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A B S T R A C T   

Materials based on Ho3+/Yb3+/Tm3+ triply doped with GeO2-Nb2O5 were prepared by the sol-gel methodology 
followed by thermal annealing at temperatures ranging from 700 to 1100 ◦C, which affected the crystalline 
structure and the white light generation of the solids. Trigonal GeO2 was detected in all the samples, whereas a 
tetragonal GeO2.9Nb2O5 mixed oxide was obtained between 900 and 1100 ◦C. The spectroscopic properties of 
the samples depended on the final crystalline structure. When upconversion measurements were performed by 
using a CW 980 nm laser as excitation source, a cool white light generation was detected for the sample annealed 
at 900 ◦C, more specifically; a cool white light has been acquired. In addition, the sample calcined at 1100 ◦C 
presented color purity higher than 96% in the yellow-green region where the anti-Stokes process was also being 
carried out. Excitation with ultraviolet light (245–280 nm) also generated white light. The emitted white light 
modulation was remarkable. The Cold white light was emitted under shorter wavelengths excitation, whereas 
warm white light was emitted under longer wavelengths excitation. The outstanding results show the potential of 
these materials for photonic applications, especially regarding white light emission in solid-state lighting for 
indoor and outdoor environments.   

1. Introduction 

White light emission has gained importance in the current society for 
application in the automotive industry [1], lasers [2–4], cell phone 
screen displays and flat screen television sets [5–7] and general lighting 
[8–14]. Due to the evolution and development of new means of illu
mination, environmentally harmful mercury-based fluorescent lamps 
have been replaced with diode light emitting devices (LEDs), which 
present great luminous efficiency, consume less energy, last longer, and 
are environmentally friendly because they do not contain dangerous 
elements [15–17]. 

In 1995, the Nichia Corporation manufactured the first commercial 
white light LEDs (WLEDs), which combined an InGaN chip emitting in 
the blue region with a cerium ion-doped YAG matrix (YAG:Ce3+) 
emitting in the yellow region, thereby generating white light [18]. 

Commercial yellow phosphorus LED does not contain enough red 
emission component, so this material has high correlated color tem
perature (CCT >6000 K) and low color rendering index (Ra <80), which 

limits its use—low CCT and high Ra are essential for indoor lighting 
applications. One way to overcome this limitation is to develop new 
materials doped with rare earth ions that emit in the red region. In this 
context, single-phase matches for white light generation have received 
increasing researchers’ attention [19–21]. Owing to their typical lumi
nescence processes and mechanisms, rare earth matches have become 
the most useful materials for commercial applications [22]. This makes 
rare earth ions advantageous for various applications, given their 
promising vast properties in photocatalysis [23], optical thermometer 
[24], and especially in solid-state lighting [25], which is one of the fo
cuses of this work. 

WLEDs emit white light through three different processes: (1) LED 
chips excited in the ultraviolet region emit in the blue, green, and red 
regions; (2) blue LED chips are used to obtain yellow emission or a 
combination of green and red emissions, associated with the blue 
emission generated by the LED chip; and (3) red, green, and blue (RGB) 
emissions can be combined [15,18]. 

On the basis of the RGB system, white light can also be generated by 
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excitation in the ultraviolet region, or in the near infrared excitation 
followed by an upconversion via incorporation of rare earth ions into 
inorganic hosts in both the thin film and oxides powder forms. Con
cerning solid-state light, oxides have been widely explored as matrixes 
for luminescent materials because they have wide bandgap, are easy to 
synthesize and to handle, and present high structural and thermal sta
bility [26]. In view of this information, synthesizing a material based on 
GeO2-Nb2O5 doped with Ho3+, Yb3+, and Tm3+ to investigate its spec
troscopic properties for white light emission would be interesting. 

GeO2 is highly transparent in the infrared region, with refractive 
index (n) of 1.7–1.8 and bandgap of 3.5–4.0 eV. Glassy and glass- 
ceramic germanium-based materials have interesting properties for 
use as arrays of optical amplifiers. Moreover, the phonon energy of these 
materials (~880 cm− 1) is lower than other glassy materials such as sil
icate (~1100 cm− 1), phosphates (~1200 cm− 1), and borates (~1400 
cm− 1). Low phonon energy is a desirable feature, once it reduces the 
probability of non-radioactive processes when they are doped with rare 
earth ions [27]. In addition, glassy and glass-ceramic germanium-based 
materials have additional properties that favor their application, for 
instance, as micropattern photogravings for use in photonic devices 
[28]. 

Nb2O5 has low phonon energy (~700 cm− 1) [29], high dielectric 
constant, broad bandgap of 3.6 eV, and high refractive index (n = 2.4) 
[30]. Nb2O5 has been employed in various vitreous systems doped with 
rare earth ions. Indeed, addition of rare earth ions to this oxide improves 
the oxide structure by increasing its refractive index and decreasing the 
phonon energy and by promoting solubilization of the rare earth ions 
and reducing the OH groups, directly affecting the optical and lumi
nescent properties of the oxide [31,32]. 

In this work, we have been demonstrating the viability of stabilizing 
an interesting rare earth host based on mixed oxide structure of GeO2 
and Nb2O5, in which the white light emission temperature can be 
modulated. 

2. Experimental procedure 

2.1. Synthesis of materials 

The Ho3+/Yb3+/Tm3+ triply doped GeO2–Nb2O5 materials were 
prepared by the well-known sol–gel methodology. A solution of 20.0 mL 
of Ge/Nb at 70:30 M ratio and total Ge + Nb concentration of 0.448 mol 
L− 1 was employed. The molar concentration (mol%) of the dopants was 
calculated by considering the number of moles of Ge + Nb equal to 
100%, to provide mol% concentrations of 0.3, 1.2, and 0.5 of Ho3+, 
Yb3+, and Tm3+, respectively. The Nb5+ ethanolic solution was obtained 
as described in detail by CAIXETA et al. [33]. To this end, optical grade 
Nb2O5 (99.9%) supplied by Companhia Brasileira de Metalurgia e 
Mineração (CBMM) was dissolved in concentrated hydrochloric acid 
(HCl, Panreac, 37 wt%) under stirring at 70 ◦C for 5 h, followed by 
drying at 80 ◦C and addition of anhydrous ethanol (Merck – 99.9%). A 
final 0.2 mol L− 1 Nb5+ ethanolic solution was obtained. The ethanolic 
chloride solutions of the dopants were prepared by dissolving the 
respective oxides (Ho2O3, Yb2O3, and Tm2O3; Sigma–Aldrich, 99.9%) in 
concentrated HCl (Panreac, 37 wt%) (Yb3+ and Tm3+) or concentrated 
nitric acid (HNO3, Sigma–Aldrich, 65 wt%) (Ho3+) under stirring at 
70 ◦C for 3 h, followed by drying at 80 ◦C and addition of anhydrous 
ethanol (Merck – 99.9%). The Ln3+ obtained solutions were titrated by 
ethylenediaminetetraacetic acid (EDTA) complexation and using xyle
nol orange as an indicator. 

The final solution was prepared by using two containers. In the first 
container, GeO2 (99.999%, Sigma–Aldrich) was solubilized in 25 wt% 
tetramethylammonium hydroxide solution (TMAH; Sigma–Aldrich, 25 
wt%) in water under agitation, with subsequent addition of acetylace
tone. In the second container, Nb5+ chloride ethanolic solutions and 
doping solutions of Yb3+ and Tm3+ chloride and Ho3+ nitrate (in the 
proportions mentioned above) were added. Then, the contents of the 

second container were added to the first container under stirring at room 
temperature. Subsequently, concentrated HNO3 (Sigma–Aldrich, 65 wt 
%) was added until pH 4.0 was reached. A white precipitate was ob
tained, dried in an oven at 60 ◦C for 24 h, and thermally titrated at 700, 
900, and 1100 ◦C for 3 h. 

The isolated GeO2.9Nb2O5 triply doped with 0.3% Ho3+, 1.2% Yb3+

and, 0.5% Tm3+ was synthesized under the same conditions previously 
described. Molar ratio of 5.3:94.7 for Ge:Nb has been employed. The 
obtained solid was annealed at 900 ◦C for 3 h. 

2.2. Characterizations 

The powder X-ray diffractograms were obtained on a Siemens–
Bruker D5005–AXS diffractometer operating with CuKα radiation of 
1.5406 Å, graphite monochromator, step of 0.02◦ s− 1, and 2θ ranging 
from 5 to 90◦. The Transmission electron microscopy (TEM) images 
were acquired at 100 kV in a JEOL JEM-100CX II microscope. The 
samples were prepared by drop-casting powder dispersion in pure 
ethanol on TEM copper grids covered with carbon. 

The vibrational spectra in the infrared region with Fourier Transform 
(FTIR) were acquired from 400 to 4000 cm− 1 on a Shimadzu IR Pres
tige–21 spectrometer, with a resolution of 2 cm− 1; KBr pellets were used. 

Photoluminescence analyses in the visible region were performed at 
ambient temperature on a Horiba Scientific Fluorolog 3 spectrofluo
rometer (model FL3–22) equipped with a double monochromator 
H10330–75, uncooled, with detection at 22.5◦. For the excitation 
spectra from 240 to 280 nm and resolved in time, a continuous and 
pulsed Xe lamp of 450 W was used, respectively. To obtain the upcon
version spectra of the samples, a CW diode laser of 980 nm (DMC Group) 
was employed; the following power values were used: 218, 262, 302, 
343, 383, 424, 511, 595, 706, and 812 mW. 

3. Results and discussion 

3.1. Structural properties 

Fig. 1 shows the diffractograms of the GeO2–Nb2O5:Ho3+/Yb3+/ 
Tm3+ nanocomposite annealed at 700, 900, and 1100 ◦C for 3 h. At 
700 ◦C, crystallization was evident as indicated by the peaks at 20◦, 26◦, 
38◦, 41◦, 48◦, and 59◦, which are assigned to the crystalline structure of 
trigonal GeO2. Such structure has lattice parameters a = 4.995 Å, b =
4.995 Å, c = 5.649 Å, angles α = β = 90◦ and γ = 120◦, and spatial group 
P3121 (JCPDS 01–073–9110), corresponding to α-GeO2 [34,35]. 

When the GeO2-Nb2O5:Ho3+/Yb3+/Tm3+ nanocomposite was 
annealed at 900 or 1100 ◦C for 3 h, additional peaks appeared at 23◦, 
25◦, 34◦, 44◦, and 58◦. These peaks have been reported for a niobium 
and germanium mixed oxide, GeO2.9Nb2O5 [36], with tetragonal 
structure, lattice parameters a = 15.736 Å, b = 15.736 Å, and c = 3.827 
Å, angles α = β = γ = 90◦, and space group I 4/m (JCPDS 01–070–1697). 

It is worth noting that the mixed oxide GeO2.9Nb2O5, obtained by 
the possible stabilization in temperatures from 900 ◦C shows the pos
sibility of exploring this phase as a host of rare earths. CAIXETA et al. 
[28] have been working on GeO2-Ta2O5 doped systems analogous to 
GeO2-Nb2O5, which shows singular results as a rare earth host with 
applications in real-time temperature sensor and photothermal 
conversion. 

Fig. 2 displays TEM images of the GeO2-Nb2O5:Ho3+/Yb3+/Tm3+

nanocomposite annealed at 900 or 1100 ◦C. After annealing at 900 ◦C 
(Fig. 2A) it has been observed the formation of a nanostructured mate
rial by the dispersion of Nb2O5 nanocrystals into GeO2-based host. 
AQUINO et al. [37] observed a similar material formation for 
SiO2–Nb2O5, where Nb2O5 nanocrystals are embedded in the SiO2 
amorphous structure. On the other hand, TEM images of GeO2-Nb2O5: 
Ho3+/Yb3+/Tm3+ annealed at 1100 ◦C (Fig. 2B) depict the massive 
presence of GeO2 crystals on the nanocomposite surface, what is in 
agreement to XRD results, i.e., higher crystallization fraction at 1100 ◦C 
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than 900 ◦C. 
The presence of GeO2 crystals on the nanocomposite surface, as 

shown in Fig. 2B, is favored by the high proportion of germanium used 
in the synthesis. As the electronic density of GeO2 is lower than the 
Nb2O5 one, the GeO2 crystals appear white light color contrast in the 
TEM image. The same was verified by Balitsky et al. [38], where the 
growth of germanium oxide crystals with the same morphology as the 
one obtained in the present work has been observed. 

FTIR analysis (Fig. 3) of GeO2-Nb2O5:Ho3+/Yb3+/Tm3+ without 
thermal treatment (WTT) and calcined at 700, 900, and 1100 ◦C for 3 h 
was carried out. Table 1 shows the assignments. Disappearance of the 
bands due to the vibrational modes of CH3–N+ (trimethylammonium 
ion) indicated that increasing thermal treatment temperature removed 
organic matter. The vibrational modes of the OH groups also dis
appeared, indicating water loss. Bands corresponding to impurities, such 
as OH in the 4000–3000 cm− 1 region, must be eliminated because these 

impurities suppress or reduce luminescence [31]. Increasing treatment 
temperature intensified the bands due to the GeO2 and Nb2O5 vibra
tional modes, indicating that these oxides were formed and confirming 
the X-ray diffraction results. 

3.2. Photoluminescent properties 

Fig. 4 shows the upconversion (UC) spectra of the samples calcined at 
700, 900, and 1100 ◦C under excitation with a 980-nm continuous laser; 
the following powers were used: 812, 706, 595, 511, 424, 383, 343, 302, 
262, and 218 mW. The spectra were recorded from 380 to 900 nm. 

The spectral profile of the sample thermally treated at 900 ◦C 
(Fig. 3B) resembled the spectral profile of Y2O3:Ho3+/Yb3+/Tm3+

depicted by PANDEY & RAI [46], the emission in the blue region at 470 
nm is related to and 1G4→3H8 transition of Tm3+ ions. Contribution to 
the emission in the green region was evidenced by the 2S2,6F4→6I8 (544 

Fig. 1. Diffractograms of the Ho3+/Yb3+/Tm3+ triply doped GeO2-Nb2O5 nanocomposite annealed at 700, 900, and 1100 ◦C for 3 h and patterns of the trigonal GeO2 
in red and the tetragonal GeO2.9Nb2O5 in blue (A). Unit cells of trigonal GeO2 (B) and tetragonal GeO2.9Nb2O5 (C) obtained by using Mercury® (Mercury CSD 
version 4.3.1, 2020). 

Fig. 2. TEM Images of nanocomposite GeO2-Nb2O5:Ho3+/Yb3+/Tm3+ calcined at (A) 900 or (B) 1100 ◦C.  
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nm) transition of Ho3+ ions, and the emission in the red region can be 
attributed to the 5F6→6I8 (660 nm) transition of Ho3+ ions and 1G4→3F4 
transition (645 nm) of Tm3+ ions. Emission was also observed in the 
near infrared (NIR) due to the 3H4→3H6 transition (800 nm) of Tm3+

ions. 
In contrast to the spectrum of the sample thermally treated at 900 ◦C, 

the spectrum of the sample thermally treated at 1100 ◦C (Fig. 4C) dis
played emissions in the green (544 nm), red (645 and 660 nm), and near 
infrared (800 nm) regions, but not in the blue region. For the sample 
thermally treated at 700 ◦C, Fig. 4A revealed the same emissions in the 
green and red regions. In this case, the low intensity of the emissions 
could be due to the fact that OH groups were still present at this treat
ment temperature (as shown in Fig. 3), suppressing the luminescence. 
Because Yb3+ ions have a high cross-section, they can act as sensitizers, 
absorbing photons and transferring their energy to the Tm3+ or Ho3+

ions. As a result, blue, green, and red emissions are achieved, further 
contributing to white light emission [47]. 

There is a possible influence of formation of the mixed oxide on the 
spectroscopic properties, featuring a dependency upconversion emission 
with structure. In the spectra, of Fig. 4C and 4 B, the heat-treated 
samples above 900 ◦C show the appearance of mixed oxide, the emis
sion in the visible region is more favored when compared to the emission 
in the infrared (~800 nm). It is worth drawing attention to the material 
exhibits evidence of an upconversion high yield similar to the analog 
system GeO2-Ta2O5 [28]. 

As previously shown and discussed, the increase in the treatment 
temperature favors the crystallization process; and more specifically at 
1100 ◦C the formation of tetragonal GeO2.9Nb2O5 is clearly observed. 
Because of such crystallization increase, shorter distances between the 
rare earth ions occur and energy transfer between them is favored. In 
this sense, cross relaxation process can lead to emissions in green and red 
regions, and it disables emission processes in the blue. 

CIE 1931 chromaticity diagrams were constructed for all the 

samples, irrespective of the treatment temperature. The diagram ob
tained for the sample thermally treated at 900 ◦C (Fig. 5B) indicated 
emission in the white light region and had contributions from blue, 
green, and red emissions responsible for white light in RGB systems. The 
samples thermally treated at 700 or 1100 ◦C (Fig. 4A and C, respec
tively) only had emissions in the green and red regions, without blue 
contribution for emission in the yellow-green region. 

Fig. 3. FTIR band assignment for the Ho3+/Yb3+/Tm3+ triply doped GeO2- 
Nb2O5 nanocomposite without thermal treatment (WTT) and annealed at 700, 
900, and 1100 ◦C for 3 h. 

Table 1 
FTIR bands and their assignments.  

Wavenumber (cm− 1) Assignment Reference 

3700–2560 OH− [39] 
1628 H2O [39] 
1488, 1472-1247 CH3–N+ [40,41] 
1089–789 GeO2 [42,43] 
780-633, 613-500 Nb2O5 [39,44,45]  

Fig. 4. Upconversion emission spectra of the Ho3+/Yb3+/Tm3+ triply doped 
GeO2-Nb2O5 nanocomposite annealed at (A) 700, (B) 900, and (C) 1100 ◦C for 
3 h, under 980-nm excitation. 
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The emission of the samples was also evaluated by calculating the 
color purity (CP), obtained with the coordinate points located close to 
the edges of the chromaticity diagram, where CP is 100%, the so-called 
Laser Locus, and equation (1) [48–50], where (x, y) are the color co
ordinates of the sample, (xi, yi) are the chromaticity coordinates of the 
white emission (0.333, 0.333), and (xd, yd) are the coordinates of the 
dominant wavelength in 565 nm with coordinates (0.4087, 0.5896), as 
seen in Fig. 4C. 

color purity=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − xi)
2
+ (y − yi)

2

(xd − xi)
2
+ (yd − yi)

2

√

* 100% (1) 

Table 2 exhibits the coordinates of the CIE 1931 chromaticity dia
gram and color purity for a sample doped with Ho3+/Yb3+/Tm3+ and 
thermally treated at 1100 ◦C, under excitation at 980 nm. The sample 
showed yellow-green emission with color purity close to 96% at all 
excitation powers and under excitation at 980 nm, which indicated that 
the material has several potential photonic applications. 

Fig. 6 depicts the transitions of the Ho3+/Yb3+/Tm3+ ions and the 
energy transfers between the Yb3+→Ho3+ and Yb3+→Tm3+ ions under 
excitation at 980 nm. 

Under excitation at 980 nm, the Yb3+ ions can absorb a photon and 
be excited to the 2F5/2 state. Next, these ions transfer their energy to the 
Tm3+ ions, which are excited to the 3H5 state. The Tm3+ ions in the 3H5 
state can lose energy non-radioactively and reach the 3F4 state, where 
they may receive another photon through energy transfer from the Yb3+

ions and reach the 3F3,2 state. In the latter state, the Tm3+ ions can lose 
energy non-radioactively and reach the 3H4 state, from where they reach 
the ground state (3H6) by emitting light at 800 nm. Also, the Yb3+ ions 
can transmit another photon to the Tm3+ ions, raising their energy to the 
1G4 state. After that, emission in the red region at 645 nm in a two- 
photon system takes the Tm3+ ions to the 3F4 state, or emission in the 
blue region at 470 nm in a three-photon system takes the Tm3+ ions to 
the 3H6 state [51]. 

A similar situation occurs with the Ho3+ ions. Energy transfer from 
the Yb3+ ions excites the Ho3+ ions to the 5I6 state. In this state, the Ho3+

ions can receive another photon and have their energy raised to the 
5S2,5F4 states. Emission in the green region at 544 nm takes the Ho3+

ions to the ground state (5I8) in a two-photon system. In addition, the 
Ho3+ ions in the 5I6 state can lose energy non-radioactively until they 
reach the 5I7 state, where they can gain energy from the Yb3+ ions and be 
excited to the 5F5 state, to emit in the red region at 660 nm in a two- 
photon system and reach the ground state [52,53]. 

From the UC spectra, the number of photons involved in the emis
sions in the blue, green, and red regions was determined by the power 
law I α Pn, where I is the intensity of the emissions, P is the applied 
power, and n is the number of photons involved in the upconversion 
process [51]. In this way, a graph of log power versus log emission area 
was constructed for GeO2–Nb2O5:Ho3+/Yb3+/Tm3+, to determine the 
number of photons (Fig. 6). 

Fig. 5. CIE 1931 chromaticity diagrams of the Ho3+/Yb3+/Tm3+ triply doped 
GeO2-Nb2O5 nanocomposite annealed at (A) 700, (B) 900, and (C) 1100 ◦C for 
3 h. The arrow (→) indicates the increase in the excitation power (P). The 
chromaticity diagrams were obtained from the upconversion emission spectra 
presented in Fig. 4; the OSRAM ColorCalculator® program (version 7.23, 2020) 
was employed. 

Table 2 
CIE 1931 chromaticity coordinates and color purity of the Ho3+/Yb3+/Tm3+

triply doped GeO2-Nb2O5 nanocomposite annealed at 1100 ◦C, under excitation 
at 980 nm at different laser powers.  

Power (mW) Color coordinates Color Purity (%) 

x y 

262 0.406 0.583 97.2 
302 0.401 0.586 97.9 
343 0.405 0.583 97.1 
383 0.403 0.585 97.7 
424 0.403 0.585 97.7 
511 0.405 0.583 97.1 
595 0.410 0.578 96.1 
706 0.409 0.579 96.1 
812 0.408 0.580 96.5  
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Fig. 7A displays the number of photons obtained for the sample 
treated at 900 ◦C, for the blue region (n = 2.5), for the green region (n =
1.9), and for the red region (n = 1.8). As for the number of photons for 
the sample thermally treated at 1100 ◦C, Fig. 7B revealed n = 1.8 for the 
green region and n = 1.9 for the red region. The number of photons close 
to 3 for emissions in the blue region and close to 2 for emissions in the 
green and red regions indicated the mechanism of energy transfer from 
the Yb3+ to the Ho3+ ions accounting for emissions in the green, and red 
regions and from the Yb3+ to the Tm3+ ions accounting for emissions in 
the blue and red regions. The variations in the slopes of the number of 
photons that caused a decimal deviation in their values were attributed 
to the competition between the linear decay and the upconversion 
process for depletion of the excited intermediate states and to the local 
thermal effect [54]. 

Fig. 8 displays the emission spectra of the GeO2-Nb2O5:Ho3+/Yb3+/ 

Fig. 6. Energy levels diagram of Ho3+, Yb3+, and Tm3+ ions and excitation/ 
emission mechanisms for emissions in the visible region after 980-nm 
irradiation. 

Fig. 7. Log-log plots of integrated emission area vs. power for the Ho3+/Yb3+/ 
Tm3+ triply doped GeO2-Nb2O5 nanocomposite annealed for at (A) 900 ◦C and 
(B) 1100 ◦C for 3 h. 

Fig. 8. Emission spectra of Ho3+/Yb3+/Tm3+ triply doped GeO2-Nb2O5 nano
composite annealed at (A) 700, (B) 900, and (C) 1100 ◦C for 3 h, under 
UV excitation. 
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Tm3+ nanocomposite annealed at 700, 900, and 1100 ◦C under UV 
excitation. The spectra were collected between 300 and 720 nm after 
excitation from 245 to 280 nm. All the spectra presented a broad band 
from 360 nm to approximately 600 nm, which overlapped some rare 
earth ion transitions depending on the thermal treatment. This broad 
band was attributed to emission of the GeO2-Nb2O5 host lattice. For the 
annealing temperature of 1100 ◦C (Fig. 8C), the emission band of the 
host lattice reduced significantly. Moreover, the spectral profile changed 
due to formation of GeO2.9Nb2O5 at this temperature, as previously 
discussed in the XRD results. 

In addition to the emission band of the host lattice, the emissions of 
the Ho3+ ions at 540, 590, 613, 623, and 653 nm were observed, 
attributed to the 5S2, 5F4→5I8, 5G6→5I7, 5F2→5I7, 5F3→5I7, and 5F5→5I8 
transitions, respectively [55,56]. The emissions of the Tm3+ ions refer
ring to the 1G4→3F4 (653 nm) and 3F3→3H6 (704 nm) transitions [57] 
favored the transitions of both ions with increasing treatment temper
ature, precisely because OH groups and organic matter, which suppress 
luminescence, were eliminated. Fig. 9 shows the diagram representing 
the energy levels under excitation in the ultraviolet (245–280 nm) 
region. 

It is also observed that in the emission spectra with excitation in the 
UV the emission in the visible region due to the rare earth ions is favored 
when the treatment temperature increases, this is due to the formation 
of the mixed oxide. At 1100 ◦C, the temperature at which a greater 
formation of mixed oxide occurs, a very large influence of its presence on 
the white emission is noted, which shows the chromaticity diagrams in 
Fig. 10. 

With excitation in the UV, the host lattice is excited and both its 
emission and that of rare earth ions occur. With the increase in the 
treatment temperature, which results in an increase in the formation of 
mixed oxide, the transfer of energy between the host network and the 
rare earth ions is favored given the intensity of the transitions. Conse
quently, there is a reduction of non-radioactive processes that also favor 
the emission of ions, since there will be no more loss by non-radioactive 
processes. In this way, the formation of the mixed oxide phase favors the 
quantum yield as well as in the analogous system of GeO2-Ta2O5 [28], 
besides also favoring the white emission, which corroborates with the 
previous data of Upconversion. 

CIE 1931 chromaticity diagrams were constructed for the samples 
treated at the three different annealing temperatures. The samples 
thermally treated at 700 or 900 ◦C (Fig. 10A and B, respectively) emitted 
in the blue region because they presented great contribution from the 

Fig. 9. Energy levels diagram of the Ho3+ and Tm3+ ions and excitation/ 
emission mechanisms in the UV (245–280 nm) and visible regions. 

Fig. 10. CIE 1931 chromaticity diagrams of the Ho3+/Yb3+/Tm3+ triply doped 
GeO2-Nb2O5 nanocomposite annealed at (A) 700, (B) 900, and (C) 1100 ◦C for 
3 h. The arrow (→) indicates the increase in the excitation wavelength (λexc). 
The chromaticity diagrams were obtained from the upconversion emission 
spectra presented in Fig. 8; the SRAM ColorCalculator® program (version 7.23, 
2020) was used. 
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host lattice broadband emission compared to the emission of the rare 
earth ions. Fig. 10C illustrates the chromaticity diagram of the sample 
calcined at 1100 ◦C, which emitted in the region of light generation 
under excitation with light in the region of 245–280 nm. 

To obtain more information about the white emission of the GeO2- 
Nb2O5:Ho3+/Yb3+/Tm3+ nanocomposite, time-resolved emission mea
surements were carried out for the sample annealed at 1100 ◦C. Fig. 11 
depicts the spectra obtained after excitation at 260 nm and delay time of 
0.02, 0.04, 0.1, 0.25, 0.5, and 1 ms. Increasing delay time decreased the 
intensity of the broadband located in the region of 380–550 nm. Such 
result proved that this band referred to emission of the host lattice, given 
that this emission has shorter lifetime than the emission of rare earth 
ions [58]. The emission at 480 nm was related to both the Tm3+

1G4→3H6 [57] and Ho3+:5F3→5I8 [59] transitions and pronounced, 
confirming the presence of such transitions upon reduction of the 
emission band of the host lattice. 

The Correlated color temperature (CCT) expressed in absolute tem
perature (K) is defined as the temperature of a blackbody emitter in 
which the CIE coordinate (x, y) is close to the CIR coordinate (x, y) of the 
light in comparison. A blackbody emitter with emissions in the orange- 
red, yellow, white, and bluish-white regions has the same characteristic 
profile as a visible light source; that is, the CCT is important to char
acterize the spectral properties of systems that emit white light in the 
specific case of application in lighting LED systems. CCT values ranging 
from 2700 to 5000 K correspond to warm colors, from red to yellowish 
white, and are widely used and suitable for lighting intimate spaces like 
dining rooms, living rooms, rooms, and restaurants. CCT values above 
5000 K correspond to bluish white, or cool, colors, which are ideal for 
lighting environments such as hospitals, offices, and kitchens [60,61]. 

To calculate CCT values, equation (2), known as McCamy’s formula, and 
the CIE Coordinates of the emitting material are used [62]: 

CCT = 449n3 + 3525n2 + 6823.3n + 5520.3 (2)  

where, n = x− 0.3320
0.1858− y 

Next, the coordinates (x, y) of the CIE 1931 chromaticity diagrams of 
the samples that presented emission in the white light region; that is, the 
sample thermally treated at 900 ◦C under excitation at 980 nm (Table 3) 
and the sample thermally treated at 1100 ◦C under excitation in the 
ultraviolet region (245–280 nm) were obtained (Table 4). 

Under excitation at 980 nm, the sample thermally treated at 900 ◦C 
had CCT value higher than 5000 K, which indicated that emission was 
cold white. Under excitation in the ultraviolet region up to 270 nm, the 
sample thermally treated at 1100 ◦C also had cold white emission. 
However, when the material was excited at 275 and 280 nm, the CCT 
values were lower than 5000 K, emission was warm white. This change 
occurred because the intensity of the blue regions decreased when 
compared to the other excitation lengths [61]. In other words, warm 
white or cold white emission can be controlled by changing the excita
tion wavelength. 

3.3. Structural, morphological and spectroscopic properties of 
GeO2.9Nb2O5 

In order to obtain more information about the influence of the mixed 
oxide (GeO2.9Nb2O5) on the spectroscopic properties of Ho3+/Yb3+/ 
Tm3+ triply doped GeO2-Nb2O5 system. The synthesis of the Ho3+/ 
Yb3+/Tm3+ triply doped GeO2.9Nb2O5 nanocomposite was performed 
in order to isolate only this crystalline phase. Fig. 12 presents the dif
fractograms and TEM images of the tetragonal nanocomposite GeO2.9
Nb2O5:Ho3+/Yb3+/Tm3+, the peaks clearly show the formation of pure 
mixed oxide formation (JCPDS 01–070–1697) annealed at 900 ◦C for 3 
h. The crystallite size (τ) was calculated using equation (3) [63]. 

τ= 0.9λ
(βs − βi)cosθ

(3)  

where, 0.9 is the Scherrer constant for the spherical shape of the crys
tallite, λ = 1.5406 Å (Kα radiation of Cu), βs = integrate area/intensity 
from the peak of the sample, βi = integrate area/intensity of the 
correction for the instrumental broading. 

The calculation was performed using the area of the peaks at 18◦, 
25◦, 30◦, 32◦ and 36◦ (indicated by (*) in the diffractogram in Fig. 12) by 
deconvolution using the Pseudo-Voigt function [64], obtaining mean 
size value of crystallite equal to 14.89 nm. The crystallite size compar
ison of GeO2.9Nb2O5: Ho3+/Yb3+/Tm3+ with other oxides systems is 
shown in Table 5. 

The crystallite size value obtained for the GeO2.9Nb2O5:Ho3+/Yb3+/ 
Tm3+ nanocomposite is similar to the values obtained in the literature 
ranging from 8.8 to 15 nm (Table 5) for different systems with two and/ 
or three oxides in its structure. The TEM image also presented in Fig. 12, 

Fig. 11. Time-resolved emission spectra of the Ho3+/Yb3+/Tm3+ triply doped 
GeO2-Nb2O5 nanocomposite annealed at 1100 ◦C for 3 h, after excitation at 
260 nm. 

Table 3 
CIE 1931 chromaticity coordinates and CCT values of the Ho3+/Yb3+/Tm3+

triply doped GeO2-Nb2O5 nanocomposite annealed at 900 ◦C, under excitation at 
980 nm.  

Power (mW) Color coordinates CCT (K) 

x y 

218 0.288 0.315 8,299 
262 0.272 0.295 10,596 
302 0.272 0.294 10,664 
343 0.266 0.288 11,912 
383 0.258 0.281 13,795 
424 0.249 0.271 17,935 
511 0.244 0.266 21,606 
595 0.250 0.270 18,303 
706 0.273 0.295 10,416 
812 0.290 0.315 8,202  

Table 4 
CIE 1931 chromaticity coordinates and CCT values of the Ho3+/Yb3+/Tm3+

triply doped GeO2-Nb2O5 nanocomposite annealed at 1100 ◦C, under excitation 
from 245 to 280 nm.  

Excitation (nm) Color coordinates CCT (K) 

x y 

245 0.311 0.300 6,893 
250 0.314 0.313 6,591 
255 0.311 0.317 6,721 
260 0.308 0.317 6,916 
265 0.312 0.320 6,650 
270 0.321 0.319 6,087 
275 0.346 0.320 4,806 
280 0.370 0.315 3,768  
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indicates that the nanocomposite structure is formed by several crys
tallites gathered. 

Upconversion measurements were carried out under excitation at 
980-nm of the GeO2.9Nb2O5: Ho3+/Yb3+/Tm3+ calcined at 900 ◦C, 
depicted in Fig. 13. Emissions in the green (Ho3+ ions) and red (Ho3+

and Tm3+ ions) region are observed as previously described. The emis
sion in the blue region is not observed when compared to Fig. 4B, which 
shows white light emission when excited at 980 nm. This indicates that 

only the GeO2.9Nb2O5 structure does not have great influence on the 
spectroscopic properties for emission of white light and it is necessary to 
have this structure dispersed in the GeO2 system, so that there is this 
contribution. Similarity can be seen in an analogous way in the 
GeO2-Ta2O5:Er3+/Yb3+ system, where the formation of YbTaO4:Er3+

occurs, and this system alone does not have a high upconversion yield as 
its dispersed formation in the GeO2-Ta2O5 host lattice [28]. 

Another point that is worth highlighting is the relationship of 
emissions in Fig. 13, red has a much more intense emission than green, 
and because it does not show emission in blue, which justifies that the 
distances between the Tm3+ and Ho3+ ions favor cross relaxation pro
cess. The same is depicted by Gouveia-Neto et al. [52] in SiO2–Ta2O5: 
Ho3+/Yb3+/Tm3+ systems with increasing heat treatment temperature. 
Different from Fig. 4B that has issued RGB indicating that it is not 
occurring that energy transfer Tm3+ →Ho3+, only energy transfer from 
Yb3+→Tm3+ and Yb3+→Ho3+, possibly be in isolated environments in 
chemical environments GeO2.9Nb2O5 and GeO2, the cross-relaxation 
does not occur. 

4. Conclusion 

The 70GeO2-30Nb2O5 materials prepared by the sol–gel methodol
ogy, doped with 0.3Ho3+/1.2 Yb3+/0.5 Tm3+, and thermally treated at 
different temperatures showed promising results. Trigonal GeO2 was 
detected for all the samples, whereas a mixed oxide GeO2.9Nb2O5 of 
tetragonal structure was obtained between 900 and 1100 ◦C, the stabi
lization of mixed oxide at high temperatures showed singular results as a 
rare earth host network with influence on luminescent properties. The 
luminescent properties were evaluated in samples calcined at 700, 900, 
and 1100 ◦C. Upconversion energy studies were carried out. The sample 
calcined at 900 ◦C emitted in the white light region and can be applied in 
cold white illumination. The sample treated at 1100 ◦C showed color 
purity greater than 96% in the yellow-green region and can be used in 
several photonic applications. However, it was verified that only 
GeO2.9Nb2O5 has no influence on the generation of white light, the 
mixed oxide dispersed in GeO2 is necessary to obtain this spectroscopic 
property. 

Under excitation in the ultraviolet region (245–280 nm), the sample 
treated at 1100 ◦C stood out: it generated white light through modula
tion of the warm white illumination under excitation at longer ultravi
olet wavelengths (275 and 280 nm) and cold white under excitation at 
shorter ultraviolet wavelengths (245–270 nm). In this sense, changes in 
the excitation wavelength can generate the quality of white light that is 
necessary for a given lighting environment. In this same material, the 
mixed oxide (GeO2.9Nb2O5) influenced the emission band of the host 
lattice, which was different from the emission of the samples treated at 
other temperatures and indicated that formation of this mixed oxide 
influenced the spectroscopic properties of the material. 

In conclusion, the sample treated at 900 ◦C and subjected to 
upconversion conditions and the sample treated at 1100 ◦C and under 
excitation in the ultraviolet have promising application in white light 
illumination. 
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