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Photoluminescence and excitation spectra of ScF; single crystals have been measured under vacuum ultravio-
let excitations utilizing undulator synchrotron radiation from 1.5 GeV storage ring of MAX IV synchrotron.
The emission peak at 280 nm is explained as emission band of self-trapped excitons in ScF;. This emission
is quenched at 50 K and activation energy of thermal quenching was obtained. The excitation spectrum in vacuum
ultraviolet spectral range exhibits that the luminescence of self-trapped excitons effectively occurs under direct
excitation in the excitonic absorption band, whereas under higher energies this excitation is strongly suppressed,
however multiplication of electronic excitation processes have been successfully identified.
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1. Introduction

Scandium fluoride (ScF3) is a wide-bandgap material
belonging to perovskite-type compounds [1]. ScF; demon-
strates strong negative thermal expansion (NTE) [2], which
is more pronounced than that of most known NTE materials.
Therefore, intensive studies of the NTE phenomenon in
ScF; by means of both experimental and theoretical ap-
proaches have been reported during recent years [3-6].
Nevertheless, optical and luminescence properties of ScF;
are poorly studied so far. These experimental data are im-
portant for the understanding of the electronic structure of
this material. Taking into account that luminescence method
is very sensitive to lattice structure and symmetry changes,
the study of intrinsic luminescence properties can be extre-
mely important for dipper understanding and analysis of
NTE in ScFs. Luminescence studies of ScF; reported in
the literature are focused on the luminescence of extrinsic
centers mainly rare-earth ions [7-9].

ScF; belongs to the class of wide bandgap materials.
One of the most common intrinsic luminescence centers in
such materials is a self-trapped exciton (STE) [10-13].
Systematic studies of STE luminescence was started in the
middle of the 20 century. The main reason of high interest
to STE luminescence was driven by the investigations of
radiation effects/defects in wide-bandgap materials, mainly
alkali halides [14, 15]. It was clearly demonstrated that
non-radiative relaxation of STE, which is a competing re-
laxation channel to STE luminescence, leads to the for-
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mation of radiation defects in alkali halides [10]. Later on,
luminescence of STE was intensively studied in other com-
pounds like condensed rare-earth gases, alkali-earth fluo-
rides, silver halides, chalcogenides, silicon dioxide, etc.
[10 and references therein]. Furthermore, STE luminescence
was also detected and studied in LaF; [16] and YF3 [17, 18]
which are belong to trifluoride compounds as well as
ScF; are.

Since the excitons in wide-bandgap materials are in the
deep ultraviolet and vacuum ultraviolet (VUV) spectral
ranges, synchrotron radiation has proved especially useful
in excitation spectroscopy [19-28]. For instance, it was
shown [29] that in alkali halides the excitation spectra in
VUV range exhibit general correlation between peaks in
fundamental optical absorption and dips in luminescence
yield, attributable in part to reflection of the excitation
light, genuine state-selectivity controlling subsequent STE
relaxation path, and competing channels for electron-hole
pair decay. The competing channels can include for example
migration to non-radiative recombination centers [17]. Fur-
thermore, VUV excitation spectra allowed to separate exci-
tation regions for ¢ and 7 luminescence in alkali halides [30].

In the current paper, we report pioneering results of in-
trinsic luminescence studies in ScFs single crystal under
synchrotron beam excitation at low temperature. The ob-
tained luminescence characteristics will be compared with
STE luminescence parameters in other trifluorides. The
strong temperature quenching of STE luminescence will be
demonstrated and discussed.
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2. Experimental details

The nominally undoped ScF; single crystal has been
studied by means of luminescence spectroscopy technique
under VUV excitations utilizing synchrotron radiation
from 1.5 GeV storage ring of MAX 1V synchrotron facility
(Lund, Sweden). The experiments have been carried out on
the photoluminescence endstation FINESTLUMI [31, 32]
of the FinEstBeAMS undulator beamline [33]. The grazing
incident monochromator of SX700 type (FMB Feinwerk-
ind Messtechnik GmbH (Berlin)) was applied for the mo-
nochromotization of synchrotron light. It contains the in-
ternally cooled plane mirror (M2) and two side-cooled
plane gratings (PG1, 600 I/mm and PG2, 92 I/mm) intend-
ed for high and low energy ranges from 15 to 1500 eV and
from 4.5 to 60 eV, respectively. In the current research,
the PG2 mirror was utilized for the experiments under
VUV excitations. The photon flux measured at a certain re-
solving power (R = 5000) was obtained of the order of
10" ph/s. This value does not take into account the filters
reducing the higher order of radiation. In order to suppress
high orders of excitation a set of filter has been chosen.
The MgF2 filter was applied for 5.50-10.8 eV energy region.
At higher energies In (4d BE 11.5 eV), Sn (4d BE 23.9 eV),
Mg (2p BE 49.6 eV) filters were used to cover almost the
whole operation range of the first undulator harmonic. The
excitation spectra were normalized utilizing the calibration
curve obtained by means of AXUV-100G diode.

The Andor Shamrock (330i) spectrometer (0.3m) equipp-
ed with three gratings (300 I/mm, 300 nm blaze, 300 I/mm,
500 nm blaze, 1200 I/mm, 300 nm blaze) covers the spec-
tral range 200-1500 nm. In the current research, the first
grating was utilized for experiments. The Andor Shamrock
spectrometer is external spectrometer and a luminescence
signal is delivered to the spectrometer by means of the op-
tical fiber. Such registration method is especially success-
ful in case of weak luminescence signal because it allows
to collect efficiently emitted photons from the samples.
The exit port of the Andor Shamrock spectrometer was
equipped by the Hamamatsu (H8259-00) photomultiplier
covering spectral range from 200 to 700 nm. The ScF; single
crystal was installed on the cold finger of the cryostat placed
in the high vacuum chamber (10-9 mbar). The close-cycle
helium cryogenic system equipped with ARS-4HW com-
pressor (Advanced Research System) and Lake Shore tem-
perature controller provide sample temperature in 7-400 K
temperature range.

3. Results and discussion

3.1. Photoluminescence spectra

The luminescence spectrum of the ScF; single crystal
under deep VUV excitation at low temperature (10 K) is
shown in Fig. 1. The spectrum is broad and contains several
overlapped emission bands. The most intensive of them is
peaking at 280 nm (4.4 eV) and it is presumably attributed
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Fig. 1. The luminescence spectrum of the ScF; single crystal
under 45 eV excitation of a synchrotron beam at 10 K.

to the radiative decay of STE in ScFz. The less intensive
emission peaks at low energies most likely belong to the
extrinsic emission centers. One of the most common uncon-
trolled impurities in fluorides is oxygen. The spectral posi-
tion of the STE emission band is similar to the correspond-
ing emission in other trifluorides. For instance, one of the
STE emission bands in YF3 is peaking at 280 nm [17, 18],
while the 300 nm band due to STE emission was observed
in LaF; [16]. It should be also noted that the emission band
due to oxygen impurity was observed in YF; [17] covering
the spectral range from 300 nm to 600 nm. Furthermore,
similar bands have been detected in other fluorides [34, 35]
ascribed to oxygen related bands or f-d transitions of re-
sidual rare earth impurities.

3.2. Excitation spectra

The excitation spectrum of the 280 nm emission in wide
excitation range (4.5-30 eV) at 10 K is show in Fig. 2.
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Fig. 2. The excitation spectrum of the 280 nm emission of ScF;
single crystal at 10 K. Inset shows the low energy region of
the spectra. The part of the spectrum shown by dashed line is
magnified by 30 times.
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The part of the excitation spectrum near excitonic and
band-to-band transitions is shown in Fig. 2 inset. The exci-
tation spectra clearly reveals the strong sharp excitation
peak at about 10.1 eV. The shape of this peak is perturbed
by strong absorption of excitonic transitions and therefore
the excitonic peak’s position can be considered as 10.2 eV.
Utilizing the phenomenological approach, we can estimate
the band gap value (Eg) in ScF; as Eq = 1.08Ey, where Eqy¢
is the energy of the excitonic transitions [36]. The band gap
value is 11.02 eV and it is slightly higher than the theoreti-
cally predicted result [37]. On the other hand, the obtained
band gap value is close to the value obtained before by
means of resonant photoemission spectroscopy [38].

The excitation spectrum shown in Fig. 2 demonstrates
that the efficiency of the excitation of the STE lumines-
cence is very low if the excitation energy exceeds the en-
ergy of band-to-band transitions. The excitation curve at
this energy range has been magnified by 30 time for better
visualization (dashed line in Fig. 2). As a rule, the excita-
tion spectrum under high-energy excitation has a compli-
cated shape due to many factors; one of them is the process
of multiplications of electronic excitations (MEE). MEE
process means that two or more electron-hole pairs and, as
a result, luminescence quanta are created per one absorbed
photon. For a successful realization of MEE processes, the
excitation energy of the photon must exceed a threshold
energy Eyn=2E,. If MEE processes occur, the rise of the
luminescence intensity should be observed at energies high-
er than Eg, [39]. In some cases the MEE processes can be
observed at energies lower than 2E,. It was demonstrated
in [40-42] the MEE processes can be also observed if exci-
tation energy exceeds Ey,, which determines as follows:

_ 0
Eth - Eg +e ’
Eth = eO + eoi
Etn = Eg + Edettiimp:

where €° is absorption energy of exciton, Egertiimp — ab-
sorption energy of defects or impurities.

The excitation spectrum in MEE region reveals several
excitation peaks at 23.5, 21.5, 20, and 18.5 eV. Taking into
account that E; = 11.02 eV and e° = 10.2 eV the peaks ob-
served in Fig. 2 demonstrate the MEE processes with dif-
ferent Ey, which corresponds to the energies of 2E,, E +€’,
e%+e% and Eg+Eqgerrimp, respectively. However, it should be
noted the Ey, should indicates the energy of the onset of
MEE processes. Therefore, the MEE excitation peaks
should be slightly shifted toward high energy. It is sug-
gested that the excitation spectrum of STE emission in
high-energy range comprising the MEE region is strongly
perturbed by non-raditive relaxation of hot charge carriers.
Similar excitation spectra were observed for nanocrys-
talline phosphors [43-45] where low efficiency of the lu-
minescence under high-energy excitations (including MEE
region) was explained by the effective trapping of hot elec-

trons and holes by surface defects, where their non-
radiative relaxation occurs [43-45]. The emission spectrum
(Fig. 1) demonstrates that the ScF; single crystal studied is
not perfect, i.e., it contains a significant number of defects
and extrinsic centers. We suggest that these defects and/or
uncontrolled impurities can be effective trapping centers
for hot electrons and holes by analogy to surface defects in
nanocrystals. Whereby, the excitation spectrum in Fig. 2
(dashed line) exhibits result of the superposition of two
competing processes: MEE and non-radiative relaxation
processes.

3.3. Temperature dependency of luminescence

We have excluded the low wavelength emission bands
from further consideration focusing attention on the STE
emission band. The temperature dependency of STE emis-
sion excited in the excitonic absorption band in the ScF;
single crystal is shown in Fig. 3. It is clearly seen that the
STE emission observed significantly degrades already at
20 K and it is almost completely quenched at 50 K. The
temperature quenching of luminescence intensity can be
explained in the framework of the Mott—Seitz model if
the radiative and non-radiative processes compete within
the confines of the recombination center. Based on the
Mott-Seitz model the luminescence light yield (LY) can
by approximated as follows [46]:

1
LY ~ e

1-Ce kT
where E, is activation energy (eV) of thermal quenching,

k — Bolzman constant 8.62-:10° (eV-K™), T — tempera-
ture (K), C — constant.
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Fig. 3. (Color online) The temperature dependence of the emission
spectra of ScF3 single crystal under 10.1 eV excitation. Inset shows
the temperature dependence in Mott-Seitz coordinates (see details
in text).
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Luminescence light yield at each temperature can be es-
timated as the area under emission curve of STE emission
taken from Fig. 3 using Gauss deconvolution of the spec-
tra. If one plots the function of In [(1/LY) — 1)] versus re-
ciprocal temperature the temperature dependence of STE
emission in Mott-Seitz coordinates can be obtained as shown
in the inset of Fig. 3. Using this picture the activation energy
of thermal quenching can be estimated from the straight-
line region (dashed line of Fig. 3 inset). The obtained value
is (16 = 2) meV, which is similar to the corresponding pa-
rameter for the STE luminescence in many other com-
pounds [10]. However, the temperature dependence in
Mott-Seitz coordinates is not straight in whole temperature
range (in the inset of Fig. 3). The strong deviation from
linear fit starts at temperature higher than 25 K. It means
that there are extra non-radiative relaxation channels and
the Mott-Seitz quenching mechanism does not work at
temperatures higher than 25 K. We suggest that the high-
temperature quenching of STE luminescence band can be
explained by increased mobility of STE. Taking into ac-
count that the ScF; single crystal contains a significant
number of defects and extrinsic centers, we suppose that
mobile excitons at high temperature (for instance STE
hopping diffusion) can be effectively trapped by crystal’s
imperfections where non-radiative relaxation occurs result-
ing to the quenching of STE emission.

4, Conclusions

Luminescence properties of the ScF; single crystal have
been studied by means of vacuum ultraviolet excitation
spectroscopy utilizing undulator synchrotron beam. The
intensive broad emission band peaking at 280 nm was de-
tected at 10 K. The analysis of the excitation spectrum as
well as the temperature behavior of this emission leads us
to the conclusion that this emission ordinates from the
radiative decay of self-trapped exciton in ScFs. The self-
trapped exciton emission band is quenching at 50 K and
the value of activation energy of 16 meV has been ob-
tained. The self-trapped exciton emission effectively cre-
ates under direct excitation in the excitonic absorption
band, whereas it is poorly excited under higher energies.
Multiplication of electronic excitation processes observed
in the excitation spectra of self-trapped exciton lumines-
cence in vacuum ultraviolet spectral range are perturbed by
non-radiative relaxation processes induced by the effective
trapping of hot charge carriers by non-radiative centers in
the ScF; crystal.
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HusbkoTeMnepaTypHa ntoMiHecLeHuis
MOHOKpucTanis ScF; nig BNMBOM BakyyMHUX
ynbTpagioneToBux 30yakeHb CUHXPOTPOHHUM
My4KOM

B. MNaHkpaToBa, B. NaHkpaToB

BumipsiHo (OTONMIOMIHECIICHIIIIO Ta CIIEKTPHU 30yIKEHHS MOHO-
KkpucTaiiB SCF3 mpy BakyyMHUX yIbTpagioneToBUX 30YIHKEHHIX
il BIUIMBOM OHAYJISTOPHOTO CHHXPOTPOHHOTO BHMIIPOMiHIOBaHHS
KijpleBoro Hakornmyaysada 1,5 I'eB cunxporpona MAX IV. Ilik
emicii mpu 280 HM MOSCHIOETHCS EMICIHOIO CMYTOI0 €KCUTOHIB y
ScF3, skl aBTOJIOKAII30BaHi. BeTaHOBIIEHO, 11O 115 €Micis 3aracae
npu 50 K. Otpumano eHepriio akTHBalii TeMIepaTypHOro 3ra-
canus. CriekTpu 30y/PKEeHHS B BAKYYMHOMY YIbTpadioeToBoMy
Jiara3oHi BKa3ylOTh Ha Te, 10 JIOMiHECIICHIIisI aBTOIOKAII30BaHHX
eKCHTOHIB e()eKTHBHA IIPH NPSIMOMY INOPYIICHHI B CMY3i €KCH-
TOHHOTO MOTJIMHAHHS, a MPH OUTBII BUCOKUX EHEpTisiX iX 30yIDKeH-
HSl CWIBHO TIPHUTHIYYIOTHCS, ajle MHOXKCHHS IIPOIECIB €IeKTPOH-
HOT'0 30Y/KEHHS YCIIIIHO 11eHTH(DIKYETHCSL.

Kimrouoi cioBa: ScF;, VUV JroMiHeclieHTHa CHEKTPOCKOIIIs,
CHHXPOTPOHHE BUIPOMIHIOBAHHS.
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