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 : Bi3+ co-doping in Er3+/Yb3+: CaMoO4 phosphor for 

improved upconversion intensity and temperature sensing 

performance. 

4.1 Introduction 

In Chapter 1, we discussed the key factors influencing the enhancement of upconversion 

luminescence intensity. Subsequently, in Chapter 3, our investigation revealed that the 

nanoparticles form of Er3+/Yb3+: CaMoO4 exhibited superior photoluminescence, 

upconversion efficiency, and temperature sensitivity compared to its bulk counterpart. 

Building on these findings, this chapter introduces Bi3+ as a third dopant into the optimized 

Er3+/Yb3+: CaMoO4 composition. The focus is to examine the impact of Bi3+ co-doping on 

upconversion intensity and temperature sensing capabilities. Furthermore, a comprehensive 

structural and optical characterization of the material is undertaken to elucidate the underlying 

mechanisms driving these enhancements. 

 Optical devices rely on various optical parameters such as Rayleigh and Raman 

scattering, spectral transmission, radiative losses, magneto-optic methods, reflectance, and 

polarization-based changes, etc. However, as far as the temperature sensing based optical 

devices are concerned, they have been established mainly either through the monitoring of 

changes in optical emission signals, such as fluorescence intensity ratio (FIR), or through a 

change in fluorescence lifetime (FL) with a variation in temperature [132]. Both these 

techniques are unique in the sense that they are free from the source intensity. Herein, the 

FIR-based temperature sensing is preferred over the FL method due to its better performance. 

Recently, Rai et al. reported in detail that the FIR-based temperature sensing is better than the 

FL method [133].  
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The FIR technique is based on the changes in emission intensity coming from a pair 

of thermally-coupled energy levels (TCELs) of an activator, with the typical energy gap lying 

in the range 200 and 2000 cm-1[134][135]. Whereas, the FL based technique is related to 

variations in the life-time of the transitions originating from the TCELs. Among different 

lanthanides useful for temperature sensing application (e.g. Er3+, Tm3+, Nd3+, Eu3+, and Ho3+), 

Er3+ has been widely used as an activator for FIR studies[136][137] because of its suitable 

TCELs (2H11/2 and 4S3/2) of energy difference (~350-700 cm-1) [8]. However, since the 

quantum yield of lanthanide based upconversion emission is low, therefore, a lot of effort is 

still being devoted to enhance the upconversion (UC) emission at the first step and eventually 

enhance the sensing ability of the lanthanides thereof.  

 The site symmetry of Ln3+ doped phosphors may critically affect the UC/DS 

luminescence as the electronic energy levels and excited-state dynamics of the doped Ln3+ 

ions may change significantly with a slight change in the local site symmetry [138][139].  

Ln3+-doped disordered crystals (such as molybdates, fluorides, tungstates, garnets, etc.) are 

most common examples for the breakdown of crystallographic site symmetry under doping 

of non-lanthanide ions [140][141]. Their luminescence properties have been improved by co-

doping with specific ions [142][143]. There are numerous reports for creating local site 

symmetry distortion using Bi3+ ion as co-dopant also.  The authors found that the Bi3+ ion co-

doping enhanced the luminescence properties of the nanocrystals and improved their thermal 

stability by reducing the defect density and passivating the surface traps. The results suggest 

the potential use of Bi3+ ion co-doping as a strategy to improve the stability and performance 

of perovskite-type nanocrystals for optoelectronic applications [144]. 
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This chapter explores the co-doping of Bi3+ in Er3+/Yb3+: CaMoO4 phosphor for 

enhancing the luminescence intensity and temperature sensing property of Er3+ ions. We have 

analyzed the site symmetry and optical properties of two samples in detail, one without Bi3+ 

co-doping (Ca0.79Er0.01Yb0.2MoO4) and the other with optimized Bi3+ co-doping 

(Ca0.68Bi0.11Er0.01Yb0.2MoO4). Our results show that the UC emission intensity is enhanced 

about 25 times which improves the temperature sensitivity significantly. Conclusively, the 

study provides insight into the potential of Bi3+ co-doping for improving the performance of 

Er3+/Yb3+ co-doped CaMoO4 as a temperature sensor in FIR based applications. 

4.2 Synthesis 

 The gel-combustion method was utilized to synthesize the series of stoichiometric 

Ca0.79-xBixEr0.01Yb0.2MoO4 (x=0.00, 0.02, 0.05, 0.08, 0.11, and 0.14) phosphors [8]. For the 

synthesis of Ca0.79Er0.01Yb0.2MoO4, 3.5mmol of CaO precursor was placed in a beaker, and 

required amount of nitric acid was added to it drop-wise with continuous stirring of 200 rpm 

on a hot plate maintained at 100o C until a transparent nitrate solution was obtained. The 

nitrate solution of Er2O3, and Yb2O3 are formed by the similar steps by taking the amount, 

respectively of 0.02 mmol and 0.44 mmol in HNO3. In a separate beaker, 0.63 mmol of 

(NH4)6Mo7O24.4H2O was dissolved in 30 ml DI water at 30° C. 1.5 mg of urea that act as a 

fuel in combustion reaction was added into it, and the temperature was raised to 100° C. Then, 

all the individually prepared solutions were mixed in a beaker and kept on a hot plate 

maintained at 210° C with continuous stirring of 200 rpm until the solution became gel-like. 

Then, the temperature of the solution was raised to 450° C, for the combustion reaction. 

Within 1 minute, auto-ignition look place, resulting a foam-like porous product. The series of 

Bi-doped Ca0.79-xBixEr0.01Yb0.2MoO4 (x=0.02, 0.05, 0.08, 0.11, and 0.14) samples were 
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obtained by taking additional required molar amount of Bi2O3 following the above-mentioned 

steps. The final foam-like product of all the series is then ground using agate mortar to obtain 

a powder for further characterizations.  The sample is also calcined at 900° C for the 

improving the optical behaviour. 

4.3 Results and discussion 

4.3.1 X-ray diffraction measurement  

 Phase and structure analysis  

 X-ray diffraction (XRD) analysis was conducted to study the structure and phase of the 

synthesized Ca0.79-xBixEr0.01Yb0.2MoO4 (x=0.00, 0.02, 0.05, 0.08, 0.11, and 0.14) phosphor. 

The resulting XRD patterns of the Ca0.79-xBixEr0.01Yb0.2MoO4 (x=0.00, 0.02, 0.05, 0.08, 0.11, 

and 0.14) is presented in Fig 4.1(a). The most prominent diffraction peaks were observed at 

2θ angles of 18.73, 28.86, 31.44, 34.42, 47.31, 49.47, 54.41, 58.29, 59.80, and 76.60 degrees. 

The highest intensity peak centered at 2θ angle 28.86 degrees was monitored closely to 

observe the peak shift in the diffraction pattern with the Bi-doping, as shown in Fig 4.1(b). It 

was observed that the peak shifts towards higher angles with increasing Bi content from 

x=0.02 to 0.08 in Ca0.79-xBixEr0.01Yb0.2MoO4. With further increase in the amount of Bi, the 

peak shifts towards the lower angle side. Initially, the Bi atom successfully occupies the Ca-

lattice site. However, beyond the doping amount x=0.08, the Bi atoms take the interstitial site, 

resulting in peak shift towards the lower angle. However, the diffraction peak shift is very 

small. The shift in the diffraction peak can also be attributed to the difference in ionic radii 

between Ca2+ and Bi3+ ions, as Bi3+ has a larger ionic radius than Ca2+. When Bi3+ ions replace 

Ca2+ ions in the crystal lattice, it leads to an expansion of the unit cell, resulting in a slight 

distortion of the local environment around the substituted sites which is explained in detail in 
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the XRD-refinement data analysis in the following section. However, the peak shift points to 

the successful incorporation of Bi3+ ions into the CaMoO4 lattice structure and the subsequent 

distortion of the local symmetry environments. Notably, no significant peak changes or 

evolution of the new phase of CaMoO4 were observed in this series, which confirms the 

stability of the parent structure and phase of the synthesized samples. However, a progressive 

evolution of h-MoO3 is observed which has been marked with astrix. 

 

 

Figure 4.1 (a) XRD patterns of Ca0.79-xBixEr0.01Yb0.2MoO4 (x=0.00, 0.02, 0.05, 0.08, 0.11, and 0.14) powder samples. (b) 

Expanded XRD patterns of Ca0.79-xBixEr0.01Yb0.2MoO4 (x= 0.0, 0.02, 0.05, 0.08, 0.11, and 0.14) powder samples between 2θ 

angle 28.7 to 29.0 degree. Rietveld refined XRD patterns of (c) Ca0.79Er0.01Yb0.2MoO4, and (d) Ca0.68Bi0.11Er0.01Yb0.2MoO4 

powder samples.   

         The Debye-Scherrer formula was used to find the average crystallite size of 

Ca0.79Er0.01Yb0.2MoO4 and Ca0.68Bi0.11Er0.01Yb0.2MoO4 samples, given in Equation 4.1. 

𝐷 =
0.89𝜆

𝛽𝑐𝑜𝑠𝜃
         … (4.1) 

Where, D is the crystallite size, λ is the wavelength of the X-ray source, β is the full width 

half maximum, and θ is the Bragg angle of diffraction. The calculated value of average 

crystallite size of Ca0.79Er0.01Yb0.2MoO4 and Ca0.68Bi0.11Er0.01Yb0.2MoO4 phosphors are 117.2 
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nm and 140.0 nm, respectively. This increment in crystallite size confirms the improvement 

in the crystallinity of sample without altering any noticeable change in the phase after the 

doping of Bi ion. Further, to observe the effect of Bi doping on the crystallographic defects 

or irregularity, the dislocation density of Ca0.79Er0.01Yb0.2MoO4 and 

Ca0.68Bi0.11Er0.01Yb0.2MoO4 phosphors were calculated by using the following relation: 

𝛿 =  
1

𝐷2
          … (4.2) 

Where, δ is the dislocation density and D is the crystallite size. The dislocation density 

calculated for Ca0.79Er0.01Yb0.2MoO4 phosphor is 72.80×1012 m-2. Whereas the dislocation 

density decreases after the doping of Bi and it is found to be 51.02×1012 m-2.  Thus, the doping 

of Bi reduces the number of dislocations in the crystal structure and thus expected to reduce 

the probability of non-radiative losses from lanthanide ions.  

 Similarly, the effect of Bi doping on the distortion of lattice structure was also calculated 

by using the following relation; 

𝑒 =  
𝛽

4𝑡𝑎𝑛𝜃
              … (4.3) 

Where, e is the macrostrain, β is the FWHM, and θ is the diffraction angle. The micro-strain 

thus calculated is 16.8×10-4 and 15.8×10-4 for Ca0.79Er0.01Yb0.2MoO4 and 

Ca0.68Bi0.11Er0.01Yb0.2MoO4 phosphors, respectively. The reduction in the dislocation density 

and micro-strain with the introduction of Bi in Ca0.79Er0.01Yb0.2MoO4 crystal structure favours 

the enhancement of upconversion emission intensity.  
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4.3.2 Rietveld refinement analysis 

 The determination of the structural parameter and the phase of the synthesized 

Ca0.79Er0.01Yb0.2MoO4 and Ca0.68Bi0.11Er0.01Yb0.2MoO4 powder samples were carried out 

using Rietveld refinement using the FullProf software. A linear interpolation function with 

refinable heights was selected as the background function, and the Pseudo-Voigt peak shape 

function was chosen to perfectly fit the diffraction peaks of the XRD pattern. Fig. 4.1(c) and 

4.1(d) show the Rietveld refined XRD patterns of the Ca0.79Er0.01Yb0.2MoO4 and 

Ca0.68Bi0.11Er0.01Yb0.2MoO4 powder samples, respectively, while Table 4.1 summarizes the 

lattice parameters and various fitted parameters. 

Table 4.1 Rietveld refined structure parameters of the Ca0.79Er0.01Yb0.2MoO4 and Ca0.68Bi0.11Er0.01Yb0.2MoO4 powder 

samples. 

Structure parameter Ca0.79Er0.01Yb0.2MoO4 Ca0.68Bi0.11Er0.01Yb0.2MoO4 

Structure  tetragonal tetragonal 

Space group I41/a (88) I41/a (88) 

a=b (Å) 5.20659 ± 0.00004 5.21165 ± 0.00004 

c (Å) 11.36893 ± 0.00014 11.38972 ± 0.00019 

𝛼 = 𝛽 = 𝛾 (º) 90 90 

Volume (Å3) 308.196 ± 0.005  309.359 ± 0.006 

Density (g/cm3) 6.878 6.562  

Rp  4.47      5.56 

Rwp   7.27      9.15 

Rexp    2.24 2.41 

ꭓ2  10.5 14.4 

 The results of the Rietveld refinement show that the structure and phase of the undoped 

and Bi-doped Ca0.68Bi0.11Er0.01Yb0.2MoO4 are the same. The lattice parameters of the 

Ca0.79Er0.01Yb0.2MoO4 powder sample are a=b=5.206(59) Å, c=11.368(93) Å, α=β=γ=90º. 

The volume of the structure is 308.19(6) Å3, and the density obtained is 6.878 g/cm3. In 

contrast, the lattice parameters are increased in the Bi-doped optimized 

Ca0.68Bi0.11Er0.01Yb0.2MoO4 powder sample, with a=b=5.211(65) Å and c=11.389(72) Å. This 

is in good agreement with the doping of a higher ionic radius Bi-ion in place of the Ca-site. 
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The doping of Bi-ion increases the volume of the structure and lowers the density compared 

to the undoped one. The volume and density are 309.35(9) Å3, and 6.562 g/cm3, respectively. 

The coordination number of Ca-atom is 8, bonded with the neighbouring O-atoms, and form 

CaO8 polyhedra unit. Mo-atom shows coordination number 4 with nearby four O-atoms and 

results the formation of MoO4 tetrahedral structure. In CaO8 unit, four different bond lengths 

of the Mo-atom with O-atoms are present, and in MoO4 unit, only one bond length of Ca-

atom with O-atoms is present (as indicated in Fig. 4.2(a) and 4.2(b)). There bonds of the 

Ca0.79Er0.01Yb0.2MoO4 and Bi-doped Ca0.68Bi0.11Er0.01Yb0.2MoO4 tetragonal structure with 

space group I41/a [8] are listed in Table 4.2. Similarly, some of the bond angles formed among 

the Ca, Mo, and O-atoms are also summarized in Table 4.2. 

 
Figure 4.2 Tetragonal crystal structure of Ca0.79Er0.01Yb0.2MoO4 in two different orientation obtained after Rietveld 

refinement of the XRD patterns. 

Table 4.2 The bond length and angle in Ca, Mo and O-atoms obtained after the Rietveld refinement of the XRD Patterns of 

Ca0.79Er0.01Yb0.2MoO4 and Ca0.68Bi0.11Er0.01Yb0.2MoO4 powder samples. 

 Ca0.79Er0.01Yb0.2MoO4 Ca0.68Bi0.11Er0.01Yb0.2MoO4 

Bonding atoms Bond length (Å) Bond length (Å) 

Ca1-O1, O5 2.39086(0) 2.39902(0) 

Ca1-O2, O6 2.41854(0) 2.42656(0) 

Ca1-O3, O7 2.38182(3) 2.38770(3) 

(a) (b) 
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Ca1-O4, O8 2.43470(3) 2.44077(3) 

Mo-O1, O9, O10, O11 1.83473(0) 1.82896(0) 

Bonding atoms Bond angle (°) Bond angle (°) 

Ca1-O1-Ca3 107.1402(5) 105.7841(5) 

Ca1-O8-Ca3 107.1402(5) 106.5917(5) 

Ca1-O6-Ca2 106.8159(5) 105.7841(5) 

Ca1-O7-Ca2 105.7055(5) 106.9151(5) 

Ca1-O1-Mo1 120.6542(8) 120.7090(8) 

Ca1-O7-Mo2 130.0464(4) 130.3818(4) 

Mo1-O1-Ca3 130.1155(4) 130.3818(4) 

 

 The increased lattice parameter in optimized Ca0.68Bi0.11Er0.01Yb0.2MoO4 is also 

observed by the bond length and bonding angle, with larger bond lengths (except M-Os bonds) 

and Ca-O-Ca bonding angle shrinking compared to the undoped sample. In contrast, the Ca-

O-Mo bonding angle increases, in agreement with the increased lattice parameters of the 

crystal structure in Bi-doped Ca0.68Bi0.11Er0.01Yb0.2MoO4. Thus, the Bi3+ ions incorporation at 

the Ca2+ ions site in the crystal lattice expands the unit cell. The expansion of the crystal 

structure is observed by the bond length and bond angle change in the Bi3+ doped sample also, 

obtained by the Rietveld refinement. These changes result a slight distortion of the local 

environment around the substituted sites where lanthanides are also doped. The CaO8 

polyhedral unit distortion (𝐷) in the crystal structure of Ca0.79Er0.01Yb0.2MoO4 and 

Ca0.68Bi0.11Er0.01Yb0.2MoO4 are calculated using the following equation.  

𝐷 =
1

𝑛
[∑ (

𝑑𝑖 − 𝑑

𝑑
)

2

 

𝑛

𝑖

]                           … (4.4) 

Where, 𝑛 is the coordination number (for CaO8 polyhedra 𝑛 = 8), 𝑑𝑖 and 𝑑, respectively, are 

the individual and average distance of the O-atoms from the central Ca-atom in the polyhera 
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unit obtained after Rietveld refinement. The calculated 𝐷 values for the polyhedral units in 

Ca0.79Er0.01Yb0.2MoO4 and Ca0.68Bi0.11Er0.01Yb0.2MoO4 are 6.36 × 10−5 and 7.28 × 10−5, 

respectively. Hence, the bond length related CaO8 polyhedral distortion in 

Ca0.68Bi0.11Er0.01Yb0.2MoO4 is more than the Ca0.79Er0.01Yb0.2MoO4. This may be the one of 

the reasons of increased luminescence intensity in the Bi3+-doped sample as compared to 

undoped one. The local site distortion can influence the luminescent properties of the 

lanthanide doped phosphors, as it can alter the energy levels via crystal field splitting and 

local coordination environment of Er3+/Yb3+ ions.  

4.4 SEM and EDS measurements: Surface morphology and 

elemental analysis 

 The surface morphologies of Ca0.79Er0.01Yb0.2MoO4 (CMEY) and 

Ca0.68Bi0.11Er0.01Yb0.2MoO4 (CMBEY) samples annealed at 900° C were analysed using field 

emission scanning electron microscopy (FESEM) as shown in Fig. 4.3(a) and 4.3(b). Images 

illustrate the presence of irregularly shaped and non-uniformly sized aggregated particles, 

with the average particle size of about 1.982 µm and 3.230 µm, respectively for CMEY and 

CMBEY samples. The increase in particle size is attributed to Bi3+ doping. The spherical 

particles of the phosphor were found to agglomerate in different orientations which is the 

characteristic property with combustion synthesized oxide phosphors. 

 Energy dispersive X-ray spectroscopy (EDS) patterns of CMEY and CMBEY phosphor 

samples were also obtained. The EDS spectrum of CMBEY, shown in Fig. 4.3(d), confirms 

the presence of Ca, Mo, Er, Yb, O, and Bi elements, while CMEY phosphor contains Ca, Yb, 

Er, O, and Mo elements only, as shown in Fig. 4.3(c) [8]. The addition of Bi3+ ion in the co-

doped phosphor was thus confirmed by the presence of an additional Bi element along with 
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Ca, Er, Yb, O, and Mo elements in CMBEY phosphor, as shown in Fig. 4.3(d). The successful 

doping of Er3+, Yb3+, and Bi3+ in the CaMoO4 host was also verified by the elemental analysis 

of Er, Yb, Ca, Mo, O, and Bi. 

 
Figure 4.3 SEM image of (a) Ca0.79Er0.01Yb0.2MoO4 (CMEY) and (b) Ca0.68Bi0.11Er0.01Yb0.2MoO4 (CMBEY) phosphors. The 

EDS spectra of (c) CMEY (d) CMBEY phosphors 

4.5 Optical properties 

4.5.1 FTIR and UV-vis absorption measurement analysis 

 Fig. 4.4(a) exhibits the Fourier transform infrared (FTIR) spectra of CMEY and 

CMBEY in transmittance mode, spanning from wavenumber 400 cm-1 to 4000 cm-1. In a free 

space environment, the (MoO4)2 tetrahedrons of CaMoO4 display Td-symmetry, which means 

they are symmetric with respect to a group of four symmetry operations: rotation by 360°/n 

(where n is the number of symmetry elements), reflection through a plane perpendicular to a 

symmetry axis, and inversion through a point. However, when the (MoO4)2 tetrahedrons are 
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incorporated into the lattice of CaMoO4, the symmetry is reduced to S4, which means there is 

only a four-fold rotational axis of symmetry. This reduction in symmetry can be caused by 

the distortion of the local environment around the (MoO4)2 tetrahedrons due to interactions 

with the surrounding atoms in the lattice. The bending vibration of H-O-H is indicated by the 

peaks observed at 1608 cm-1, while the stretching vibration of O-H groups is evidenced by 

the peak observed at 3451 cm-1 [8]. A minor peak observed at 2347 cm-1 specifies the 

stretching vibration of the C-H group. The fingerprint region is characterized by two 

prominent vibrational bands of the [MoO4], the first one, centred at ~ 433 cm-1, is due to the 

bending of Mo-O bonds, while the second one, centred at 790 cm-1, results from the 

asymmetric stretching vibration of the O-Mo-O bond [8]. Fig. 4.4 (a) demonstrates a notable 

decrease in the intensity of O-H band at 3451 cm-1 in the presence of Bi3+ ions. This 

observation supports the notion that increasing the doping concentrations of Bi3+ ions has the 

potential to increase the emission intensity arising from the thermally coupled levels of Er3+ 

ion.  

 

Figure 4.4 (a) Fourier transform infrared spectra of CMEY and CMBEY samples. UV-Vis-NIR absorption spectrum of (b) 

CMEY, and (c) CMBEY phosphors. Tauc plots of the respective UV-visible absorption spectra are provided as insets of the 

corresponding figures.  

 Fig. 4.4 (b and c) depicts the optical absorption of both the CMEY and CMBEY 

samples, providing valuable insights into the bandgap properties of the samples. The broad 

absorption band observed in both CMEY and CMBEY samples at a center point of 300 nm is 
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attributed to charge transfer from O2-(2p) electrons to Mo6+ bands. The bandgap energy of the 

samples is determined from the Tauc plots given in insets of the corresponding absorption 

spectra. The bandgap energy of CMEY sample is 3.64 eV, while it reduces to 3.20 eV for 

CMBEY sample. The variations in the energy band gap values observed in the doped and 

undoped phosphors could be attributed to the diverse crystalline morphology and size of the 

material, stemming from the distinct lanthanide ions used. Further, the presence of the Bi3+, 

Er3+, and Yb3+ ions create defects in the CaMoO4 material, generating supplementary energy 

levels in the band gap. This leads to a decrease in the energy gap, which could explain the 

observed differences in energy band gap values. According to the interpretations from XRD 

and SEM analyses, the presence of Bi3+ ions in the CMEY phosphors increases both the 

crystallite size and particle size. It is obvious that the bandgap decreases as the particle size 

increases.  

4.5.2 Upconversion spectra analysis 

The UC spectra of the synthesised Ca0.79-xBixEr0.01Yb0.2MoO4 (x=0.00, 0.02, 0.05, 0.08, 

0.11, and 0.14) phosphors are carried out using the 980 nm laser as an excitation source.   Fig. 

4.5(a) portrays the UC spectra of Ca0.79-xBixEr0.01Yb0.2MoO4 sample. The concentration of 

Bi3+ was varied by (x) from 0.02 to 0.14, while that of Yb3+ and Er3+ was held fixed at 0.20 

and 0.01, respectively. The UC luminescence spectra exhibited two robust emission bands 

located at 531 nm and 553 nm, respectively corresponding to 2H11/2→
4I15/2 and 4S3/2→

4I15/2 

transitions of Er3+ [8].  The initial increase in the UC emission intensity occurred as the 

concentration of Bi3+ ions increases from x=0.02 to 0.11, with a maximum value observed at 

x=0.11. However, after surpassing the optimal concentration, the UC emission intensity of 

the Ca0.79-xBixEr0.01Yb0.2MoO4 sample is decreased due to the concentration quenching effect 
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at higher concentrations [8]. Concentration quenching is a phenomenon in which the 

luminescence efficiency of a phosphor material decreases with increasing dopant 

concentration beyond certain limit. In the case of tri-doped phosphors like Bi3+, Er3+, and Yb3+ 

co-doped CaMoO4, the concentration quenching can occur due to several reasons, including 

energy transfer processes, cross-relaxation, and self-absorption. In this case, Bi3+, Er3+, and 

Yb3+ are ions with different energy levels. Yb3+ is typically used as a sensitizer ion, that 

absorbs excitation photons and transfers the energy to other ions, such as Er3+, which then 

emit photons at different wavelengths. However, when the concentration of these ions is 

increased, energy transfer processes become less efficient, resulting in decreased 

luminescence efficiency. Additionally, cross-relaxation can occur between the dopant ions at 

high concentrations. In this process, excited dopant ions transfer their energy to neighbouring 

dopant ions, resulting in non-radiative energy losses and reduced luminescence. The energy 

transfer can also be limited by the distance between the dopant ions, and at high 

concentrations. The distance between the ions becomes too small, leading to an increase in 

energy transfer through cross-relaxation. Finally, self-absorption is another reason for 

concentration quenching. At high concentrations, the emission from the dopant ions can be 

absorbed by other dopant ions of the same type, reducing the luminescence efficiency. This 

is particularly relevant for materials with a narrow absorption or emission bandwidth [145].  

In conclusion, our study indicates that Ca0.68Bi0.11Er0.01Yb0.2MoO4 is the optimized 

sample among the series of Bi3+ co-doped Er3+/Yb3+: CaMoO4 samples. Nonetheless, the UC 

emission peak intensity is subject to different factors, such as the excitation flux and the 

phosphor mass. For comparative purposes, we used the same instrumental parameters, 

including the excitation wavelength, slit width, and integration time, for both the CMEY and 
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CMBEY samples. As shown in Fig. 4.5(b), the UC emission intensity for the CMBEY sample 

was nearly twenty-five times higher than that of the CMEY sample. The incorporation of Bi3+ 

ions enhances the luminescence intensity of the phosphors through various mechanisms. One 

possible mechanism is that Bi3+ ions can act as a sensitizer as well as the surface modifier 

[146], facilitating the efficient energy transfer between Yb3+ and Er3+ ions. This improved 

energy transfer can lead to enhanced UC luminescence intensity. Additionally, the local site 

distortion caused by Bi3+ ions may modify the crystal field environment around the Er3+ ions, 

potentially leading to more efficient radiative transitions and hence, an increase in 

luminescence intensity. 

 
Figure 4.5 (a) UC emission of powder samples of Ca0.79-xBixEr0.01Yb0.2MoO4, with varying Bi concentrations (x=0.00, 0.02, 

0.05, 0.08, 0.11, and 0.14), (b) comparison of the UC emission spectra of CMEY and CMBEY samples both using 980 nm 

laser as excitation source. 

4.5.3 Chromaticity coordinate analysis 

 Fig. 4.6 displays the Commission International de I′ Eclairage (CIE) chromaticity 

diagram of all the six samples, namely Ca0.79Er0.01Yb0.2MoO4 (#1), 

Ca0.77Bi0.02Er0.01Yb0.2MoO4 (#2), Ca0.74Bi0.05Er0.01Yb0.2MoO4 (#3), 

Ca0.71Bi0.08Er0.01Yb0.2MoO4 (#4), Ca0.68Bi0.11Er0.01Yb0.2MoO4 (#5), and 
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Ca0.65Bi0.14Er0.01Yb0.2MoO4 (#6) for their UC emission using CIE 1931. The CIE coordinates 

of each sample are (0.2415, 0.7317), (0.2599, 0.7130), (0.2256, 0.7455), (0.2174, 0.7515), 

(0.2246, 0.7466), and (0.2194, 0.7499), respectively. The CIE coordinates of the synthesized 

Ca0.79-xBixEr0.01Yb0.2MoO4 (x=0.00, 0.02, 0.05, 0.08, 0.11, and 0.14) showed little change in 

their CIE coordinates after Bi3+ doping. This indicates that the emission color of the samples 

remained pure and could be used in lighting applications with improved light emission. In 

other words, the Bi-doped samples exhibited stable and improved light emission with minimal 

alteration of their emission color, which is advantageous for their potential use. 

 

Figure 4.6 Zoomed-in version of the CIE chromaticity diagram for the UC emission of Ca0.79Er0.01Yb0.2MoO4 (#1), 

Ca0.77Bi0.02Er0.01Yb0.2MoO4 (#2), Ca0.74Bi0.05Er0.01Yb0.2MoO4 (#3), Ca0.71Bi0.08Er0.01Yb0.2MoO4 (#4), 

Ca0.68Bi0.11Er0.01Yb0.2MoO4 (#5), and Ca0.65Bi0.14Er0.01Yb0.2MoO4 (#6) phosphor samples under 980 nm laser excitation. The 

inset displays the CIE chromaticity diagram for all six samples without zooming. 

4.6 Temperature dependent UC measurement: Optical 

temperature sensing application 
 A temperature depended UC emission was monitored for CMEY and CMBEY samples. 

Initially, both the samples were calcined at 900°C for the comparison. A 980 nm continuous 

wave laser source with a low power was used for excitation to prevent excessive heating from 
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the source itself. The external temperature of the sample was regulated using a program given 

to homemade heater, and the UC emission spectra were observed in the temperature range 

from 298 K to 523 K for CMEY and 300 K to 598 K for CMBEY samples. The temperature-

dependent multi-phonon non-radiative decay can be described by the equation- 

𝑊𝑁𝑅(𝑇) = 𝑊𝑁𝑅(0)(1 − 𝑒−ℎ𝑣 𝑘𝑇⁄ )
−𝑛

             … (4.5) 

The equation used to describe the temperature-dependent multi-phonon non-radiative decay 

is characterized by 𝑊𝑁𝑅(𝑇) and 𝑊𝑁𝑅(0), which represent the non-radiative decay rates at 

temperatures T and 0 K, respectively. The analysis of the temperature-dependent UC spectra 

was conducted because of the potential for population redistribution due to thermal excitation 

of the energy difference between the 2H11/2 and 4S3/2 states of the Er3+ ion. The fluorescence 

intensity ratio (FIR) was plotted against temperature and explained using Boltzmann's 

distribution, as described by equation (4.6) and equation (4.7).  

𝐹𝐼𝑅 =
𝐼531( 𝐻 

2
11 2⁄ → 𝐼 

4
15 2⁄ )

𝐼553( 𝑆 4
3 2⁄ → 𝐼 4

15 2⁄ )
=

𝑊𝐻𝑔𝐻ℎν𝐻 

𝑊𝑆𝑔𝑆ℎ𝜈𝑆
𝑒𝑥𝑝 (

−Δ𝐸

𝑘𝐵 𝑇
)       … (4.6)        

= 𝐵𝑒𝑥𝑝 (
−Δ𝐸

𝑘𝐵 𝑇
)                                                      … (4.7) 

Where, 𝐼531 and 𝐼553 are the integrated intensities for the transitions 𝐻 
2

11 2⁄ → 𝐼 
4

15 2⁄  

(~523 −531 nm) and 𝑆 
4

3 2⁄ → 𝐼 
4

15 2⁄  (~544 −553 nm) bands of Er3+-ion, respectively. 𝑔𝐻 

and 𝑔𝑆 are the (2J+1) degeneracies of the levels 𝐻 
2

11 2⁄  and 𝑆 
4

3 2⁄ .  The variables WH and WS 

represent the probabilities of radiative transition, while ℎν𝐻  and ℎ𝜈𝑆  refer to the photon 

energies of the spontaneous emission transitions. ΔE represents the energy difference between 

the two emitting levels, 𝑘𝐵 is the Boltzmann constant, and T represents the absolute 

temperature. 
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Figure 4.7 Upconversion spectra of (a) CMEY and (d) CMBEY phosphor samples at different temperatures. The logarithm 

of the FIR as a function of the inverse temperature for (b) CMEY, and (e) CMBEY. The relative and absolute sensitivity for 

(c) CMEY and (f) CMBEY samples, respectively. 

The energy bandgap between two thermally coupled levels, 𝐻 
2

11 2⁄  𝑎𝑛𝑑 𝑆 
4

3 2⁄ , can be 

calculated by taking the natural log of both sides of equation (4.7). This yields the expression  

𝑙𝑛(𝐹𝐼𝑅) = 𝑙𝑛(𝐵) + (−
∆𝐸

𝑘𝐵𝑇
)  = ln(𝐵) + (−

𝐶

𝑇
)           … (4.8) 

determination of the unknown constants B and C is required, with the constant B being 

influenced by the properties of the prepared phosphor, such as degeneracy (𝑔𝐻 and 𝑔𝑆) and 

spontaneous emission probability (WH and WS), as well as the detection system's response. Fig. 

4.7(a) and 4.7(d) of the samples CMEY and CMBEY displays the temperature-induced 

variations in the intensity of the UC emission peaks, located at 531 nm and 553 nm. The 

intensity of the 531 nm peak initially rises with increasing temperature until it reaches 398 K, 

then begins to decline beyond this temperature. This trend is also followed by 553 nm 
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wavelength. Equation (4.8) can be utilized to calculate the energy bandgap between two levels 

that are thermally coupled. This equation is based on the logarithm of the fluorescence 

intensity ratio (FIR), as well as the constants B and C, and the energy difference ΔE. The 

constants B and C are influenced by the properties of the prepared phosphor, including 

degeneracy and spontaneous emission probability, as well as the detection system's response. 

 Equation (4.8) is plotted as a linear graph of ln (FIR) against 1/T as shown in Fig. 4.7(b) 

and 4.7(e), with the calculated slope and intercept being 506.56 ± 40.40, 1.91 ± 0.10 for 

CMEY and 688.834 ± 49.39, 2.365 ± 0.136 for CMBEY. This results in energy gaps of 352.19 

cm-1 and 478.92 cm-1 for CMEY and CMBEY samples, respectively [8]. To verify the 

sensitivity of the prepared phosphors, the relative sensitivity (Sr) and absolute sensitivity (Sa) 

were also calculated. Sa is defined as the rate of change of FIR with temperature, while Sr is 

used to compare the sensitivity of different materials. The relative sensitivity 𝑆𝑟is defined as 

the relative rate of change of the fluorescence intensity ratio (FIR) with temperature and is 

expressed in units of K-1. This parameter is crucial for evaluating the temperature 

responsiveness and precision of the optical thermometer. Materials with higher 𝑆𝑟 values are 

considered more sensitive and effective for temperature sensing applications. The plots of Sa 

and Sr for both CMEY and CMBEY against increasing temperature are shown in Fig. 4.7(c) 

and 4.7(f), respectively. The absolute sensitivity for both samples initially increases, reaches 

a maximum value, and then decreases. The maximum relative sensitivity for CMEY is 0.0057 

K-1 at 298 K and 0.0068 K-1 at 300 K for CMBEY. The maximum absolute sensitivities for 

CMEY and CMBEY are 0.00786 K-1 at 323 K and 0.0079 K-1 at 348 K, respectively, with 

CMBEY having higher sensitivity.  
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 Local site distortions caused by Bi3+ doping improves the luminescence properties of 

the phosphors. The Bi3+ ions modify the local crystal field environment around the Er3+ and 

Yb3+ ions, which can enhance the luminescence intensity and improve the temperature sensing 

sensitivity of the phosphors. Hence Bi3+ ion doping into the Ca0.79Er0.01Yb0.2MoO4 phosphor 

enables the better temperature sensing capabilities. However, further investigation of the 

optical properties and temperature-dependent luminescence behaviour are necessary to fully 

understand the effect of Bi3+ co-doping on the Ca0.79Er0.01Yb0.2MoO4 phosphor.  

4.7 Conclusion 

In conclusion, this chapter has effectively demonstrated the significant impact of co-

doping Bi3+ ions on luminescence enhancement of Er3+/Yb3+ co-doped CaMoO4 phosphor. 

The calculations on XRD data show a reduction in dislocation density (72.80×1012 m-2 to 

51.02×1012 m-2) and micro-strain (16.8×10-4 to 15.8×10-4) with the introduction of Bi in 

Ca0.79Er0.01Yb0.2MoO4 crystal structure, which also favours the enhancement of upconversion 

emission as it reduces the non-radiative channels. The overall enhancement of the UC 

emission by the combined effects is nearly 25-folds which improves relative sensitivity 

significantly. At 300 K, the relative sensitivity of the Bi3+ co-doped sample was found to be 

0.0068 K-1. Conversely, the sample without Bi co-doping had a relative sensitivity of 0.0057 

K-1 at 298 K. These findings provide compelling evidence for the potential of Bi3+ co-doping 

to optimize the performance of Er3+/Yb3+ co-doped CaMoO4 as a temperature sensor in FIR 

based applications. Further, this study also constitutes a significant step forward in the 

development of efficient and effective temperature sensing materials based on Bi3+ co-doping 

in lanthanide phosphors. 


