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1. X-ray diffraction 

The powder X-ray diffraction (XRD) patterns were registered at 298 K in a PANalytical 

Empyrean diffractometer working at 45 kV and 40 mA, using CuKα radiation (1.54060 Å), in the 

2θ range 9-75º with a 0.0260° step size and 197 s acquisition time, in the reflection-transmission 

mode. The crystalline structure and phase quantification were carried out by the Rietveld method 

by using the HighScore Plus analytical software. 

The Er3+/Yb3+ co-doped GeO2-Ta2O5 composite was synthesized using the sol-gel method, and 

it shows mainly orthorhombic Ta2O5 and trigonal α-GeO2 crystalline phases, Figure S1 and Table 

S1. Moreover, monoclinic YbTaO4 and tetragonal ErTaO4 have been detected at lower content 

(Table S1). The ICDD Codes, crystal system, space group, and amount in wt% of the crystalline 

phases obtained by the Rietveld method are represented in Table S1. 

Figure S1. XRD patterns of 0.690Ge:0.295Ta0.003Er:0.012Yb composite annealed at 1100 ºC for 
8h and the obtained crystalline phases. 
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Table S1. Crystalline phases identified with the correspondent ICDD Codes, amount in %, crystal 
system, and space group of 0.690Ge:0.295Ta0.003Er:0.012Yb powder.

Compound Amount [wt%] ICDD Code Crystal system Space group

Ta2O5 44.2 04-007-0695 orthorhombic Pmm2

GeO2 49.2 04-008-7661 trigonal P3121

YbTaO4 6.5 04-011-3817 monoclinic P12/c1

ErTaO4 0.2 04-002-8264 tetragonal P42/nmc
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2. Scanning electron microscopy and energy dispersive spectroscopy

The scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS) 

measurements were carried out at 15kV in a HITACHI SU-70 microscope equipped with a Bruker 

QUANTAX 400 EDS system. For SEM images the GeO2-Ta2O5:Er3+/Yb3+ sample was prepared 

by drop-casting powder dispersion in pure ethanol on a glass slide and for EDS analysis the powder 

has been used and both samples were coated using an EMITECH K950X carbon coater. Figure S2 

displays the TEM (a) and SEM (b-c) images of GeO2-Ta2O5:Er3+/Yb3+ for magnifications of 20 

kx, 50 kx, and 100 kx, respectively, and it reveals average particle size of 420±110 nm (Figure 

S2d). Figure S3 depicts the EDS spectrum and the elemental concentration of Er3+/Yb3+ co-doped 

GeO2-Ta2O5 as powder.



S5

Figure S2. (a) TEM and (b-c) SEM images, (d) particles size distribution of Er3+/Yb3+ co-doped 
GeO2-Ta2O5 powder. The solid line is the best fit of the experimental data to a log-normal 
distribution yielding a size of 420±110 nm.
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Figure S3. EDS spectrum of Er3+/Yb3+ co-doped GeO2-Ta2O5 powder.
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3. Characterization of binary system containing tantalum

 

In the literature, only few papers can be found about germanium oxide and metal oxide as 

niobium and tantalum oxide. A correlation between a binary system containing tantalum with that 

one containing niobium oxide will be here since we can find deeper structural discussions about 

this last system. As it is known, niobium and tantalum elements and ions show high similarity 

considering their features, chemical reactivity, and stable crystalline structural phases. In a parallel 

study in our research group, when the GeO2 matrix suffers the addition of a second component, 

such as niobium oxide (which has similar properties to tantalum oxide), it leads to the formation 

from a vitreous system to crystalline structures, and, in terms of crystallization, a phase separation 

depends not only on the composition (concentrations of both components) but also on the kinetic 

and thermodynamic conditions of formation (temperature, pressure and time), in agreement to the 

phase diagram published in the literature.1-2

For the GeO2-Nb2O5 system, containing niobium oxide content similar to the considered 

tantalum oxide content (used in this work), it was observed the clear formation of a mixed oxide 

involving germanium oxide and niobium oxide (namely GeO2. 9Nb2O5) and not simply the 

physical mixture of both (Figure S4), when the sample is annealed at 1100 °C. As observed here, 

singular high UC luminescence and emission quantum yield was also detected, which is an order 

of magnitude higher when compared to the rare earth doped niobium oxide or rare earth doped 

niobate without the presence of germanium.3-5

In the literature, works concerning GeO2-Ta2O5 are really very scarce, and only a single phase 

diagram can be found reported in the 1970s.2 Similarly to that observed for the niobium, in the 

case of binary system containing germanium and tantalum oxide, there is a formation of both 

oxides. The hypothesis we present here is the tantalum oxide formation by distributing itself in 
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rich regions into germanium oxide. This assumption is in accord to the microscopic images, in 

which is possible to detect both oxides always together. Then, the unique properties from the 

nanocomposite in relation to the pure tantalum oxide system can be understood, with a 

nanostructured tantalum oxide rich environment as a host.

The doping of tantalum oxide with rare earths does not lead to a perfect replacement of the 

tantalum ions in the host, in hexa or hepta coordinated symmetry sites, but rather forms rare earth 

tantalate locally.

The Ge4+ in a tetrahedral symmetry (as presented in the GeO2 phase) has a very small ionic 

radius (0.39 Å),6 and coordination number (CN = 4) becoming not feasible the introduction of an 

Ln3+ ion in this site. On the other hand, the Ta5+ has a higher ionic radius (0.69 Å) and also CN = 

7,6  accommodating better the Ln3+ ion. However, as mentioned above, for the GeO2-Ta2O5 based 

material the Ln3+ ion promotes mainly the formation of a crystalline phase instead Ta5+ 

substitution.  

 In our work, the high UC emission quantum yield is due to the  rare earth tantalate (Ytterbium 

tantalate) containing distributed erbium ions, as predicted in the calculations. The isolated 

nanostructure embedded in a low phonon energy germanium-based matrix, in the form of well-

distributed sites in nanocrystals of tantalum oxides, makes the UC emission quantum yield 

extremely high, unlike what occurs with other oxides and even with the erbium doped tantalum 

oxide itself.
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Figure S4. XRD patterns of 0.690Ge:0.295Nb0.003Er:0.012Yb composite annealed at 1100 ºC.
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4. Emission spectra of the isolated YbTaO4:Er3+ phase

The upconversion emission spectra were collected is a Scientific Fluorolog 2 (FL3-22, 

Horiba) spectrofluorometer. The excitation source consists of a CW 980 nm diode laser (DL 

980-1W0-TO, CrystaLaser LC). To quantify the laser power (P), were employed a power meter 

(843-R, Newport) and a detector (919P-003-10, Newport). 

The isolated YbTaO4:Er3+ phase was prepared and shows an up conversion emission spectrum 

that is markedly different than observed in the presence of Ta2O5:Yb,Er. In particular, the relative 

intensity of the red component is higher when compared with the green one (Figure S5), indicating 

out that the non-radiative processes are different than those found in the latter case, due to the 

presence of a rich medium in germanium that leads to unique features in terms of distribution into 

the host.
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Figure S5. Upconversion emission spectra of YbTaO4:0.3%Er3+ upon 980 nm irradiation at 
different laser powers.
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 5. Thermometric characterization of the luminescent thermometer 

To assess the thermometer performance, two figures of merit were calculated, the relative 

thermal sensitivity and the temperature uncertainty. The relative thermal sensitivity Sr indicates 

the relative change of Δ per degree of temperature change and is defined by:

𝑆r =
1
Δ|∂Δ

∂𝑇| =
𝛥𝐸

𝑘B𝑇2 (S1 )

where ΔE is the separation between the thermally coupled energy levels, kB is the Boltzmann 

constant, T is the absolute temperature and  is the thermometric parameter. The error related to 

the sensitivity (δSr) was derived from the errors of the parameters used in the calculation, as defined 

by:

𝛿𝑆r =
δ𝛥𝐸
𝑘B𝑇2 (S2 )

where δΔE is the ΔE error. The temperature uncertainty δT is the temperature resolution, i.e., the 

smallest temperature change that can be detected in a given measurement. The uncertainty of the 

thermometer temperature is given by:

δ𝑇 =
1
𝑆r

𝛿Δ
Δ (S3 )

where δ/ is the relative error in the thermometric parameter.
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Figure S6. Temperature uncertainty calculated using Equation S3 for the Er3+/Yb3+ co-doped 
GeO2-Ta2O5 composite as powder and dispersed in PMMA with different concentrations (4−20 
wt%).
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6. Laser power density calculation

To calculate the laser power density (PD), the optical power and the beam profile were measured 

by placing a power meter (FieldMaxII-TOP OP-2 Vis, Coherent) and a CCD camera (BC106N-

VIS/M, Thorlabs), respectively, in the position where the sample will be positioned to take 

hyperspectral microscope images. Through the 2D projection of the beam profile, the intensity in 

each pixel was correlated to the optical power measured and divided by the pixel area 

(6.45×6.45 µm2). Then, an average laser power density was computed considering only the values 

higher than 36.8% (1/e, the cut-off value for Gaussian beams). The area analyzed was the one used 

to take the hyperspectral images (308×308 µm2), where a homogeneous laser power density was 

observed (Figure S7) with an average value of 0.25±0.02 W∙cm−2.

Figure S7. 2D projection of the beam profile for a laser power density of 0.25±0.02 W·cm−2.
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7. Yb-Er distance code and energy transfer

With the following code, it is possible to simulate a doping process in a supercell of the Ta2O5 

material, the structure of the undoped supercell is the required data to start the program. After the 

construction of a co-doped supercell, the program calculates each Yb-Er distances and record all 

data in a file named “output.out”. To simulate the YbTaO4 one, the code was modified to enter 

only the Er3+ ions but keeping the same purpose: extract all the Yb-Er distances. The code was 

built in the LINUX-based Bash shell script.

#!/bin/bash
version="v1.0"
red=`tput setaf 1`
green=`tput setaf 2`
mustard=`tput setaf 3`
blue=`tput setaf 4`
purple=`tput setaf 5`
moss=`tput setaf 6`
gray=`tput setaf 8`
red2=`tput setaf 9`
reset=`tput sgr0`
getuser="$(whoami)"
chars="/-\|"
header(){
    echo "╔═══════════════════════════════════╗"
    echo "║       ${green}Ln-Ln_distances_$version ${reset}   program    ║"
    echo "╠═══════════════════════════════════╣"
    echo "║      Phantom-g                                                                            ║"
    echo "║      Physics Department                                                              ║"
    echo "║      CICECO-Aveiro Institute of Materials                                ║"
    echo "╚═══════════════════════════════════╝"
    echo "Dear ${mustard}$getuser${reset},"
    echo "Please write the input file:"
    read input;
lines="$(wc -l $input | awk '{print $1}')"
hostnumber=`echo "$lines + 1" | bc -l`
}
doping1(){
donornumber=`echo "$hostnumber * $dopant1 / 100" | bc -l`
intdonor=${donornumber%.*}
k="1"
while :
do

count="$(grep -c "Yb" sample_$i)"
R2=$(($RANDOM%$hostnumber))
R=`echo "$R2 + 1" | bc -l`
proportion=`echo "$count * 100 / $intdonor" | bc -l | xargs printf "%.2f"`
atom="$(head -n $R sample_$i | tail -n 1 | awk '{print $1}')"
if [[ $count = $intdonor ]]; then

echo "${mustard}Doping process with Yb (sample $i) done...${reset}"
break

fi
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if [[ $atom = Ta ]]; then
sed -i ''$R's|Ta|Yb|' sample_$i
k=$[$k+1]

else
k=$[$k-1]

fi
echo -en "${red2}Doping process with Yb (sample $i): ${proportion}% ${reset}" "\r"

done
}
doping2(){
acceptornumber=`echo "$hostnumber * $dopant2 / 100" | bc -l`
intacceptor=${acceptornumber%.*}
#i="1"
k="1"
while 
do

count="$(grep -c "Er" sample_$i)"
R2=$(($RANDOM%$hostnumber))
R=`echo "$R2 + 1" | bc -l`
proportion=`echo "$count * 100 / $intacceptor" | bc -l | xargs printf "%.2f"`
atom="$(head -n $R sample_$i | tail -n 1 | awk '{print $1}')"
if [[ $count = $intacceptor ]]; then

echo "${mustard}Doping process with Er (sample $i) done...${reset}"
break

fi
if [[ $atom = Ta ]] && [[ $atom != Yb ]]; then

sed -i ''$R's|Ta|Er|' sample_$i
k=$[$k+1]

else
k=$[$k-1]

fi
echo -en "${red2}Doping process with Er (sample $i): ${proportion}% ${reset}" "\r"

done
}
calculating_DA(){
for k in $( seq 1 $(grep -c "Yb" sample_$i))

do
grepdonor="$(grep -m $k "Yb" sample_$i | tail -n 1 )"
xcoorddonor="$(echo "$grepdonor" | awk '{print $2}')"
ycoorddonor="$(echo "$grepdonor" | awk '{print $3}')"
zcoorddonor="$(echo "$grepdonor" | awk '{print $4}')"
for l in $( seq 1 $(grep -c "Er" sample_$i))
do
grepacceptor="$(grep -m $l "Er" sample_$i | tail -n 1 )"
xcoordacceptor="$(echo "$grepacceptor" | awk '{print $2}')"
ycoordacceptor="$(echo "$grepacceptor" | awk '{print $3}')"
zcoordacceptor="$(echo "$grepacceptor" | awk '{print $4}')"
a=`echo "$xcoorddonor - $xcoordacceptor" | bc -l`
b=`echo "$ycoorddonor - $ycoordacceptor" | bc -l`
c=`echo "$zcoorddonor - $zcoordacceptor" | bc -l`
aa=`echo "$a * $a" | bc -l`
bb=`echo "$b * $b" | bc -l`
cc=`echo "$c * $c" | bc -l`
d=`echo "$aa + $bb + $cc" | bc -l`
RL=`echo "sqrt($d)" | bc -l | xargs printf "%.4f"`
proc=`echo "$k / $(grep -c "Yb" sample_$i) * 100" | bc -l | xargs printf "%.2f"`
echo -en "${red2Yb-Er distances process (sample #${i}): ${proc}% ${reset}" "\r"
echo "Sample $i | Yb$k - Er$l | $RL" >> output.out
done

done
echo "${blue}Yb-Er distances process (sample #${i}): 100% ${reset}"

}



S16

header;
if [[ -e $input ]]; then

while [[ $j -lt "30" ]]; do
for (( i=0; i<${#chars}; i++ )); do
sleep 0.1
echo -en "${red2}Reading $input... ${chars:$i:1} ${reset}" "\r"
j=$[$j+1]

        done
        done
        echo "${red2}Reading $input... Done! ${reset}"
        else
    echo "${red2}Please, insert a valid input! Exiting..."
    exit
fi
echo "Put the donor doping amount (in %):"
read dopant1;
echo "Put the acceptor doping amount (in %):"
read dopant2;
echo "How many samples do you want to simulate?"
read ntimes;
for i in $( seq 1 $ntimes )

do
        cat $input > sample_$i
        doping1;
        doping2;
        calculating_DA;
done
echo "${green}End of program!${reset}"

To estimate the Yb–Er energy transfer rates in YbTaO4 and Ta2O5 phases, the following 

equations for a pairwise energy transfer are employed based on the Kushida-Malta theory.7-8 

The dipole–dipole ( ), the dipole–quadrupole ( ), the quadrupole–quadrupole (𝑊𝑑 ― 𝑑 𝑊𝑑 ― 𝑞

), and the exchange (  mechanisms are taken into account:𝑊𝑞 ― 𝑞 𝑊𝑒𝑥)

𝑊𝑑 ― 𝑑 =
(1 ― 𝜎𝐷

1 )2(1 ― 𝜎𝐴
1)2

(2𝐽𝐷 + 1)(2𝐽𝐴 + 1)
4𝜋
3ℏ

𝑒4

𝑅𝐿
6(  

∑
𝐾

𝛺𝐷
𝐾⟨𝜓𝐷𝐽𝐷‖𝑈(𝐾)‖𝜓 ∗

𝐷 𝐽 ∗
𝐷 ⟩2)

× (  

∑
𝐾

𝛺𝐴
𝐾⟨𝜓 ∗

𝐴 𝐽 ∗
𝐴 ‖𝑈(𝐾)‖𝜓𝐴𝐽𝐴⟩2)𝐹

(4)
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𝑊𝑑 ― 𝑞,   𝑞 ― 𝑑

=
(1 ― 𝜎𝐷,𝐴

1 )2(1 ― 𝜎𝐴,𝐷
2 )2

(2𝐽𝐷 + 1)(2𝐽𝐴 + 1)
𝜋
ℏ

𝑒4

𝑅𝐿
8⟨𝑓‖𝐶(2)‖𝑓⟩2

× [(  

∑
𝐾

𝛺𝐷
𝐾⟨𝜓𝐷𝐽𝐷‖𝑈(𝐾)‖𝜓 ∗

𝐷 𝐽 ∗
𝐷 ⟩2)〈𝑟2〉2

𝐴⟨𝜓 ∗
𝐴 𝐽 ∗

𝐴 ‖𝑈(2)‖𝜓𝐴𝐽𝐴⟩2 + (  

∑
𝐾

𝛺𝐴
𝐾⟨𝜓𝐴𝐽𝐴‖𝑈(𝐾)‖𝜓

∗
𝐴 𝐽 ∗

𝐴 ⟩2)〈𝑟2〉2
𝐷⟨𝜓 ∗

𝐷 𝐽 ∗
𝐷 ‖𝑈(2)‖𝜓𝐷𝐽𝐷⟩2]𝐹

(5

)

𝑊𝑞 ― 𝑞 =
(1 ― 𝜎𝐷

2 )2(1 ― 𝜎𝐴
2)2

(2𝐽𝐷 + 1)(2𝐽𝐴 + 1)
28𝜋
5ℏ

𝑒4

𝑅𝐿
10 × 〈𝑟2〉2

𝐷〈𝑟2〉2
𝐴⟨𝑓‖𝐶(2)‖𝑓⟩4⟨𝜓𝐷𝐽𝐷‖𝑈(2)‖𝜓 ∗

𝐷 𝐽 ∗
𝐷 ⟩2

× ⟨𝜓 ∗
𝐴 𝐽 ∗

𝐴 ‖𝑈(2)‖𝜓𝐴𝐽𝐴⟩2𝐹

(6

)

𝑊𝑒𝑥 =
2𝜋
ℏ [(𝑒2

𝑅𝐿)𝜌2
𝑓 ― 𝑓]2

𝐹
(7

)

where the intensity parameters  are dependent on the local environment around the Ln3+ ion and 𝛺𝐾

it should be obtained using only the forced electric contribution. For simplification purposes, the 

typical value of  will be considered since the most relevant mechanisms are 𝛺𝐾≅1 × 10 ―20𝑐𝑚2

the  and  ones (non-dependent on the ).9-11  are the squared reduced 𝑊𝑞 ― 𝑞 𝑊𝑒𝑥 𝛺𝐾 ⟨𝜓𝐽‖𝑈(𝐾)‖𝜓 ∗ 𝐽 ∗ ⟩2

matrix elements and their values are tabulated in Carnall et al.,12 2J+1 are the degeneracies of the 

donor (D) and acceptor (A) initial states, and  are the shielding factors.13(1 ― 𝜎𝐾)

 is the donor-acceptor distance. Figure S17 shows the relevant distances (table beside) for the 𝑅𝐿

YbTaO4 and Ta2O5 phases and their respective contributions (distribution graph).

In Eq. (7),  is the overlap integral between the 4f subshells of the donor (Yb3+) and acceptor 𝜌𝑓 ― 𝑓

(Er3+) lanthanide ions. Figure S18 shows the behavior of the  with the distance for the pair 𝜌𝑓 ― 𝑓

Yb–Er (Reproduced with permission from Albano N. Carneiro Neto, Renaldo T. Moura Jr., Oscar 

L. Malta, On the mechanisms of non-radiative energy transfer between lanthanide ions: 

centrosymmetric systems, J. Lumin. 210 (2019) 342–347, © 2019 Elsevier Science B.V.).
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 in the above equations is the spectral overlap factor and, in the case of Ln-to-Ln energy 𝐹

transfer, the following equation is used:

𝐹 =
ln(2)

𝜋
1

ℏ2𝛾𝐷𝛾𝐴{[( 1
ℏ𝛾𝐷)2

+ ( 1
ℏ𝛾𝐴)2]ln(2)} ―

1
2

× exp[1
4

( 2Δ
(ℏ𝛾𝐷)2ln2)2

[( 1
ℏ𝛾𝐴)2

+ ( 1
ℏ𝛾𝐷)2]ln2

― ( Δ
ℏ𝛾𝐷)2

ln(2)](8)
where  and  correspond to the bandwidths at half-height (in erg) of the donor and acceptor. ℏ𝛾𝐷 ℏ𝛾𝐴

For the present analysis, we considered reasonable values of  cm-1.  is the energy 𝛾𝐷 = 𝛾𝐴 = 400 Δ

difference between donor and acceptor transitions, .Δ = 𝐸𝐷 ― 𝐸𝐴

The average Yb-Er energy transfer rate  can be estimated by:〈𝑊〉

〈𝑊〉 = ∑
𝑖

𝑂𝑖𝑊𝑖 (9)

where  is the sum over all mechanisms ( ) and  is the 𝑊𝑖 𝑊 = 𝑊𝑑 ― 𝑑 + 𝑊𝑑 ― 𝑞 + 𝑊𝑞 ― 𝑞 + 𝑊𝑒𝑥 𝑂𝑖

occurrence of the i-th  per Er3+ ion. The numerical estimations for the forward energy transfer 𝑅𝐿

rates between Yb–Er for the shortest distance are presented in Table S4. It can be noted that the 

energy transfer Yb–Er in the YbTaO4 phase is more than 15 times higher than the Ta2O5 one. 

These values consider the chance of a certain pair Yb-Er to occur (Figure S17, calculated 

employing the Yb-Er distance code).
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8. Figures

Figure S8. Photograph under a daylight of pure PMMA film and Er3+/Yb3+ co-doped GeO2-Ta2O5 
films with a concentration of 4.0, 9.0 and 20.0 wt%. 

Figure S9. Optical microscopic images of the cross-section of the free-standing films taken in the 
reflection mode under the illumination of white light of a DC regulated illuminator (DC-950, 
Fiber-Lite). (a) pure PMMA and Er3+/Yb3+ co-doped GeO2-Ta2O5 films with a concentration of 
(b) 4.0, (c) 9.0, and (d) 20.0 wt%. The respective thickness is 126±5, 92±6, 127±4, and 23±1 µm.
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Figure S10. Upconversion emission spectra obtained at 300 K upon 980 nm irradiation with 58 
W∙cm−2 for the Er3+/Yb3+ co-doped GeO2-Ta2O5 composite as powder and dispersed in PMMA 
with different concentrations (4−20 wt%).
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Figure S11. Upconversion emission spectra acquired with 980 nm excitation used to determine 
the energy gap, ΔE, of Er3+/Yb3+ co-doped GeO2-Ta2O5 composite processed as (a) powder, and 
free-standing film with a concentration of (b) 4.0, (c) 9.0 and (d) 20.0 wt%. The shadowed areas 
correspond to the energy ranges considered for each transition, and ΔE results from the difference 
between the barycenter of the transitions.
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Figure S12. Upconversion emission spectra of Er3+/Yb3+ co-doped GeO2-Ta2O5 composite 
processed as (a) powder, and free-standing film with a concentration of (b) 4.0, (c) 9.0 and (d) 20.0 
wt% upon irradiation with 980 nm laser at different laser power densities.
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Figure S13. Dependence of the thermometric parameter Δ on the laser power density for the 
Er3+/Yb3+ co-doped GeO2-Ta2O5 composite as powder and dispersed in PMMA with different 
concentrations (4−20 wt%). The solid lines represent the best linear fit to experimental data 
(r2>0.9). The fitting parameters are given in Table S2.
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Figure S14. Temperature-dependent emission spectra of Er3+/Yb3+ co-doped GeO2-Ta2O5 
composite as (a) powder, and dispersed in PMMA with a concentration of (b) 4.0, (c) 20.0 wt%.
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Figure S15. Absorption coefficient spectra at room temperature for free-standing films of pure 
PMMA, and Er3+/Yb3+ co-doped GeO2-Ta2O5 composite dispersed in PMMA with different 
concentrations (4−20 wt%). The inset presents a magnification of the spectral region, 
900−1100 nm.
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Figure S16. Replicated cells displaying only the sites of the hosts (Ta or Yb) that can be occupied 
by the dopant ions. (a) 5x1x5 Ta2O5 cell and (b) 5x5x5 YbTaO4 cell.
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Figure S17. Distribution of Yb–Er distances occurrences per replicated cells (Figure S16). The 
occurrences of a short Yb–Er distance are, by far, more feasible in the (b) YbTaO4 case than in the 
(a) Ta2O5 one. Each distance order represents a specific distance as given by the table beside. A 
total of 500 doped cells were generated for each distribution.
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Figure S18. The behavior of the 4f-4f overlap integral for Yb–Er. Each point was calculated 
with the ADF program.14 A DFT level of theory with BP86 functional,15-16 TZ2P basis set,17 and 
the inclusion of ZORA scalar relativistic effects.18-20 Reproduced with permission from Albano 
N. Carneiro Neto, Renaldo T. Moura Jr., Oscar L. Malta, On the mechanisms of non-radiative 
energy transfer between lanthanide ions: centrosymmetric systems, J. Lumin. 210 (2019) 342–
347, © 2019 Elsevier Science B.V.
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Figure S19. (a) Optical image of the of Er3+/Yb3+ co-doped GeO2-Ta2O5 composite dispersed in 
PMMA with a concentration of 9.0 wt%, in the region shown in Figure 4b, recorded in dark field 
transmission mode under white light. For better comparison the same region of the Figure 4b is 
shown in (b). 
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Figure S20. (a) Thermometric parameter and (b) calculated temperature for the spectra of 
Er3+/Yb3+ co-doped GeO2-Ta2O5 composite dispersed in PMMA with a concentration of 9.0 wt% 
under 980 nm CW laser irradiation using distinct collection areas of centered at the pixel 
(6.7×104 nm2) indicated with black arrows in Figure 4b.
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9. Tables

Table S2. Intercept (Δ0), respective temperature, and slope (∂Δ/∂PD) resulting from the fit of 
straight lines to the experimental data presented in Figure S12 and S13.

Sample Δ0 T0 [±0.1 K] ∂Δ/∂PD [cm2·W−1]

powder 1.50±0.13 298.1 0.018±0.001

Er3+/Yb3+ co-doped GeO2-Ta2O5 films with a concentration of

4.0 wt% 1.11±0.01 296.5 0.0024±0.0001

9.0 wt% 1.12±0.02 299.2 0.0045±0.0001

20.0 wt% 1.20±0.03 297.8 0.0060±0.0003

Table S3. Properties of pure PMMA, and Er3+/Yb3+ co-doped GeO2-Ta2O5 films with a 
concentration of 4.0, 9.0 and 20.0 wt%. 

Free-standing films with concentration of 
PMMA

4.0 wt% 9.0 wt% 20.0 wt%

ΔTm [K] 2.22±0.02 4.76±0.03 7.51±0.03 13.67±0.03

τ [s] 8.6±0.4 15.4±0.3 10.4±0.2 9.8±0.1

Powder mass [±0.1 mg] - 0.7 1.0 2.0

PMMA mass [±0.1 mg] 11.4 19.4 9.5 8.2

cTa2O5 [J∙K−1∙kg−1] 30621

cGeO2 [J∙K−1∙kg−1] 49822-23

cPMMA [J∙K−1∙kg−1] 146624-25

C [J∙K−1] 0.0167 0.0287 0.0144 0.0129

A
980 0.0398 0.0752 0.0685 0.0633

η [%] 16±1 19±1 24±1 44±2

R [K·W‒1] 515±24 536±10 722±14 760±8
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Table S4. Energy transfer rates (in s-1) for the shortest Yb–Er distances in the Ta2O5 (3.238 Å) and 
YbTaO4 (3.469 Å) doped phases. Step 1 represents the energy transfer from the 2F5/2→2F7/2 (Yb3+) 
to the 4I15/2→4I11/2 (Er3+) and Step 2 is the sequential energy transfer from the 2F5/2→2F7/2 (Yb3+) 
to the 4I11/2→4F7/2 (Er3+). The d-d, d-q, q-q, and ex are the rates for each mechanism,  is the 〈𝑊〉
sum over them.
Phase UC step d-d d-q q-q ex 〈𝑊〉

Step 1 3.96 1.29×102 7.79×103 1.87×105 1.95×105

Ta2O5
Step 2 3.36 1.14×102 7.17×103 1.11×105 1.18×105

Step 1 3.78×102 1.07×104 5.64×105 2.70×106 3.27×106

YbTaO4
Step 2 3.21×102 9.44×103 5.19×105 1.60×106 2.13×106
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