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Abstract
Luminescent materials with LED applications can have your emission color controlled by rare earth doping. In this work, 
 Sm3+- and  Tb3+-codoped  CaWO4 nanoparticles were obtained by a one-step sonochemical method. The nanoparticles 
were characterized by X-ray diffractogram (XRD), Raman scattering (RS) spectroscopy, The Fourier transform infrared 
(FTIR) spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and visible ultraviolet 
spectroscopy (UV–Vis). The photoluminescent measurements were taken at room and lower temperatures for analysis of 
doping in emission color. The diffractograms indicate the single-phase  CaWO4 with the scheelite structure and it was observed 
a reduction in the crystallite size as the doping. SEM and TEM images indicate the formation of nanospheres for pure and 
samarium-doped samples, while terbium doping results in the formation of nanorods. Room temperature photoluminescence 
spectra indicate a blue emission for the bare and samarium-doped  CaWO4, while terbium doping emits at the green color. 
The codoping mixes the colors blue, green, and orange, indicating a potential material with white color emission.

1 Introduction

Nanoparticulate materials receive continuous attention 
because they have properties different from bulk materials 
[1]. The reduced scale favors the formation of defects in 
nanomaterial surfaces, increasing the energy related to them 
and, consequently, making the material more reactive [2]. In 
the literature, several synthesis methods report the obtaining 
of nanostructures, among which the following methods are 
included: sonochemical, green synthesis, hydrothermal, and 
coprecipitation, due to their ease of controlling the synthesis 

parameters [3–8]. Among these, the sonochemical method 
stands out because it occurs by the generation and implo-
sion of nano-/microbubbles in the system, it causes the local 
temperature and pressure to increase, and it is not necessary 
to apply any external temperature sources [9].

The sonochemical method can be used to obtain various 
types of materials, such as oxides, chlorides, and sulfides 
[3, 10, 11]. Among this range of materials, metal tungstates 
 XWO4 (were X = Ca, Cu, Cd) stand out due to their high 
chemical and physical stability, and they can be used in var-
ious applications, such as antimicrobial, LEDs, bacterial, 
photocatalytic, among others [12–15]. In the study of the 
LEDs, it is sought materials that have emission in the region 
of blue, green, and red (RGB) simultaneously, thus emitting 
in the region of white [16, 17].  CaWO4 receives attention 
because its matrix usually has emission in the blue or green 
region, depending on the synthesis methodology and the 
defects generated in its lattice [18]. Emission color control 
is normally performed by rare earth doping, which creates 
intermediate levels in the  CaWO4 lattice, causing specific 
emissions. Zhang et al. [19] showed the displacement of the 
emission color from blue to red, as the temperature and con-
centration of  Eu3+ in the  CaWO4 lattice change. On the other 
hand, Li et al. [20] showed that  Eu3+ and  Yb3+ codoped 
 CaWO4 generates intense emissions in the green region. 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1085 4-020-03878 -7) contains 
supplementary material, which is available to authorized users.

 * N. F. Andrade Neto 
 netoandrade@ufrn.edu.br
1 LSQM, Laboratory of Chemical Synthesis of Materials, 

Department of Materials Engineering, Federal University 
of Rio Grande Do Norte, UFRN, P.O. Box 1524, Natal, RN, 
Brazil

2 CDMF-UFSCar, Universidade Federal de São Carlos, 
P.O. Box 676, São Carlos, SP 13565-905, Brazil

3 Departamento de Física, Universidade Federal de São Carlos, 
São Carlos, São Paulo 13565-905, Brazil

http://orcid.org/0000-0003-1421-2904
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-020-03878-7&domain=pdf
https://doi.org/10.1007/s10854-020-03878-7


13262 Journal of Materials Science: Materials in Electronics (2020) 31:13261–13272

1 3

Emission in the white region was reported by Barbosa et al. 
[21], who codoped the  CaWO4 matrix with  Tb3+,  Eu3+, and 
 Dy3+. While Cho et al. [22] synthesized  Ho3+,  Tm3+, and 
 Yb3+ codoped  CaWO4 by citrate complex route assisted by 
microwave radiation to emit in the white region.

As introduced above, the emission in the white color 
is obtained by simultaneously adding various cations, 
mainly rare earth, and typically using high temperatures 
and synthesis times. Thus, we sought to synthesize simply 
and quickly, by sonoquimico method, without the need for 
any heat treatment,  Sm3+- and  Tb3+-doped  CaWO4 with 
photoluminescent capacity in the blue, green, and white 
colors. The photoluminescent properties were analyzed at 
room temperature as well as at sub-zero temperatures to 
analyze the effect of rare earth as well as the  CaWO4 matrix 
in the color emission.

2  Materials and methods

The following were used as precursor materials: calcium 
nitrate [Ca(NO3)2·4H2O—Alfa Aesar, 98%], samarium 
nitrate [Sm(NO3)3·6H2O—Synth, 99.9%], sodium tungstate 
 (Na2WO4·2H2O—Synth, 99.5%), terbium oxide  (Tb4O7—
Sigma-Aldrich, 99.5%), nitric acid  (HNO3, Synth, 65%), 
polyvinylpyrrolidone (PVP—(C6H9NO)n—Vetec P.M. 
40.000), ammonium hydroxide  (NH4OH—Synth, 30%), 
and deionized water.

Initially, a solution containing 4 mmol of calcium nitrate, 
20 mmol of PVP, and 40 mL of deionized water (1) and a 
solution containing 4 mmol sodium tungstate, 20 mmol PVP, 
and 40 mL deionized water (2) were prepared and kept under 
stirring to complete homogenization (5 min). Afterward, the 
solution (1) was immersed in the solution (2) and stirred 
for 10 min, forming a transparent solution (3). Ammonium 
hydroxide was added to set the pH at 10, making the solution 
a whitish color. Then, solution (3) was taken to a Branson 
102 C ultrasonic tip (20 kHz) where it remained for 60 min. 
After ultrasonic treatment, the precipitate was centrifuged 
and washed with deionized water until pH neutralization. 
Finally, the powders were dried for 24 h at 100 °C.

Terbium nitrate was prepared by dissolving  Tb4O7 in 
 HNO3 to solve with a concentration of 0.01337 mol L−1. 
Samarium- and terbium-doped samples followed the same 
methodology, with samarium nitrate and terbium nitrate 
stoichiometrically added at 1 and 2 mol% proportions to 
calcium nitrate in solution (1). The codoped sample was 
performed using 0.5% samarium and 0.5% terbium and 
1% samarium and 1% terbium. The mass quantities of 
the reagents used are shown in Table S1 (supplementary 
material). The pure calcium tungstate is (CW), while the 
doped samples were named according to doping: CW1S 
(1 mol% Sm), CW1T (1 mol% Tb), CW1ST (0.5 mol% Sm 

and 0.5 mol% Tb), CW2S (2 mol% Sm), CW2T (2 mol% 
Tb), and CW2ST (1 mol% Sm and 1 mol% Tb).

The powders were characterized by X-ray diffraction 
(Shimadzu, XRD-6000) using CuKα radiation (1.5418 Å), 
in which the powders were scanned from 10 to 80° using a 
speed of 1°/min and step of 0.02°. Rietveld refinement using 
the General Structure Analysis System (GSAS) program 
with graphical interface EXPGUI [23] was performed to 
analyze the rare earth  (Sm3+ and  Tb3+) cations effects on the 
 CaWO4 lattice. To do so, it was used as a background, scale 
factor, microstructure, crystal, texture, and strain parameters 
for refinement. The Raman scattering (RS) spectra were 
recorded at room temperature in the frequency range from 
100 to 1200 cm−1 with a resolution of 2 cm−1 and 64 scans, 
using a VERTEX 70 RAMII Bruker spectrophotometer 
(USA) with an Nd:YAG laser (1024 nm) and the maximum 
output power kept at 100  mW. The Fourier transform 
infrared (FTIR) technique was performed using the 
Shimadzu IRTracer-100 equipment, with scanning from 
500 to 4000 cm−1. A scanning electron microscope (SEM) 
was used to observe the organization of the nanoparticles. 
Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) was 
performed in a FEI TECNAI G2 F20 microscope operating 
at 200 kV. The UV–Vis spectroscopy was performed on a 
Shimadzu UV-2600 equipment, with a wavelength range 
from 200 to 900  nm and programmed for the diffuse 
reflectance mode. Kubelka–Munk function [24] was applied 
to convert reflectance data in absorbance, and the Wood and 
Tauc methodology [25] was used to estimate the bandgap 
energy (Egap). Photoluminescence spectra were acquired 
using 355 nm laser (Cobolt Zouk 20) for excitation. The 
obtained data were transmitted to the ANDOR—Kymera 
193i-B1 spectrometer for data processing. The medium was 
cooled using Janis cryostat (CCS-150) and the procedure 
was performed under a  10–6 mbar vacuum.

3  Results and discussion

Figure 1 shows the diffractograms for the samples obtained 
by the sonochemical method. Figure 1b shows the magni-
fication of the highlighted area in Fig. 1a, relative to the 
main peak. According to diffractograms, all the peaks refer 
to the ICSD 15,586 card, relative to scheelite structure 
with tetragonal system and space group I41/a (n.88). No 
secondary phases were observed. According to Fig. 1b, it 
was observed the displacement of the main peak (112) as 
the cation replacement occurs. The  Sm3+ doping shifts the 
diffraction peak to larger angles, while the  Tb3+ shifts it 
to smaller ones. The codoped sample presents the largest 
shifts for larger angles, being the most evident ones for the 
CW1ST sample. The displacement to larger angles is usually 
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associated with the reduction in interplanar spacing, while 
the displacement for smaller angles is related to the increase 
in this spacing [26]. More information about the modifica-
tions in  CaWO4 lattice by  Tb3+ and  Sm3+ doping is studied 
through Rietveld refinement. The refinement was performed 
using a scale factor, phase fraction, Chebyshev polynomial 
function for background, Thomson-Cox-Hastingpseudo-
Voigt peak format, changes in lattice parameters, atomic 
fraction coordinates, and isotropic thermal parameters as 
quality parameters. Figure 2a–g shows the practical (obs) 
and theoretical (calc) diffractograms for the  CaWO4 samples 
and Fig. 2h shows the theoretical crystal obtained by Vesta 
software [27]. Table 1 shows refinement data obtained by 
GSAS software.

According to the refinement data shown in Table 1, both 
dopings promote an increase in cell volume. Samarium (3 +) 
and terbium (3 +) showed an ionic radius of 0.96 and 0.92 Å, 
while calcium (2 +) has an ionic radius of 0.99 Å. Thus, 
even with smaller ionic radius in comparison with  Ca2+, 
 Sm3+ and  Tb3+ cations have a higher valence and generate 
cationic vacancies for charges balancing and promoting the 
increase in lattice parameters [28]. On the other hand, the 
doping reduces the crystallite size of the  CaWO4 powders. 
Thus, it can be assumed that the defects generated by doping 
with rare earth ions act to alter the energy of the crystals, 
reducing their growth. The reduction in the crystallite size 
was accompanied by an increase in the microstrain of the 
crystalline lattice due to the presence of the different cations, 
as well as the defects generated by them. The  CaWO4 crystal 
illustration shown in Fig. 2h indicates that W atoms are 
attached to four oxygen atoms, forming the tetragonal cluster 
 [WO4], while Ca atoms are attached to eight oxygen atoms, 
forming the octahedral cluster  [CaO8]. The small difference 
between theoretical and practical curves, in parallel with the 
low values of the refinement parameters, indicates a good 
quality of the refinement, making the results reliable.

Figure 3a shows the RS spectra acquired between 150 
and 1200 cm−1 for all samples of  CaWO4. The presence of 
well-defined vibration modes indicates that the sonochemi-
cal method is efficient to obtain  CaWO4 with a low level of 
structural disorder [29]. The vibration modes in scheelite 
crystal can be separated into two groups, internal and exter-
nal. The internal vibrations correspond to the oscillations 
inside the  [WO4]2− molecular group while internal modes 
correspond to the  Ca2+ cations. The reduction in the inten-
sity of the vibrations implies the lower occurrence of vibra-
tions, resulting from the insertion of defects in the crystal 
lattice [30]. The intensity of the RS spectra is in agreement 
with the diffractograms, where the CW1ST sample presents 
a greater structural disorder. According to Fig. 3a,  CaWO4 
has six vibration modes at 208 (AgBg), 330 [v2(Ag)], 398 
[v4(Bg)], 795 [v3(Eg)], 836 [v3(Bg)], and 909 [v1(Ag)] cm−1 
[12]. Vibration modes v1 and v2 are associated with sym-
metrical elongations for W–O and O–W–O, respectively, 
while v3 and v4 vibration modes are associated with asym-
metric elongations between W and O [31].

The linear adjustments of the v1Ag and AgBg, which refer 
to the internal and external vibration modes were performed 
using the GaussAmp function in Origin software to better 
analyze the doping effect on the  CaWO4 lattice. The data 
obtained in Table 2 show the vibrations analyzed by FWHM, 
position (xc), and area. The adjust curves are shown in 
Fig. S1 (supplementary material). As given in Table 2, 
the frequency of the AgBg vibration, referring to external 
vibrations  (Ca2+), was the ones that suffered the biggest 
alterations, indicating that doping promoted the increase in 
the short-range disorder of the  CaWO4 [32]. It is known 
that the level of microstructural order/disorder of small-
scale materials significantly alters their properties, where the 
structure disorder usually favors electronic applications [33].

Figure 3b shows the Fourier transform infrared (FTIR) 
spectra from 500 to 4000 cm−1 for the pure and codoped 

Fig. 1  a Diffractograms for 
pure and  Sm3+/Tb3+ doped 
 CaWO4 samples obtained by 
a sonochemical method and b 
magnification for the high-
lighted area
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Fig. 2  practical and theoretical diffractograms obtained by Rietveld refinement for the a CW, b CW1S, c CW1T, d CW1ST, e CW2S, f CW2T, 
and g CW2ST samples and h illustration of  CaWO4 crystal

Table 1  Microstructural data 
and quality parameters obtained 
by Rietveld refinement using 
GSAS software

Where מ = crystallite size and ε = microstrain

Sample CW CW1S CW1T CW1ST CW2S CW2T CW2ST

a (A) 5.244 5.246 5.247 5.246 5.245 5.247 5.248
c (A) 11.378 11.381 11.384 11.385 11.379 11.383 11.381
V  (A3) 312.89 313.21 313.41 313.32 313.04 313.39 313.45
wRp 0.118 0.128 0.116 0.136 0.119 0.138 0.12
Rp 0.088 0.096 0.089 0.103 0.09 0.108 0.092
Chi2 1.387 1.252 1.251 1.184 1.248 1.348 1.215
R(F2) 0.032 0.035 0.035 0.042 0.03 0.047 0.048
(nm) מ 27.38 23.38 24.19 16.64 22.24 21.18 15.94
ε  (10−4) 3.14 3.69 3.55 5.2 3.87 4.05 5.39
%  Sm3+ – 1.16 – 0.55 2.21 – 1.02
%  Tb3+ – – 1.13 0.76 – 2.36 1.86
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 CaWO4 samples. The broadband at 3417 cm−1 and the 
smallest at 2331 and 2370  cm−1 refers to the hydroxyl 
groups (OH) present on the sample surface, probably due 
to the humidity of the medium [34]. The bands between 
1454 and 1636 cm−1 are associated with H–O–H bending 
adsorbed at the surface of the powders. The narrow bands at 
2860 and 2922 cm−1 are assigned to the functional groups 
-CH2 and -COH, associated with residual PVP [35]. The 
intense peak, centered at 777 cm−1, is attributed to asym-
metric elongation vibration (v3) between O and W and O 
present in tetrahedron  WO4

2− [36]. Doping with  Sm3+ and 
 Tb3+, possibly due to low concentrations, did not promote 
changes in the FTIR spectra.

Figure 4 shows the micrographs for the  CaWO4 samples. 
The micrographs indicate that the sonochemical method 
provides the formation of  CaWO4 nanoparticles in agglom-
erated form. These nanoparticles tend to agglomerate into 
micrometer-scale spheres. SEM images indicate the forma-
tion of spherical nanoparticles for the bare sample (CW). 
When doping  CaWO4 with samarium, apparent reduction of 
these nanospheres occurs, while terbium doping provides for 
the formation of nanorods. In the CW1ST sample, the mor-
phology obtained is similar to nanoleaf, while the CW2ST 
sample forms nanorods. The average particle diameter was 

determined with the aid of the ImageJ software [37], and the 
methodology is shown in Fig. S2 (supplementary materials). 
The particle size distribution is shown in Fig. S3 (supple-
mentary materials). According to these results, it is noticed 
that the samarium acts to reduce the diameter of the  CaWO4 
nanoparticles (from 46.98 nm for CW to 32.47 nm for the 
CW2S sample), while the terbium, besides to modify the 
growth of the particles for rods, increases its average diam-
eter (77.19 and 105.07 nm for CW1T and CW2T, respec-
tively). According to the image highlighted in Fig. 4f, it 
is observed that the growth of the particles in the CW2T 
sample occurs oriented, indicating that the terbium acts to 
favor the growth in a single crystalline direction. Similar 
behavior was observed by Sanal Kumar et al. [38], that when 
doping  MoO3 with terbium in concentrations of up to 3%, 
they observed an increase in the size and orientation of the 
nanofibers.

Due to the small scale of the nanoparticles, their 
visualization by SEM becomes difficult. The sonochemical 
method is characterized by the insertion of high pressure 
and temperature for short periods, causing this increase to 
be located in the implosion regions of the bubbles generated 
in the process [11]. As described in the experimental 
methodology of this work, PVP was used as a surfactant 

Fig. 3  a Raman scattering and b FTIR spectra for bare and doped  CaWO4 samples obtained by a sonochemical method

Table 2  Raman data obtained 
by GaussAmp function in origin 
software

Samples AgBg v1Ag

xc FWHM Area xc FWHM Area

CW 207.46 12.04 0.028 909.83 13.30 0.618
CW1S 204.61 26.85 0.038 910.16 14.87 0.489
CW1T 209.67 14.48 0.018 910.82 16.39 0.507
CW1ST 209.29 44.39 0.039 911.37 19.65 0.241
CW2S 207.57 11.61 0.026 910.14 13.89 0.656
CW2T 207.86 15.15 0.013 910.88 18.06 0.387
CW2ST 204.67 34.77 0.048 911.98 23.89 0.531
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in molar quantities five times higher than Ca and W 
cations. The use of PVP as a surfactant acts to broaden 
this characteristic of the sonochemical method, where the 
presence of its polymeric chains in the medium prevents 

temperature propagation, resulting in greater control of 
crystal growth. PVP-assisted synthesis is widely reported 
in the literature, avoiding agglomeration and/or control of 
morphology and growth [39–41].

Fig. 4  SEM images for a CW, b CW1S, c CW1T, d CW1ST, e CW2S, f CW2T, and g CW2ST samples
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More information about the nanoparticles was acquired 
by the TEM images, and is shown in Fig. 5. Figure 5a, b 
shows the TEM and HTEM images for the CW sample, 
while Fig. 5c, d for the CW2ST sample. ImageJ software 
was used to estimate the interplanar spacing of the sam-
ples as shown in Fig. S4 (supplementary information). The 
CW sample has an interplanar spacing of 0.312 nm for all 
particles, indicating some growth in the (112) plan, while 
the CW2ST sample has interplanar spacing in 0.312 and 
0.479 nm referring to (112) and (101) plans. EDX analysis 
was performed to chemical identification in CW and CW2ST 
samples. The spectra are shown in Fig. S5 (supplementary 
material). According to spectra, both rare earths are present 
in the CW2ST sample, confirming that doping has occurred 
properly.

Figure 6a shows the absorption spectra obtained using 
the Kubelka–Munk function and Fig. 6b–h shows the direct 
transition curves according to Wood and Tauc methodology 
for the Egap estimation. As shown in Fig. 6a, samarium 
and terbium doping increases the absorption of  CaWO4. 
The increase in absorption is most evident for the codoped 
samples. These results are consistent with those shown in 

the diffractograms, being the coding responsible for major 
changes in the  CaWO4 lattice. Wood and Tauc methodology 
provided Egap values ranging from 4.55 to 4.75 eV, with 
direct transition values higher than those reported in the lit-
erature [18, 42]. Egap of polycrystalline materials is related 
to crystal size; very small crystals tend to have larger Egap 
than bulk materials [43]. Thus, the higher values of Egap, 
compared to the previously reported in the literature, can 
be attributed to the use of the PVP-assisted sonochemical 
method, which provided the small crystals. Also, accord-
ing to the values obtained, the samarium acts to increase 
the  CaWO4 Egap, while the terbium reduces it. Moreover, 
even with the increase in Egap, by increasing doping from 
1 to 2%, there is a slight reduction. As discussed earlier, 
replacing  Ca2+ cations with  Sm3+ and  Tb3+ generates cati-
onic vacancies, so it can be attributed that increasing these 
vacancies act to increase absorption at longer wavelengths, 
reducing the Egap [34].

Figure  7a–c shows the photoluminescence spectra 
obtained by 355 nm laser excitation at room temperature 
and their emission colors. According to the spectra,  CaWO4 
(CW) has broadband with predominantly blue emission. 

Fig. 5  TEM and HRTEM 
images for a, b CW and c, d 
CW2ST samples
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The CW deconvolution was performed by PeakFit software 
and is shown in Fig. S6 (supplementary material).  CaWO4 
has two expected characteristic transitions 3T1 ĺ 1A1 and 
3T2 ĺ 1A1, such characteristic emissions are attributed to 
electronic transition between W antibonding levels and oxy-
gen  (O2p) level, characteristic of the tungstate groups [44].

Figure 7a shows the spectra for samarium-doped  CaWO4 
samples. It can be seen the appearance of an emission band 
centered at 645 nm, where the variation in  Sm3+ concentra-
tion did not change its intensity. This peak corresponds to 
a 4f transition of the  Sm3+ ions, referring to 4G5/2 ĺ 6H9/2 
transition [45]. The appearance of this peak is consistent 

with the theoretical and practical emission color, indicating 
emission near the orange region, causing a reduction in the 
blue intensity of the practical emission and a shift to the 
right in the CIE diagram (Fig. 7d). The shift to the red region 
when doping with Sm is reported in some studies [46, 47].

Figure 7b shows the spectra of the terbium-doped  CaWO4 
samples. In contrast to the samarium, increasing the concen-
tration from 1 to 2% Tb considerably increased the charac-
teristic emission intensity of each transition. The increase in 
photoluminescent intensity is associated with a higher rate of 
recombination of the  e−/h+ pairs photoexcited [34]. Accord-
ing to the spectra, there are four characteristic transitions, 

Fig. 6  a Absorption curves for  CaWO4 samples and extrapolation of the linear portion using permissible direct transition according to Wood and 
Tauc methodology for the Egap estimation for the b CW, c CW1S, d CW1T, e CW1ST, f CW2S, g CW2T, and h CW2ST samples
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located at 494, 548, 588, and 622 nm. These transitions refer 
to 5D4 ĺ 7F6, 5D4 ĺ 7F5, 5D4 ĺ 7F4, and 5D4 ĺ 7F3, respec-
tively [48]. The green color, characteristic of the  Tb3+, is 
easily observed in practical color emission, were the CW2T 
sample has a strong green color emission. The gradient color 
transition (from blue to green) can be viewed on the CIE 
diagram (Fig. 7d).

Figure 7c shows the spectra of the samarium- and ter-
bium-codoped  CaWO4 samples. According to this spectrum, 
it is noticed the presence of four emission bands, centered at 
494, 548, 588, and 645 nm. The first three refer to 5D4 ĺ 7F6, 
5D4 ĺ 7F5, and 5D4 ĺ 7F4 terbium transition, while the fourth 
refers to 4G5/2 ĺ 6H9/2 samarium transition [45, 48]. The 
presence of the transition regarding the two cations confirms 
the correct insertion in the  CaWO4 lattice. As shown above, 
 CaWO4 has a characteristic blue emission, while the samar-
ium insertion provides an emission band close to orange, 

reducing its bluish color, and terbium doping emits in the 
green color. The codoping using materials that emit in dif-
ferent regions of the visible spectrum is a methodology used 
to achieve emission in a certain color, with white emission 
normally desired. Emission in white is usually obtained by 
simultaneously adding rare earth that emits in the RGB spec-
trum (red, green, and blue) [21]. According to the emission 
color outlined in Fig. 7c, the CW1ST sample has emission 
at white color while the CW2ST sample is blue/green. These 
results indicate that amounts greater than 0.5%Tb3+ favor the 
emission in green, while the greater amount of Sm does not 
present a significant difference for the red region. The emis-
sion colors are following the theoretical data presented in the 
CIE diagram (Fig. 7d). CIE coordinates and the correlated 
color are shown in Table 3. According to this table, all sam-
ples have emissions in cold colors, the pure sample being 

Fig. 7  Emission spectra and real color emission for a samarium, b terbium and c samarium- and terbium-doped  CaWO4 samples, and d CIE dia-
gram for theoretical color emission at room temperature
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colder, due to being more influenced by the blue color [49]. 
These color temperatures are ideal for use in indoor LEDs.

Figure 8 shows the emission spectra for the CW (Fig. 8a) 
and CW1ST (Fig. 8b) samples. According to Fig. 8a, as 

the temperature decreases from 300 to 100 K, the emis-
sion band shifts to 485 nm, where it remains unchanged 
as it continues to reduce the temperature to 9 K. Due to 
the differences in scale, it was not possible to notice the 
small emission band in the infrared region in Fig. 7, but 
the reduction in temperature has to increase. On the other 
hand, analyzing Fig. 8b, the reduction in temperature does 
not promote changes in the emission range, but signifi-
cantly increases the emission intensity related to the matrix 
 (CaWO4). The temperature has no significant effect on the 
transitions corresponding to rare earth ions because its 
transition is not due to the electron of the outer orbital, 
but rather to the f orbitals [50]. Figure 9 shows the CIE 
diagram for CW and CW1ST samples. According to the 
diagram, the reduction in the temperature of emission gen-
erated the displacement to the green region emission for 
the CW sample, while for the CW1ST sample, the dis-
placement occurs to the blue region. Thus, it can be stated 
that these emission color changes consist of the emission 
change from the  CaWO4 matrix, where the lowest tem-
peratures reduce the lattice vibration, favoring the  e−/h+ 
pair recombination and, consequently, the emission of 
the characteristic photon for the 3T1 ĺ 1A1 and 3T2 ĺ 1A1 
transitions.

4  Conclusion

The sonochemical method without thermal treatment was 
efficient to produce pure and Sm/Tb doped  CaWO4 powders 
without secondary phases. The insertion of Sm and Tb lan-
thanide ions generates  CaWO4 lattice defects, which alter 
internal stresses and, consequently, reduce their periodicity, 
a fact observed by the reduction in the intensity of Raman 
spectra. These generated defects also alter the energy of the 
crystalline growth planes, reducing the size of the formed 
crystallites. The effect of the reduction on the crystallite 
sizes is easily visualized by the increase in Egap of pow-
ders. The  CaWO4 matrix presents characteristic photoemis-
sion in blue color, which is characteristic of its internal 
defects. As samarium is added, the blue color decreases, 
with the emission band appearing next to the orange one. 
On the other hand, the addition of terbium acts to change 
the emission to the green region. The emission in white was 
achieved by inserting the Sm and Tb cations, simultane-
ously in the CW1ST sample, while increasing the concen-
tration of the dopants, the terbium prevails and the emis-
sion color shifts to green. The reduction of the emission 
temperature favors the matrix effect, increasing the effect 
of the lattice defects. The emission in the white region was 
obtained by mixing a simple and fast sonochemical syn-
thesis and small amounts of dopant, making this material 

Table 3  Chromaticity coordinates (CIE) and correlated temperature 
color (CCT) for the pure and doped  CaWO4 samples

Samples x y CCT (K) Color

CW 0.2519 0.3164 11,364 Blue
CW1S 0.2854 0.3668 7492 Blue
CW1T 0.2815 0.3935 7360 Green
CW1ST 0.3098 0.4033 6245 White
CW2S 0.2796 0.3664 7778 Blue
CW2T 0.2988 0.4499 6721 Green
CW2ST 0.3002 0.3997 6599 Blue

Fig. 8  PL spectra varying temperature of emission for the a CW and 
b CW1ST samples
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promising for many applications, such as blue, green, and 
white LEDs.
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