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Abstract:  

Despite the development of many luminescent materials for various applications, only a few of these 

phosphors are applicable for solar energy generation applications. This study used the conventional 

solid-state reaction method to synthesise different strontium borate compounds co-doped with divalent 

europium and samarium ions. The material was optimised by varying the experimental procedure, the 

molar ratio of the boron and the molar ratios of both co-dopants. Strontium hexaborate doped with a 

relatively high europium concentration and a low samarium concentration (Sr0.89B6O10:Eu0.1, Sm0.01) 

gave the optimum optical properties. These properties included a broad excitation range from 220 nm 

to 600 nm containing contributions from divalent europium and samarium ions. The material exhibited 

strong and narrow emission in the region from 650 nm to 850 nm following radiative transitions within 

the divalent samarium ions. The internal luminescence quantum efficiency of the optimised material 

was 79% (𝜆𝑒𝑥 = 508.5 nm). There was no spectral overlap between the excitation and emission spectra, 

thereby reducing the reabsorption probability. These marked characteristics make this phosphor 

material appropriate for use as a solar radiation converter or for use in luminescent solar concentrators. 
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Introduction 

 

One of the factors that fundamentally hampers solar cell efficiency is thermalisation loss from short-

wavelength photons. This problem stems from the fact that the standard solar spectrum peaks at about 



530 nm (1) while, for silicon and gallium arsenide solar cells, the highest solar cell spectral response is 

achieved at about 820 nm (2) and 700 nm (3), respectively. The spectral mismatch between the solar 

spectrum and the absorption spectrum of solar cells results in lower efficiencies (4). Numerous studies 

have investigated the use of downshifting phosphor materials to aid solar cells in this regard as 

demonstrated in references (4), (5) and (6). A phosphor material usually consists of a host material 

doped with rare-earth ions (7). Ideally, the rare-earth ions absorb a wide range of the short wavelengths 

of solar radiation and convert it to longer wavelengths of light for absorption by a solar cell.  

 

The application field of luminescent solar concentrators (LSC) is also of specific interest for these 

phosphor materials. An LSC consists of a transparent waveguide with embedded luminescent material. 

The large area of the waveguide collects a portion of the solar radiation. This solar radiation is then 

absorbed and downshifted to longer wavelengths by the embedded phosphor particles. There should be 

little to no spectral overlap between the absorption and emission of the phosphor material to allow 

propagation of the emitted light over a long distance in the waveguide without absorption and re-

direction upon re-emission. Most of the emitted light is directed by internal reflection in the waveguide 

towards smaller areas on the sides. Strategically placed solar cells on the waveguide edges are then used 

to convert the concentrated light to electricity. Hence a large collection area can be coupled to a limited 

solar cell area as shown in the studies referenced in (5), (6) and (8). Since only small solar cells are 

needed at the sides, high efficiency (and expensive per unit area) solar cells can be used. 

 

Rare-earth ions that show promise for solar application are the divalent europium (Eu2+) ion used in 

conjunction with the divalent samarium (Sm2+) ion (5). In this case, the Eu2+ ion is used as a sensitiser, 

while the Sm2+ ion is the activator ion. This study aims to identify a suitable host for these ions and, by 

empirical methods, optimise the phosphor material for application in solar technology. 

Theory and Literature Review 

 

Dopant Ions 

 

Figure 1 shows a) the partial energy level diagrams for Eu2+ and Sm2+ ions and b) the resulting excitation 

and emission spectra. The electronic structure of Sm2+ ions has a relatively low 4f55d1 excited electronic 

configuration, resulting in significant overlap with the 5DJ levels of the 4f6 configuration (9). The energy 

position of the broad 4f6 - 4f55d1 excitation band of the Sm2+ ions can be influenced by the chemical 

environment of the ion (10) which is determined by covalency of the bonds, coordination number, 

crystal field strength and point symmetry (11). When a Sm2+ ion is optically excited to the 4f55d1 

manifold, it quickly decays non-radiatively to a lower 4f6(5D0) level from where sharp intra-

configurational  4f6 line emission can occur (12). These transitions are labelled 5D0 - 7FJ (J = 0-6), as 



shown in Figure 1 b) (13). Some weak emission in the 620 - 650 nm range is shown in the inset in 

Figure 1 b). This emission originates from the higher 5D1 level (14). The spectral details of these intra-

configurational 4f6 emissions are only weakly sensitive to the chemical environment due to the filled 

5s and 5p shells that shield the 4f electrons (15).  

a) b) 

   

Figure 1: a) Partial energy diagram of divalent samarium and europium ions containing some of the 4fN levels 

and showing the energy range of the low-energy part of the 4fN-15d1 manifolds. Different components of this  

figure are adapted from references (16) and  (17). The figure includes a wavelength scale that is relevant only 

for the emissions that have the ground state as final state. b) Characteristic excitation and emission spectra for 

samarium (top) and europium (bottom) doped strontium borate compounds. Inset in the top figure shows weak 

emission from the higher 5D1 level of the divalent samarium ion. 

Eu2+ ions have a relatively broad excitation band, and the emission bands are typically in the ultraviolet 

to the visible range, as shown in Figure 1b . These broad spectra are due to parity and spin allowed 4f7 

- 4f65d1 electric dipole transitions which overlap with the much weaker parity-forbidden intra-

configurational 4f7 - 4f7 transitions (18). The position and splitting of the 4f65d1 band are strongly 

dependent on the covalency, the size of the cation and the ligand field of the surrounding host material, 

leading to variations in the emission colour from the near-ultraviolet across the visible wavelength range 

(16). As shown in Figure 1b, Eu2+ doped strontium hexaborate has an excitation band that peaks at 264 

nm while the emission band peaks at 385 nm.  

 

 
  
 
 
 

  

  

  

  

  

  

 

    

    

   

   

   

   

   

        

  
 
  

 

   

   

 

 

 
 

   

     

   
   

 
 
 
 
 

  
 
  
  
  
  
  
  

  
 

 

 

 
   

  
 
   

   
 
 

  

     

   

 
 

   

   

   

        

   

 
 

  

 
 

 

 

          

        

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
  
   
 
   
  
 
 
   
  
 
  
  
 
 
   
 

               

            

           

 
 
  
  
  
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

                  

           

           

          

        

 
 
  
  
  
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

                  



Due to the allowed nature of the 4f65d1 – 4f7 transitions, their transition probability 𝐴𝑡𝑜𝑡(Eu) is 

relatively high which results in radiative lifetimes which are in the 𝜏 = 0.2 µs to 2 µs range (19). The 

emission decay constant (in units of s) for the Eu2+ ions can be estimated by using Equation 1 (13). The 

value of 𝜒 contains all refraction-index dependent factors, resulting from the Einstein coefficient for 

spontaneous emission and local field effects and can be calculated using Equation 2, where 𝑛 is the 

refractive index of the host material. The value of constant 𝐾 is 5.06×10-8 cm3/Å2s. The value of radial 

integral 〈5𝑑|𝑟|4𝑓〉 is dependent on the chemical environment of the host material and usually a standard 

value of  0.81 Å is used while 𝜎 represents the energy of the emission band in units of cm-1 (19).  

𝐴𝑡𝑜𝑡(Eu) =  
1

𝜏
= 𝐾|〈5𝑑|𝑟|4𝑓〉|2𝜒𝜎3 

Equation 1 

𝜒 =
𝑛(𝑛2 + 2)2

9
 

Equation 2 

Energy transfer can occur between nearby sensitiser and activator ions in a host crystal provided that 

their energy levels match, which is the case for Eu2+ and Sm2+. In this case the Eu2+ ion is the sensitiser 

and Sm2+ ion is the activator ion. Energy transfer is characterised by a decrease in the sensitiser ion’s 

luminescence intensity and a shortening of the decay as the concentration of activator ion is increased. 

The energy transfer efficiency, 𝜂𝐸𝑇 is given by Equation 3 where 〈𝜏𝑠𝑒𝑛〉 and 〈𝜏𝑛𝑜 𝑠𝑒𝑛〉 are the sensitiser 

ion’s average decay constant with and without the activator ions present, respectively (20). The average 

decay constant is used, because when energy transfer occurs, the luminescence decay is no longer a 

simple exponential. 

 

𝜂𝐸𝑇 = 1 −
〈𝜏𝑠𝑒𝑛〉

〈𝜏𝑛𝑜 𝑠𝑒𝑛〉
 

Equation 3 

The spacing between the ions for optimum energy transfer can be expressed as the critical energy 

transfer distance. Reade’s statistical model can be used in order to estimate this value (21). This model 

considers the luminescence quenching of the sensitiser ion with increasing concentration of the activator 

ion. The dependence of the normalised emission intensity of the sensitiser ion, 𝐼𝑠𝑒𝑛/𝐼𝑛𝑜 𝑠𝑒𝑛 as a function 

of activator ion concentration, 𝐶𝑎𝑐𝑡 is given by Equation 4. The resulting critical energy transfer volume 

𝑉𝑐𝑟𝑖𝑡(𝐸𝑇) is used to determine the critical energy transfer distance, where it is implicitly assumed that 

dopants are stochastically distributed in the host crystal.  

 



𝐼𝑠𝑒𝑛

𝐼𝑛𝑜 𝑠𝑒𝑛
= exp (−𝑉𝑐𝑟𝑖𝑡(𝐸𝑇)𝐶𝑎𝑐𝑡) 

Equation 4 

Increasing the concentration of the activator or sensitiser ions can increase the absorption and lead to 

higher emission. However, if the concentration of the ions is too high, the probability for non-radiative 

release of energy increases, due to an increase in the energy migration between ions that can lead to 

energy loss through non-fluorescent ions or crystallographic defects (21). This effect leads to a decrease 

in emission intensity and is therefore known as concentration quenching (13). To quantify these effects, 

the critical distance between the ions 𝑅𝑐𝑟𝑖𝑡(𝑎𝑐𝑡/𝑠𝑒𝑛) must be determined. This can be done by using 

Equation 5 where 𝑉𝑆𝑖𝑡𝑒 is the formal volume per possible crystallographic site for the activator ions, 

and 𝑥𝑐𝑟𝑖𝑡(𝑎𝑐𝑡/𝑠𝑒𝑛) is the experimentally determined critical molar ratio for the respective ions (22). 

 

𝑅𝑐𝑟𝑖𝑡(𝑎𝑐𝑡/𝑠𝑒𝑛) ≈ 2 (
3𝑉𝑆𝑖𝑡𝑒

4𝜋𝑥𝑐𝑟𝑖𝑡(𝑎𝑐𝑡/𝑠𝑒𝑛) 
)

1/3

 

Equation 5 

Host Material 

 

The next part to consider when synthesising a phosphor material is a suitable host material. One of the 

main functions of the host material is to stabilise the dopant ions. Strontium borate materials are viable 

due to their unique ability to stabilise some lanthanide dopants in a divalent oxidation state (23). 

Strontium borates are also of interest due to their wide bandgap (> 7 eV), ensuring little optical and 

electronic interference with the Eu2+ and Sm2+ ions.  Therefore, over a wide energy range, the excitation 

and emission properties are driven by the dopant ions only.  

 

The divalent strontium (Sr2+) in strontium borates is substituted when doped with divalent ions (24). In 

order not to cause severe distortion in the structure, the difference in the crystal radii of the dopants 

must be less than 15% compared to the cation in the crystal structure that is replaced (10). Sr2+ ions 

have an ionic radius of 1.45 Å (Coordination number: 9). In comparison, Eu2+ and Sm2+ ions have ionic 

radii of 1.44 Å (Coordination number: 9) and 1.46 Å (Coordination number: 9) respectively, which is a 

sufficiently close match to incorporate the dopants on the  Sr2+ crystallographic sites (25).  

 

In previous studies (12), (24) it has been observed that the structure of the strontium borate host 

significantly influences the stability of the divalent dopant ions. This is due to the fact that the stability 

of the divalent dopant ions depends on the nature of the coordinating borate anions that surround them. 

According to a study by Pir et al. the stability of the dopant ions is influenced by the degree of balance 

of the formal charge on the surrounding oxygen atoms. That study postulates that the formal volume of 



the oxygen sites in the lattice can be used as a quantitative measure for the degree of balance of the 

formal charge (24).  

 

Therefore, the formal volume per oxygen atom 𝑉𝑂 can be used to quantify the stability of different 

dopant oxidation states, where a lower formal volume results in a more stable host material for the 

divalent dopant ions (24). The formal volume per oxygen atom 𝑉𝑂 is calculated using Equation 6, where 

𝑉 is the unit cell volume, 𝑍 is the number of formula units per unit cell and 𝑛𝑎𝑡𝑜𝑚𝑠 is the number of 

atoms per formula unit of the specific structure. Table 1 gives these values together with the calculated 

formal volume per oxygen atom for the strontium metaborate (SrB2O4), strontium tetraborate (SrB4O7), 

strontium hexaborate (SrB6O10), and strontium octaborate (SrB8O13) structures. From the structures 

considered, both the SrB4O7 and SrB6O10 systems show the most promise in stabilising the dopant ions 

in the divalent state.  

 

𝑉𝑂 =
𝑉

𝑍𝑛𝑎𝑡𝑜𝑚𝑠
 

Equation 6 

Table 1: Unit cell parameters that is used for the calculation of formal volume per oxygen atom for a selection 

of strontium borate structures. 

Host material 𝑉 (Å3) 𝑍 𝑛𝑎𝑡𝑜𝑚𝑠 𝑽𝑶 (Å3) 

SrB4O7 201 2 7 14.4 

SrB6O10 575 4 10 14.4 

SrB8O13 1931 8 13 18.6 

SrB2O4 343 4 4 21.4 

 

A possible process of incorporating trivalent dopant ions into these structures can be explained by a 

charge compensation mechanism which is described in the study by Zeng et al. (26) and illustrated in 

Figure S1-1 in the supporting information. As stated before, when dopant ions are introduced into 

strontium borates structures, they occupy the Sr2+ ion’s crystallographic site. If the dopants ions are in 

the trivalent state, two trivalent ions are needed to substitute three Sr2+ sites to maintain the charge 

balance of the crystal. This results in the formation of a vacancy defect at one of the Sr2+ sites. Due to 

the absence of the Sr2+ ion this vacancy defect has two negative charges. These charges can be 

transferred to the trivalent dopant ions, which will result in the trivalent ions being reduced to the 

divalent state.  

Experimental and Methodology 

 



Synthesis 

 

As explained in the Theory and Literature Review section, the SrB4O7 and SrB6O10 structures are 

promising to stabilise the dopant ions into the divalent state. Therefore, this work focussed on the 

synthesis of these structures. Due to the application potential of the material in large area devices, the 

synthesis procedure must be scalable. Consequently, the high-temperature solid-state synthesis method 

used in a study by Jiayne et al. was investigated and used as starting point (14).  

 

In this process, the appropriate stoichiometric ratios of strontium carbonate (SrCO3, Merck), boric acid 

(H3BO3, Merck, 99.5%), samarium(III) oxide (Sm2O3, Sigma-Aldrich, 99.9%) and europium(III) oxide 

(Eu2O3, Sigma-Aldrich, 99.99%) were weighed, mixed and ground together, with a glass mortar and 

pestle. The mixture was placed in a crucible and annealed in an ambient atmosphere in a Chengyi CHY-

1700 horizontal tube furnace at 700 °C for 5 h. A rate of 5 °C/minute was used for heating and cooling.  

 

Once at room temperature the mixture was again ground and reduced at 850 °C in the furnace to obtain 

the final products. For the post-synthesis thermal annealing, a reducing atmosphere of 5% hydrogen – 

95% argon with a 200 mL/minute flow rate was introduced. The reducing atmosphere facilitated the 

reduction of the dopant ions to the divalent state and in return enhanced the emission intensity of the 

Sm2+ ions as shown in Figure S1-2 in the supporting information (15).  The reducing atmosphere also 

ensures purging of the atmosphere which prevents oxidation of the mixture (26).   

 

Experimental Parameters 

 

In a first set of experiments, the reduction time at 850 °C was varied from 0 h (no annealing), 3 h, 5 h, 

10 h, to 20 h while keeping the molar ratio of boron (B, in the form of boric acid) to strontium (Sr) at 

6:1. The molar ratios for both Eu and Sm ions to Sr were fixed at 0.05:1 (5). In a second set of 

experiments, B and Sr were added in different molar ratios. This B:Sr ratio was varied from 3:1, 4:1, 

5:1, 6:1, 7:1, 8:1, to 9:1 while still fixing molar ratios for both Eu and Sm ions to Sr at 0.05:1. In the 

next experiment, the molar ratio of Sm:Sr was varied from 0.00:1, 0.01:1, 0.025:1, 0.05:1 to 0.1:1. The 

ratio of Eu:Sr was fixed at 0.05:1. Lastly, the molar ratio of Eu:Sr was varied from 0.00:1 0.01:1, 

0.025:1, 0.05:1 to 0.01:1 while keeping the molar ratio Sm:Sr fixed. With every optimisation step the 

molar ratios and reduction time that yielded the best photoluminescence intensity performance were 

used as the standard for the subsequent experiments. 

 

Characterisation 

 



The structures of the samples were analysed by using X-ray diffraction (XRD) measurements. This was 

done using a Bruker D8 Advance AXS GmbH XRD with a Cu Kα source with average (between Kα1 

and Kα2) wavelength 𝜆 of 1.5406 Å and an instrumental broadening profile 𝛽𝑖 of 0.033° (@ 28). The 

Scherrer equation, given in Equation 7, was used to determine the crystallite size 𝐿 of the samples 

reduced for different periods. In this equation 𝐾 depends on the crystallite shape and is typically taken 

to be 0.9 and 𝜃𝛽 is the Bragg angle of a specific peak in the XRD profile (27). The full width at half 

maximum (FWHM) for a specific peak 𝛽 is determined by using Equation 8 where 𝛽𝑚 is the measured 

FWHM of a particular peak. The powder diffraction file (PDF) numbers of the XRD standards 

considered are as follows: SrB2O4: 00-015- 0779, SrB4O7: 00-015-0801, SrB6O10: 00-020-1190. 

 

𝐿 =
𝐾𝜆

𝛽cos𝜃𝛽
 

Equation 7 

𝛽2 = 𝛽𝑚
2 − 𝛽𝑖

2
 

Equation 8 

A JEOL JSM-7800F field emission scanning electron microscope (FE-SEM) with a primary beam 

voltage of 5 kV and a working distance of 10.0 mm was used to image the particle morphology. Samples 

were coated with iridium to avoid charging.  

 

The steady-state excitation and emission, luminescence decay and quantum efficiency measurements 

were performed at room temperature using an Edinburgh Instruments FS5 Spectrofluorometer and an 

FLS980 Photoluminescence Spectrometer. These instruments use xenon lamps as the excitation source 

for steady-state measurements. They also use correction factors to correct for changes in the intensity 

of the excitation source and spectral sensitivity of the emission detector. The FLS980 system is also 

equipped with an integrating sphere which also utilises correction factors to include the optical response 

of the surface of the sphere. While studying the steady-state emission of the Eu2+ and Sm2+ ions, a 

standard excitation wavelength of 325 nm was used, while for the Eu3+ and Sm3+ ions an excitation 

wavelength of 240 nm was used.  

 

The FLS980 system was used with a 255 nm picosecond 50 kHz light emitting diode (LED) excitation 

source for the luminescence decay measurements. The decay time of the LED is 0.8 ns while the 

detector has a response time of 0.6 ns. The luminescence decay of ions can occur through multiple 

independent processes 𝑁, which results in a complex decay curve. Equation 9 was used to fit and model 

the experimental decay profiles. Here 𝐼(𝑡) represents the sum of luminescence intensities at a specific 

time 𝑡 after the termination of the excitation source. 𝐼0(𝜏𝑖) is the luminescence intensity 𝑡 = 0 for 



component i while 𝜏𝑖 is the corresponding emission decay constant. The luminescence decay profiles 

of the different compounds were analysed using the Fluorescence Analysis Software Technology 

(FAST) analysis program, which can fit multi-exponential functions to determine the values of both 

𝐼0(𝜏𝑖) and 𝜏𝑖. The intensity-weighted average emission decay constant 〈𝜏〉 is determined using Equation 

10 (29).  

 

𝐼(𝑡) = ∑ [𝐼0(𝜏𝑖) exp (
−𝑡

𝜏𝑖
)]

𝑁

𝑖=1

 

Equation 9 

〈𝜏〉 =
∑ 𝐼0(𝜏𝑖)𝜏𝑖

2

∑ 𝐼0(𝜏𝑖) 𝜏𝑖
 

Equation 10 

A Perkin Elmer Lambda 950 UV-VIS spectrometer was used to measure the diffuse reflectance spectra 

of the samples. This system uses Spectralon as standard reference sample. An in-house modified 325 

nm He-Cd laser photoluminescence system was used for the low temperature measurements (28). This 

system uses an Advanced Research Systems (ARS) closed-cycle cryostat system with a heater element 

for low temperature-dependent photoluminescence measurements.  

 

To obtain information on the oxidation states of the Eu and Sm ions, X-ray spectroscopy was performed 

at the ID26 beamline at the European Synchrotron Radiation Facility (ESRF) (30). High Energy 

Resolution Fluorescence Detected X-ray Absorption Near Edge Structure (HERFD-XANES) spectra 

were obtained at the Eu L3 (6.9769 keV) and Sm L3 (6.7162 keV) absorption edges (31). The incident 

energy was selected with a silicon (311) double crystal monochromator. An X-ray emission 

spectrometer based on Rowland geometry was used with five spherically bent germanium (333) crystal 

analysers, aligned to the Eu Lα1 (5.846 keV) and Sm Lα1 (5.636 keV) energies (32). The samples were 

prepared by diluting them in cellulose with a 1:1 mass ratio and then pressing them into a pellet form. 

It was verified that the spectra were not influenced by x-ray induced changes. All this was done to 

ensure that the obtained oxidation states are representative of the as-prepared powders. HERFD-

XANES spectra at the Eu L3 and Sm L3 absorption edges feature a recurrent energy difference of about 

7 - 8 eV between the white lines that correspond to divalent and trivalent ions (33). This enabled a 

straightforward assessment of the relative divalent and trivalent ion concentration that scales with the 

respective intensity ratio. 

Results and Discussion 

 



Reduction time 

 

The first parameter that was investigated was the reduction time at 850 °C while keeping the molar ratio 

of B:Sr at 6:1 and the Eu and Sm ions fixed at 0.05:1. This parameter was varied from 0 h, 3 h, 5 h, 10 

h, to 20 h. Figure 2 compares the XRD reflection patterns of the different samples with the standards. 

All the compounds consist of a mixture of SrB4O7 and SrB6O10 phases. SrB4O7 was present due to the 

evaporation of some of the boron oxide (B2O3) during synthesis, which other studies (5), (34), (35) also 

have noted. B2O3 is one of the reaction products of H3BO3 when this is heated to elevated temperatures 

(36). Due to the evaporation of some of the B2O3, the molar ratio of B with respect to Sr used before 

synthesis was not necessarily reflected in the obtained stoichiometry of the products. 

 

Figure 2: X-ray diffraction reflection patterns of strontium borate materials prepared with a molar ratio of B: 

Sr at 6:1 and reduced for different periods. Given at the bottom are the x-ray diffraction standards. The 

crystallite sizes for strontium tetraborate and strontium hexaborate structures were measured using the 

reflections marked with º and *, respectively. 

As seen in Figure 2, longer reduction times promoted the formation of the SrB4O7 structure. The fraction 

of SrB4O7 and SrB6O10 was estimated as 8% and 92% for the 0 h sample while for the 20 h sample the 

fraction was estimated as being 46% and 54%, respectively. These estimates were calculated by 

comparing the intensities of specific reflections with those of prepared standards for each structure.  

 

Using Equation 7 and Equation 8 the crystallite size of the different samples for both the SrB4O7 and 

SrB6O10 structures were calculated as explained in the Experimental and Methodology section. This was 

done by measuring the FWHM of the reflections marked with º and * in Figure 2. These reflections 

were selected since they do not overlap with other nearby diffraction peaks and therefore should provide 

a good representation of both structures present in the samples.  

 

    

    

   

   

   

      

       

  
      

 

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

      

              



Figure 3 shows the average crystallite size as a function of the reduction time for both structures. The 

crystallite size of the SrB4O7 structure was on average 20 - 30% larger than that of the SrB6O10 structure. 

The SrB4O7 structure shows a 37% growth while the SrB6O10 structure shows a 24% growth in 

crystallite size when comparing the 20 h sample to the unreduced sample. The crystallite growth rate 

of both structures seems to slow down above a reduction time of 5 hours.  

 

 

Figure 3: Crystallite sizes of the strontium tetraborate and strontium hexaborate compounds reduced for 

different periods. These values were calculated by using the Scherrer equation. o 

Figure 4 a) shows the emission spectra of the samples. The deep red emission from the Sm2+ ions 

dominated all the spectra, which correlates with the intraconfigurational-4f6 transitions shown in the 

partial energy diagram for Sm2+ ions in Figure 1 a). The spectral position of the Sm2+ ion’s emission 

spectra did not significantly change, including no additional splitting of the 5D0 – 7FJ transitions and no 

relative intensity changes was observed. The unchanged spectral position makes sense since the intra-

configurational 4f6 emissions are only weakly sensitive to the chemical environment due to the filled 

5s and 5p shells that shield the 4f electrons. Therefore, changes in the composition did not affect the 

spectral position of the Sm2+ related emission.  

 

There was, however, a substantial variation in the emission intensity of the Sm2+ ions, as shown in 

Figure 4 a). The emission intensity increased and levelled off as a function of the reduction time. The 

corresponding XRD analysis showed the increase in crystallite size that can explain the Sm2+ ions 

emission intensity enhancement. Emission from the Eu3+ ions was observed for the 0 h sample as shown 

in Figure S2-3 in the supporting information. This emission was not present with all the samples reduced 

at 850 °C, which could be due to intervalence charge transfer quenching due to the presence of Eu2+ 

(37). The supposed reduction of the ions to the divalent state can also contribute to the enhancement of 

the Sm2+ ions emission intensity.     

      

       

 
  
 
  
   
  
  
  
 
  
 
 
 

 

  

  

  

  

                  

        



a) b) 

  

Figure 4: a) Emission spectra excited at 325 nm of strontium borate doped with europium and samarium ions, 

reduced for different periods. Both europium and samarium have a molar ratio of 0.05:1 to strontium. Inset 

shows the integrated emission intensity from the divalent europium (350 nm to 550 nm) and samarium (650 nm 

to 850 nm) ions and the total integrated emission intensity for the entire emission spectrum. These intensities for 

Eu2+, Sm2+ and the total emission are shown as a fraction of the integrated intensity of the sample that emits the 

highest intensity for Eu2+, Sm2+ and total emission, respectively. b) Room temperature emission spectra of 

divalent europium ions. Inset shows the measured emission spectra of the sample reduced for 5h, cooled to 

different temperatures and excited with 325 nm laser radiation. The labels show the emission of the divalent 

europium ions associated with different sites within strontium hexaborate. 

In the region between 350 to 550 nm in Figure 4 a), some relatively weak emissions from Eu2+ ions are 

visible, mainly between 350 and 480 nm. Figure 4 b) shows the emission from the Eu2+ ions in more 

detail. It shows that the spectra consist of several peaks that can be deconvoluted into multiple 

components. As seen in the inset in Figure 4 b), when cooled to cryogenic temperatures, three distinct 

peaks became visible in the emission spectrum of the Eu2+ ions. These three peaks correlate with the 

Eu2+ ions in three different crystallographic sites in the SrB6O10 host (26). Each site has a specific ligand 

field which has a distinct influence on the 4f65d1 - 4f7 band that results in a variation in the position of 

the emission peak, as explained in the Theory and Literature Review section. The respective decrease 

and absence of peaks II and III in the intermediate and room temperature spectra suggests that the lower 

energy emission bands have a stronger thermal quenching behaviour. In the inset of Figure 4 b) the 

peak labelled I at 5 K has a high energy shoulder that peaks at 368 nm. This shoulder is due to Eu2+ ions 

in the SrB4O7 structure. This structure has only a single crystallographic site in which the Eu2+ ions are 

situated (24). This promotion of the SrB4O7 structure, as shown in the XRD analysis, corresponds with 

the Eu2+ peak shifting towards the high energy, as seen in Figure 4 b).  

 

For the remaining optimisation process, a standard reduction time of 10 h was used. This reduction time 

proved to sufficiently aid in crystallite growth which resulted in enhanced emission from the Sm2+ ions. 

   

   

   

    

    

    

    

     

  
  
  
 
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

 

   

   

   

   

   

                    

        

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

               

   

   

   

    

    
 

  

        

     

     

   

 
 
  
  
  
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

               

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

               



For this reduction time, the fractions of SrB6O10 and SrB4O7 were estimated as 61% and 39%, 

respectively. To improve the phase purity of the compounds, it is essential to control the formation of 

the different structures. The molar ratio of B:Sr was varied to achieve this. 

 

Boron Concentration 

 

The following parameter that was investigated was the molar ratio of B with respect to Sr. This 

parameter was varied from 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, to 9:1 while keeping the Eu and Sm  to Sr ratios 

fixed at 0.05:1 and using a reduction time at 850 °C of 10 h. Figure 5 compares the XRD reflection 

patterns of a selection of the different compounds that were prepared with the XRD standards. The 

structure of the material changed as a function of the molar ratio of B with respect to Sr. When compared 

to the standards, it was observed that at a ratio of 3:1 the compounds primarily consisted of SrB2O4 

together with some SrB4O7. Increasing the amount of B:Sr to a ratio of 5:1 changed the compound to a 

dominant SrB4O7 phase with some SrB2O4 and SrB6O10. Primarily the SrB6O10 phase was obtained 

when the ratio was increased to more than 7:1. 

 

As shown in Figure 5 increasing the ratio to 9:1 did not yield any new phases like SrB8O13. However, 

a broadening in the XRD peaks can be observed, which indicates a decrease in the material’s crystallite 

size. Figure 6 shows the FE-SEM images of the same selection of materials. These images illustrate 

how the materials prepared with low B:Sr ratios have well-defined morphologies. However, those 

prepared with high ratios have a pebble-like structure that is enclosed by a featureless morphology. 

 

Figure 5: X-ray diffraction reflection patterns of a selection of strontium borate synthesised with different molar 

ratios of boron with respect to strontium. Given at the bottom are the x-ray diffraction standards for a selection 

of strontium borate structures. 

 

 

 

 

      

      

       

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

      

              



  

Figure 6: FE-SEM images of a selection of strontium borate compounds synthesised with different molar ratios 

of boron with respect to strontium (molar ratios are indicated on the top right in the images). The scale is the 

same for all the images. 

Figure 7 a) shows the emission spectra from the Eu2+ and Sm2+ ions, while the inset shows the 

corresponding integrated intensity from the two ions and the total emission as a function of the B to Sr 

ratio. The emission intensity from the Sm2+ ions increased and reached a maximum at a molar ratio of 

7:1. The increase in emission intensity can be attributed to the change in phase of the compounds, as 

shown by the XRD analysis. No additional splitting of the 5D0 – 7FJ transitions of the Sm2+ ions was 

observed as shown in zoomed in emission spectra in Figure S2-4 in the supporting information.  

 

Figure 8 shows the emission spectra of the Sm3+ ions, obtained by exciting the compounds at 240 nm, 

where Sm2+ excitation was at its weakest, as seen in Figure 1 b). The emission spectra consist of the 

4G5/2 – 6HJ transitions of the Sm3+ ions (35). The intensity of these emission peaks decreased with an 

increase in the B to Sr ratio. This is because the ability of the SrB4O7 and SrB6O10 structures to stabilise 

the divalent Sm ions is higher than that of the SrB2O4 structure. This decrease in the emission intensity 

from the Sm3+ ions can explain the resulting increase in the emission intensity from the Sm2+ ions. 

 

 

 

 

 

 

 

 

 

      

  



a) b) 

  

Figure 7: a) Emission spectra excited at 325 nm of strontium borate compounds doped with europium and 

samarium synthesised with different molar ratios of boron. Both europium and samarium have a molar ratio of 

0.05:1 to strontium. The numbers in the legend refer to the B:Sr molar ratio. Inset shows the integrated 

emission intensity from the divalent europium (350 nm to 550 nm) and samarium (650 nm to 850 nm) ions and 

the total integrated emission intensity for the entire emission spectrum. These intensities for Eu2+, Sm2+ and the 

total emission are shown as a fraction of the integrated intensity of the sample that emits the highest intensity 

for Eu2+, Sm2+ and total emission, respectively. b) Emission spectra of divalent europium ions. The numbers in 

the legend refer to the B:Sr molar ratio. Inset shows a detailed view of the of the same region. The labels show 

the emission of the divalent europium ions associated with different host structures and different sites. 

Figure 7 b) shows this emission from Eu2+ ions in the region between 350 to 550 nm in more detail. A 

substantial decrease in the intensity of the Eu2+ emission occurred. This decrease can imply an increase 

in the energy transfer to the Sm2+ ions (15). Figure 7 b) also shows a change in wavelengths for the Eu2+ 

emission peak, which indicates a change in the ion’s ligand field. This change results from a variation 

in the structure of the host material, as suggested by the XRD analysis. The peaks associated with Eu2+ 

ions in the different host structures and sites are also indicated (38).  

 

 

 

 

 

 

 

    

    

     

  
  
 
  
  
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

 

   

   

   

   

   

          
       

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

               

 
  

 
 
 

 

 

 

 

 

 

 

 
  
 
 
 
 
 

 
  
  

 
 
 
 

 
  

 
 
 

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               
               

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

               



 

Figure 8: Emission spectra excited at 240 nm of a selection of strontium borate compounds synthesised with 

different molar ratios of boron. The numbers in the legend refer to the B:Sr molar ratio. Both europium and 

samarium have a molar ratio of 0.05:1 to strontium. Black and red labels indicate transitions associated with 

trivalent samarium and trivalent europium ions, respectively, while unlabelled peaks are related to transitions 

from the higher 5D1 level of the divalent samarium ions. 

One of the limitations of luminescence spectroscopy is that it can only give qualitative information on 

the amount of dopant ions in each  oxidation state (24). This is due to effects such as energy transfer 

and non-ideal quantum efficiencies that can affect the photoluminescence intensity of specific ions. 

Therefore X-ray spectroscopy (HERFD-XANES) was used to obtain quantitative information on the 

oxidation state of the Sm and Eu ions for the different samples as explained in the Experimental and 

Methodology section. As seen in Figure 9 a), there was a substantial increase in the fraction of Eu2+ 

ions with an increase in the molar ratio of boron, which reached a maximum at a molar ratio of 7:1. 

This again confirms the fact that SrB4O7 and SrB6O10 have a higher ability to stabilise the divalent ions 

when compared to SrB2O4.  

 

A similar trend, peaking at a molar ratio of 7:1, occurred with the Sm ions in Figure 9 b). However, a 

relatively low fraction of Sm2+ ions was present in all the samples when compared to the fraction of 

Eu2+ ions. This is due to the reduction potential of Sm (𝐸𝑆𝑚3+/𝑆𝑚2+
∗  = -2.17 V) being lower than the 

reduction potential of Eu (𝐸𝐸𝑢3+/𝐸𝑢2+
∗  = -0.76 V) (39). In both figures a change in the shape of the high 

energy side is seen, which can be linked to the changes in the composition of the material. 

 

 

 

 

 

 

 

 

 

 
 
 
  
 

 
 
 
  

 
 
 
  
 

 
 
 
  

 
 
 
  
 

 
 
 
  

 
 
 
 

 
 
 

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

            



a) b) 

  

Figure 9: a) Europium and b) samarium L3 absorption edge HERFD-XANES spectra for divalent and trivalent 

ions of strontium borate compounds synthesised with different molar ratios of boron. The numbers in the legend 

refer to the B:Sr molar ratio.   

When comparing the emission spectra in Figure 7 and the XRD reflection patterns in Figure 5 it can be 

concluded that the Sm2+ ions in the SrB6O10 phase yield a higher emission intensity than those in the 

SrB4O7 phase. This same experimental result was also observed in a study by Runowski et al. (10). 

However, in that study the authors postulated that the stabilisation of the Sm ions in the divalent state 

is preferred in the more complex borate matrix. This explanation is questionable, since as explained in 

the Theory and Literature Review section and proven by the HERFD-XANES results, both these 

structures have similar ability to stabilise divalent dopant ions.  

 

The excitation spectra of the Sm2+ ions are shown in Figure 10. The region between 230 nm and 360 

nm mimics the same form seen in the excitation spectrum of Eu2+ ions shown in Figure 1 b). Therefore, 

this region indicates that excitation of the Eu2+ ions can be followed by energy transfer to the Sm2+ ions. 

The region from 300 nm to 600 nm consists of the 4f6 - 4f55d1  band of the Sm2+ ions (14). Figure 10 

shows the relative enhancement of the direct excitation of Sm2+ ions at higher ratios of B:Sr. A possible 

reason for this is that the ligand field of the SrB6O10 structure enhances the 4f6 – 4f55d1 excitation band 

of the Sm2+ ions. This was confirmed by measuring the diffuse reflectance spectra of the samples as 

explained in the Experimental and Methodology section. Figure 11 shows that the absorption increased 

as with an increase in the B:Sr ratio.  

 

Due to a higher spectral overlap of the emission of Eu2+ ions and the excitation of Sm2+ in the SrB6O10 

host, a more substantial energy transfer can occur. This enhanced energy transfer and increased 

absorption resulted in a 220% increase in the emission intensity of the Sm2+ ions in the SrB6O10 host 

compared to the SrB4O7 host (𝜆𝑒𝑥 = 325 nm). The amorphous phase formation at the highest B:Sr ratio 

         

 

 

 

 

 

 

 
 
  
 
   
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

            

                

 

 

 

 

 

 

 

    

    

 
 
  
 
   
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

            

                



drastically reduced the optical performance of the compound and resulted in the decrease in the 

emission intensity of the Sm2+ ions.  

 

Figure 10: Excitation spectra of divalent samarium ions probed at 684.5 nm within strontium borate 

compounds synthesised with different molar ratios of boron. The brackets indicate the dominant excitation 

regions for the respective divalent ions. The numbers in the legend refer to the B:Sr molar ratio. 

 

Figure 11: Diffuse reflectance spectra of strontium borate compounds doped with europium and samarium 

synthesised with different molar ratios of boron. The brackets indicate the dominant absorption regions for the 

respective divalent ions. The numbers in the legend refer to the B:Sr molar ratio. 

A molar ratio of 7:1 was used for the remaining optimisation process since this yielded the purest phase 

of SrB6O10 structure and resulted in the highest Sm2+ ion emission. This structure also gave rise to an 

excitation spectrum that peaks at longer wavelengths that can more effectively utilise the broad solar 

spectrum (1). Unfortunately, little information on this structure is available and it has also not yet been 

fully elucidated (34). The following section examines the energy transfer process in more detail by 

varying the concentrations of the Sm and Eu ions. 

 

 

 

 

 

 

 

    

    

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

            

 

 

 

 

 

 

     
    

 
 
  
 
 
  
 
 
 
  
 
 

 

  

  

  

  

   

               

                  



Samarium Concentration 

 

To better understand the energy transfer between the divalent ions, and to determine the critical energy 

transfer distance and critical distance between the Sm ions, the molar ratio of the Sm ions with respect 

to Sr were varied from 0:1, 0.01:1, 0.025:1, 0.05:1 to 0.1:1 while keeping the Eu concentration with 

respect to Sr fixed at 0.05:1. As seen in the XRD reflection patterns of the different compounds in 

Figure S3-5 in the supporting information, there is leftwards shift in the patterns with an increase in the 

moral ratio of Sm. This is due to the increase in the lattice parameters which is caused by the presence 

of the Sm ions. As stated in the Theory and Literature Review section Sm2+ ions have a larger ionic 

radius than the Sr2+ ions it replaces.  

 

Figure 12 shows the emission spectra of these compounds. When no Sm ions were present only the 

emission from Eu2+ ions was observed. Even when a tiny amount of Sm ions was added, the emission 

from Sm2+ ions became noticeable. In contrast, upon the introduction of Sm ions, the emission from the 

Eu2+ ions was drastically reduced, which indicates energy transfer from the Eu2+ ions to the Sm2+ ions.  

 

Figure 12: Emission spectra excited at 325 nm of strontium borate synthesised with different molar ratios of 

samarium to strontium (indicated in the legend). The europium molar ratio was kept constant at a ratio of 

0.05:1 with respect to strontium. Inset shows the integrated emission intensity from the divalent europium (350 

nm to 550 nm) and samarium (650 nm to 850 nm) ions and the total integrated emission intensity for the entire 

emission spectrum. These intensities for Eu2+, Sm2+ and the total emission are shown as a fraction of the 

integrated intensity of the sample that emits the highest intensity for Eu2+, Sm2+ and total emission, respectively. 

The luminescence decay profiles of the emission from the Eu2+ ions were measured as described in the 

Experimental and Methodology section. Figure 13 compares the luminescence decay profile of the 

solely Eu-doped compound with the 0.01:1 compound. There is a significant difference between the 

two profiles and both show a non-exponential character. This non-exponential nature can be due to the 

     

     

     

     

     

    

    

     

  
  
 
  
  
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

 

   

   

   

   

   

           
         

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

               



strongly overlapping emission bands of the Eu2+ ions in the different sites of the SrB6O10 host material 

(40).  

 

The decay profiles were analysed, and it was determined that the solely Eu-doped compound had an 

average decay time of 2.20 µs. By using Equation 1 together with Equation 2, and estimating the 

refractive index of the SrB6O10 host material as 1.61, the decay time for the Eu2+ ions could be estimated 

as being in the order of 0.5 µs. The value for estimated refractive index is based on the refractive indexes 

of SrB2O4 (41), SrB4O7 (42) and SrB8O13 (40) host materials. The reason for this significant increase in 

the measured decay time compared to the estimated one, can be due to the relatively high concentration 

of Eu ions which leads to energy transfer between the sensitiser ions. According to a study by Poort et 

al. energy transfer between Eu2+ ions can result in an increase in the decay time (19). The measured 

decay times agree with the values of 2.388 µs to 1.649 µs determined in a similar experiment for the 

SrB4O7 structure by Zheng et al. (43). In that study a europium molar ratio of 0.05:1 with respect to 

strontium was also used.  

 

Figure 13: Luminescence decay profiles at room temperature, measured at 385 nm for strontium borate 

synthesised with different molar ratios of samarium to strontium (indicated in the legend). The europium molar 

ratio was kept constant at a ratio of 0.05:1 with respect to strontium. The excitation source is a 255 nm pulsed 

LED. The solid lines indicate the fitting that was done to the data sets. 

The luminescence decay profiles were measured as a function of the molar ratio of the Sm ions. The 

results of the lifetime profiles are tabulated in Table 2. The average decay time decreased as a function 

of the molar ratio of the Sm ions, which verifies that energy transfer occurs from the Eu2+ to Sm2+ ions. 

Using Equation 3 the energy transfer efficiency was calculated and tabulated in Table 2. A single 

exponential decay profile was measured for the Sm2+ ion’s emission at 684.5 nm, also with 255 nm 

excitation, with a decay time of 3.7 ms. This value was measured for all the samples. This is in 

accordance with the value of 3.9 ms measured by Sun et al. for Sm2+ in the SrB4O7 structure (14). 

     

         

     

         

  
  
 
 
  
 
  
 
  
  
 
 
  
 
 

 

   

   

   

   

         

      



Table 2: Resulting initial luminescence intensities (𝐼0(𝜏)𝜏)  and decay times (𝜏) determined using the FAST 

analysis program for each compound measured at 385 nm. This program uses Equation 9 to determine these 

terms mathematically.  The initial luminescence intensities are given as a percentage of the total of all the 

components. The average decay time (〈𝜏〉) the energy transfer efficiency (𝜂
𝐸𝑇

) for each compound was 

calculated using Equation 10 and Equation 3 respectively. 

Sm:Sr 𝝉𝟏 (µs) 𝑰𝟎(𝝉𝟏)𝝉𝟏 (%) 𝝉𝟐 (µs) 𝑰𝟎(𝝉𝟐)𝝉𝟐 (%) 𝝉𝟑 (µs) 𝑰𝟎(𝝉𝟑)𝝉𝟑 (%) 〈𝝉〉 (µs) 𝜂𝐸𝑇 (%) 

0.000 0.04 6   2.35 94 2.20 - 

0.010 0.05 33 0.40 20 2.15 47 1.11 50 

0.025 0.03 44 0.14 15 2.58 41 1.09 50 

0.050 0.03 41 0.08 19 2.44 40 0.99 55 

0.100 0.03 42 0.12 15 2.80 43 1.24 44 

 

Since energy transfer between the Eu2+ to Sm2+ ions was verified, the critical energy transfer volume 

can be determined. This was done by plotting the normalised emission intensity of Eu2+
 ions as a 

function of Sm concentration, as shown in Figure 14. Using the values established from the linear 

regression, the critical volume can be determined using Equation 4. The critical energy transfer distance 

was determined as >1.2 (±0.9) Å by using the equation relating the volume of a sphere to its radius. 

This result is a less than the value of 8.6 Å determined by Kulshreshtha et al. for the same ions in the 

SrB4O7 structure (15). This result is a lower limit estimate since as seen in Figure 9 b) it can be assumed 

that there is still a substantial amount of Sm3+ ions present in the samples.  

 

Figure 14: A linear regression fit of Reade’s statistical model on the integrated emission intensity from the 

divalent europium (370 nm to 470 nm) as a function of the concentration of the samarium ions. The emission 

intensity was measured three times from which an average was determined. The error estimates indicate two 

standard deviations from the mean. The uncertainty of the fit was calculated using the standard error of the 

linear fit. 

                              
     

                       

  
  
 
 
 
  
 
 
  
 
 
 

    

    

    

    

       
  

                        



As seen in the inset of Figure 12, increasing the molar ratio of the Sm:Sr ions beyond 0.01 results in a 

strong decrease in the emission from the Sm2+ ions. This decrease in the emission intensity from the 

Sm2+ ions indicates a significant quenching process (21). This can result from concentration quenching 

of the luminescence, as explained in the Theory and Literature Review section. Intervalence charge 

transfer in Sm2+/Sm3+ pairs is one possible underlying mechanism for the quenching process (44). This 

is supported by the fact that most Sm ions were incorporated in the trivalent state as shown by the 

HERFD-XANES result, and also by the relatively low concentration at which concentration quenching 

occurs (7).  

 

In order to determine the critical distance between the Sm2+ activator ions the formal volume per 

possible crystallographic site for the activator ions was taken as 143.7 Å3. The critical molar ratio for 

the activator ions was taken to be 0.01, which is the molar ratio of the Sm divalent and trivalent ions 

when the maximum emission intensity for the Sm2+ ion occurs of the samples that were synthesised. 

Using Figure 12 the critical distance between the Sm2+ activator ions was determined as >30.2 Å. This 

result agrees with the value of 29.8 Å determined by Tawalare et al. for Sm ions in the SrB4O7 structure 

(22). This result is also a lower limit estimate since as seen in Figure 9 b) it can be assumed that there 

is still a substantial amount of Sm3+ ions present in the samples. A molar ratio of 0.01:1 was used for 

the Sm ions for the remaining optimisation process since it yielded the highest Sm2+ ion emission as 

shown by the inset of Figure 12.  

 

Europium Concentration 

 

Lastly, the molar ratio of the Eu ions was varied from 0:1, 0.01:1, 0.025:1, 0.05:1 to 0.1:1 with respect 

to Sr while keeping the Sm concentration fixed at 0.01:1 with respect to Sr. As seen in the XRD 

reflection patterns of the different compounds in Figure S3-6 in the supporting information, there is 

rightwards shift in the patterns with an increase in the moral ratio of Eu. This is due to the decrease in 

the lattice parameters which is caused by the presence of the Eu ions. As stated in the Theory and 

Literature Review section Eu2+ ions has a smaller ionic radius than the Sr2+ ions it replaces. 

  

Figure 15 shows the emission spectra at 325 nm excitation of the prepared phosphors. As shown in the 

inset, increasing the molar ratio of the Eu ions beyond 0.01 resulted in a decrease in the emission from 

the Eu2+ ions. Using Figure 15 the critical distance between the Eu2+ sensitiser ions was determined. 

This value is the same as for the Sm2+ activator ions.  It is significantly higher than the value of 18.6 Å 

determined in the study by Zheng et al. (43). However, this result could be influenced by the energy 

transfer to the Sm2+ ions.  

 



 

Figure 15: Emission spectra excited at 325 nm of strontium borate synthesised with different molar ratios of 

europium to strontium (indicated in the legend). The samarium to strontium molar ratio was kept constant at 

0.01:1. Inset shows the integrated emission intensity from the divalent europium (350 nm to 550 nm) and 

samarium (650 nm to 850 nm) ions and the total integrated emission intensity for the entire emission spectrum. 

These intensities for Eu2+, Sm2+ and the total emission are shown as a fraction of the integrated intensity of the 

sample that emits the highest intensity for Eu2+, Sm2+ and total emission, respectively. 

Figure 16 shows the excitation spectra of the Sm2+ emission. The same intensity trend at 325 nm occurs 

as seen for the Sm2+ ions in the inset in Figure 15. Only the broad excitation spectrum of Sm2+ is 

observed when no Eu ions are present. Upon introduction of the Eu ions, the region below 300 nm 

increased, which is expected; however, a significant decrease in the intensity was noticed where the 

excitation spectra of Eu2+ and Sm2+ overlap. This result can be due to Eu2+ ions which absorb excitation 

energy but do not successfully transfer it to the Sm2+ ions. However, with the further addition of Eu 

ions, the energy transfer process became more efficient which result in an increase in the intensity in 

the excitation spectrum of the Eu2+ ions.  

 

As seen in Figure 16 the direct excitation of the Sm2+ ions increased with an increase in the molar ratio 

of Eu ions. Figure 17 shows the emission associated with Sm3+ and Eu3+ ions (labelled) and some 

emission associated with Sm2+ ions. The emission intensity of the Sm3+ ions drastically quenched upon 

the introduction of Eu. This result was also observed by Kulshreshtha et al., where Eu dopants were 

used to reduce and stabilise residual Sm3+ ions present in the material (15). This decrease in the amount 

of Sm3+ ions can possibly explain the increase in the direct excitation band of the Sm2+ ions. 

     

     

     

     

     

    

    

     

  
  
 
  
  
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

 

   

   

   

   

   

           
         

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

               



 

Figure 16: Excitation spectra of divalent samarium emission probed at 684.5 nm within strontium borate 

synthesised with different molar ratios of europium to strontium (indicated in the legend). The brackets indicate 

the dominant excitation regions for the respective divalent ions. 

 

Figure 17: Emission spectra excited at 240 nm of strontium borate synthesised with different molar ratios of 

europium. The molar ratio of samarium was kept constant at 0.01:1 with respect to strontium. Black and red 

labels respectively indicate transitions associated with trivalent samarium and trivalent europium ions, while 

unlabelled peaks are related to transitions from the higher 5D1 level of the divalent samarium ions. 

This result agrees with the HERFD-XANES results (Figure 18), where a general increase in the fraction 

of Eu2+ and Sm2+ ions with an increase in the molar ratio of Eu ions was observed. This effect can 

possibly be explained by a charge compensation model as discussed in the Theory and Literature 

Review section and illustrated in Figure S1-1 in the supporting information. The increase in the molar 

ratio of the Eu ions causes an increase in the amount of vacancy defects at the Sr2+ sites. This leads to 

a larger availability of negative charges to reduce both the Eu and Sm ions to the divalent state. 

     

     

     

     

     

    

    

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

            
 
 
 
  
 

 
 
 
  

 
 
 
  
 

 
 
 
  

 
 
 
  
 

 
 
 
  

 
 
 
 

 
 
 

     

     

     

     

     

 
 
  
  
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

            



This effect seems to be still dominant and increasing at relatively high Eu ion molar ratios.  However, 

due to the scarcity and resultant high cost of the rare earth elements there is little practical use for highly 

doped phosphors in larger scale solar energy deployment (45). Therefore Sr0.89B6O10:Eu0.1, Sm0.01 is 

considered as the optimised material in this study. In future studies this problem can possibly be 

addressed by incorporating other co-dopants in addition to Eu ions in order to enhance the Sm2+ 

emission. This strategy has yielded promising results as show in the study by Kulshreshtha et al. (15). 

 

a) b) 

  

Figure 18: a) Europium and b) samarium L3 absorption edge HERFD-XANES spectra for divalent and trivalent 

ions of strontium borate compounds synthesised with different molar ratios of europium 

The internal luminescence quantum efficiency was determined of the optimised material by directly 

and indirectly exciting Sm2+ ions at 508.5 nm and 268.5 nm, respectively. The internal efficiency was 

determined as 79% and 17% for the direct and indirect excitation of Sm2+ ions, respectively. This 

significant difference between the direct and indirect excitation makes sense since the absorption and 

emission process within an isolated Sm2+ ion is much more efficient than energy transfer between Eu2+ 

ions and Sm2+ ions. This is also confirmed by the fact that the average energy transfer efficiency is 50% 

as calculated in Table 2. Energy migration between the high concentration of Eu2+ ions can also play a 

role as supported by the long luminescence lifetimes as given in Table 2. This energy transfer process 

between the Eu2+ ions can increases the probability for nonradiative energy losses (21).  

Conclusions 

 

Strontium borate phosphors co-doped with Eu and Sm ions were synthesised using a solid-state reaction 

method and characterised using XRD, steady-state excitation and emission, luminescence decay, low-

temperature photoluminescence spectroscopy, diffuse reflectance spectroscopy, FE-SEM, and HERFD-

XANES. The emission from the Sm2+ ions was optimised by varying the reduction time, the molar ratio 

of B, and the molar ratios of both lanthanide dopants. These experiments showed that a reduction time 

    

    

     

     

     

     

 
 
  
 
   
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

            

                

    

    

     

     

     

     

     

 
 
  
 
   
 
 
  
 
  
 
 
  
 
  
 
  
  
 
 
  
 
 

            

                



of 10 h at 850 °C was sufficient to aid in crystallite growth which resulted in enhanced emission from 

the Sm2+ ions.  

 

It was shown that different strontium borate host structures can be synthesised by varying the B:Sr 

molar ratio. From this it was shown that the SrB6O10 structure can stabilise the Eu and Sm ions in the 

divalent state. The energy transfer between the divalent ions and the enhancement of the 4f6 – 4f55d1 

excitation band of the Sm2+ ions was also higher when compared to the SrB4O7 structure. In a previous 

study by D. K. G. De Boer et al., the incorporation of Eu2+ and Sm2+ ions in the SrB4O7 structure was 

studied for solar conversion applications (5). However, considering the literature, the SrB6O10 structure 

has not yet been studied in detail with this application in mind. This enhanced energy transfer and 4f6 

– 4f55d1 excitation band resulted in a 220% increase in the emission intensity of the Sm2+ ions in the 

SrB6O10 structure compared to the SrB4O7 structure (𝜆𝑒𝑥 = 325 nm).  

 

To better understand the energy transfer between the divalent ions, the energy transfer efficiency, 

critical energy transfer distance and critical distance between the Sm ions were determined, by varying 

the molar ratio of the Sm ions. The resulting luminescence decay profiles of the Eu2+ ions were 

measured and a decrease from 2.20 µs to 1.11 µs for the average decay time was determined with the 

introduction of Sm ions. This verified the energy transfer between the ions. Using this result the average 

energy transfer efficiency was calculated as 50% while using Reade’s statistical model, a lower limit 

for the critical energy transfer distance between the sensitiser and activator ions was determined as >1.2 

(±0.9) Å. A lower limit for the critical distance between the Sm2+ activator ions was determined as 

>30.2 Å. Lastly, the molar ratio of the Eu ions was varied. This proved that higher Eu concentrations 

increased the energy transfer to the Sm2+ ions. Also, as observed by HERFD-XANES, the Eu ions aid 

in reducing the Sm ions to the divalent state by a charge compensation mechanism, which enhanced the 

direct excitation of the Sm2+ ions.  

 

This study concludes that Sr0.89B6O10:Eu0.1, Sm0.01 is the resulting optimised material. This material has 

a broad excitation region ranging from 220 nm to 600 nm and exhibited strong and narrow emission 

lines in the region from 650 nm to 850 nm. Also, the significant Stokes shift reduced the probability of 

reabsorption. An internal luminescence quantum efficiency of 79% (𝜆𝑒𝑥 = 508.5 nm) was measured. 

All these characteristics make this phosphor material a promising candidate for solar conversion and 

LSC applications.  
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Making Eu2+ and Sm2+ doped borates fit for solar energy applications 
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Swart 

 

The phosphor material absorbs the solar radiation. This energy is transferred, downshifted, and emitted 

in the near-infrared region. A solar cell can be used to convert this radiation to energy. 

    

    

                    

                               

               
                    

              

                               

               
                    


