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We present a brief study on green and red photon up-conversion emission in (Ge25Ga5Sb5S65)100−xErx amorphous 
chalcogenides (x = 0.2 and 0.5 at.%) originating from 2H11/2 → 4I15/2 (λ ≈ 530 nm), 4S3/2 → 4I15/2 (λ ≈ 550 nm) and 4F9/2 → 
4I15/2 (λ ≈ 660 nm) electronic transitions within Er3+ ions under 802 nm laser pumping. The dependence of photon up-
conversion emission on the Er3+ ions concentration as well as on the pumping power density is shown and discussed. 
 
 

Amorphous chalcogenides doped with lanthanide Ln3+ ions are 
attractive materials in wide range of applications, such as up-
converters [1, 2], lasers [3, 4], displays [5], light amplifiers [6], sensors 
and detectors [7, 8], waveguides [9] and optical fibers [10]. The 
advantages of amorphous chalcogenides as a host matrix are low 
phonon energy suppressing non-radiative recombination processes, 
high refractive index promoting radiative electronic transitions, wide 
transparency window ranging from visible to mid-infrared spectral 
region and chalcogenides are relatively easy make either in a bulk or 
thin-film form [11‒16].  

The frequently studied and promising matrices for hosting Ln3+ ions 
are sulfide glasses such as Ga-Ge-S [1, 17], Ga-La-S [2], Ga-Ge-La-S 
[18, 19], and recently we also reported Ga-Ge-Sb-S [20]. In all of 
these intense photon up-conversion from visible spectral region has 
been achieved. It has been shown that addition of antimony into Ge-
Ga-S glass results into excellent resistance to moisture [21, 22], 
additionally the Sb improves thermal stability [20, 21] and Sb-doped 
glasses show higher glass-forming ability [20, 21]. In all cases the 
presence of Ga(III) atoms enhance solubility of Ln3+ ions [23, 24]. 

Usually, the photon up-conversion emission in Er3+-doped glassy 
sulfides originates from wavelength of λ ~ 500 nm because of the host 
matrix fundamental absorption edge at around 500 nm [13, 14] and/or 
narrowing of Er3+: 2H9/2, 

4F7/2, 
2H11/2 and 4S3/2 energy levels leading to 

high probability of multiphonon relaxation [19]. Therefore, the blue 
photon up-conversion emissions in Er3+-doped chalcogenides 
originating from Er3+: 2H9/2 → 4I15/2 (λ ≈ 410 nm) transitions has not 
been observed [19]. 

In present work, we demonstrate the effect of Er3+ concentration and 
laser pumping power on photon up-conversion emission in visible 
spectral region. 

Absorption spectra of studied samples are shown in the Fig. 1. 
There is possible to observe intra-4f electronic transitions of Er3+ ions 
from 4I15/2 energy level to higher energy states. The Er3+: 4I15/2 → 2H11/2 
(530 nm) and Er3+: 4I15/2 → 4S3/2 (550 nm) electronic transitions are 
close to absorption edge of studied samples. It should be mentioned 
that the thickness of both samples is same and thus, it is possible to 
observe a slight red shift of absorption edge with increase of Er3+ ions 
concentration. 

Up-conversion emission spectra of (Ge25Ga5Sb5S65)100−xErx, where x 
= 0.2 and 0.5 at% Er3+ excited by 802 nm cw Ti:sapphire laser in 
dependence of pumping power are shown in the Fig. 2. Both spectra 
in the Fig. 2 show up-conversion emission bands originating from Er3+: 
2H11/2 → 4I15/2 (≈ 530 nm), Er3+: 4S3/2 → 4I15/2 (≈ 550 nm) and Er3+: 4F9/2 
→ 4I15/2 (≈ 660 nm) intra-4f electronic transitions. It can be observed 
that the up-conversion emission intensity increases with increase of 
the pumping power. However, this is not true in the case of Er3+: 4S3/2 
→ 4I15/2 (≈ 550 nm) electronic emission transitions in a sample with x = 
0.2 at% Er3+ ions where it is possible to observe decrease of the 
emission intensity with increase of the pumping power from 300 mW. 

Green (≈ 530, 550 nm) up-conversion emission intensity in 
(Ge25Ga5Sb5S65)99.8Er0.2 sample is comparable with red up-conversion 
emission intensity (≈ 660 nm) as is shown in Fig. 2. However, in the 
(Ge25Ga5Sb5S65)99.5Er0.5 sample, red up-conversion emission intensity 
dominates over green up-conversion emission at higher pumping  

Figure 1.  Absorption cross-section of (Ge25Ga5Sb5S65)100−xErx amorphous 
chalcogenides, where x = 0.2 and 0.5 at%. The feature close to 850 nm is an 
instrument error. 

Figure 2.  Green and red photon up-conversion emission spectra of 
(Ge25Ga5Sb5S65)100−xErx amorphous chalcogenides under 802 nm Ti:sapphire 
laser pumping at various pumping powers. 
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powers. This statement is supported with the up-conversion emission 
spectra at the pumping power of 200 mW showed in Fig. 3, these 
spectra are normalized per unit area. Fig. 3 demonstrates higher 
green and lower red up-conversion emission intensities of the sample 
doped with 0.2 at% Er3+ ions in comparison with the sample doped 
with 0.5 at% Er3+ ions. This behavior can be assigned to changes in 
Er3+ inter-ionic distances with increase of Er3+ concentration [15]. At 
higher concentration of Er3+ ions the energy transfer processes can 
play a significant role in up-conversion emission [25].  

Log-log plot of dependence of up-conversion emission intensity I 
versus pumping power density P can clarify the present up-conversion 
mechanism because these quantities are related each to other as 
I ∝ Pn, where n is number of photons acting in up-conversion process 
[26]. Mentioned dependencies for green Er3+: 2H11/2, 

4S3/2 → 4I15/2 (λ = 
510–580 nm) and red Er3+: 4F9/2 → 4I15/2 (λ = 640–700 nm) photon up-
conversion emissions of (Ge25Ga5Sb5S65)100−xErx samples at pumping 
wavelength of 802 nm are presented in the Fig. 4. The number of 
photons n involved in up-conversion process can be derived from the 
slope of linear fit to appropriate data points [26]. The slopes between 
100 and 200 mW are approximately n ≈ 1 which does not correspond 
to a theoretical prediction of n ≈ 2. Higher pumping powers than 200 
mW lead to reduction of n in green photon up-conversion emission 
from n ≈ 1.0–1.1 to n ≈ 0.3–0.5 and also for a red photon up-
conversion emission of the sample doped with 0.2 at% Er3+ ions from 
n ≈ 1.1 to n ≈ 0.6. 

We assume that in photon up-conversion mechanism there is 
present two-photon absorption process in the meaning of 4I15/2 → 4I9/2 
→ 2H11/2(

4F7/2) when the multiphonon relaxation is neglected. However, 
this phenomenon will play an important role in the population of 2H11/2, 
4S3/2 and 4F9/2 energy levels at pumping wavelength of 802 nm as i tis 
depicted using an energy level diagram shown in Fig. 5. Thus, the 
proposed multiphonon route is (4F7/2) → 2H11/2 → 4S3/2 → 4F9/2. It 
should be mentioned that energies of 2H11/2, 

4F7/2 levels lie close to the 
optical band gap energy of the host matrix and thus, the reabsorption 
processes can also affect the photon up-conversion emission. The 
absence of one photon in experimentally observed data, Fig. 4, may 
correspond to photon up-conversion process driven by the 
intermediate level branching kinetics as was demonstrated for 
Cs3Lu2Cl9: Er3+ in [25-27] when the GSA/ETU (Ground State 
Absorption/Energy Transfer Up-conversion) mechanism is present 
[25]. Then, at high-power excitation, the GSA/ETU intensity exhibits a 
non-quadratic behavior in double logarithmic dependence on the 
pumping power [25]. The saturation effect is not excluded as well as 
the presence of GSA/ESA (Ground State Absorption/Excited State 
Absorption) mechanism [25, 28]. The non-linear shape of double 
logarithmic dependence, Fig. 3, may also be related to the beam 
shape of excitation laser which is Gaussian and thus can lead to a 
non-uniform distribution of the pump power over the sample volume 
[26]. For detail understanding of these phenomena, the rate equations 

Figure 3.  Green and red photon up-conversion emission spectra of 
(Ge25Ga5Sb5S65)100−xErx amorphous chalcogenides under 802 nm Ti:sapphire 
laser pumping at a pumping power of 200 mW. Spectra are normalized per 
unity area. 

Figure 4.  Log-log plot of the green (λ ≈ 510–580 nm) and red (λ ≈ 640–700 
nm) photon up-conversion emission intensity as a function of the 802 nm 
laser pumping power and Er3+ concentration in (Ge25Ga5Sb5S65)100−xErx 
amorphous chalcogenides. 

Figure 5.  Er3+ energy level diagram with highlighted possible excitation 
transition routes (black straight arrows) in (Ge25Ga5Sb5S65)100−xErx at 
pumping wavelength of 808 nm, possible routes of multiphonon relaxation 
processes (black curved arrows) and up-conversion emission transitions 
(colored arrows). GSA denotes Ground State Absorption mechanism, 
ESA denotes Excited State Absorption mechanism and ETU denotes 
possible Energy Transfer route. 

Figure 6.  Integrated red-to-green up-conversion emission bands ratio as a 
function of the 802 nm laser pumping power and Er3+ ions concentrations in 
(Ge25Ga5Sb5S65)100−xErx amorphous chalcogenides. 
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in combination with kinetic measurement of up-conversion emission 
as well as measurement at lower pumping powers may lead to a 
solution of studied problematic [25]. 

Fig. 6 represents the emission intensity ratios of red-to-green 
photon up-conversion emission bands area in dependence of the 
pumping power density. There is clear tendency in increase of red 
photon up-conversion intensity with increase of pumping power and 
with increase of Er3+ ions concentration. The concentration dependent 
behavior was interpreted e.g. in [29] as a consequence of thermal 
effect during the exposure of the beam with the laser beam at high 
powers. 

Stokes emission spectra of the (Ge25Ga5Sb5S65)100−xErx samples, 
where x = 0.2 and 0.5 at% Er3+, are shown in Fig. 7. There is possible 
to observe Er3+: 4I11/2 → 4I15/2 (990 nm), Er3+: 4I13/2 → 4I15/2 (1.5 µm) and 
Er3+: 4I9/2 → 4I13/2 (1.7 µm) electronic emission transitions under 802 
nm laser pumping. 

 
We presented visible green and red photon up-conversion 

emissions in (Ge25Ga5Sb5S65)100−xErx amorphous chalcogenides, 
where x = 0.2 and 0.5 at% of Er3+ ions at pumping wavelength of 802 
nm. Three observed up-conversion emission bands originate from 
2H11/2 → 4I15/2 (λ ≈ 530 nm), 4S3/2 → 4I15/2 (λ ≈ 550 nm) and 4F9/2 → 4I15/2 
(λ ≈ 660 nm) intra-4f electronic transitions in Er3+ ions. The sample 
with 0.5 at% of Er3+ ions exhibits a higher intensity of red photon up-
conversion emission in comparison with green photon up-conversion 
emission which is the reverse property than was observed for the 
sample doped with 0.2 at% Er3+. 

The dependence of pumping power density on the up-conversion 
emission intensities was also studied. It was found that with increase 
of pumping power the red photon up-conversion emission intensity 
increased faster than the green photon up-conversion and this red up-
conversion emission intensity increased faster and more rapidly in the 
sample doped with higher content of Er3+ ions. Probably, the inter-
ionic distance, reabsorption processes from a host matrix, thermal 
effects can play a crucial role in the observed behavior. 

We believe that photon up-conversion emission intensity can be 
further enhanced e.g. by using the glass-ceramic samples [30], by 
fabrication of photonic crystals on the surface [31], by co-doping with 
other rare-earth ions [32]. 
 
MATERIALS AND METHODS  
Chalcogenide glasses (Ge25Ga5Sb5S65)100−xErx, where x = 0.2 and 0.5 at.% were 
synthesized by a conventional melt-quenching technique using high purity 
elements of Ge (5N), Ga (5N), Sb (5N), S (4.5N) and Er (3N). Appropriate 
elements were loaded into silica ampoule in a glove box with dry argon 
atmosphere and sealed at residual pressure of ~ 10−3 Pa. Silica tube with raw 
elements was put into a rocking furnace and heated at 1243 K for 24 h. The melt 
was water quenched and the as-prepared glass, still in the ampoule, was 
annealed at 20 K below the glass transition temperature (Tg) for 3 h. Then the 
sample was slowly cooled down to room temperature. The synthesized bulk 
glasses were cut into discs with a diameter ≈ 10 mm and a thickness ≈ 3 mm. 
Discs were shaped into rectangles and four sides were polished to optical 
quality. 
The amorphous state of prepared samples was confirmed by X-ray diffraction 
(XRD) using the Bruker AXE D8-Advance diffractometer with Cu Kα radiation 
source and a secondary graphite monochromator. The chemical composition 

was verified by energy dispersive X-ray (EDX) microanalyzer IXRF System with 
a detector GRESHAM Sirius 10 and accelerating voltage of primary electron 
beam was 20 kV on EDX JEOL JSM-5500LV. Differential scanning calorimetry 
was used for determination of Tg using the TA Instruments Q2000 calorimeter. 
The powdered samples were measured under nitrogen, gas flow of 50 mL min−1 
in temperature range of 623–773 K with a heating rate of 3 K min−1. Tg was 
evaluated at the inflex point. 
Absorption spectra of studied sample were measured by UV/Vis/NIR 
spectrophotometer JASCO V-570 in the spectral range of 400–2 000 nm with 
step of 2 nm. This method was used in order to determine the Er3+: 4I15/2 → 2S + 

1LJ electronic transitions from a ground energy level of Er3+: 4I14/2. 
Photoluminescence spectra were measured in the spectral range of 500–2 000 
nm. Samples were excited with a cw Ti:sapphire tunable laser pumped with 
Nd:YVO4 laser. The pumping wavelength was 802 nm and diameter of laser 
beam was ~ 1 mm. Up-conversion spectra were measured at various pumping 
powers from 100 mW to 450 mW. The emission signal was detected under 90° 
with respect to the propagation of the excitation laser beam. The signal was 
processed through a computer-controlled 1/4 m grating monochromator with 
using either the photo-multiplier tube for measurement of up-conversion 
emission in visible spectral range or germanium detector for measurement in the 
near-infrared spectral region. 
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