for FWHM of the emission bands, 

except for K1.456L0.54MGO:Bi3+, the rest of the samples shrink with the increase of 

temperature. As given in Fig. 8c, at 150 ℃, the integrated intensity of K1.996MGO:Bi3+ 

remains about 83.97% of the initial intensity at 25 ℃, suggesting robustness towards 

thermal stability. Specifically, the Rb+ modulation effectively enhances the thermal 

stability of the K1.996MGO:Bi3+ phosphor (increased about 4.69%), while the 

introduction of Li+ and Na+ has a counterproductive effect. Clearly, the thermal 

stability of K1.456L0.54MGO:Bi3+ is relatively weak, showing a sharp decline in the 

emission intensity as temperature increases. 



For the purpose of studying the thermal quenching phenomenon, the activation 

energy (Ea) is considered, which could be determined by the Arrhenius equation [9, 

46-48]: 

ln �𝐼𝐼0
𝐼𝐼𝑇𝑇
− 1� = ln𝐴𝐴 −  𝐸𝐸𝑎𝑎

𝑘𝑘𝑘𝑘
                       (6) 

where I0 and IT stand for the integrated emission intensity measured at 298 K and 

testing temperature, respectively, k = 8.62 × 10-5 eV·K-1 refers to Boltzmann’s 

constant and A is a constant. By fitting the relationship between 1/kT and ln(I0/IT−1), 

the Ea value of each sample can be obtained (see Fig. S9). Therefore, the values of Ea 

for K1.996MGO:Bi3+, K1.456L0.54MGO:Bi3+, K1.456N0.54MGO:Bi3+ and 

K1.456R0.54MGO:Bi3+ samples were calculated to be 0.3612, 0.3138, 0.3558 and 

0.3914 eV, respectively. This result indicates that the variation of thermal stability is 

related to activation energy. In order to describe the thermal quenching mechanism, 

the configurational coordinate diagram is adopted, as plotted in Fig. 8d. As it shows, 

under the excitation of n-UV light, the Bi3+ electrons could be easily jumped from the 

6s ground state to the 6p excited states (stage ⅰ), via non-radiative relaxation to reach 

the lowest 6p level (stage ⅱ). Generally, the electrons would go through a radiative 

transition and return to the 6s ground state to produce a white emission (stage ⅲ). 

Nevertheless, under high temperature, the electrons can reach the crossing point 

between the 6s and 6p states by a thermal excitation process (stage ⅳ) and followed 

by a consecutive non-radiative transition to return to the ground states (stage ⅴ), 

which leads to the luminescence thermal quenching [9]. Specially, Ea is considered to 

be the energy difference between the crossing point of the 6s and 6p states and the 



lowest 6p level. Obviously, smaller Ea makes it easier to reach the crossing point and 

the thermal quenching occurs. The Ea of KRMGO:Bi3+ is larger than that of 

K1.996MGO:Bi3+, K1.456L0.54MGO:Bi3+ and K1.456N0.54MGO:Bi3+, which clarifies the 

best thermal stability of K1.456R0.54MGO:Bi3+ among the four phosphors. 

By combining with the thermal stability and optical properties of these four 

samples, K1.456N0.54MGO:Bi3+ is considered to be the most promising white-emitting 

phosphor for WLED applications. Therefore, we conducted an additional thermal 

degradation resistance test on the K1.456N0.54MGO:Bi3+ phosphor, as shown in Fig. 

S8a-b. The emission peak shows blue-shifts from 564 to 497 nm, and meanwhile, the 

FWHM changes from 204 to 175 nm when temperature gradually rises up from 25 to 

300 °C. As the K1.456N0.54MGO:Bi3+ phosphor is cooled back to 25 °C, the emission 

peak position, intensity, and FWHM can be restored to initial values. Moreover, this 

reversible photoemission response at least persists after 9 rounds of heating and 

cooling cycles (see Fig. S8c). These results indicate that K1.456N0.54MGO:Bi3+ has 

excellent thermal degradation resistance and no permanent irreversible degradation 

occurs during heating and cooling. 

3.5. CIE chromaticity coordinates and application for WLEDs 

(Inset Fig. 9) 

Based on the above discussions, the target phosphor exhibits optimal 

performance under excitation at 320 nm. Nevertheless, owing to the lack of 320 nm 

commercial near ultraviolet chips, we can only choose 330 nm chips for WLED 

experiments. The corresponding CIE chromaticity diagram of KAMGO:Bi3+ (A = Li, 



Na, K and Rb) phosphors and their relevant photographs excited at 330 nm are shown 

in Fig. 9a. The CIE coordinates of K1.456N0.54MGO:Bi3+ phosphor is calculated to be 

(0.3094, 0.3539), which is the closest to the white region among the four samples. To 

further appraise the application foreground as WLED phosphor, the 

K1.456N0.54MGO:Bi3+ phosphor was combined with a n-UV chip (330 nm) to fabricate 

the WLED ⅰ. For comparison, the K1.996MGO:0.004Bi3+ phosphor was used to 

fabricate into WLED ⅱ in the same way. Fig. 9b and Fig. 9c display the EL spectra, Ra, 

CCT value, and the CIE coordinate of the two WLEDs, and the insets show the 

photographs of the WLED devices. Obviously, K1.456N0.54MGO:Bi3+ covers more of 

the blue and green component in the visible light region than K1.996MGO:Bi3+. Under 

3.5 V, 20 mA drive current, the Ra value of the WLED ⅰ is 93.4, which is superior to 

the K1.996MGO:Bi3+ phosphor (88.8). Here, WLED ⅰ emits cool white light with CCT 

is 6493 K, whereas WLED ⅱ corresponding to the neutral white light (CCT = 4573 K). 

Furthermore, the CIE color coordinates of the former (0.309, 0.354) is closer to the 

white emitting position (0.33, 0.33) than those of the latter (0.360, 0.375). Therefore, 

K1.456N0.54MGO:Bi3+ phosphor with the broadband white emission characteristic 

seems to have a great prospect in burgeoning WLED application which deserves 

further exploration. 

4. Conclusion 

In summary, we have adopted an effective strategy to realize luminescence 

tuning, improve the thermal stability, and obtain an ultra-wide-band single-phase 

white phosphor. Rietveld refinement confirmed that Bi3+ occupied the K2 and K3 



cationic sites of KMGO. The variation of decay under different monitoring 

wavelengths has verified the existence of multiple emission centers in KMGO:Bi3+. 

Furthermore, the influence of alkali metal substitution on phosphor’s properties was 

studied and investigated. When smaller alkali metal ions (Na+, Li+) are introduced in 

KMGO:Bi3+, additional emission peaks are generated around at 450 nm attributable to 

the Bi3+ occupying the Na+/Li+ sites, which forms ultra-broad-band white emission 

(FWHM = 204 nm). In addition, larger alkali metal ions (Rb+) cannot achieve similar 

effects, whereas, Rb+ modulation can improve the thermal stability from 83.97% to 

88.66%. This shift was further ascribed to the increased activation energy from 0.3612 

to 0.3914 eV in phosphor. More importantly, the WLED devices with high CRI (Ra = 

93.4) can be obtained by combining n-UV chip and K1.456N0.54MGO:0.004Bi3+ 

phosphor. The strategy of alkali metal substitution engineering provides a new 

understanding and possibility for discovering idiosyncratic luminescence behavior in 

inorganic luminescence field. 
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Figures Captions 

Fig. 1. (a) XRD patterns of as-synthesized K2-xNxMGO:0.04Bi3+ (x = 0-0.6) 

phosphors, the right in figure shows the enlarged XRD pattern between 2θ range of 

31.5°-33°; (b)-(c) XRD patterns of K1.996MGO4:Bi3+ and K1.456N0.54MGO4:Bi3+ 

sample; (d) The crystal structure of KMGO compound and the preferential site 

occupancy of Bi3+ and Na+. 

Fig. 2. (a)-(e) SEM images of K1.456N0.54MGO:Bi3+ phosphor with various detecting 

scales; (f) elemental maps of characteristic particle of K1.456N0.54MGO:Bi3+ phosphor; 

(g) XPS analysis of the Bi 4f orbital for the K1.456N0.54MGO:Bi3+ phosphor. 

Fig. 3. (a) Emission spectra of K1.996MGO:0.004Bi3+ sample under corresponding 

excitation wavelengths; (b) emission spectrum of K1.996MGO:0.004Bi3+ under 320 nm 

excitation and the Gaussian peaks fitting the emission spectrum of this sample; (c) 

excitation spectra of K1.996MGO:0.004Bi3+ sample monitoring at 502 and 584 nm; (d) 

the decay curves of K1.996MGO:0.004Bi3+ under excitation at 320 nm monitored at 

different wavelengths; (e) the emission intensity of Bi3+ at the two cation sites in 

K1.996MGO:0.004Bi3+ under different excitation wavelengths. 

Fig. 4. (a) Emission spectra of K1.45N0.54MGO:0.01Bi3+ sample under different 

excitation wavelengths; (b) the FWHM and emission intensity of 

K1.99-xNxMGO:0.01Bi3+ (x = 0.4-0.62) samples under various excitation; emission 

spectra of (c) K1.99-xNxMGO:0.01Bi3+ (x = 0-1) and (d) K1.46-yN0.54MGO:yBi3+ (y = 

0.0005-0.014) samples under 320 nm excitation; (e) the FWHM and emission 

intensity of K1.46-yN0.54MGO:yBi3+ (y = 0.0005-0.014) samples under 320 nm 



excitation; (f) the Gaussian fitting of emission spectra of K1.456N0.54MGO:0.004Bi3+ 

under 320 nm excitation; (g) excitation spectra of K1.456N0.54MGO:0.004Bi3+ sample 

monitoring at 442, 482 543 and 599 nm; (h) the decay curves of 

K1.456N0.54MGO:0.004Bi3+ under excitation at 320 nm monitored at different 

wavelengths; (i) The CIE chromaticity coordinates and corresponding luminescence 

photos of K1.46-yN0.54MGO:yBi3+ (y = 0.0005-0.014) samples under 320 nm excitation 

and K1.456N0.54MGO:0.004Bi3+ sample under different excitation wavelengths. 

Fig. 5. The measurements of QE of (a) K1.456N0.54MGO:0.004Bi3+ and (b) 

K1.996MGO:0.004Bi3+ phosphors under different excitation wavelength, the inset is the 

enlarged pattern range from 400 nm to 700 nm. 

Fig. 6. Emission spectra of (a) K1.456L0.54MGO:0.004Bi3+ and (d) 

K1.456R0.54MGO:0.004Bi3+ samples under corresponding excitation wavelengths; the 

Gaussian fitting of emission spectra of (b) K1.456L0.54MGO:0.004Bi3+ and (e) 

K1.456R0.54MGO:0.004Bi3+ samples under 320 nm excitation; excitation spectra of (c) 

K1.456L0.54MGO:0.004Bi3+ and (f) K1.456R0.54MGO:0.004Bi3+ samples monitored at 

different wavelengths. 

Fig. 7. Schematic energy level diagram for Bi3+ ions in the K1.456A0.54MGO:0.004Bi3+ 

(A = Li, Na, K and Rb) crystal structures. 

Fig. 8. Temperature-dependent PL spectral from 25 to 200 ℃ for 

K1.456A0.54MGO:0.004Bi3+ (A = Li, K and Rb); (b) FWHM and peak position as a 

function of temperature, (c) Normalized emission intensity of 

K1.456A0.54MGO:0.004Bi3+ (A = Li, Na, K and Rb); (d) configurational coordinate 



diagram for Bi3+ ions in different phosphors. 

Fig. 9. (a) CIE color coordinates and digital photos of K1.456A0.54MGO:0.004Bi3+ (A = 

Li, Na, K and Rb) phosphors; Electroluminescent spectrum and digital photos of 

WLED that were fabricated from (b) K1.456N0.54MGO:Bi3+ and (C) K1.996MGO:Bi3+ 

phosphor with a 330 nm LED chip. 
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