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Chapter

Mechanism of Photoluminescence
in Erbium-Doped Chalcogenide

Volodymyr V. Halyan and Inna A. Ivashchenko

Abstract

The monograph describes the technique of the synthesis of glasses and the
method of the growth of erbium-doped single crystals. The photoluminescence
spectra of Agg 05Gag.05Geo 955,-Er,S; glasses and glasses from the Ga,S3-La,S3-Er,S;
system have been investigated in the visible and near-infrared ranges. According to
the energy transitions in the erbium ions, a radiation mechanism for conversion and
up-conversion luminescence has been established. The role of structural ordering
and the influence of defects on the radiation efficiency of Er’** ions have been
investigated. The spectra of photoluminescence of (Gass s9In44 66Er0 75)2S300 and
(Gago 75129 75Er0 5)2S300 single crystals have been studied. The efficiency of the
radiation of the amorphous and crystalline materials has been compared. Also, the
temperature dependence of the integral intensity of the radiation of glasses and
single crystals has been studied. It is established that in a limited temperature range,
these materials can be used for the manufacture of non-contact optical
thermosensors.

Keywords: glass, single crystal, photoluminescence, energy transition,
radiation mechanism, visible, and near-infrared ranges

1. Introduction

Modern scientific and technological progress requires the constant search for
and introduction of new multifunctional materials. One of the directions in the
search for new semiconductor materials is the study of multicomponent systems
of binary and ternary phases, which are promising for practical use. This is due
to increasing requirements for semiconductor materials in connection with the
development of new or modernization of known technical devices. To expand the
list of materials, a study of chalcogenide quasi-ternary systems was undertaken.

Chalcogenide semiconductor materials were the object of research for many
decades. The best studied glassy and crystalline chalcogenides are based on the
Ge-X, Ga-X, As-X systems (X = S, Se, Te) modified by the admixture of Hg, Sb, Pb,
Ag, etc. [1-3]. An important feature of chalcogenide glass is that the introduced
admixtures are electrically and optically inactive. As a rule, they do not create
localized states in the band gap. When introduced into a glass-forming matrix,
admixture atoms rebuild their local environment resulting in the saturation of their
valence bonds. Exceptions are the admixtures of bismuth, platinum, and gold into
arsenic sulfide [4-6].
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Special attention is devoted to the research of the luminescence properties of
chalcogenide crystals and glasses due to practical application in optoelectronic
technology. Their unique properties create advantages over other light-emitting
materials and cause considerable interest both from the fundamental and the
applied point of view. The chalcogenide materials combine high transparency in the
visible, near-infrared, and medium-infrared spectral regions. By selecting the
optimal component composition, it is possible to obtain wide areas of glass forma-
tion and to introduce relatively high concentration of rare earth metals (RE).
Additionally, chalcogenides are characterized by high refractive index, good
nonlinear optical properties, resistance to aggressive media, and easy manufacture
technology. The addition of RE (Er, La, Eu, Pr, Tb, Ho, etc.) to the crystalline or
amorphous chalcogenide medium creates potential opportunities for their use as
high-quantum output luminophores, optical filters, active media in laser techno-
logy, in telecommunication devices, as well as non-contact optical temperature, and
y-irradiation sensors. The chalcogenide media that are activated by RE ions can also
exhibit both conversion and up-conversion photoluminescence (PL) which creates
the prerequisites for the design of effective converters from the infrared range to
visible light.

Therefore, the preparation of chalcogenide glasses and crystals doped with rare
earths and the study of their emission properties under different temperature and
irradiation regimes are an extremely important area of modern solid-state physics
and chemistry.

2. Synthesis of glasses and single crystal growth

Elementary high-purity substances were used for the synthesis of samples: Ag
(99.99 wt.% of the principal), Ga, In, Ge (99.999 wt.% purity), La, Er (99.9 wt.%),
and S, Se (99.997 wt.%). The elements for single crystal growth were further
purified by double vacuum distillation. The weight of the starting components for
the glasses was 3 g; the batches for the synthesis of single crystals were 10 g.

The samples were synthesized in cylindrical quartz containers with 9-15 mm
diameter. The loaded ampoules were evacuated to a residual pressure of
1.33 x 10~ Pa. The synthesis of glasses was performed in a shaft-type furnace with
a temperature control system of +5 K accuracy.

The alloys for the glasses of the La,S;-Er,S3-Ga,S; system with sample weight 2 g
were pre-synthesized at 870 K and 24 h exposure. Obtained samples were ground in
an agate mortar and loaded into quartz containers with a spherical bottom of 1 cm
diameter. The heating was stepwise, first to 1070 K at a rate of 50 K/h and then to
1420 K at a rate of 40 K/h. After 3 h exposure at the maximum temperature, the
samples were quenched into saturated NaCl solution with crushed ice.

Synthesis of the Agp.05Gag.05Geo.955,-Er,S; glass alloys was performed in two
stages. Initially, the ampoules were heated in the flame of an oxygen-gas burner to
complete bonding of elemental sulfur. Then the ampoules were placed in a shaft-
type furnace and heated at a rate of 20 K/h to 1273 K. The samples were kept at the
maximum temperature for 10 h with periodic vibration. The alloys were cooled at a
rate of 10-20 K/h to annealing temperature. The homogenizing annealing was held
for 500 h at 720 K. The annealed alloys were quenched into 25% aqueous NaCl
solution at room temperature.

To prevent the spatter of melt during quenching as well as to reduce losses due
to the vapor phase condensing on the walls of the container, the special form of the
container was used (Figure 1), and the upper part was thermostated by asbestos
cord after the binding of sulfur in the oxygen-gas burner flame was used.
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Figure 1.
Container for the synthesis of glassy alloys: (1) cylindrical part of the container; (2) neck; (3) thin-walled pear-
shaped chamber.

The method and conditions for the single crystal growth of the phases
(GassIngs)»S300 and (Gasslngs),S300:0.3 at.% Er [7] were selected from the Ga,Ss-
In,S; phase diagram; the supercooling temperature was determined from the
cooling curves of the sample thermograms. The solution-melt method was used;
supercooling of the solution melt was 70 K. The synthesis of the initial alloys at the
maximum temperature of 1200 K and the growth of crystals were combined in
evacuated graphitized quartz container with a conical bottom and a 2 mm diameter
neck. The growth process was performed in a vertical two-zone furnace. The max-
imum temperature was 1200 K; the temperature gradient at the solid-melt interface
was 20 K/cm. After melting the batch, the ampoule was lowered at the maximum
rate. After crystallization of 10 mm of melt along the length of the ampoule, the
growth was stopped, followed by re-melting of 6.0-8.0 mm of the crystallized
portion and by annealing the seed during 100 h. Further growth of the single crystal
was performed at a rate of 5 mm/day. After completion of the process, both fur-
naces were cooled to 820 K at a rate of 50-70 K/day, and the resulting single crystal

>
>
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Figure 2.

Growth unit setup and the container for the single crystal growth: (a) 1—metal flange, 2—asbestos-cement
casing, 3—Pt/Pt-Rh-thermocouple, 4—growth container, 5—melt, 6—metal disk, 7—heater, 8—thermal
insulator, and 9—pulley for moving ampoules; (b) 1—cylindrical part of the container, 2—mnecks for seed
formation, and 3—pear-shaped chambers.
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was annealed for 100 h. After that, the furnace was switched off. The single crystals
of orange color, 14 mm in diameter and 20 mm in length, were obtained.

The single crystal growth was performed in a setup installation shown in
Figure 2a along with the temperature distribution along the heaters. The tempera-
ture in the growth zone was maintained by precision temperature controllers with
an accuracy of £0.5 K.

A version of a container with two pear-shaped chambers connected by a neck
was used for the growth of single crystals (Figure 2b). This increases the probabil-
ity of obtaining a single crystal with its subsequent growth to a larger size in the
cylindrical portion of the container.

Independent temperature control in different areas of the heater allows us to
vary the gradient at the solid-melt interface within 3-5 K/mm. The growth rate was
within 2 mm/day. The vertical movement of the plane of the crystallization zone
was ensured by moving the container while the heater was at a fixed position.

3. Photoluminescence in chalcogenide glasses

An analysis of literature sources shows that chalcogenide glasses, unless doped
with REs, do not usually exhibit luminescent properties at room temperature. For a
long time, this limited their use in optoelectronic technology. Investigations of RE-
free glasses with the substitution of selenium for sulfur revealed the existence of a
broad unstructured PL band at 80 K (Figure 3).

The glasses of the AgGaSe, + GeS, & AgGaS, + GeSe, system excited by a laser
with 532-nm wavelength exhibit at low-temperature luminescence with a single
maximum in the near-infrared range (A, ~ 1150-1180 nm) with an emission band
half-width AE & 0.26-0.30 eV (Figure 3a), which is typical of the recombination
luminescence in disordered systems. The intensity of the luminescence maximum
depends on the content of Se (when sulfur is substituted with selenium, Figure 3b).
The dependence is complex and to a large extent is due to the change in the level of
luminescence excitation (caused by the shift of the absorption edge with increasing
concentration of selenium in the alloy [8]). An important feature of the lumines-
cence spectrum is that the position of the luminescence maximum is close to the
center of the band gap (as determined by the position of optical absorption edge
[8]). This is well illustrated by the model of Mott and Davis [9] stating that a band
of localized states (several tenths of eV wide) is located in the center of the band
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Figure 3.

(a) Luminescence spectra of the glassy alloys of the AgGaSe, + GeS, AgGaS, + GeSe, system (at.% Se is
indicated). (b) Dependence of the emission intensity at the maximum (2,, 1180 nm) on the content of Se
(excitation wavelength 532 nm, temperature 80 K).
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gap of chalcogenide glass semiconductors. Optical transitions of electrons into this
band can cause luminescence with the energy of light quanta close to the half-width
of the band gap.

The glassy alloy Agg 05Gag.05Geo 955, is characterized by the largest transparency
window [8] among other glasses of the AgGaSe, + GeS, & AgGaS, + GeSe, system.
This alloy was doped with an Er,S; admixture. PL spectra investigation (Figure 4)
was performed on the glasses (100 — X)Ag 05Gag.05Geo.9552-(X) Er,S;, where
X = 0.42, 0.25, and 0.18 mol.% (0.27, 0.16, and 0.12 at.% Er, respectively).

The excitation was performed by a laser with 980-nm wavelength which corre-
sponds to the *Iis» — *1;1)» transition, whereas the PL emission band is due to the
*L132 — *l1s/5 transition in Er’* ion, respectively. The PL intensity increases with Er
content. The position of the luminescence maximum at 1540 nm does not depend
on the content of Er or other components of the glass-forming matrix. The effective
width Al.g of the spectra PL was calculated for these glasses according to the
formula

_ [1caxa (1)

A
eff I

max

where I(1) is the emission intensity at wavelength A and I,,,, is the maximum
emission intensity.

The maximum Al.g value was found for the sample with 0.27 at.% Er (61 nm);
this decreases the alloys with 0.16 at.% (52 nm) and 0.112 at.% Er (52 nm). The
widening of the PL band in erbium-doped glasses was associated by the authors of
[10] with the formation of clusters in the samples where Ga/Er < 10 is performed.
Among the glassy alloys investigated here, the PL band widens in the sample with
0.27 at.% Er, and the above inequality is fulfilled. The microstructure study of alloys
[11] showed the existence of inhomogeneities of 6-7 pm size the concentration of
which increases with the amount of erbium. The generated inhomogeneities are
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Figure 4.
Conversion FL spectra of the Agy o5Gao.05Geo o5S,-Er,S; glasses.
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good drains of defects which serve as the basis for cluster formation. Higher
amounts of erbium favor the formation of clusters which include it. Thus, the PL
intensity in the glasses is due to the emission of erbium ions which are uniformly
distributed in the glass-forming matrix, as well as those which are located near the
inhomogeneities and are involved in the formation of clusters. The study of static
magnetization in the Agg 05Gag 05Geo.955,-Er,S; glasses [12] confirmed the forma-
tion of clusters. The calculated number of erbium ions in the cluster was estimated
there as 1-1.5 x 10°.

The excitation at 980 nm yielded, in addition to the conversion PL (maximum at
1540 nm, Figure 4), the up-conversion PL bands in the visible and near-infrared
spectral range at room temperature (Figures 5 and 6).

For all glasses, the luminescence is represented by three maxima at 520, 657, and
855 nm, which correspond to the radiative transitions Hi1/2 — Tissa, *Fopn — *is/as
and *Sz/, — “Ij3/, in Er®* ions, respectively. In addition, a wide PL band in the range
of 695-810 nm with an emission maximum at 765 nm was detected for the sample
containing 0.27 at.% Er that cannot be interpreted by any radiative transition in
erbium ion.

The intensity of the up-conversion PL bands depends on the laser excitation
power (Ijr) which is expressed by the formula Ip;, « I"jg, where n is the number of
infrared photons per one PL photon. The number (n) can be found by the slope of
the dependence of log (Ip;.) on log (I;r). PL spectral dependences for the sample
with 0.27 at.% Er at different laser excitation powers are shown in Figure 6; these
are also typical of the main maxima (520, 657, and 855 nm) in samples with less
erbium content. The logarithmic dependence of the PL intensity on the excitation
power [13], log (Ip.) from log (Pir), is plotted in Figure 7.

Studies show that two photons with a wavelength of 980 nm are needed for the
emission of one Ip;, photon. An energy level diagram in erbium ions when excited
by hvggg quanta is shown in Figure 8. The absorption by the ground-state erbium
ion of one hvggg photon excites it to *I41/, state. Such a transition can also take place
via energy transfer (ET) from the neighboring excited erbium ion.

The excited state *F5,, may be attained by the successive absorption of two hvggg
photons as well as by energy transfer to Er’* ion in the *I;;/, state from another
neighboring excited Er’** ion [14]:

1152 + huego — *111/2 + huego — *Fy)y (2)
T+ i = Lisp + Fop (3)
60 ' T ' T ' T ' T ' |
s 40l 0.16 at.% Er _
=
B T 0.12 at.% Er -
220} -
0k -
, ! . l : ! : ! . !
400 500 600 700 800 900

Wavelength, nm

Figure 5.
Up-conversion FL spectra of the Ag, 05Gao.05Geo.5S.-Er,S; glasses.
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Figure 6.
Up-conversion FL spectra of the Ag, osGao.05Geo.95S,-Er,S; glasses for various excitation power.
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Figure 7.
Dependence of the luminescence intensity on the laser excitation power for the glass with 0.27 at.% Er.

The states *Hy1> and *S;), arise from non-radiative relaxation of the state *F5,
due to the small energy distance between them. The non-radiative relaxation of Er’*
from the state *Sz/; to *Fo, is unlikely due to large energy gap between them (about
3000 cm ') and low energy of phonons. According to Raman spectroscopy study,
the energy of phonons for these glasses is close to 300-400 cm ! [13]. Conse-
quently, the state *Foy may arise by the absorption of the hvggo photon



Luminescence - OLED Technology and Applications

4
F
‘ 72
E \ ZHmz
- Syz
o 765
Y 4
‘ A F9/z
855
E
419/2
E —>
// A 4111/2
660

520
1540

’ L ' ' =‘IH/Z

3 3
Er” Er’”’

hVoso

Figure 8.
Energy level diagram of erbium ions (for the Agy o5Gao.05Geo. o5S,-Er,S; glasses, excitation by 980 nm).

(transition *I;3/, — *Fo,) or through the ET from the neighboring excited erbium
ion. Additionally, the state *Fo,, state may appear due to cross-relaxation (CR):

*F7p 4+ *lnj — 2*Fqpn (4)

Such a mechanism of occurrence of the excited state *Fo/, would explain the
decrease in the intensity of the green (520 nm) and the amplification of the red PL
band with an increase in the content of Er’* ions when the distance between them
decreases and the conditions favor ET.

The increase of PL intensity in the chalcogenide glasses may be due to the
increase in erbium content and the change in the composition of the glass-forming
matrix. It should be noted that an increase in erbium content in glasses can lead to
the concentration quenching of PL [15] as well as to the crystallization of the host.
Therefore, increasing the PL efficiency requires the selection of optimal composi-
tion of the glass-forming matrix and adding into its composition the maximum
concentration of erbium that will not cause PL quenching and the crystallization of
glass. The choice of the components of the glass-forming matrix should take into
account their glass-forming ability and the ability of sustaining large amount of REs
and also maintaining a wide transparency window in the visible and infrared range
when adding admixtures. With the above considerations, the Ga,S3-La,S;-Er,S;
system is of interest, in our opinion. Using the technique in paragrap. 2, we suc-
cessfully introduced up to 40 mol.% La,S; and 3 mol.% Er,S; into the glass. The
shift of the optical absorption edge does not exceed 0.13 eV with Er,S; doping and
0.10 eV with the addition of 30-40 mol.% La,S; [16]. Thus, the luminescence
properties of the Ga,S;-La,S;-Er,S; system glasses at room temperature and 80 K
were investigated with a considerable variation in the host composition. The
component composition of the glasses is listed in Table 1.

Photoluminescence spectra in the 480-1700 nm range upon laser excitation at
488 nm wavelength at 80 K are shown in Figures 9 and 10. The intense maxima
at 550, 855, 985, 1100, and 1540 nm correspond to 4f intra-shell transitions
483/2 - 4115/2, 483/2 - 4113/23 4111/2 - 4115/23 21‘111/2 - 4111/2, 4113/2 - 4115/2 in Er’* ions.
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Sample no. Ga,S;3 La,S; Er,S;3
(mol. %)
1 64 35 1
2 62 35 3
3 59 40 1
4 57 40 3
Table 1.

Component composition of the Ga,S;-La,S;-Er,S; glasses.
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Figure 9.
PL spectra of the Ga,S;-La,S;-,S; glasses at 8o K (visible range).
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Figure 10.
PL spectra of the Ga,S;-La,S;-Er,S; glasses at 80 K (infrared range).
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The lower-intensity maxima at 492, 660, 810, and 1245 nm correspond to the
transitions 4F7/2 — 4115/2, 4F9/2 — 4115/2, 419/2 — 4115/2, 4F7/2 — 419/2 in erbium iOTlS,
respectively.

PL intensity increases in the visible and infrared ranges with Er,S; concentration
at constant content of La,S;. The best medium for PL (the most intense PL) is the
glass-forming matrix with 35 mol.% La,S; and 3 mol.% Er,S;. PL intensity decreases
when La,S; content increased to 40 mol.%. A similar effect was observed by Ivanova
in [17] in the glasses of the GeS,-Ga,S; system, explaining this by an increase in the
number of homopolar metallic bonds. It is likely that the number of La-La-type
bonds increases in the Ga,S;-La;S3-Er,S; glasses with increasing La,S3 content.

Changing the component composition of glass leads to redistribution of the
intensity of PL bands. The maximum at 550 nm is dominating in the visible range,
and its intensity decreases with increasing La,S; content. The greatest increase in
the intensity of PL bands occurs for the infrared spectral range with an increase in
erbium concentration. The changes in the PL spectra are clearly related to the
mechanism of the realization of excited states in Er** ions.

The redistribution of the PL intensity is due to the competing ways of achieving
excited states in erbium ions. Figure 11 shows an energy level diagram of erbium
ions [18] which reveals the mechanism of PL emission in the glasses of the Ga,Ss-
La,S;-Er,S; system. Accordingly, erbium ions jump from the ground to the excited
state of *F;, upon excitation by 488 nm wavelength. Intense emission of green and
infrared light (550, 1100, and 855 nm) results when the majority of erbium ions
non-radiatively relax to the states ’H,1/> and *S5),. Only a small fraction of erbium
undergoes transitions *F-» — *14s/2 and *F5, — *Ig); as PL bands at 492 and 1245 nm
are characterized by low intensity. Additionally, PL with a maximum at 660 nm
occurs due to the cross-relaxation process CR resulting in the excited state *Fos.

PL spectra of the Ga,S;-La,S3-Er,S; glasses at room temperature are shown in
Figures 12 and 13. Compared to the spectra at 80 K, the PL intensity at 530 nm
increased slightly (transition *H,1/» — *15/), and the band intensity at 660 nm
increased (transition *Fo/, — *I152). Additionally, the intensity of the maxima of
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550, 330
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4
“ 115/2
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Figure 11.
Energy level diagram of erbium ions (for the Ga,S;-La,S;-Er,S; glasses).
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Figure 13.
PL spectra of the Ga,S;-La,S;-Ev,S; glasses at room temperature (infraved range).

1100 and 855 nm significantly decreased, and a weak PL band at 1050 nm was
observed in the infrared spectral range. Such intensity redistribution of the PL
maxima is associated with a change in the concentration of erbium ions in different
excited states. This is related to the fact that when the temperature rises, the phonon
subsystem of the glass-forming matrix is transformed, so the probability of the
energy exchange of the neighboring erbium ions increases. As a result, the role

of cross-relaxation processes increases and the number of erbium ions in the state
*Fy), increases. Thus the intensity of the PL band with a maximum at 660 nm
increases. Additionally, CR affects the decrease of the number of erbium ions in
the states *Hy1/, and *S;), leading to the decrease of the intensity of the maxima at
1100 and 855 nm at room temperature. The band with a maximum at 1050 nm
(transition *F5/, — *Ig)p) is completely overlapped by the intense PL maximum at
1100 nm at 80 K.

11
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4. Photoluminescence in erbium-doped single crystals

The occurrence of recombination PL that is characterized by wide emission
bands in the visible, rarely in the infrared range, is quite often found in single-
crystalline chalcogenide semiconductors at room temperature or low temperatures
[19, 20]. From the application viewpoint of laser technology and telecommunica-
tions, the introduction of erbium to such materials has significant advantages since
the emission bands of erbium-doped glasses and single crystals are usually intense
and narrow. The addition of erbium is also accompanied by the extinction of PL
radiation [21] which is due to the crystalline or amorphous chalcogenide host. The
influence of external factors on the PL efficiency in erbium-doped chalcogenides is
limited due to the shielding of radiative transitions in the 4f-shell of Er by outer
shells. At the same time, the local environment of erbium ion, both in glasses and
single crystals, affects the efficiency of PL emission which is why it is extremely
important for the design of fluorescent materials. It should be noted that the single
crystals, unlike glasses, do not permit a wide variation of the component composi-
tion since it is limited by the solid solubility of impurities and the homogeneity of
the crystalline compound. It is more difficult to select the composition of the host to
obtain effective emission in erbium-doped single crystals; therefore, PL is less
common in these than in the corresponding amorphous media.

The investigation of the optical properties of the single crystals (GassInas),S;00
and (Gasy solngy 66Erg 75)2S300 [7] determined that the introduction of erbium does
not result in a change in the bandgap energy or significant changes in the electronic
structure [22]. The absorption maxima at 530, 660, 810, 980, and 1530 nm [7]
recorded for (Gass solng4 66Er0.75)2S300 single crystal correspond to 4f intra-shell
transitions from the ground state to the excited states "Hi1/2> *Fosas *losa, *11/2, and
*113/2 in Er’* ions, respectively. PL spectra at room temperature in the visible and
close infrared range (600-1650 nm) were studied when excited by a laser with
532 nm wavelength (Figure 14). Two intense PL bands with maxima at 810 and
1540 nm were recorded, which correspond to the transitions of *Io/» — *I15/> and
4113/2 — 4115/2 in Er’* ions, respectively.

Er’* ions excited by a 532 nm laser are promoted from the ground *I15/, to the
excited state ’Hyq/,. The emission mechanism in this case is quite simple as demon-
strated at an energy transition diagram in erbium ions (Figure 15). Erbium ions
cannot relax non-radiatively from the state *S5/5 to *Fop or *Iy,; due to the large
energy distance and the low phonons energy (200-300 cm ™" for the single crystals
(GassIngs)2S300 and (Gasa solnag 66Ero 75)2S300 [23]). Therefore, the appearance of
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Figure 14.
Visible (a) and NIR (b) PL spectra of the (Gas, soIn,, 66EV0.75) 25300 single crystal (excitation by 532 nm,).
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Figure 15.
Energy level diagram in evbium ions (for a (Gas, soln,, 66Ev0 55)2S500 single crystal, excitation by 532 nm).

excited states *Io/, involves the cross-relaxation process CR. Energy transfer
between adjacent erbium ions in the states ’H,1/> and s promotes one ion into
the excited state *Io, and the other into *I;5,:

*Hirjo + *lispp — *lopp + *lisp (5)

Such a mechanism yields substantial numbers of erbium ions in excited states
*Io/> and *1;3/5, which results in PL with maxima at 810 and 1540 nm.

Similar to glasses, we also investigated single crystals in which two rare earth
metals were introduced. (GassIngs)>S300 and (Gasy s9lnas 66Erg 75)2S300 single crys-
tals were obtained by a solution-melt method [24] selected in accordance with the
phase diagram of the Ga,S3-La,S; system. The bandgap energy of the single crystals
little changes upon erbium doping at 2.01 and 1.99 eV for (GassIngs),S;00 and
(Gas4.s9ln44.66E10.75) 25300, reSpectively [24]. PL of (Gass.50In44.66E10.75)2S300 single
crystal in the 500-1700 nm range was investigated at room temperature (Figure 16).
Four intense PL bands with maxima at 525, 545, 980, and 1540 nm and one
low-intensity band at 660 nm were recorded. They correspond to the transitions in
Er’* ions from excited states “Hy1/2, “Ss/2, *111/2, *113/2, and *Fo, to the ground state.

Energy transition diagram (Figure 17) shows that the wavelength of 810 nm
can excite erbium ions from the ground state “*L1s/» to the state *Io,,. Er’* ions,
either by directly absorbing light quanta or through ET, can be promoted from the
state *I;35 to “Hy1pn resulting in PL at 525 nm. Additionally, after non-radiative
relaxation of erbium ions to the state *S;),, there is a PL band with a maximum at
545 nm [25]. The appearance of excited states *Fo, and *141)5 occurs by cross-
relaxation CR 2:

*Hitjo + *lisp — *Fopp + *liapa (6)
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Energy level diagram in evbium ions (for a (Gage ,5La, g 75E70 5)2S500 single crystal, excitation by 810 nm).

The transition from these states to the ground state produces PL at 660 and
980 nm. An intense PL band at 1540 nm wavelength occurs due to the formation of
a significant number of Er’* ions in the state *I;3/, by cross-relaxation CR 1:

*Hirjo + *ispp — *lopp + *“Lispn

@)

The excitation of the single crystal yields also an intense up-converted green PL
(Figure 16). Therefore, (Gass solna4.66Ero 75)25300 single crystal can be
recommended as a material for the manufacture of light converters.
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5. The influence of temperature on the photoluminescent properties of
glasses and crystals

Doping the binary and ternary chalcogenides, particularly by rare earth metals,
creates materials for the design of active and passive media for laser technology,
photonic devices, light converters, and telecommunications. Special attention is
given to the crystalline and amorphous environments that can exhibit high-
intensity PL under the influence of external factors.

Additionally, modern optoelectronic industry actively researches and imple-
ments high-precision temperature sensors based on the sensitivity of PL emission to
temperature changes. The design of such devices requires the investigation of the
effect of temperature on the mechanism of the achievement of excited states and
the processes of the relaxation of erbium ions when the PL intensity changes in
various temperature ranges. This will allow optimizing the component composition
of crystals and glasses to produce effective luminescent materials for the develop-
ment of non-contact optical sensors.

PL of the Agp 05Gag.05Geg.955,-Er,S; glasses in 600-1050 nm range was investi-
gated in a temperature range of 80-300 K upon laser excitation at 532 nm [26].
Recorded PL bands with maxima at 660, 860, and 980 nm correspond to the
radiative transitions *Fo/, — *I1s/, *S3/2 — *113/2, *I11/2 — *I155 in erbium ions,
respectively. The dependences of PL intensity on wavelength at different tempera-
tures for the sample with 0.27 at.% Er are plotted in Figure 18 (also typical of the
glasses with 0.12, 0.16 at.% Er). The temperature increase leads to changes in the
ratio of PL intensities, with the intensity of all bands decreasing at temperatures
above 180 K. The PL band with a maximum at 860 nm is the most sensitive to
temperature changes. The PL emission mechanism is well explained by the energy
level diagram of Er’* ions (Figure 19).

[llumination by 532 nm wavelength promotes erbium ions to the excited state
2H,1/5. The states *Fq), *Io/5, and *I;1/, result in the cross-relaxation processes CR1,
CR2, and CR3. Er’* ions in the H;;,, state can also nonradiatively relax to the *Ssp
state due to small energy gap between them. The integral intensity of the emission
bands was calculated from the results of the investigation of PL spectra.
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Figure 18.
PL spectra of the Ag, o5Gao.0sGeo o5S,-Er,S; glass (0.27 at.% Er) at various temperatuves.
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Energy level diagram in evbium ions (for the Ag, osGao. 05Geo o5S,-Er,S; glasses, excitation by 532 nm).

The dependence of integral PL intensity on temperature is shown in Figure 20 for
the glass with 0.27 at.% Er.

The dependence of PL intensity on temperature can be described using the
probability of radiative and non-radiative processes by the formula [27]:

1,

Doy oo = Er (8)
l+(0 exp( kT]

r

I(T)=

where I, is a constant, k is Boltzmann’s constant, o,,, o, is the probability of non-
radiative and radiative processes, respectively, and E; is the thermal activation
energy of luminescence.

The I(T) dependence (Figure 20, solid line) was calculated from Eq. (8) for the
band with the 860 nm maximum, and the corresponding activation energy E; was
calculated as 90 + 6 meV [26]. According to the diagram in Figure 19, this energy
determines the activation of erbium ions from the state *Ss/; B °Hy1/5 (i.e., the
energy gap between these states). It should be noted that changes in PL intensity is
complex. Therefore we calculated the logarithm of the ratio of integral PL intensi-
ties In (Iogo/Iss0) and plotted its dependence on temperature (Figure 21). This
dependence is linear in the range of 125-300 K. The sensitivity of the sample as the
temperature sensor was calculated according to the results of these studies as
0.43K".

Erbium-doped single crystals may also exhibit changes of PL intensity with
temperature. PL spectra of the single crystal (Gass.solng4 66Er0.75)2S300 Were inves-
tigated at 150, 200, 250, and 300 K upon laser excitation at 980 nm wavelength
(Figures 22 and 23). The position and shape of the maxima do not change but the
intensity of PL increases with temperature. For the majority of semiconductor
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Figure 20.
Temperature dependence of integral PL intensity of the Ag, o5sGao.05Geo.95S,-Er,S; glass (0.27 at.% Er).
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Figure 21.
Ratio of integral PL intensity of the glasses of the Agy 5sGao.05Geo.o5S.-Er,S; system (0.27 at.% Er).

materials where the recombination luminescence was recorded [28], the PL inten-
sity decreases with increasing temperature. At the same time, the emission intensity
may increase with temperature in crystals and glasses where PL is associated with
transitions in the 4f-shell of erbium ions. This is due to the fact that the neighboring
erbium ions are in different excited states. As the temperature increases, the pho-
non subsystem of the crystal changes which contributes to the cross-relaxation
processes of Er’* ions. If a crystal is excited by 980 nm wavelength, the absorption
of two photons promotes erbium ion into the state *Fupn (Figure 22). Due to small
energy gap, Er’* ions can non-radiatively relax to the state ’H,1/,. Excited states
*I13/2 and *Iy); result from the CR process:

*Tis/a + *Hirpn — iz + o) 9)

Therefore, CR processes play greater role with increasing temperature, which
will contribute to a higher concentration of erbium ions in the *Io/» and *I;3/, states
and the increase in PL intensity.
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Conversion PL spectra of the (Gas, soIn,, 66EVo.55) 25500 Single crystal at various temperatures.
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Figure 23.
Up-conversion PL spectra of the (Gas, soIn ., 66EVo 55) 28500 Single crystal at varvious temperatures.

The integral PL intensity for both maxima was calculated from the spectra of up-
conversion and conversion PL of (Gass solng4.66Er0.75)2S300 single crystal
(Figure 24). The plots of integral PL intensity linearly depend on temperature.
From the results of the temperature dependence of the integral PL intensity, the
sensitivity was calculated as 1.187 x 10 2K ' for PL at 805nm and 1.818 x 10 3K !
for the maximum at 1540 nm. It should be noted that the sensitivity defined as the
ratio of the integral intensities of the two PL bands is higher in the
Ago.05Gag 05Geo.955,-Er,S; glasses. The sensitivity in (Gasg solnas 66Ero 75)2S300 sin-
gle crystal was calculated separately for each PL band (maxima at 805 and
1540 nm), the latter being in the operating range of fiber-optic networks and
telecommunication devices.

Therefore, in a limited temperature range, the Agg 0sGag.0sGeg.955,-Er,S; glasses
(with 0.27 at.% Er) and the single crystals (Gass s9In44.66Er0.75)25300 can be used to
design non-contact optical temperature sensors.
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Temperature dependence of integral PL intensity of the (Gas, soIt 4 66E70.75) 28300 Single crystal.

6. Conclusions

The principal mechanisms of the occurrence of PL due to the transitions in the
4f-shell of erbium ions are presented on the basis of sulfide glasses and single
crystals. The appearance of many emission bands in chalcogenide glasses (unlike
single crystals) is due to the fact that in an amorphous medium, erbium ions may
occupy several different positions in the glass-forming matrix. The change of the
excitation wavelength leads to a change in the mechanism for the excited states in
Er’* ions and the emergence of some radiation bands and the extinction of others.
Energy exchange processes (energy transfer, cross-relaxation) between the neigh-
boring Er** ions strongly influence the intensity of the conversion and up-
conversion PL. The investigation of the temperature dependence of PL indicates
that erbium-doped chalcogenide semiconductors can be recommended as materials
for the design of non-contact optical thermometers.
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