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Anomalous photoluminescence in BaS:Eu
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The photoluminescence emission properties of BaS:Eu powders have been studied. At room temperature,
several weak emission bands related to impurities or intrinsic defects are observed in the visible part of the
spectrum. The strongest emission band is situated mainly in the infrared with a peak emission wavelength of
878 nm and is related to Eu®* centers. From the viewpoint of the large Stokes shift, the large emission
bandwidth, and the temperature quenching profile, the Eu?* emission in BaS:Eu is totally different than what
can be expected from the analogy with the similar materials CaS:Eu and SrS:Eu. Hence the emission in
BaS:Eu is anomalous. Photoluminescence excitation and electron paramagnetic resonance spectra show that
the incorporation of Eu?* in Bas$ is not radically different from SrS:Eu or CaS:Eu. The appearance of infrared
emission is related to the position of the 5d excited level of Eu?* relative to the conduction band of Ba$S, which
leads to autoionization of the Eu>* centers upon 4f7-4f°5d excitation and the formation of impurity trapped
excitons. The influence of trap levels was studied by thermoluminescence and a major trap with an activation

energy of 0.51 eV was found. The thermal quenching behavior was evaluated as well.

DOLI: 10.1103/PhysRevB.74.035207

I. INTRODUCTION

In the large field of inorganic luminescence [including
cathodoluminescence, thin film electroluminescence, and
light-emitting diode (LED) color conversion], much effort is
still being directed to the development of new phosphor ma-
terials. Amongst many, BaS has been studied as a host ma-
terial for inorganic thin film electroluminescence. The
reported dopant ions in BaS include copper, bismuth, man-
ganese, and the rare earths cerium and europium.'=3

Recently, BaS:Eu has been used as a source material for
several ternary and quaternary phosphors, e.g., BaAl,S,: Eu,
Ba,_ Mg ALS,:Eu, BaGa,S,:Eu, and Ba,SiS,:Eu.*> Espe-
cially the blue-emitting Ba;_ Mg Al,S,:Eu is currently in
the picture as the best candidate for the commercial devel-
opment of flat panel displays based on inorganic thin film
electroluminescence (EL). Surprisingly, the luminescence of
the europium-doped binary phosphor BaS itself is not very
well known and contradictory claims about the emission
properties have been made. First of all, this work aims at
finally clarifying the emissive behavior of BaS:Eu from a
fundamental point of view. Secondly, these data are very
useful for the study of europium-doped ternary (and quater-
nary) thin films for which BaS is used as a source material.
In general, the deposition of stoichiometric ternary sulfides is
far from straightforward as specific deposition techniques are
required, such as dual-source e-beam evaporation* or multi-
source vapor deposition.® During postdeposition thermal an-
nealing of such films, stoichiometric deviations can occur
leading to trace amounts of separate phases, such as the start-
ing binary sulfides.” Beside analysis techniques such as x-ray
diffraction, studying the luminescence is often an appropriate
and sensitive tool to identify the presence of trace amounts
of the binary sulfides. In the case ofBaS:Eu-based ternary
materials, trace amounts in the synthesized material will re-
main undetected upon inspection of the visual luminescence,
given the fact that the emission of BaS:Eu is almost entirely
situated in the infrared, as will be shown in this work.
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II. LITERATURE REVIEW
A. Eu?* emission

Before giving a review of the available literature data on
BaS:Eu powders and thin films, we briefly discuss the gen-
eral emission mechanism of Eu?* incorporated in a host ma-
terial. Dorenbos formulated a general relationship for the en-
ergy difference between the lowest 4/" and the first 4/"~154"
level in divalent (Q=2+) and trivalent (Q=3+) lanthanide
ions.® Applied to the case of Eu?*, one can write for the
energy of fd absorption in a host crystal A,

Epo(Eu*"A) = E, roe(Bu*") = D(2 + ,A).

The value E, ge.(Eu®*) is the fd transition energy for the
free (gaseous) ion and is rounded to 34 000 cm™!. The red-
shift D(2+,A) can be determined from any divalent lan-
thanide in the compound A. Shifting E,,((Eu>*,A) down with
the Stokes shift AS(2+,A) leads to the df emission energy

E.(Eu**,A) = E; roe(Eu?*) = D(2 + ,A) — AS(2 + ,A).

In most compounds (except for some specific oxides and
fluorides), E,,(Eu**,A) is lower than the 4f7(6P7,2)
-4f7(38"") transition energy. In that case, df broadband emis-
sion is observed instead of line emission in the wavelength
range from 356 to 364 nm, typical for the ff transitions in
Eu?*. In the case of broadband emission, Dorenbos distin-
guishes two types: “normal” and “anomalous” df emission.
In the first case, the emission arises from the electric dipole
and spin-allowed transition between the relaxed 4f°("F,)5d"
excited state and the 4f7(®S,,) ground state. This normal
emission is observed in the majority of the 300 Eu**-doped
compounds compiled in Ref. 8. For these compounds, the
most common Stokes shift is 1350 cm™' and the emission
bandwidth (') is about 1600 cm™'. The anomalous emission
is characterized by one or more of the following observa-
tions: a much larger Stokes shift [AS(2+,A4)>4000 cm™'], a
much larger bandwidth (I'>3000 cm™), a deviant tempera-
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TABLE I. Emission and the physical properties of europium-doped alkaline earth sulfides (compiled from
Refs. 8, 11, and 12) with I" the full width at half maximum of the emission band, D the redshift, and AS the
Stokes shift. The values of 10 Dq are from Ref. 11, while the values of 14 000 cm™!, 15000 cm™', and
12000 cm™" are reported for, respectively, MgS, CaS, and SrS in Ref. 13, with an error margin of 2000 cm™".

Cation Nabs Nem 10 Dq I'(RT) D(2+,A) AS(2+,A)
Compound radius (pm) (nm) (nm) (em™") (em™") (cm™) (cm™)
MgS 65 562 592 19500 1120 16146+400 902
CaS 99 600 652 18750 1460 17766+925 1329
SrS 113 550 620 17400 1930 1570665 2223
BaS 135 572 16100 3200

ture quenching and luminescence decay profile.” This type of
emission is related to the autoionization of the Eu** 5d elec-
tron to the conduction band, which can be followed by trap-
ping of the electron at impurities (including the ionized Eu
ion). The anomalous emission is then the radiative return to
the ground state of Eu?* (Ref. 9). An explanation for this
impurity-trapped exciton emission was first provided by
McClure and Pedrini.'”

For normal emission, the redshift D(2+,A) is determined
by two major contributions: one arising from the crystal field
splitting and one from the centroid shift. The latter is related
to the covalency between the Eu?* 5d orbital and the p or-
bitals of the ligand anions. The major contribution in the MS
compounds (with M=Mg, Ca, Sr, Ba) originates from the
crystal field splitting, which is determined to first order by
the first anion coordination polyhedron.

In Table I, the emission properties of the Eu-doped binary
sulfides MgS, CaS, SrS, and BaS are shown. For the position
of the emission maxima, the following trend is observed in
the series from CaS to BaS: the larger the host cation, the
smaller the crystal field splitting and the smaller the redshift
(i.e., leading to emission at shorter wavelengths). For the
mixed compounds Ca,_,Sr,S:Eu®* this relationship holds as
well, as the position of the emission maxima shifts almost
linearly from 652 nm to 620 nm upon increasing x from 0 to
1 (Refs. 11 and 14). The exception in Table I is MgS, which
shows an unexpected blueshift compared to CaS. However,
in the mixed compounds Mg,Ca,_,S:Eu’* the emission is
redshifted to 658 nm at x=0.35, but starts to blueshift for
higher x values.!! This effect has been related to the stress
the relatively large Eu?* ion (ionic radius of 115 pm) expe-
riences upon substitution for the much smaller Mg>* ion
(ionic radius of 65 pm).

B. BaS:Eu?*

The limited data for BaS:Eu powder in Table I are based
on Ref. 11, but have not been reproduced since then for
powders (1984). Although the reported emission peak at
572 nm seems in line with the trend discussed above (the
larger the cation, the shorter the emission wavelength), the
full width at half maximum (FWHM) of the emission band is
considerably larger for BaS (i.e., 3200 cm™') compared to
SrS (1930 cm™') and CaS (1460 cm™'). A completely differ-
ent emission behavior, although not consistent, was found by
several authors in BaS:Eu thin films.

Thanus et al. reported the PL and EL emission spectra of
BaS:Eu thin films prepared by atomic layer deposition.'
The EL emission intensity was very low (4cd/m? at 1 kHz,
40 V above threshold) and the emission was broadband, with
a peak reported at 712 nm, although no corrections for the
wavelength-dependent detector sensitivity were made to the
recorded spectra.’> No emission band was observed near
572 nm, nor any line emission originating from internal
Eu**(4/%) transitions. The PL emission spectrum was similar
to the EL spectrum.

Maddix reported the EL properties of BaS:Eu thin films,
prepared by electron-beam evaporation of BaS pellets and
co-evaporation of EuS or EuF; as a dopant source.'® Using
EuS, the EL emission spectrum was composed of an Eu**
line emission superposed on a (relatively weak) broadband
emission centered at about 600 nm. Using EuF; as a dopant
source, the emission spectrum almost entirely consisted of
Eu’* line emission. The formation of separate Eu complexes
within the BaS host was mentioned to explain the presence
of Eu?* emission. Nevertheless, the “expected” Eu?* broad-
band emission at 572 nm was not observed. It is interesting
to note that Maddix also observed that BaS EL devices
doped with Mn, Pb, Ag, and Sn all showed a weak and
broadband emission peaking between 560 and 580 nm. Even
an intentionally undoped device emitted at 560 nm, albeit
very weakly. This emission band was then related to an in-
trinsic defect or a possible copper contamination. PL. emis-
sion of BaS:Cu powders has indeed been studied, but is
normally centered at 585 nm at room temperature.’

Recently, we reported the EL emission properties of
BaS:Eu EL devices, prepared by electron-beam evaporation
from H,S sintered BaS:Eu pellets with different Eu
concentration.!” At relatively low dopant concentration
(0.5 mol %), the EL emission spectrum was composed of a
broad emission band extending into the infrared, and peaking
at a wavelength of 740 nm (or longer, as at that time no
suitable infrared-sensitive equipment was available for these
measurements). Superposed were relatively weak Eu** emis-
sion lines. Higher Eu concentration (up to 5 mol %) led to an
emission spectrum entirely composed of Eu** emission lines.
Again, the emission band at 572 nm was not detected.

In order to establish the position of the Eu?* emission
band and more specifically to elucidate the mechanisms of
emission in BaS:Eu we prepared powders with various dop-
ing concentrations, following two synthesis routes to check
for technique-dependent contaminations. In the present paper
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we report the PL emission and excitation characteristics of
these powders and we relate them to the analogous systems
CaS:Eu and SrS:Eu. In addition electron paramagnetic reso-
nance (EPR) measurements have been performed on pow-
ders in order to obtain information on the location and the
symmetry of the Eu>* centers.

III. EXPERIMENT

Two techniques were applied for the preparation of the
CaS:Eu, SrS:Eu, and BaS: Eu powders. “Sintering” refers to
a mixture of commercially available sulfides (CaS: 99.99%,
CERAC; SrS: 99.9%, CERAC; BaS: 99.7% Alfa Aesar) and
an appropriate amount of EuF; (99.9%, CERAC) which is
sintered at an elevated temperature (900 °C to 1000 °C) in a
continuous flow of H,S at atmospheric pressure. The “wet
chemical synthesis” refers to a synthesis starting from alka-
line earth salts [Ba(NOs),, 99.95%, Alfa Aesar] and ammo-
nium sulfate (99.95%, Alfa Aesar) as aqueous solutions. De-
tails of this technique can be found in previous pub-
lications.'*!® Dopant concentrations mentioned in this work
are expressed in mol %, unless stated otherwise.

Steady state photoluminescent (PL) emission and excita-
tion (PLE) spectra were recorded with a FS920 fluorescence
spectrometer (Edinburgh Instruments), equipped with a
Hamamatsu R928P red-sensitive photomultiplier (wave-
length range from 200 to 850 nm) and a Ge infrared detector
(700 to 1600 nm). All presented emission spectra have been
corrected for the detector sensitivity by appropriate calibra-
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tions. Spectrally resolved decay measurements were obtained
with a pulsed nitrogen laser (337.1 nm, pulse length 800 ps,
repetition rate 1 Hz) and a 1024-channel Intensified CCD
(Andor Technology) attached to a 0.5 m Ebert monochro-
mator. Low temperature and thermoluminescence measure-
ments were performed using a cold-finger cryostat with lig-
uid nitrogen. The temperature was monitored using a
LakeShore Si diode (DT-470-CU-11).

EPR measurements were performed at room temperature
in Q-band (34 GHz), using a Bruker Elexsys €500 spectrom-
eter. The microwave power and modulation amplitude were
set at 5 mW and 0.1 mT, respectively.

IV. RESULTS
A. Eu?* emission and excitation spectra

Figure 1 shows emission spectra of CaS:Eu[0.1%],
SrS:Eu[0.1%], and BaS:Eu[0.1%] powders prepared by
sintering, measured at room temperature, upon excitation at
465, 445, and 425 nm, respectively, as well as excitation
spectra at the peak emission wavelength. The wavelength of
the emission maximum for CaS:Eu and SrS:Eu is in good
correspondence with the literature data presented earlier (see
Table II). The absorption wavelength (\,,) in Table II refers
to the peak wavelength for the lowest excitation level, being
F o- The typical staircase structure caused by the 41°('F )5d
levels is, however, not fully resolved in the excitation spec-
tra. The approximation proposed by Dorenbos to calculate

TABLE II. Emission properties of europium-doped alkaline earth sulfides as prepared by sintering in this
work, with I' the full width at half maximum of the emission band and AS the Stokes shift. Data in
parentheses refer to the literature data shown in Table I. \,,, was determined according to the method
described in Ref. 8.

Absorption
T edge Nabs Nem I'(RT) AS(2+,A)
Compound (K) (eV) (Ref. 1) (nm) (nm) (cm™) (cm™)
CaS 293 4.20 603 (600) 653 (652) 1520 (1460) 1270 (1329)
SrS 293 4.12 561 (550) 620 (620) 1970 (1930) 1696 (2223)
BaS 293 3.49 546(-) 878 (572) 3980 (3200) 6925(-)
BaS 70 542(-) 938(-) 2660(-) 7790(-)
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Nabs Was used instead, which can lead to small errors for A,
and the therefrom calculated Stokes shift.®

For BaS:Eu, the emission spectrum is characterized by a
broad emission band mainly situated in the near infrared,
with an emission maximum at 878 nm. The position and
width of this emission band does not depend on the dopant
concentration in the studied range (0.1 to 1.0%) or on the
preparation method (sintering or wet chemical synthesis).
The emission band peaking at 572 nm, as reported by
Kasano,!! is not observed.

Figure 1 also shows the excitation spectrum correspond-
ing to the BaS:Eu emission band. The similarity to the ex-
citation spectra of CaS:Eu and SrS:Eu is striking, which
relates the infrared emission bands in BaS:Eu unambigu-
ously to transitions involving Eu** ions. The excitation bands
for BaS:Eu in the wavelength range from 400 to 550 nm are
clearly shifted towards shorter wavelength compared to those
for SrS:Eu and CaS:Eu, which is indeed what one would
expect on the basis of the lower value of the crystal field
strength for BaS:Eu.

In the excitation spectra, two different contributions are
observed: Eu?* internal transitions and host excitation. The
Eu* 4f7-4f%5d" absorption is situated in the visible part of
the excitation spectrum. Due to the crystal field splitting, the
5d level is split in two levels #,, and e,. The transitions to the
higher level e, are masked by the band gap absorption. By
comparing the absorption spectra of undoped CaS and SrS
with excitation spectra for CaS:Eu and SrS:Eu, Yamashita
already noticed that the e, excitation band partially overlaps
with the band gap absorption.'”? For BaS:Eu, having a
smaller band gap (Table II) and a higher excitation energy
compared to the former materials, only the excitation to the
1, level is visible. While undoped BaS has a white to light
gray body color, doping with Eu leads to an orange body
color, due to absorption associated with the #,, excitation
band. The excitation below 340 nm is assigned to the band
gap transition of the host material (Table II). Its structure is
discussed in more detail in Section IV B.

Upon cooling to 70 K, the total emission intensity in-
creases by a factor of about five, along with a shift to lower
energy. From the Arrhenius plot (see the inset in Fig. 2) the
activation energies of 14 meV (for the low temperature part)
and 190 meV (in the temperature region above 200 K) were
obtained. At 70 K the emission band is centered at 938 nm,
with a FWHM of 2660 cm™' (Fig. 2 and Table II). This be-
havior is unlike that of CaS:Eu or SrS:Eu, where the posi-
tion of the emission band changes less than 5 nm when cool-
ing from 300 to 6 K (Ref. 12). Furthermore, the latter
materials hardly show any thermal quenching up to room
temperature. While the luminescence decay profile of lightly
doped CaS:Eu and SrS:Eu can normally be fitted with a
single exponential over several orders of magnitude (with a
time constant of 1.3 and 0.8 us, respectively'?), the decay
profile of BaS:Eu powders is totally different. For
BaS:Eu[0.1%] at room temperature, we determined two
components with decay constants of approximately 10 and
140 ms, along with more persistent afterglow. This very slow
decay compared to CaS:Eu and SrS:Eu points towards
charge trapping phenomena, which incited us to perform
thermoluminescence (TL) and excitation intensity dependent
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FIG. 2. Emission spectra of BaS:Eu[0.1%] as a function of
measurement temperature. Excitation wavelength was 420 nm. The
inset shows the Arrhenius plot of the total emission intensity, with
the solid line a fit to the experimental data points, yielding activa-
tion energies of 14 and 190 meV.

measurements. Thermoluminescence measurements were
performed by cooling the BaS:Eu powder to 70 K, followed
by illumination in the 7,, excitation band (Ar laser at
N=488 nm). Then, the excitation light source was switched
off and the sample was heated up with a controlled rate of
0.5 to 5 K/min while monitoring the light output at 775 nm.
The TL could not be monitored at the peak emission wave-
length as the dark current of the Ge detector was too high.
Using the photomultiplier tube at 775 nm proved to be a
good compromise between detector sensitivity and TL emis-
sion intensity. The TL spectra were appropriately corrected
for the thermal quenching behavior and for the shift of the
emission spectrum (see Fig. 2). The inset in Fig. 3 shows a
typical TL spectrum for BaS:Eu[1.0% | powder. Beside a
minor TL peak near room temperature, the main TL peak is
situated around 200 K. To obtain a reliable value of the ac-
tivation energy E associated with the main TL peak, Hoogen-
straaten’s heating rate method'® was used. By variation of the
heating rate (3, the position of the maximum 7,, of the TL
peak changes according to the following formula (with s the
frequency factor and k the Boltzmann’s constant):

T2 E (E)
—=—exp| — /.
B sk kT,

By using relatively low heating rates, temperature deviations
between the sample and the temperature detector are mini-
mized, which is essential for a reliable determination of the
trap energy when using Hoogenstraaten’s heating rate
method.?”

Based on the fitting shown in Fig. 3, a value of
0.51+0.05 eV was obtained for the activation energy. From
these TL measurements, it is obvious that a large number of
trap states will be empty at room temperature after the
sample is kept in the dark for some time. Excitation of the
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FIG. 3. Plot of 1000/T,, as a function of ln(Til/ p) for the de-
termination of the trap energy by Hoogenstraaten’s method, de-
rived from TL measurements on BaS:Eu powder with heating
rates of 0.5, 1.0, 2.0, and 5.0 K/min. The inset shows the TL inten-
sity monitored at 775 nm as a function of temperature for
BaS:Eu[1.0%]. A heating rate of 2.0 K/min was used.

BaS:Eu powder leads to a partial filling of these trap states,
which is a process that competes with the light emission.
After a certain time, a stationary condition is obtained and
the emission intensity reaches a constant value. This effect is
demonstrated in Fig. 4, where the light output is shown as
a function of illumination time and excitation intensity.
Prior to each measurement, the sample was kept in the dark
for a sufficiently long time to allow the thermal emptying of
the trap states. At low excitation intensities (typically
0.1 mW/cm?), it takes up to more than 1 min to reach a

constant light output. At high excitation intensities
1000
2
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£ Increasing excitation
s 600 - intensity
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FIG. 4. Evolution of the light output of BaS:Eu[1 % ] powder at
room temperature as a function of the excitation intensity (emission
intensity monitored at 775 nm upon excitation at 425 nm). The evo-
lution of the light output as a function of time was observed at 3%,
6%, 12%, 25%, 50%, and 100% of the highest excitation intensity
Iy (2 mW/cm?).

PHYSICAL REVIEW B 74, 035207 (2006)

1000 -

800 -

600 -

400 -~

Normalized intensity

200 -

400 450 500 550 600 650 700 750

Emission wavelength (nm)

FIG. 5. Normalized emission spectra of undoped BaS powder
(prepared by wet chemical synthesis) at an excitation wavelength of
(a) 350 nm (RT), (b) 332 nm (70 K), and (c) 350 nm (70 K).

(2 mW/cm?), the trap states are almost immediately filled.
Repeating this illumination experiment at 70 K immediately
leads to a constant light output, as the trap states are not
emptied when the powder is kept in the dark in between two
measurements.

B. Other emission bands

Beside the broad emission band peaking in the infrared
for BaS:Eu?* powders, additional emission bands are de-
tected in both europium-doped and undoped BaS powders.
At room temperature, these emission bands are rather broad
and very weak compared to the infrared emission band in
BaS:Eu powders. As the bands are also present in undoped
powders (prepared by sintering and by wet chemical synthe-
sis), they are not related to Eu. Their relative intensity de-
pends on the type of synthesis (sintering or wet chemical
synthesis) and the synthesis temperature. Given the fact that
the Eu?* emission in BaS:Eu is mainly situated in the deep
red to infrared, the visual appearance of the powders under
UV excitation is largely determined by these weak additional
emission bands situated in the visible part of the spectrum.
The emission appears yellow to orange-reddish at room tem-
perature, depending on the excitation wavelength. At low
temperature (70 K), several emission bands are partially re-
solved (Fig. 5).

Figure 6 shows the excitation spectrum monitored at
540 nm for undoped BaS powder, along with the excitation
spectrum at 930 nm for BaS:Eu[0.1% ], both measured at
70 K. For BaS:Eu, the excitation through the host (at wave-
lengths shorter than 325 nm) is less efficient than the direct
transition in the Eu®* ion (in the wavelength range from 400
to 550 nm), similar to the case of CaS:Eu and SrS:Eu [Fig.
6(b)]. The dips at 309 and 320 nm have been previously
reported in BaS powders and thin films,?"??> and are related
to the loss of excitation energy by surface reflection. They
are assigned to the direct exciton transitions at the X point in
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FIG. 6. Normalized excitation spectra at 70 K of (a) undoped
BaS powder (prepared by wet chemical synthesis) at an emission
wavelength of 540 nm and (b) of BaS:Eu[0.1%] at an emission
wavelength of 930 nm.

the Brillouin zone.?*** The additional visible emission bands
are mainly excited in the range from 325 to 425 nm, with
excitation maxima at 332, 370, and 400 nm [Fig. 6(a)].

C. Electron paramagnetic resonance

Eu** ions cannot be detected with EPR, as the 4/°("F,)
ground state is nonmagnetic (/=0). Eu** on the other hand is
easily detected, even at room temperature. The two isotopes
5'Ey and '"°Eu (natural abundancies of 47.8% and 52.2%,
respectively) have a nuclear spin /=5/2 (nuclear g, factors
of 1.39 and 0.61, respectively), which leads to a 2 X 6 lines
hyperfine structure on each EPR transition. In a cubic crystal
field, the spin Hamiltonian for each isotope is given by?
(§=7/2)

H=gusB-S+[By0)+500) + Bs(O-2105)] +AS - 1,

where the first term represents the Zeeman interaction (iso-
tropic g); the term between brackets is the zero-field splitting

in which (A)}f represents the Stevens operators; and the third
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FIG. 7. Q band EPR spectra for CaS:Eu, SrS:Eu, and BaS:Eu
at room temperature. Powders were prepared by sintering and dop-
ant concentration was 0.1%. The dotted lines are a guide to the eye.

term is the hyperfine interaction (isotropic hyperfine constant
A). In a powder spectrum, usually only the angular indepen-
dent My: %—>—% transition can be observed, from which the
parameters g and A can be determined.

An overview of available literature data (g and A) on
europium-doped alkaline earth sulfides, mostly from the
1950’s and 1960’s, is reported in Table III. Error margins
were not reported for most of the results; furthermore, Mn
contamination often obscured the Eu signal. For comparison,
data on the analogous alkaline earth oxides are given as well.

Figure 7 shows the Q band EPR spectra for Eu-doped
alkaline earth sulfides (dopant concentration 0.1%). The
spectra are very similar for the three compounds studied.
Based on these spectra, values for g and A were obtained

TABLE I1I. g and A (for "*'Eu) for europium-doped alkaline earth sulfides and oxides.

Material g A("'Eu) (MHz) References
CaO:Eu 1.993 89.04 26
CaO:Eu 1.9918 90.42 27
SrO:Eu 1.991 89.64 28
BaO:Eu 1.9915 88.74 28
CaS:Eu 1.99 91.08 29
SrS:Eu 1.992+/-0.001 89.9+/-0.3 30
CaS:Eu 1.9902+/-0.0004 90.94+/-0.08 This work
SrS:Eu 1.9910+/-0.0004 89.96+/-0.08 This work
BaS:Eu 1.9913+/-0.0004 89.02+/-0.08 This work
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FIG. 8. Energy level scheme for BaS:Eu?* and SrS:Eu®*, with
the ground and excited state for Eu?*, the conduction band (CB)
and valence band (VB), the exciton level (Exc), and the trap levels.
The transitions a, b, and c are referred to in the text.

using the EasySpin program package?! and shown in Table
III. They are in line with the few earlier reports on CaS:Eu
and SrS:Eu. A systematic decrease in the hyperfine value is
observed when going from CaS:Eu to BaS:Eu, which is
similar to the analogous oxides.

V. DISCUSSION
A. Anomalous emission

With the data presented in Sec. IV A, the luminescence in
BaS:Eu powders can indeed be called anomalous as all re-
quirements proposed by Dorenbos are met: BaS: Eu shows a
very large Stokes shift, a large FWHM of the emission band,
and a deviating temperature quenching and decay profile
upon comparison to the related materials CaS:Eu and
SrS:Eu. This anomalous emission is explained by the 5d
excitation level being located near the host material’s con-
duction band (Fig. 8). Upon excitation of a Eu®* ion (Fig. 8,
transition a), it becomes autoionized and an impurity trapped
exciton is created. A subsequent transition to the Eu?>* ground
state (Fig. 8, transition c) leads to a spectrum deviating from
the anticipated emission as it is strongly redshifted.

Normal emission is obtained when the Eu?* excited state
lies well below the conduction band (transition b in Fig. 8,
shown for SrS:Eu’*). In this case, there is no low-energy
crossing possible between the Eu?* excited state and the con-
duction band or exciton levels. In Refs. 9 and 32 configura-
tion coordinate diagrams can be found for the emission
in SrF,:Eu** (showing normal emission) and BaF,:Eu’*
(showing anomalous emission).

In the specific case of BaS:Eu, several trap levels are
situated near the conduction band edge, as we observed in
the thermoluminescence measurements. The main TL peak
near 200 K corresponds to an activation energy of 0.51 eV.
At room temperature, these trap levels (along with other trap
levels) are slowly emptied when the BaS:Eu powder is
placed in the dark after excitation. As this process partly
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results in light emission, it explains the long decay constants
and the afterglow. With this information, the evolution of the
light output as a function of the excitation intensity can also
be understood (see Fig. 4) as the preferential filling of the
trap states. Eventually, a stationary condition is obtained and
the light output becomes constant. As the number of traps is
limited, a higher excitation intensity leads to a faster filling
of the trap states.

In the case when the bottom of the 5d level is located
close to the bottom of the conduction band, it remains pos-
sible for the expected normal emission band to emerge at low
temperature. However, in BaS:Eu this is not the case down
to 70 K as no additional emission band emerged in the vis-
ible part of the spectrum. Hence we can conclude that the
bottom of the 5d level is well above the Eu** trapped exciton
level, and possibly situated in the conduction band (Fig. 8).
On the basis of a configuration coordinate diagram, Doren-
bos showed that a 5d excited state could be located above the
bottom of the conduction band, while the anomalous emis-
sion can still be present.9 However, the anomalous emission
can also occur when the lowest 5d state is situated between
the exciton level and the bottom of the conduction band.
Based on our experiments it is not possible to determine the
exact position of 5d levels relative to the conduction band.
Consequently, Fig. 8 illustrates only the possibility that the
5d levels are entirely situated in the conduction band and no
absolute position of the 5d levels should be derived from it.

In general, anomalous emission does not arise randomly
in rare earth doped phosphor materials. Dorenbos high-
lighted several trends for this anomalous emission to be
present. In Eu?>* doped compounds, it occurs more often
when the Eu?* ion is substituted for a larger cation. Hence,
anomalous emission is more common in barium compounds
than in calcium or strontium compounds,’ and has indeed
also been observed in BaF,:Eu®* but not in SrF,:Eu®** (and
CaF,:Eu?").

It is tempting to try to explain this anomalous emission by
arguing that it results from an incorporation of the Eu>* ions
in BaS that is radically different from the case in CaS or SrS.
In the latter materials, the Eu?* resides on regular Ca?* or
Sr?* positions. Supposing the location of Eu?* in Bas$ is dif-
ferent, these Eu’* ions should experience a much higher
value of the crystal field to explain the infrared emission as
arising from a 4/%5d-4f" transition. However, this hypothesis
can be rejected for two reasons. First of all, the excitation
spectrum for BaS:Eu is very similar to the two isomorphous
materials and slightly shifted to higher energy as can be ex-
pected from a lower crystal field in BaS. Secondly, the nor-
mal incorporation of Eu in the BaS lattice is supported by the
EPR spectra shown in Sec. IV C. In view of the low dopant
concentration and of the assignment for Eu>* centers in other
alkaline earth oxide and sulfides which present similar EPR
spectra, we may assume that the majority of the Eu®* ions are
incorporated on regular Ba>* positions of octahedral symme-
try in BaS. The EPR data do not present evidence for incor-
poration at other (e.g., interstitial) sites. This further supports
our hypothesis that the anomalous emission is related to the
position of the Eu?* 5d level in the conduction band of the
BaS host lattice.

Concerning the thermal quenching behavior (Fig. 2),
Dorenbos recently argued that the thermal quenching of the
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Eu?* 5d-4f luminescence in inorganic compounds is not re-
lated to the thermal release of a hole from the Eu** ground
state to the valence band, nor to a large displacement be-
tween the ground and excited states of Eu’* in the configu-
ration coordinate diagram.>? Instead, the thermal quenching
is caused by the proximity of the 5d excited level to the
conduction band. Upon excitation (transition a in Fig. 8) to
the 4/95d state of Eu?*, the formation of an impurity trapped
exciton is more probable than a transition to the conduction
band levels, as motivated by Dorenbos using a configuration
coordinate diagram.” From this exciton level, the infrared
emission can occur (transition b in Fig. 8), while transitions
to the conduction band states are likely to increase the
chance of nonradiative decay. The activation energy of
190 meV determined from the Arrhenius plot in Fig. 2
(showing the thermal quenching profile) is ascribed to the
dissociation of the impurity trapped exciton, which indeed
increases the chance of nonradiative emission via the con-
duction band. The activation energy of 14 meV,which is
about one tenth of the exciton dissociation energy, can then
be related to the exciton binding energy.>* The occurrence of
a low thermal quenching temperature and the presence of
anomalous, redshifted luminescence in BaS:Eu is also con-
sistent with the trend Dorenbos observed in Ref. 33 for
Eu?*-doped MS and MF, compounds, with M=Ca, Sr, Ba.

In the studied BaS:Eu powders, no Eu’* line emission
was detected. However, several reports have been made
about Eu®* line emission in EL devices (see Sec. II B). Al-
though it was suggested that this could be due to the forma-
tion of Eu complexes'® as the dopant concentration was
rather high, ionization of the Eu?* centers under high electri-
cal fields applied in thin film electroluminescence could also
play a role in the emission.

B. Other emission bands

As stated in Sec. II B, several emission bands have been
reported in the past for BaS:Eu?*. We showed in this work
that the Eu?* emission is situated in the infrared, but that
several other weak emission bands can be observed in the
visible part of the spectrum. As these bands also appear in
purposely undoped BaS powders, they are related to impuri-
ties or intrinsic defects. For the analogous materials CaS and
SrS, only a few studies have been devoted to the emission
properties of undoped powders and thin films. Depending on
the preparation condition, several emission bands were ob-
served in the range from 340 to 590 nm and tentatively as-
signed to cation or anion vacancies, or trace impurities.>*3>
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In CaS and SrS nanoparticles, emission bands were observed
at 460 and 545 nm, respectively.’® Dedicated studies are re-
quired to pursue a similar assignment between the observed
emission bands in BaS and intrinsic host defects or impuri-
ties. The presence of several energy levels just below the
optical band gap of BaS, as observed in the excitation spectra
for the emission bands in the visible part of the spectrum,
could play a role in the emission mechanism of europium-
doped BaS. Although these energy levels are not active for
the Eu”* emission in BaS:Eu [Fig. 6(b)], they could be re-
lated to the trap levels discussed above.

Nevertheless, it is important to keep in mind that the
emission intensity of these bands is several orders of magni-
tude lower than the Eu?* emission intensity. However, as the
Eu?* emission is mainly situated in the infrared, the visual
appearance is largely determined by these additional bands.
This can explain the often contradictory reports on the emis-
sion properties of BaS:Eu, as appropriate (i.e., infrared sen-
sitive) detectors are required to observe the Eu?* emission in
BaS:Eu in the first place.

VI. CONCLUSIONS

In this work, the emission properties of europium-doped
BaS powders were explored and compared to the scarce and
often contradictory literature data. At room temperature, the
photoluminescence is characterized by a broad emission
band peaking at 878 nm and by a large Stokes shift, which
clearly deviates from the isomorphous compounds CaS:Eu
and SrS:Eu. This anomalous emission, in combination with
thermal quenching behavior and the decay profile, is related
to the position of the 5d excited level of Eu* relative to the
conduction band levels of the host material. Thermolumines-
cence spectra point at a trap level with an activation energy
of 0.51+0.05 eV. Beside the mainly infrared emission in
BaS:Eu, additional weak emission bands in the visible part
of the spectrum are described and assigned to the host mate-
rial or to intrinsic defects. No line emission originating from
Eu®* was detected. EPR and PLE data suggest that Eu”* ions
in Ba$S are incorporated on regular Ba** positions of octahe-
dral symmetry.
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