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Abstract. Bismuth doped yttrium oxide (Y2O3:Bi3+) phosphor was synthesised using co-
precipitation method. During synthesis, the pH value and Bi3+ concentration were varied to study 
their effects on the luminescent properties of the phosphor. X-ray diffraction patterns showed 
the phosphor samples had retained its single-phase cubic structure. The crystallite size was 
determined using the Scherrer equation, which showed that crystallite size was more dependent 
on the pH during synthesis than that of Bi ion concentration. The photoluminescence spectra 
revealed two strong excitation bands centred at 330 nm and 390 nm, along with two emission 
bands one centred at 409 nm and another broad band centred at 489 nm which corresponds to 
the two sites within the host matrix where Bi ions may occupy. By monitoring the 489 nm 
emission band intensity, it revealed that the variations in the pH value during synthesis had 
influenced the luminescent intensity of the phosphor. Altering the Bi3+ concentration in the Y2O3 
host material also influenced the emission intensity of the phosphor, where the maximum 
intensity was found when the phosphor was synthesised at pH 10 with a Bi3+ concentration of 
2.0 mol%. 

1.  Introduction 
Solar energy is the most abundant and cleanest source of energy currently available. This led to the 
invention of photovoltaic (PV) solar cells capable of converting solar energy into electrical energy. Solar 
cells fabricated from single junction crystalline silicon (c-Si) is the most widely used PV cell but suffers 
from an efficiency limit of round 29 % [1]. The low conversion efficiency from solar energy to electrical 
energy results from the mismatch between the solar spectrum and the absorption spectrum of c-Si where 
the strongest spectral response of c-Si solar cells is around 1000 nm [2-4]. 

In the past decade, luminescent materials doped with rare-earth elements have been used extensively 
in the lighting industry, due to the wide range of possible luminescence from ultraviolet (UV) through 
the visible to the near-infrared (NIR) regions [5, 6]. RE3+-Yb3+ (RE = Tb, Ce, Er and Pr) co-doped 
phosphors are of great interest for down-converting UV photons to NIR photons, used to improve the 
efficiency of solar cells [7]. Yb3+ serves as a suitable acceptor ion as it contains only a single excitation 
state correlating to an emission at around 1000 nm, very close to the maximum absorption efficiency of 
c-Si [8, 9]. Lanthanides or rare-earth metals are generally poor at absorbing photons in the UV to blue 
regions due to their parity forbidden 4f transition [10]. Thus more attention has been placed on metal 
ions as possible alternatives to the current rare-earth sensitisers [2, 11]. Metal ions such as Bi3+ which 
have a 6s2 electron configuration making the 6s2®6s6p transition an allowed transition [12]. This 
allowed transitions present in Bi gives rise to much broader excitation and emission bands as compared 
to rare-earths which are generally narrower [13]. Y2O3 phosphor doped with Bi3+ ions show a strong 
emission band between 490 and 510 nm when exposed to UV light [2, 12, 14]. The energy associated 



 
 
 
 
 
 

with the visible emission of Bi3+ is twice the energy required for the 2F7/2®2F5/2 transition of Yb3+ and 
indicates that cooperative energy transfer (CET) from Bi3+ to Yb3+ could occur [15]. 

In this study Y2O3:Bi3+ phosphors were prepared using co-precipitation under different pH values 
and Bi3+ concentrations to investigate their effects on the particle sizes and the luminescent properties. 

2.  Experimental 
2.1.  Synthesis of Y2-xO3:Bix 
Y2O3:Bi3+ powder phosphor was prepared using the co-precipitation method under various pH values 
and different doping concentrations. Y2O3 (99.99%) and Bi2O3 (99.9%) were used as the starting 
reagents. Stoichiometric amounts of Y2O3 and Bi2O3 were dissolved in concentrated nitric acid (HNO3) 
through heating and stirring until an aqueous solution consisting of Y(NO3)3  and Bi(NO3)3 was obtained. 
Once the starting material has completely dissolved ammonia (NH4OH) was added to the acid solution, 
under vigorous stirring to maintain a pH from 6 to 10 and stirred for a further 2 hours. The white 
precipitate was collected then washed using ethanol to remove any unreacted materials. The product 
was placed in an oven at 80 ºC for at least 12 hours to evaporate the ethanol that was introduced during 
washing. Using a mortar, the dried mass was crushed before being placed in an annealing furnace for 1 
hour at 450 ºC and finally at 1000 ºC for 2 hours. 

The effect of pH on the luminescence properties of Y2O3:Bi3+ phosphors were investigated using a 
spectrometer and showed that samples synthesised under pH 10 displayed the strongest luminescence. 
Thus all further phosphors were synthesised with pH 10. 

2.2.  Characterisation 
The crystal structure of the powder samples was characterised from x-ray diffraction (XRD) 
measurements using a Bruker D8 Advance diffractometer with KαCu x-rays (1.54 Å). The emission and 
excitation properties of the Y2-xO3:Bix phosphor samples were measured using a Varian Cary Eclipse 
fluorescence spectrophotometer. 

3.  Results and discussion 
The XRD pattern for Y1.98O3:Bi2.0% prepared under different pH conditions are represented in figure 1(a), 
while figure 1(b) shows the (222) peak shifts of phosphors prepared at different pH values.  

 

 

 

 
Figure 1 (a) XRD pattern of Y1.98O3:Bi2.0% phosphor powder synthesised at pH 6, 7, 9 and 10 
along with non-doped Y2O3 starting material. (b) The (222) peak shift of Y1.98O3:Bi2.0%

 

phosphor as compared to non-doped Y2O3. 
 
The measure XRD patterns correlates wells to that of the non-doped Y2O3 starting material. From 

the XRD patterns, it showed that varying the pH value during synthesis did not alter the crystal structure 
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of the host material as it still resembles a single phase cubic structure. The absence of any additional 
diffraction peaks suggests that no impurity phases were present. Thus shifts can be attributed to the 
addition of Bi ions which caused stress and strain within the host matrix. 

Figure 2(a) shows both the excitation and emission spectra of a Y1.98O3:Bi2.0% phosphor synthesised 
at pH 6. An illustration of the two occupational site with the Y2O3 host matrix is shown in figure 2(b). 

 

 
Using an excitation wavelength λex = 330 nm an emission spectrum showing a strong green emission 

at 489 nm was observed. When exciting at λex = 390 nm a strong blue emission situated at 409 nm was 
measured. For emission λem = 489 nm an excitation band was obtained with the maximum located at 330 
nm. Similarly observing at an emission wavelength λem = 409 nm an excitation spectrum yielded three 
excitation bands one located at 330 nm, the second at 370 nm and the strongest peak at 390 nm. The 
existence of the two emission (409 nm and 489 nm) and excitation (330 nm and 390 nm) bands were a 
direct result of the two possible sites that the Bi3+ ions are able to occupy in the Y2O3 host matrix. The 
emission and excitation bands centred at 489 nm and 330 nm respectively is responsible for the 
excitation and emission of the Bi3+ ion situation in the C2 site where as the S6 site correlates to the 409 
nm emission and 390 nm excitation bands [2, 11, 16]. 

Figure 3(a) shows the 489 nm emission and 330 nm excitation spectra of Y1.98O3:Bi2.0% phosphor 
prepared at pH 6, 7, 9 and 10. The effect of pH on the 489 nm emission intensity is shown in figure 3(b).  
 

 

 

 
Figure 3: (a) The 330 nm excitation and 489 nm emission spectrum for 
Y1.98O3:Bi2.0% synthesised at varying pH values. (b) PL intensity of 489 
nm emission as a function of pH. 
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Figure 2: (a) Excitation and emission spectra of Y1.98O3:Bi2.0% phosphor due to the C2 and S6 
occupational sites of Bi ions. (b) Schematic illustration of the C2 and S6 sites in cubic Y2O3. 
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While monitoring the emission wavelength λem = 489 nm, similar to the sample prepared at pH 6, a 

broad and intense band centred at 330 nm was observed. Additionally, when the phosphor samples were 
excited at λex = 330 nm a broad emission band with maximum at around 489 nm was observed. The 
outer most 6s2 electron configuration of Bi3+ houses one energy level 1S0 (ground state) and while in the 
6s6p configuration (excited state) it splits into four levels 3P0, 3P1, 3P2 and 1P1 in order of increasing 
energy. Due to the ∆j selection rule, transitions from 1S0®3P1 and 1S0®1P1 are allowed transitions 
whereas transitions 1S0®3P0 and 1S0®3P2 are strictly forbidden. Thus the excitation band at 330 nm and 
emission band at 489 nm are attributed to the transition from 1S0®3P1 and 3P1®1S0 respectively [2, 17-
19]. 

It can be seen in figure 3 that emission intensity vary sufficiently with variations in the pH with the 
strongest emission intensity found when the Y1.98O3:Bi2.0% phosphor was synthesised at pH 10, therefore 
further synthesis was conducted at pH 10. 

The XRD results for the Y2-xO3:Bix phosphor prepared at varying Bi ion concentrations and at pH 10 
are shown in figure 4(a). The results show a single phase cubic structure similar to the structure found 
when varying pH and the absence of additional peaks shows that no impurity phases had been 
introduced. The shifts in the main (222) peak shown in figure 4(b) of the cubic structure were due to the 
stress and strain present in the crystal when Bi ions were introduced into the host matrix.  
 

 

 

 
Figure 4: (a) XRD patterns for Y2-xO3:Bix (x = 0.2, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 mol%) 
phosphor synthesised using pH 10. (b) The (222) peak shift due to the addition of Bi ions. 

 
The effect of varying pH and Bi concentrations on the crystallite size are shown in figure 5. The 

crystallite sizes were calculated using the Scherrer equation (1) [20, 21]. 
 

𝜏 = #$
% &'( )

                                                                 (1) 
  

τ is the crystallite size, K is the shape factor which has a typical value of 0.9, λ is wavelength of the 
X-ray used, β is the width of the peak at half its maximum intensity (FWHM) subtracted by the 
instrumental broadening (measured in radians) and θ is the Bragg angle. To obtain a better 
approximation of the crystallite size for each sample, all diffraction peaks indexed in Figure 1(a) and 
4(a) were used and the average crystallite size for each sample was taken. The Scherrer equation revealed 
that changes in pH did indeed affect the crystallite size where the crystallite size increased with an 
increase in pH until a maximum at pH 9 where the size then decreased. In the case of varying Bi 
concentrations, the crystallite sizes were found to be similar ranging between 21 to 25 nm with no 
distinct pattern. This suggests that the crystallite size was more dependent on the pH during synthesis 
than the concentration of Bi dopants. 
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Figure 5: (a) The effect of crystallite size due to the variations 
in pH during synthesis. (b) Crystallite size as a function of Bi 
concentration. 

 
The 330 nm excitation and 489 nm emission spectra for varying Bi ion concentrations are represented 

in figure 6(a). The results showed that the luminescent intensity was also dependant on the Bi ion 
concentration as shown in figure 6(b). 

 

 

 

 
Figure 6: (a) Excitation and emission spectrum for Y2-xO3:Bix phosphor 
synthesised at varying Bi concentration. (b) PL intensity of 489 nm as 
a function Bi concentration. 

 
Figure 6 showed that variations in Bi ion concentration does influence the luminescence intensity of 

the phosphor. Between 0.5 to 2.0 mol% Bi the luminescence increased with an increase in Bi 
concentration. The luminescent intensity then suddenly decreased between 3.0 to 5.0 mol% Bi. The 
sharp decrease in intensity was largely due to concentration quenching. Thus the strongest luminescence 
observed for the Y2-xO3:Bix phosphor was when the phosphor was synthesised at pH 10 and containing 
a Bi ion concentration of 2.0 mol%. 

 

4.  Conclusion 
The Y2O3:Bi phosphor was successfully synthesised using the co-precipitation method. XRD patterns 
showed that variations in both the pH and Bi ion concentration did not influence the single phase crystal 
structure of the Y2O3 host material. Utilising the Scherrer equation it revealed that the pH during 
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synthesis has the strongest influence on the crystallite size of the final phosphor as compared to varying 
the Bi ion concentration. Photoluminescence showed the two-excitation and emissions bands, which 
corresponds to the two possible sites (C2 and S6) that Bi ions are able to occupy within the host matrix. 
While monitoring the 489 nm emission peak it showed that the luminescent intensity was influenced by 
the pH during synthesis, where an increase in pH showed an increase in the luminescent intensity of the 
phosphor.  The influence of Bi concentration was also demonstrated by observing the 489 nm emission 
peak, which showed that increasing the Bi ion concentration also lead to an increase in the luminescent 
intensity until an ion concentration of 2.0 mol%. Thereafter any further increase in the Bi concentration 
a decrease in the 489 nm emission intensity was observed, due to the effect of concentration quenching. 
Thus the strongest luminescence was achieved when the Y2-xO3:Bix phosphor was synthesised at pH 10 
with an Bi concentration of 2.0 mol%. 
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