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Abstract:

Structural and optical properties of MGa,S, (M = Mg, Zn, Ca, Sr, Ba) compounds have been
compared, and the vacuum referred binding energy (VRBE) schemes were constructed for the
lanthanide ions in the iso-structural compounds CaGaySy and SrGayS, employing literature
data. The VRBE of an electron in the 5d excited state of Eu’" was found at 0.75 and 0.97 eV
below the bottom of the conduction band (CB) in CaGa,S4:Eu and SrGasSy:Eu, respectively.
Such differences explains the unexpected higher thermal quenching temperature reported for
Eu”—a’oped SrGaySy (Tsge, = ~475 K) compared to Eu2+-doped CaGaySy( Tspo; = 400 K) The
significantly lower VRBE at the CB-bottom in CaGa,S, versus SrGa,S,; may be explained by
the shorter Ga-S bond lengths in SrGa,S,.
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I Introduction

Over the past years rare-earth doped phosphors attracted more attention due to their high
potential as conversion phosphors in light-emitting diodes (LEDs) for lighting or displays.'™®
In lighting, the combination of a blue-emitting LED with yellow- or with a combination of
red- and green-emitting conversion phosphors are used. Eu’" has shown to be a suitable
activator for realization of applicable LED phosphors.” Eu*"-doped thiogallates, in particular
CaGa,S4, SrGa,Ss and BaGaySs, , have shown interesting luminescence properties which
makes them attractive for blue-excited LED devices.*'> However, from an application point
of view, the thermal quenching of Eu®" emission in these compounds at the operation
temperature of the LED chip, which can reach 150°C (~420 K), is a major problem. Literature
reports that Tsgo,, defined as the temperature at which luminescence intensity drops to 50% of
the initial lower temperature value, is at 400 K for Eu2+-doped CaGazs4,16 and at ~475 K for
Eu2+-d0ped SrGa,Ss when compared with the initial intensity at room tempera‘[ure.17 Thermal
quenching in Eu®"-doped MGa,S; was studied extensively and several thermal quenching
mechanisms were proposed, like increased absorption by the host,'® hole transfer from the
Eu”" 4f ground state level to the host-lattice valence band,' ' or thermal activation of an
electron from the 5d level of Eu' to the host-lattice conduction band.’ Besides, it was found
for Eu’"-doped SrGa,S, that thermal quenching is significantly stronger for higher Eu*'
concentration, which was attributed to a locally smaller energy separation between the excited
5d state and the conduction band (CB)."” The mechanism assuming that thermal quenching
proceeds via ionization by thermal excitation of an electron from the Eu®" 5d state to the host-
lattice CB gained a lot of acceptance over the past few years.” Thermally activated ionization
was found to be responsible for the thermal quenching of Eu*" luminescence in a number of
hosts, such as CaAle4,21 GdAlO3,22 LiYP4012,23 and CaS.** The aim of the present paper is
to explain the differences in thermal quenching of Eu®" emission between iso-structural
CaGa,S4 and SrGa,S, by constructing the vacuum referred binding energy (VRBE) schemes

and relating this information to crystallographic structural data.

IT Comparison of the properties of Eu“—doped MGa,S4 phosphors
Although this article will mainly focus on Eu2+-doped CaGa,S4 and SrGa,S4, for sake of
completeness, the structural and optical properties of the reported Eu*"-doped MGa,S; with M

=Z7Zn, Mg, Ca, Sr, Ba, will be first discussed. Table 1 shows a comparison of the structural and



optical properties of the different MGa,S, thiogallates for similar Eu”" concentration, namely
the energy needed for host exciton creation (E™), determined by photoluminescence
excitation spectroscopy, the Eu>" emission energy (Ez), the energy of the Eu®" transition from
the 4f” ground state to the 4f°5d lowest excited state level (Eg), the energy of the zero-phonon
line (Eo), the Stokes shift (AS) and the redshift (D) of the 4f-5d absorption, the full width at
half maximum (FWHM) of the emission band at room temperature and 420 K, the
temperature Tsgy, and the ratio Isok/Irt. MGayS4 thiogallate host-lattices present different
types of structures as function of M: tetragonal for ZnGazs4,25 monoclinic for MgGa284,26
orthorhombic for CaGa,Ss and SrGazS4,27 and cubic for BaGazS4.27 When doped with Eu2+,
they show broad excitation bands in ultraviolet and blue regions, and a narrow FWHM ( ~ 50-
60 nm) emission in the green region (500-560 nm)."* '>?” These properties make Eu*"-doped
MGa,S4 very attractive as conversion phosphors for blue-emitting LEDs and backlight
applications.

The optical properties of Eu*"-doped ZnGa,S4 and MgGa,S, are very close to each other.'* '
Recently, Joos et al. have proved by electron microscopy-based local analysis that the green
emission observed for Eu2+-d0ped ZnGa,S, is actually not coming from Eu’' in ZnGa,S,, but
from a small fraction of EuGa,S4.** Moreover, they have found by XRD and EXAFS analysis
that if any Eu is incorporated into the ZnGa,S4 host-lattice, it will occupy octahedral voids,
which will induce the removal of neighboring Zn ions to compensate excess positive charges.
Although such study was not performed on Eu**-doped MgGa,Ss, in reason of the similarity
of ZnGa,S4 and MgGa,S, in terms of structural and optical properties, it is likely that a
similar phenomenon is occurring. Thus, the reported values for Eu’" in ZnGa,S4 and MgGa,S,4
are considered doubtful, and in the following, we will focus more on M= Ca, Sr and Ba.

The FHWM is 50 nm for M = Ca and Sr,” '® which is remarkably small for such Eu2+-d0ped
phosphors considering that both Ca- and Sr-thiogallates have 3 eightfold-coordinated M sites,
where one may expect an overlapping of several Eu*" emission bands. It may be due to a
preferential Eu”” occupation among the 3 available M*" sites, as it was the case for CaAl,S, or
SrzsiS4.29’ 39 In the case of Eu2+-doped BaGa,S,4, the FWHM is 60 nm,10 which may be related
to the fact that Eu*" can occupy both Ba sites and/or to the larger Stokes shift, which is 0.5 eV
for M=Ba versus 0.26 eV for M=Ca and Sr.

The values reported for the band-gap can differ, depending on how the band-gap is defined,
namely as the fundamental absorption onset, the peak of exciton creation or the mobility band
gap. Thus, different values of the band-gap for M= Ca, Sr and Ba have been reported.” ' 13-

3233 Until now, the best and most accurate determination of E**, which is related to the band
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gap, for Eu**-doped CaGa,S has probably been determined by high-resolution time resolved
spectroscopy using synchrotron radiation.* From the excitation spectrum of host emission, a
clear band peaking at 275 nm (4.52 eV) is observed. This value is also the value that can be
determined for Eu®"-doped CaGa,S; from the excitation spectrum of Eu?" emission by
Nazarov et al.”” Due to this similarity and the fact that Nazarov et al. have also measured
under the same conditions the excitation spectrum of Eu®" emission in BaGa,S4 and SrGa,S,,
we have decided to report the values based on the reference [27]. Thus, E* is 4.52, 4.89 and
4.07 eV for M= Ca, Sr and Ba, respectively.

Tso is 400 K for M=Ca,” ~475 K for M=Sr,'® and 420 K for M=Ba."” Thus, Eu*"-doped
SrGa,S, is significantly different compared to the others in terms of thermal quenching
temperature. The difference with Eu2+-d0ped CaGa,S, is more particularly intriguing since
both have the same structure. The Eu concentration also has an impact on the thermal
quenching properties of Eu®"-doped SrGa,S,."” Values Tsgo, of 475, 460, 445, 435 and 385 K
are reported for 1, 3, 7, 15 and 30% of Eu, respectively. Namely, the thermal quenching of
Eu?" emission in SrGa,S4 becomes stronger with increasing Eu concentration.

The quenching of 5d-4f emission in Eu®" was generally explained by the Blasse-Bril model,
which attributes the quenching to a large displacement between the ground and excited states
of Eu*" in the configuration coordinate diagram.®® Such displacement is directly related to AS.
In this model, AS should scale with the size of site occupied by Eu®" and there should be a
relationship between AS and Tsgy. However, for Eu2+-d0ped CaGa,S4 and SrGa,S, it is
clearly not the case: while AS is 0.26 eV for both compounds, Tsg is different. We propose
that the thermal ionization model may give a better explanation to the difference in the

thermal quenching between Eu2+-doped CaGa,S, and SrGa284.20

III The vacuum referred binding energy schemes

In order to understand the thermal quenching differences between the iso-structural
compounds CaGa,S4 and SrGa,S4, we have constructed the VRBE schemes to determine the
energy difference between the Eu*™ 5d excited state level and the CB bottom (Eqc), which is
related to the effective barrier energy for thermal quenching.”

The VRBE schemes as constructed for divalent and trivalent lanthanides in CaGa,S4 and
SrGa,S4 are shown in Figure 1. The details concerning the physical background of the
employed chemical shift method can be found in [36-38]. The model allows the prediction of

the binding energy in the ground and excited states of each lanthanide ion in bi- and tri-valent



states. Thus, the determination by spectroscopy of a few parameters (in eV), i.e. the redshift D,
the charge transfer energy (E“'(n,3+)) from the valence band to the lowest binding energy in
the ground state of Ln", the energy needed for host exciton creation E™, and the Coulomb

: +/3+
repulsion energy for Eu’ &

(U(6)), defined as the energy difference between the ground state
energy of Eu*" and that of Eu’", is enough for the construction of the VRBE scheme of the
lanthanide ions for a given material.

In practice, U(6) is empirically related to the centroid shift of the Ce®” ion in the investigated
material €,(1,3+), namely the difference between the average energy of the 5d-levels in
gaseous Ce’”, which is 6.35 eV, and the average energy of the five 5d-levels of Ce®” in the
material ES(1,3+). Typically, (1,3+), can be determined more accurately than U(6), as Ce’*

has only one electron in the 4f-shell leading to the most simple 4f-5d excitation spectra and

the energies of the 4f-5d transitions are the lowest amongst all trivalent lanthanides, which

can be conveniently studied in the UV-VIS part of the spectrum:***
&(1,3+) = 6.35—ES(1,3+) (Eq. 1)
U(6) = 5.44 + 2.834 exp(-&.(1,3+)/2.2) (Eq. 2)

From U(6), the absolute position of the lowest binding energy in the ground state of Eu®’,
E4(7,2+), is determined by the equation:*°

Ey(7,2+) =-24.92 + (18.05-U(6))/(0.777-0.0353U(6))  (Eq. 3)
Moreover, the position of the lowest binding energy in the ground state of Eu’’, E4(6,3+) can

be positioned via the relation:*®

Ey(6,3+) = E4(7,2+) — U(6) (Eq. 4)
The E4¢ and the Esq energy levels of bivalent and trivalent Eu are linked by the equation:38
Esi(7,2+) = E4(7,2+) + (Equ(7,2+ free) — D(2+)) (Eq. 5)
Es5q4(6,3+) = E4(6,3+) + (Eq(6,3+,free) — D(3+)) (Eq. 6)

with Eg(7,2+,free) and D(2+) the energy of the first lowest energy of 4f-5d transition in
quasi-free state, which corresponds to 4.22 eV, and the redshift of Eu’", respectively, and
Eg(6,3+,free), which corresponds to 10.5 eV,”® and D(3+) those of Eu’". Both D(2+) and
D(3+) are usually not simultaneously experimentally determinable for a given sample,
however one can be obtained from the other from the relationship:*’
D2+) =0.64 D(3+)—0.233 (Eq. 7)

From the knowledge of the different energy levels of Eu*" and Eu’", the energy levels of the
other lanthanides are known, as they are shifted to each other by constants rather invariant of

the type of compounds, which forms the well-established double zigzag curves.”



The top of the valence band, Ey, is calculated by the relation between ECT(6,3+) and the
E4(7,2+) level of the investigated lanthanide in the trivalent and divalent states,
respectively:>®
Ey=Ey72+) - E(6,3+) (Eq. 8)
From the position of Ey, the exciton creation energy E®, and the electron-hole binding energy
E., in the exciton state, the VRBE of the electron in the exciton state Ex and at the bottom of
the conduction band Ec, are found:
Ex=Ey+E* (Eq. 9)
Ec=Ex+E, (Eq. 10)
For wide band-gap ionic compounds, E¢, is estimated at 8% of the band-gap energy. It
appears that this percentage lowers when moving to smaller band-gap, namely more covalent,
compounds, such as CaGa,Ss and SrGa,S4. Thus, as approximation, we estimated that the
exciton binding energy is ~4-5% of the band-gap, so about ~ 0.2 eV.*°
Finally, Eqc is determined by the equation:*!
Eqc = Eve— E'(6,3+) — Ef(7,2+) (Eq. 11)
with E,. the energy difference between Ey and Ec, and E(7,2+) the energy difference
between Esq(7,2+) and E4(7,2+).
Table 2 summarizes the experimental input data collected from the cited literature used to
construct the VRBE schemes shown in Figure 1, and the model output data. We selected data
pertaining to compounds with the lowest Eu*" concentration and if available measured at low
temperature, in order to prevent a possible influence from concentration or thermal quenching.
U(6) was found to be 6.25 and 6.30 eV for CaGa,S4 and SrGa,S,, respectively.*® For D(2+),
the values of 1.86 and 1.64 eV for CaGa,S, and SrGa,S., respectively, were chosen as they
correspond to the lowest Eu®" concentration reported, in the best of our knowledge.” ** For E™,
4.52 and 4.89 eV for CaGa,S4 and SrGa,S4, respectively, were taken, as discussed previously
in the section 2.2”** For ECT, Eu’* being not stable in MGa,S4, we used the ET of Er** for
SrGaQS4,42 and Tm®" for CaGazS4,43 >4 and then removed a constant (2.58 ¢V in the case of
Er'" and 1.72 eV in the case of Tm®") to obtain E'(6,3+).>” For Tm’", we have done the
average of 2 recent reported values. It may be noted that it has been recently found that a
highly deformed first coordination shell is obtained for Ce®*-doped SrGa,S, It is most likely
that such deformation should also occur for other trivalent ions in SrGa,S4, such as Tm>" and
Er'".* Moreover, the absolute values of energies given by the VRBE schemes can differ as
much as +0.5 eV, a detailed evaluation of possible contributions to errors in positioning the

energy levels being given by Joos et al..* However, such errors are highly systematic, and it
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should not affect the qualitative fact that E4c of SrGa,S4 (0.97 eV) is found significantly
larger compared to that of E4c of CaGa,S4 (0.75 eV), which is in agreement with E4c
determined from other reported VRBE diagrams of SrGa,S, (0.67 ¢V) * and CaGa,S; (0.19
eV).?

IV Discussion

Literature has shown experimentally that Tsge, for the same Eu concentration, significantly
differs: 400 K for 2% Eu”*":CaGa,S, and 475 K for 1% Eu*":SrGa,S,.” ' The VRBE diagram
in Figure 1 shows that E4c is 0.75 and 0.97 eV for CaGa,S4 and SrGa,S,, respectively. These
energies correspond in a qualitative way with differences in Tsge, values, since, in the model
of thermal quenching by thermal ionization, the rate of electron escape increases with
increasing the temperature and with decreasing Eqc.”” Moreover, they can explain the fact that
the thermal quenching of Eu®" emission in SrGa,S, is larger for higher Eu concentration.
Indeed, the unoccupied Eu 5d states form a rather localized band near the bottom of the
conduction band. With increasing Eu concentration, possibility of local Eu clustering
increases and the interactions among Eu 5d — Eu 5d orbitals become stronger. They cause
delocalization of the Eu 5d band and decreasing of the life time of the excited electrons at the
Eu 5d states, which caused quenching of photo emission.

Eq4c 1s determined by the values of E4f(7,2+), Esq(7,2+) , ECT , Bv and Ec. Ey of CaGa,S4 (-
5.32 eV) is slightly lower than E¢ of SrGa,S, (-5.27 eV). ET of CaGa,S, (1.61 eV) is slightly
higher than that of SrGa,S4 (1.54 eV), as expected for Ca*" being smaller than Sr*" 4647 The
difference between E4{7,2+) and Esq(7,2+) of CaGa,S4 (2.36 eV) is smaller than that of
SrGa,S, (2.58 V), which it is also expected due to the larger crystal field splitting for Ca®”
(2.09 eV) compared to Sr** (2.0 eV).?” However, E¢ for CaGa,S, is 0.42 eV lower than that of
SrGa,S4, which contradicts expectation. Indeed, based on an extensive overview of thermal
quenching of Eu*" emission in different compounds, two different types of compounds were
discriminated:*

1) In type I compounds, Ec is mainly composed of orbitals of cations that are being
substituted by Eu*’, e.g. MF, (M = Ca, Sr, Ba). The quenching temperature tends to increase
with smaller size of the cation.

2) In type II compounds, Ec is composed of orbitals of cations other than the one replaced by
Eu”". This is the situation expected in alkaline earth silicates MSiO3; (M= Ca, Sr, Ba) and the

thiogallates MGa,Ss (M = Ca, Sr) reported in this publication. Ec does not significantly



depend on the type of M, thus Ec is expected to be about the same for Eu*":CaGa,S, and
Eu’":SrGa,S, in first approximation, which is clearly not the case.

To clarify the nature of the contribution of the different elements to the electronic properties
of CaGa,;S4 and SrGa,S., electronic structure calculations were performed using the first-

principles code VASP (Vienna 4b initio Simulation Program),***

which employs the density
functional theory (DF T)***! within the Projector Augmented-Wave (PAW)** > method that
belongs to Generalized Gradient Approximation (GGA) by Perdew-Burke-Ernzerhof (PBE).
>* The cut-off energy of the wave functions is 500 eV and that of the augmentation wave
functions 700 eV. The electronic wave functions were sampled on dense grids in the Brillouin
zone (BZ) of crystals using the Monkhorst and Pack method.’® Tests showed that the present
settings produced reliable results with good convergence within 1 meV/atom. The calculated
total and partial density of states (DOS) curves are shown in Figure 2. The lower part of the
valence bands (from -6 to -4 e¢V), is dominated by S 3p and Ga 4s, while the upper part (from
-4 to 0 eV) by S 3p and Ga 4p. The lower part of the conduction bands (from 3 to 4.5 eV) are
dominated by Ga 4s states. The calculated band gap is about 3.0 eV, which is lower than the
experimental values. This is not unusual since the DFT generally underestimates band gaps of
semiconducting/insulating compounds.®® The Fermi level is set to be at the top of the valence
band. The contribution of the Ca 3d/Sr 4d states are more dominant in the upper part of the
conduction bands (from 4.5 eV). Namely, the hybridization between the S 3p and Ga 4p
determines the band structure near the Fermi level due to the covalent nature between Ga and
S. Therefore, the overall electronic properties of the CaGa,S, and SrGa,S, crystals are largely
determined by the Ga-S framework. In other words, they are not related to the states of the
alkaline earth cation. So, in order to understand the origin of the low lying conduction band in
CaGa,S4 versus SrGa,Sy, one has to understand why the Ga 4s states have low VRBE.

In both CaGa,Ss and SrGa,Ss, Ga occupy 2 sites that are in the center of a sulphur
tetrahedron. In order to investigate the differences, the Ga-S distances determined by Rietveld
refinement from the investigation of Nazarov et al. are reported in Table 3. In CaGa,Sy, the
average bond length of the four Ga-S bonds is 224.8 pm with a bond length variation of at
most 2.3 pm for Gal and 225.2 pm with a variation of 4.2 pm for Ga2, suggesting that the
tetrahedral coordination is reasonably regular. In contrast, for SrGa,S4, the average Ga-S bond
length is 226.6 pm with a bond length variation of 24 pm for the Gal site, and 228.1 pm with
a variation of 10 pm for the Ga2 site. So, the tetrahedrons are quite distorted, with one of the

Ga-S2 bonds being much shorter compared to the three others.



Interestingly, while the average Ga-S bond lengths for SrGa,S, are larger compared to those
for CaGa,S4, which is expected as the size of Sr*t is larger than that of Ca2+, the shortest Ga-S
bond length of SrGa,S4 is smaller than that of CaGa,Ss. This suggests that the thermal
quenching of Eu®" emission is controlled by local environment and not the average one. The
VRBE of the electron in the 4s-orbital dominated CB-bottom is determined by the Coulomb
bonding to the positive Ga ion and the Coulomb repulsion from the negative sulphur ligands.
Apparently the short Ga-S bond in SrGa,S; leads to larger repulsion and likewise less
negative VRBE at the conduction band bottom. This translates to an increase of E4c with
corresponding higher quenching temperature of the Eu*" 5d-4f emission for Eu*"-doped
SrGa,S4 compared to Eu®-doped CaGa,S4. A change of the shortest Ga-S bond length, for
instance by the presence of defects present in the material and/or a preferential distribution of
Eu in SrGa,Ss, may strongly affect the quenching temperature. It also suggests that
manipulating the Ga-S distances in a desired direction by controlled chemical substitution

may effectively improve the thermal quenching behavior in such phosphors.

Conclusions

The VRBE schemes were constructed for CaGa,S4 and SrGa,S, based on the literature data.
The 5d energy of Eu®" was found at 0.75 and 0.97 eV below the bottom of the conduction
band for CaGa,Ss and SrGa,S., respectively. The values correspond well with the higher
thermal quenching temperatures reported for Eu2+-d0ped SrGa;Sy (Tsey, = ~475 K) as
compared to Eu2+-doped CaGaySy (Tsee, = 400 K). As the Eu®" 5d level has been found at
similar energies in both CaGa,Ss and SrGa,S4, so the main reason for the variation in Tsge, 1S
the difference in the position of the conduction band bottom. Theoretical studies have shown
that the overall electronic properties of the CaGa,Ss and SrGa,S; crystals are largely
determined by the Ga-S framework. The structural data show that the GaS, tetrahedrons are
distorted in SrGa,S, while these are quite regular in CaGa,S4. As a consequence of a shorter
Ga-S bond length in SrGa,S4 compared to CaGa,S4, the repulsion between electrons on Ga
and S is stronger for SrGa,S,; versus CaGa,Sy, resulting in a higher energy position of the
conduction band bottom and consequently a higher Tsg, for Eu2+-doped SrGa, S, than for iso-

structural Eu2+-doped CaGa,S..
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Captions
Table 1. Comparison of the structural and optical properties of MGa,S, (M=Zn, Mg, Ca, Sr
or Ba) doped with a comparable concentration of Eu®" (A: 5-7 Eu%, #: 0.1-2%Eu) — *The

values indicated may be actually related to EuGa,S..

Table 2. Experimental input data used to construct the VRBE schemes for the divalent and
trivalent lanthanides doped in CaGa,S4 (a) and SrGa,S4 (b), shown on Figure 1, and the model
output data to construct the VRBE scheme for MGa,S4 (M=Ca or Sr). All energies are in eV.

The experimental input data are indicated in italic.

Figure 1. VRBE schemes for the divalent and trivalent lanthanides doped in CaGa,S, (a) and
SrGa,S, (b)

Figure 2. PBE calculations of the total density of states (DOS) of and partial DOS of the
metallic atoms/ions in CaGa,S4 and SrGa,S, crystals. The pDOS of S atoms/ions are not

included.

Table 3. Ga-S distances in Eu2+-doped CaGa,S,4 and Eu2+-doped SrGa,Ss,.
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Parameters

Zn

Mg

Ca

Sr

Ba

Crystal system

Tetragonal [25]

Monoclinic [26]

Orthorhombic [27]

Orthorhombic [27]

Cubic [27]

Space group

1-42m (121) [25]

Cl2/cl (15) [26]

Fddd (70) [27]

Fddd (70) [27]

Pa-3 (205) [27]

90/90/90 [27]

90/90/90 [27]

90/90/90 [27]

/By (°) 90/90/90 [25] 90/108,8/90 [26]
a(A) 5,297 [25] 12,74 [26] 12,21 [27] 12.21[27] 12,68 [27]
b(A) 5,297 [25] 22,54 [26] 20,09 [27] 20,51 [27] 12,68 [27]
c(A) 10,36 [25] 6,43 [26] 20,12 [27] 20,86 [27] 12,68 [27]
V (AY) 290,8 [25] 174,79 [26] 4904.8 [27] 5224.87[27] 2041,1[27]
M site number 1[25] 3126] 3127 3127 2127]
CN of each M site 4125 6/6/6 [26] 8/8/8 [27] 8/8/8 [27] 6/12[27]
Ga site number 21[25] 3126] 2[27] 2127] 1[27]
CN of each Ga site 4/4 [25] 4/4/4 [26] 4/4 [27] 4/4127] 4127]
B (eV) 444114 414 115] 45227 48927 4,07 [27]
Ey(eV—nm )" 230540 [14]* | 2.31-538[15]* 2,23 558 [27] 2,32- 535[27] 2,46 — 504 [27]

E, (eV—nm )=

2,41 - 515 [14]*

2,42 - 514 [15]*

2,35 -529 [27]

2,44 — 508 27]

2,68 — 464 [27]

Epy eV —nm )"

2,53~ 490 [14]*

2,53 - 490 [15]*

3
2,48 500 [27]

2,58 — 482 [27]

293 424 [27)

AS (eV)? 0,22 [14]* 0,23 [15]* 0,26 [27] 0,26 [27] 0,527
D (eV)* 1,69 [14]* 1,66 [15]* 1,71 [27] 1,62 [27] 1.3[27]
FWHM (RT/450K) (nm) 45/49 [14]* 49/59 [15]* 50/58 [16]* 50/59 [9]* 60/70 [10]*
Lo/ Ter 0,42 [14] 0,44 [15] 0,36 [16]* 0,66 [9]* 0,5 [10]*
T (K) 402 [14]%* 407 [15]2 400 [16]* 475 [9]* 420 [10]*

Table 1. Comparison of the structural and optical properties of MGa,Ss (M=Zn, Mg, Ca, Sr

or Ba) doped with a comparable concentration of Eu*" (A: 5-7 Eu%, #: 0.1-2%Eu) —

14

*The values indicated may be actually related to EuGa,S,.



Parameters Ca Sr
U(s) 6,25 [38] 6,30 [38]
E,(7.2+) 3,71 3,73
E,{(6,3+) -9,96 -10,03
D2+) 1,86 [34] 1,64 [9]
D(3+) 3,27 2,93
Es4(7.2+) -1,35 -1,15
E54(6,31) -2,73 -2,46
= BT e
ECT (Eu?) L6l 1,54
Ey -5,32 -5,27
Ex 4,52 [34] 4,89 [27]
Ex -0,80 -0,38
E. -0,60 -0,18
AEe 0,75 0,97

Table 2. Experimental input data used to construct the VRBE schemes for the divalent and
trivalent lanthanides doped in CaGa,S4 (a) and SrGa,S4 (b), shown on Figure 1, and the model
output data to construct the VRBE scheme for MGa,S4 (M=Ca or Sr). All energies are in eV.

The experimental input data are indicated in italic.
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Figure 1. VRBE schemes for the divalent and trivalent lanthanides doped in CaGa,S,4 (a) and
SrGa,S, (b)
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Figure 2. PBE calculations of the total density of states (DOS) of and partial DOS of the
metallic atoms/ions in CaGa,S4 and SrGa,S, crystals. The pDOS of S atoms/ions are not

included.
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Ga-S CaGa,S, (pm) SrGa,S, (pm)
Gal-S2 2242 203,1
Gal-S2 2257 2429
Gal-S3 227.0 230,1
Gal-S4 222.5 230,1

Average Gal-S 2249+24 226,6 £23.5
Ga2-S1 226.9 237.,5
Ga2-S1 2257 227.,5
Ga2-S3 221,0 2184
Ga2-S4 2272 229,0

Average Ga2-S 2252 +4,2 228,1 £9,7

Table 3. Ga-S distances in Eu2+-doped CaGa,S4 and Eu2+-d0ped SrGa,Ss.
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