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Abstract  

Amorphous silicon oxycarbide (a-SiCxOy) single doped with Yb3+ and co-doped with the couple Tb3+ - Yb3+ thin films were 

grown on crystalline silicon substrates by rf magnetron sputtering. The elemental composition in at. % is determined by 

energy dispersive spectroscopy and fourier transform infrared spectroscopy allows to investigate the chemical properties of 

the host. The concentration of Yb in the single doped sample was 3.5% and for the codoped samples (Yb, Tb) were (3%, 

0.9%), (3.5%, 0.6%) and (4%, 0.6%), respectively. Post-deposition annealing treatments were made in order to induce optical 

activation of the rare earths. Conversion or absorption of high energy photons were analyzed by photoluminescence 

spectroscopy. The photoluminescence spectra show that for a given temperature range in the thermal annealing process, as 

well as for the appropriate rare earth concentrations the activation of Yb3+ and Tb3+ is enhanced. A strong reduction of the 

Tb3+ emission in contrast to the Yb3+ emission in the a-SiCxOy,:Tb:Yb samples at annealing temperature at 500°C suggests a 

energy transfer from Tb3+ to Yb3+ ions. Copyright © 2018 VBRI Press. 
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Introduction 

The applications of rare earths (RE) in different 

technologies are increasing, especially in renewable 

energy sources such as photovoltaics. The main limiting 

in the conversion efficiency of solar energy to electricity 

is caused by the so-called spectral mismatch. Loss 

mechanisms lead that low energy photons are not 

absorbed by a solar cell while high energy photons are not 

used efficiently  [1,2]. The use of rare earths offer an 

approach to improve the solar cells efficiency through the 

application of spectral converters, i.e. up- and down-

conversion (UC and DC) are viable options. In the case of 

upconverters two or more low energy photons which 

cannot be absorbed by the solar cell, are added up to give 

one high energy photon which can be absorbed  [3,4]. In 

the same way for the case of quantum cutting or down-

conversion one high energy is absorbed to emit two or 

more lower energy photons which can be absorbed by the 

solar cell  [5–7]. 

 Among different RE systems for DC applicable for 

crystalline silicon based solar cell those who use Yb3+ 

ions seem to be promising. The Yb3+ ions have a 

transition from the 2F5/2 to the 2F7/2 energy level, 

corresponding to energy of 1.26 eV (980nm) just above 

the crystalline silicon band gap of 1.1 eV and as a 

consequence diminish the thermalization in these solar 

cells. The couple of Tb3+ -Yb3+ is suitable due to the Tb3+ 

ions have a transition from the 5D4 to the 6F7 energy level 

corresponding to energy of 2.53 eV (490nm) which is 

twice of energy transition of Yb3+ ions. These systems 

allow the absorption of UV photons by Tb3+ ions and 

have the potential to transfer the energy to two 

neighboring Yb3+ ions by means of cooperative energy 

transfer  [8,9]. 

 In order to enhance the down-conversion properties a 

suitable host has to be found, i.e. which maximizes rare 

earth activation, the energy transfer between the rare earth 

couple and minimize quenching effects. Different hosts 

like phosphors  [10,11], oxyfluoride glass  [12], tellurite 

glass  [13], silicon oxynitride  [14], aluminum 

oxynitride  [15] and silicon nitride thin films  [9] among 

other were reported. The amorphous silicon oxycarbide  

(a-SiCO) refers a kind of glassy compound materials 

consisting of Si, C, and O atoms, specifically to a carbon-

containing silicate glass where in oxygen and carbon 

atoms share bonds with silicon in the amorphous 

structure  [16,17]. Also Si-based matrices are compatible 

with silicon solar cell fabrication process. In addition, 

silicon oxycarbide SiCO offers flexibility in his refractive 

index which can be tuned between SiO2 (1.45) and a-SiC 

(3.2)  [18], condition that would allow as spectral 



 
 
Research Article  2018, 3(6), 372-376 Advanced Materials Proceedings 
 

 
Copyright © 2018 VBRI Press                                                                                                      373 
 
 

converter layers (UC or DC) with a suitable refractive 

index to optimize the efficiency of the solar cells. Silicon 

oxycarbide has a broad spectral range, from the 

ultraviolet, to visible  [19]. In the literature previous work 

reported that its strong light emission can be tuned from 

yellow to blue by modulating the oxygen content in the 

films  [20]. Also in other matrix (a-Si1-x Cx: H) is found 

that by varying the carbon content, high luminescence 

efficiencies are achieved  [21]. It has also been evidenced 

that SiCO is a promising host material to activate 

optically rare earth ions. This host has been reported in 

studies of europium (Eu2+) - doped  [22,23], as well as in 

studies of erbium (Er3+) - doped SiCO  [24–26]. 

 In this work silicon oxycarbide doped with Yb3+ and 

co-doped with Tb3+ - Yb3+ thin films were grown onto 

silicon substrates using rf magnetron sputtering. In order 

to investigate chemical properties of the host, elemental 

composition by energy dispersive spectroscopy (EDS) 

and fourier transform infrared spectroscopy (FT-IR) were 

analyzed. Photoluminescence spectroscopy (PL) allowed 

studying the conversion or absorption of high energy 

photons. Finally, sequential annealing treatments up to 

850°C reveals the photoluminescence behavior of the 

Yb3+ and Tb3+ emission and suggest energy transfer from 

the Tb3+ to the Yb3+ ions. 

       

Experimental 

Materials and sample preparation 

Amorphous silicon oxycarbide doped with Yb3+ and co-

doped with Tb3+-Yb3+ thin films were grown using rf 

magnetron sputtering  [27]. Three disks of 51 mm  

diameter and high purity SiC (main impurity: nitrogen 

less than 10 ppm wt  [28]), Tb and Yb (3N of purity)  

were used as targets. These targets were sputtered 

simultaneously at appropriate rf powers (110 W for SiC, 

15W for Yb and 10W for Tb). The base pressure was 

3.5×10-6 mbar. The deposition process was performed in a 

nitrogen, argon and oxygen mixture atmosphere of purity 

5N, respectively. Film thicknesses of 300nm have been 

obtained. Polished crystalline silicon wafers were used as 

substrates and kept cooled during the deposition process 

below 100 °C to ensure the amorphous state of the grown 

films.  

 

Annealing process 

After the deposition of Yb3+ and Tb3+ - Yb3+ co-doped 

SiCO thin films, post-deposition annealing treatments 

were made and took place in a quartz tube furnace from 

150 ºC up to 850 ºC in steps of 50/100 °C and maintained 

for 35 min under argon atmosphere to prevent oxygen 

diffusion. The annealing process is perform in such a way 

to achieve fastest heating and cooling rates, i.e. the 

samples are moved in rapidly into the preheated furnace. 

After each annealing treatment the samples were 

immediately removed from the furnace and natural 

cooling were carried out. The same samples were used for 

the next annealing steps. These process has shown to 

achieve maximal rare earth activation  [29]. 

Characterizations  

The elemental composition of the samples and the 

approximate concentration of each element was 

determined using a scanning electron microscope (FEI 

Quanta 650) equipped with a tungsten filament gun and a 

concentric backscatter detector for EDS. A beam voltage 

of 5 kV was applied in order to achieve small electron 

penetration in the sample and in this way to reduce the 

contribution of the silicon substrate in the measurement. 

Bond related vibrational modes were obtained by FT-IR 

in the range from 400 cm-1 to 4000 cm-1 using a Perkin 

Elmer FTIR spectrometer model Spectrum 1000. The 

substrates were also measured to be taken into account for 

corrections. 

 The optical emission was performed through 

photoluminescence measurements. The PL spectra were 

recorded with a Ranishaw inVia Reflex spectrometer 

system for Raman and PL spectroscopy. He-Cd laser at 

325 nm was used as an excitation source. All 

measurements were performed at room temperature. 

 

Results and discussion 

The elemental atomic concentrations of the as-deposited 

samples are summarized in Table 1. Fig. 1 presents the  

FT-IR absorption spectra of  SiOC films. The IR spectra 

of a-SiCO from 400 to 1600 cm−1 exhibited a rocking 

mode of Si-O-Si bonds at 437 cm−1, while a broad region 

with Si-C and Si-O bonds were seen in the 600–1400 

cm−1 range  [30] which verifies the formation of silicon 

oxycarbide. 

 
Table 1. Elemental composition (at.%). 

 
 

 
 
Fig. 1. FT-IR spectra measured of a-SiCO layers grown on c-Si (100) 

substrate. 
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Fig. 2. (a) PL emission spectra of a-SiCO:Tb3+:Yb3+ for as deposited and 
post-annealing treatments at 500 °C and 850 °C upon excitation of 325 

nm at room temperature. Values in parenthesis indicate dopant 

concentrations in atomic percentage (at.%). (b) Same PL emission 
spectra with background correction (host) as in (a) and artificial baseline 

shift for better visualization. 

 

 The emission spectra of a-SiCO:Tb3+:Yb3+  thin films 

for different post annealing treatments under laser 

excitation of 325nm are shown in Fig. 2 (a). These PL 

spectra show a broad emission (dashed pattern) due to 

unknown defect state of the a-SiCO host and the typical 

emission spectra of the Tb3+ and Yb3+ ions. The emission 

in the region Vis-NIR was assigned for transition energy 

levels of Tb3+, 490 nm (5D4 → 7F6), 545 nm (5D4→7F5), 

588 nm (5D4→7F4) and 621 nm (5D4→7F3) and 980nm 

(2F5/2→2F7/2) transition between energy levels of Yb3+. 

The emission of the host will be considered for the study 

of the effect of post annealing treatments in the 

luminescence emission of the couple Tb-Yb. In order to 

investigate the role of energy transfer between Yb3+ and 

Tb3+ in Fig. 2 (b) the PL spectra of the host was 

substrated from the PL spectra of the Yb/Tb couple ions. 

 Fig. 3. (a) shows the activation curve corresponding 

to the behavior of  the transition of Yb3+ (980nm)  (b) 

shows three activation curves corresponding to the 

behavior of  the dominating  transition of  Tb3+ (545nm), 

the transition of Yb3+ (980nm) and also the emission of 

the host (broad band 450-900nm). Regarding of the 

luminescence behavior for Yb3+ single doped-and Yb3+ 

co-doped samples two regions related with post annealing 

treatments can be identified. First the activation region 

until 550 °C which correspond to the activation of new 

Yb3+ ions increasing the PL emission intensity. Second, 

deactivation or quenching region after 550 °C which 

corresponds to the competition between recombination in 

non – radiative channels (correlated to the defect density 

of the host) and the emission of new activated 

luminescent centers  [31,32]. Concerning the behavior of 

the host related emission in Tb3+-Yb3+ co-doped samples, 

the effect of thermal annealing on the PL of a-SiCO is the 

same as obtained in the work of Lin, et al.  [33], 

suggesting that this emission is correlated to Si-C-O 

bonds. 
 Finally, one would expect a similar behavior for the 

Tb3+ emission spectra, in the absence of energy transfer 

between the Tb-Yb couple. Previous works have shown 

the temperature activation of Tb3+ singly doped a-SiC 

matrix occurs up to 600°C  [31,32]. However in case of 

Tb3+ in a co-doped sample with Yb3+ is observed again 

the activation region (from As deposited to 350 °C), the 

quenching region (above 650 °C), as well a region 

between 350 and 650 ° C where the deactivating of the 

radiative transitions of Tb3+ occur in favor of the emission 

of Yb3+ ions.  

 

 
 
Fig. 3. (a) Integrated PL intensities of the transition of  Yb3+ (980nm)  

(b) Integrated PL intensities of the main transition of  Tb3+ (545nm), 

Yb3+ (980nm) and also  integrated intensity of  broad band (450-900nm) 
corresponding to emission of  the host, as a function of  annealing 

temperature. 
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Fig. 4. Tb3+/Yb3+ ratio of the integrated PL intensities of  
the main transitions as a function of the annealing temperature  

for different co-doped atomic concentration. The values in parenthesis 

indicate dopant concentrations in atomic percentage (at.%). 

 

 

 For a better appreciation of the annealing effect on 

the luminescence of Tb3+ and Yb3+ ions in co-doped 

samples, and also to separate the emission of the matrix 

we show in Fig. 4 the ratio of the integrated intensities of 

Tb3+/Yb+3 as a function of temperature. In this graph the 

intensity of both rare earths can be compared, the 

annealing behavior remains similar up to 250 °C 

indicating a constant activation of both Tb3+ and Yb3+ 

ions. From 350 °C on there is a suppression in the 

emission of the Tb3+ compared to the Yb3+ until reaching 

a minimum at 500 °C. The last behavior can be associated 

with the maximum energy transfer from Tb3+ to Yb3+ at 

this annealing temperature. Also Fig. 4 compares the 

effect of thermal treatment for different concentrations of 

the couple Tb-Yb. The ratio of the integrated intensity 

Tb3+/Yb3+ is shown for three different concentrations of 

co-dopants, indicating a high concentration of Yb and a 

low concentration of Tb. Atomic ratio between the couple 

of Tb-Yb ions are of about 3 to 6. These doping relations 

have been applied intentionally in order to have sufficient 

Yb3+ ions in the surrounding of the Tb3+ ions and 

therefore promote the cooperative energy transfer 

between them. 

 The luminescence behaviors of the Tb3+ ions with 

different concentrations of co-doped samples have the 

same tendency. In all cases the region of suppression of 

the Tb3+ spectra is observed, having a smaller emission 

around 500 °C. This behavior is expected if an energy 

transfer process from Tb3+ to Yb3+ occurs. In addition, the 

increase in the concentrations of Yb3+ in the co-doped 

samples leads to a lower Tb3+ emission intensity, which 

also would support the energy transfer possibility from 

Tb3+ to Yb3+ ions. 

Conclusion  

This work reports the results obtained for the PL emission 

properties of a-SiCO:Yb3+ and a-SiCO:Tb3+:Yb3+ thin 

films produced by radiofrequency magnetron sputtering. 

The post annealing treatment of the samples were 

performed at different annealing temperatures from 150 to 

850 °C in steps of 50/100 °C. The photoluminescence 

spectra of the co-doped Tb3+ and Yb3+ system show that 

for a given temperature range in the thermal annealing 

process, as well as for the appropriate rare earth 

concentrations the activation of Yb3+ and Tb3+ is 

enhanced. A strong reduction of the Tb3+ emission in 

contrast to the Yb3+ emission, suggest a energy transfer 

from Tb3+ to Yb3+ ions. 
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