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Abstract

Low-temperature ultraviolet-excited photoluminescence (PL) and recombination luminescence (RL)
properties of La-doped Ca;SnO. have been investigated by luminescence, electron paramagnetic
resonance (EPR) and optically-detected magnetic resonance (ODMR) techniques. Two PL and RL
bands at 340 nm and 450 nm have been observed. PL excitation spectra measurements with a
synchrotron source showed a significant difference between the 450 nm and the 340 nm PL bands. The
450 nm band has a long-lasting hyperbolic decay, while the 350 nm band shows a fast decay. Assuming
an excitonic nature of the 340 nm band, the band gap of the Ca,SnO4:La has been estimated to be
approximately 5.5 eV. ODMR measurements suggest that the low-temperature RL band at 450 nm is
caused by tunnelling recombination of electron trap and hole trap centres, and the recombination energy

is transferred to Sn%* luminescence centres.
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Introduction

Rare-earth ion doped Ca,SnO4 has been widely investigated as a perspective phosphor in optics [1-7].
In this host, bright persistent luminescence can be achieved with most rare-earth elements, and the
optimal dopant content typically is low [3,8,9]. Despite the extensive research performed on the host,

information about the defect types in Ca2SnQz is limited.
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Recent electron paramagnetic resonance (EPR) spectroscopy studies of Ca,SnO4 have established that
UV-generated paramagnetic centres play a significant role in the optical properties of the material
[10,11]. In AP*-doped Ca;SnO. the formation and decay of V-type and Sn®' centres induce
photochromism, i.e., reversible changes in the absorbance properties of the material [10]. If doped with
rare-earth ions, Ca,SnO4 exhibits efficient and long-lasting persistent luminescence [3-7]. Recent
investigations have demonstrated that different V- and F-type centres are generated in La**-doped

CazSn0, bright cyan persistent phosphor [11] in comparison to photochromic Ca,SnO4:AI** [10].

Although EPR is an excellent method for the analysis of paramagnetic defects, an unambiguous
correlation between the defects and spectroscopic properties in persistent phosphors is challenging.
Even if sample exposure to UV radiation generates paramagnetic centres, they are not necessarily
involved in luminescence processes; therefore, additional experimental approaches need to be
considered. One of the options is to establish an indirect correlation via combined analysis of EPR and
luminescence spectroscopy measurements. For example, the temporal stability of paramagnetic centres
can be compared with luminescence decay kinetics, or defect annealing kinetics — with a thermally
stimulated luminescence (TSL) glow curve [11-13]. Such experiments provide valuable insights into
the origin of persistent luminescence; however, the conclusions regarding the mechanisms are not

always definitive.

Optically detected magnetic resonance (ODMR) methods in the form of photoluminescence-detected
EPR (PL-EPR) as well as recombination-luminescence-detected EPR (RL-EPR) can be applied as an
alternative approach for the studies of Ca,SnOs:La®*" and similar persistent phosphors. The most
significant contribution of RL-EPR to the present research is that it allows a direct identification of the
EPR centres participating in the recombination process. In the RL-EPR method microwave-induced
changes of recombination luminescence intensity are measured showing the best resolution at high

microwave frequencies and high magnetic fields.

In the present paper, the RL-EPR in the long-lasting afterglow as well as the PL-EPR of Ca,SnO4:La%**
have been investigated at low temperatures. Based on the identified paramagnetic electron and hole trap
centres participating in the RL process, a mechanism for the 450 nm band is proposed.
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Materials and methods

Microcrystalline Ca,SnO, doped with 0.03 mol% La** was prepared using solid-state synthesis

described in details in [11].

The phase composition of the samples was analysed with a Rigaku MiniFlex 600 X-ray diffractometer

using a Cu Ka source operated at 40 kV and 15 mA.

Luminescence and luminescence decay were detected using an Andor Shamrock B-303i spectrometer
coupled with an Andor Andor iISTAR DH734 CCD camera and photomultiplier tube (time resolution
better than 20 ns). The measurements were performed using an Advanced Research Systems DE202 N
cold finger type He cryostat, and a wavelength-tuneable pulsed solid-state laser Ekspla NT342/3UV

was used as an excitation source.

Photoluminescence excitation spectra have been measured at the Superlumi endstation of the P66
beamline at PETRA Il storage ring of the Photon Science Division of DESY synchrotron center

(Hamburg, Germany). The technical parameters of the experimental setup can be found in [14].

Low-temperature (40-120 K) continuous-wave EPR spectra were measured with a Bruker ELEXSY'S-
I1 E500 CW-EPR spectrometer equipped with an Oxford Instruments liquid helium flow cryostat. The
relevant spectra acquisition parameters were: 9.37 GHz microwave frequency; 2-20 mW microwave
power; 0.4 mT magnetic field modulation amplitude and 100 kHz modulation frequency. Before EPR
spectra measurements the sample was irradiated with a low-pressure Hg lamp at room temperature.
Defect stability was investigated by step-wise sample annealing (10 min at selected temperature) in a
custom-built furnace in air with an estimated temperature uncertainty of + 10 °C. For EPR spectra

simulations, EasySpin software [15] was used.

Optically detected magnetic resonance (ODMR) measurements were carried out using a custom-built
spectrometer comprising an Oxford Instruments liquid helium cryostat with a superconducting magnet
and optical access windows. The spectrometer has 62 GHz (V-band) and 97 GHz (W-band) microwave
band options. All ODMR measurements were made at 1.5 K temperature and magnetic fields up to

3.8 T. The luminescence of the sample was detected with a Hamamatsu photomultiplier tube effectively
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operating in the spectral range from 200 to 900 nm. A xenon lamp radiation filtered with a UV bandpass
interference filter centred at 250 nm with 40 nm bandwidth was used for excitation of the sample
photoluminescence in the PL-EPR and recombination luminescence in the RL-EPR measurements.
Recombination luminescence detected EPR (RL-EPR) was measured in the afterglow luminescence
after irradiating the sample for approximately 5 minutes at 1.5 K temperature. The RL-EPR signal was
detected as the integral luminescence of the sample. The magnetic field dependent background was
subtracted in all RL-EPR spectra. In the photoluminescence detected EPR (PL-EPR) measurements the
sample was continuously irradiated with the aforementioned light source with the same UV filter and
detected via a visible light bandpass filter transmitting from 310 to 780 nm. In PL-EPR detection
microwave radiation was modulated with 3 Hz frequency and detected using the lock-in amplifier

technique.

Results and discussion

X-ray diffraction

Intensity (arb.u.)

‘L Ca,SnO, PDF 00-046-0112

e .J At oot |1,,ﬁ. ,ﬁ.ﬂ..,.,.;...

20 30 40 50 60 70
20 (degree)

Figure 1. XRD pattern of the Ca,SnO, sample doped with 0.03 mol% La*".



The phase composition of the prepared sample was analysed using X-ray diffraction analysis (see Fig.
1). The obtained XRD pattern coincides well with the standard diffraction lines of orthorhombic
CazSn04 (PDF 00-046-0112). No additional peaks could be detected indicating a complete reaction of

precursors.
Luminescence

Short-wave UV excitation studies with a synchrotron source are valuable for elucidating luminescence
excitation properties [16-18]. In the case of Ca;SnO4:La* two distinct luminescence bands can be

excited with a synchrotron source at low temperatures (as shown in the Fig. 2a).
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Figure 2. a) Photoluminescence excitation detecting 340 nm and 450 nm emission and
photoluminescence (PL) spectrum excited with 250 nm detected at 10 K; b) temperature dependence

of the 340 nm emission excited with 250 nm.

The band with the maximum centred at around 450 nm has been previously observed in stannate hosts
[19-21] and can be attributed to the triplet to singlet state (T:—So) transition of Sn?*. The other band
located at 340 nm can be detected only at low temperatures and exhibits rapid thermal quenching (see

Fig. 2b).
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Figure 3. Decay kinetics of the 450 nm and 340 nm PL bands immediately after excitation.

The different decay times (see Fig. 3) confirm the dissimilar nature of the bands. The much longer
450 nm decay kinetics transforms into a prolonged hyperbolic RL decay (as will be discussed later,

Fig. 4b).

The nature of the 340 nm band is different from the 450 nm band for the following reasons: (i) the two
bands have different excitation spectra (Fig. 2a), (ii) the kinetics of the 340 nm band is fast (Fig. 3) and
not hyperbolic, (iii) the 350 nm band has thermal quenching already up to 130 K (see Fig. 2b).

Therefore, an excitonic nature for the 350 nm band could be proposed.

Assuming an excitonic nature of the 340 nm band with an excitation maximum Eey. at about 5.1 eV (see
Figure 2a), we have used the phenomenological approach from Ref. [22] E; = 1.08 Eexc to provide a
bandgap estimation of 5.5 eV in Ca,SnO4:La. The excitation maximum Ee. 5.1 eV coincides rather

well with the estimations given in [23,24].

Ca,Sn04: La* exhibits bright persistent luminescence related to Sn?* emission at room temperature and

10 K. A comparison of PL and RL spectra detected at 10 K is shown in Fig. 4a)
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Figure 4. a) comparison of PL and RL spectra and b) RL decay curve excited with 250 nm detected at

10 K.

The 450 nm RL has a long-lasting hyperbolic decay kinetics after excitation (Fig. 4b), which is linear
in double-logarithmic coordinates. Linear decay in double-logarithmic coordinates is characteristic for

tunnelling recombination between spatially correlated electron and hole trap centre pairs [25,26].
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Figure 5. Thermostimulated luminescence in the 450 nm band at low temperatures after UV

excitation at 10 K.



The samples exhibit a low-temperature peak with the maximum located at 70 K (Fig. 5). TSL is shown
to start at about 30 K, which, in addition to the hyperbolic decay kinetics mentioned earlier, indicates

that RL occurs as the tunnel recombination process.
EPR

Low-temperature EPR measurements were conducted to characterize paramagnetic defect formation
and stability in Ca,SnOa.. Spectra after the sample exposure to UV radiation and subsequent annealing
at selected temperatures are demonstrated in Fig 6. Judging from the number, shape and relative
intensities of the resonances, it is evident that several UV-induced paramagnetic centres contribute to
the overall EPR spectrum. In contrast to the previous room-temperature EPR investigation of UV-
induced defects in La-doped Ca,SnO4 [11], additional spectral features can be resolved in the spectra
measured at 120 K. Most of the paramagnetic centres are annihilated after annealing at 100 °C, while

several centres are stable up to 200 °C.
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Figure 6. Experimental EPR spectra (120 K; 20 mW) after UV irradiation and subsequent annealing,
and simulations of V-type centre signals contributing to the experimental EPR spectrum (120 K;

20 mw).

Analysis of the signals in 0.322-0.338 T range based on EPR spectra simulations is provided in Fig. 6.

For the experimental microwave frequency of 9.37 GHz this field range corresponds to



g > ge (= 2.0023), which is characteristic to paramagnetic hole (V-type) centres [27-29]. The following

spin-Hamiltonian (SH) was applied for the simulations:

H = gugBS 1)
where g is the g-factor; up — the Bohr magneton; B — external magnetic field; S — spin operator [30].
The individual paramagnetic centres were modelled as S = 1/2 systems with rhombic symmetry g-

factors; the results of EPR spectra simulations are summarized in Table 1. Standard deviations of the g;

are given in the column Agi.

Table 1. A summary of SH parameters of paramagnetic centres in Ca;SnO..

Centre Material g1 9> g3 Ag; Reference
V(La) 2.0430 2.0380 2.0020  0.0005
V(AI) 2.0566 2.0244 2.0022  0.0005
V(1) 2.0468 2.0458 2.0304  0.0020
F(D) Ca;SnOsLa* 1.9754 1.9369 1.9341  0.0010 Present study
F(I1) 1.9170 1.8819 1.8811  0.0020
F(111) 1.9511 1.9480 1.9480 0.0010
F(IV) 1.9279 19261 1.9210 0.0020
V-type CaSnOsLa®** 2.0425 2.0379 2.0024  0.0005 [11]
V-type Ca,SnO4AP* 20566 2.0244 2.0022  0.0005 [10]
F-type Ca;SnO4La® 1.9748 1.9366 1.9334  0.0005 [11]
Sn* 1 CaSnOsAlP* 1.9940 0.0010 [10]
Sn¥ Il Ca;SnO4 AR 1.9900 0.0050 [10]
Sn* KCI:SnCl, 19149 1.7199 1.6788 [31]
Sn* NaCl:Sn* ~ 1.9000 1.7300 1.6300 [32]

The simulation results suggest that the observed spectrum is a superposition of signals of at least three
V-type centres. For two of the centres the fitted parameter values are coincident with the results reported
in the previous studies of Ca,SnO. [10,11]. The centres have been interpreted as single trapped holes
localized on oxygen ions (O) nearby either La** (designated as “V-type” in [11] or “V(La)” here) or
AlP* (designated as “V”” in [10] or “V/(Al)” here) substitutional impurities. The detection of such signals
in the present investigation is expected as La®* has been selected as the dopant ion, whereas AI** ions

are commonly encountered trace impurities in oxide materials. In addition, the inclusion of the third



component was required to achieve a satisfactory fit between the experimental and simulation data.
Based on the determined values of S and g, the centre could also be assigned to a single hole-type centre

(“V(111)), which is stabilized by a nearby impurity ion or cation vacancy.

Spectra acquisition at different temperatures and simulations with SH (1) were carried out for analysis
of the spectral features in the 0.336-0.364 T range (Fig. 7). Signals in this spectral range are
characterized by g < g,, implying that they are associated with trapped electron (F-type) centres [27—
29]. Dissimilar behaviour of EPR signal intensities on acquisition temperature for the different spectral
features is observed, thus providing experimental evidence for the presence of several UV-generated F-
type centres. Simulations were performed in a model of S = 1/2 with rhombic symmetry g; the results
are summarized in Table 1. The fitted g values for the F(I) centre are coincident with the parameters
reported in the room temperature investigations of Ca;SnO4:La®*" [11]; however, the signals labelled as

“F(I1)-F(1V)” have not been previously detected.
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Figure 7. Simulations of F-type centre signals contributing to the experimental EPR spectra (40-

120 K; 2 mW).

Several candidates should be considered as possible electron traps in Ca,SnOs:La*. Oxygen vacancies

are common defects in oxide hosts, which form paramagnetic F* centres by trapping a single electron.

10



A variety of F* centres with significant deviations from the free electron value g. have been reported in
complex oxides, in which several anion sites are available in the crystal structure and antisite/impurity
defects are present in the material [28,29]. However, considering the multi-valent nature of tin ions,
UV-induced electron trapping on tin ions resulting in the formation of “EPR-active” Sn** [10,33-35]
and Sn* [31,32] centres cannot be excluded in Ca,SnO4. Both oxidation states of tin are S = 1/2 systems
and exhibit unique EPR spectra hyperfine structure due to electron spin interaction with spins of 11'Sn
and °Sn nuclear isotopes. Attempts to detect the characteristic hyperfine structure in Ca,SnO4:La%" by
prolonged spectrum acquisition in the 0-0.6 T range were unsuccessful; therefore, a qualitative analysis
of the g-factor is provided. An isotropic g value of = 1.99 has been reported for two Sn®* centres in Al-
doped Ca;SnO, [10], whereas in the few EPR studies of Sn* centres in other hosts, highly anisotropic
g values in ~ 1.6-1.9 range have been determined [31,32]. Deviations from the data in Table 1 are
significant, which suggests that the observed signals in this study are not related to paramagnetic tin
centres. As the result, the most likely origin of the observed F-type signals in Ca;SnO4:La*" appears to

be charged oxygen vacancy centres.

To prove the interrelation of paramagnetic centres with particular luminescence processes, additional
experiments must be considered. For example, the involvement of the V/(La) and F(I) centres in bright
cyan blue persistent luminescence of Ca,SnO4:La®" at room temperature has been demonstrated by a
correlated time-decay of the respective EPR signals and persistent luminescence kinetics [11]. The
results of the present low-temperature EPR measurements reveal that additional paramagnetic centres
partake in UV-induced processes of Ca,SnOs:La®*". However, detailed analysis of the defect role in
optical properties of the material by conventional EPR measurements alone is problematic due to defect
stability at 120 K (signals do not decay with time) and signal saturation effects [30] at lower
temperatures. Therefore, a more advanced methodology of optical detection of EPR signals is applied

to explain the low-temperature luminescence characteristics of Ca,SnO4:La*".
RL-EPR

We investigated the RL-EPR of Ca,SnO4:La*" in the long-lasting afterglow as well as the PL-EPR in
the 450 nm band at low temperatures. RL can be almost completely suppressed in magnetic field up to
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3 T. By sweeping the magnetic field with the microwaves turned on, it is possible to restore the intensity

of RL thus observing the RL-EPR resonances.

Experimental and simulation results of low-temperature RL-EPR investigations for two microwave
frequency bands are shown in Fig. 8. Note that the registered signals are absorption profiles of RL,
while EPR spectra (Fig. 6-7) are conventionally represented as the first derivative of microwave
absorption. A satisfactory fit with the experimental spectra was achieved in a model with two S = 1/2
systems with: (1) g, = 2.04 £ 0.01; g, = 2.04 £ 0.01; g; =2.00 £ 0.01 and (2) g = 1.95 + 0.01. The
determined parameter values are well-correlated with the EPR data of V/(La) and F(lIl) paramagnetic

centres (see Table 1).
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Figure 8. RL-EPR spectra measured at 62 GHz and (b) 97 GHz microwave frequencies and their
calculation using the EPR parameters of the corresponding F-type (F (111)) and V-type (V (La)) centres.

Blue line - PL-EPR spectrum measured at 62 GHz microwave frequency.

Measurements of the RL-EPR spectra with colour filters showed that the RL-EPR signals belong to
the whole 450 nm RL band. The shape of the high field RL-EPR band is affected by the spin-lattice

relaxation time T [36] (see Fig. 8). Our estimations of the T, time is approximately 10 + 5 seconds.

To observe PL-EPR during PL: (i) the magnetic field is swept, (ii) the change in PL intensity when
switching on/off the microwave radiation is recorded. PL-EPR measurements clearly show (Fig. 8) only

the resonance band at around g = 1.95, which corresponds to the similar F-type (F(l11)) centre signal in
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the RL-EPR spectra. This could be one of the evidences that RL makes up a competitive part of the PL

process.

RL mechanism of the La-doped Ca,SnO. at low temperatures

The main experimental features of the 450 nm RL band and the most probable model of the RL
mechanism are discussed. The 450 band has hyperbolic decay kinetics and TSL starts at about 30 K
above the RL-EPR measurement temperature of 1.5 K. A long-lasting hyperbolic afterglow decay is
characteristic for the tunnelling recombination luminescence process. The 450 nm RL can be almost
completely suppressed in magnetic field up to 3 T and restored after application of microwave radiation.
RL-EPR shows resonances of both electron trap and hole trap centres. Several electron and hole trap
centres are observed in the low-temperature EPR spectra of the UV irradiated sample. The g-factors of
two of the paramagnetic centres are consistent with the RL-EPR signals. Therefore, we propose that the
low-temperature RL band at 450 nm of the La-doped Ca,SnO, after UV irradiation is caused by the

tunnelling recombination of F-type (F(I11)) and V-type (V(La)) centres.

The RL band originates either (i) directly by this tunnelling recombination of the F-V centres [37,38]
or (ii) their recombination energy could be transferred to the Sn luminescence centre. So far, all previous
references indicated that the 450 nm PL band could be originated by the Sn-luminescence; therefore,

the mechanism (ii) seems to be preferable, as shown in the Fig. 9.
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Figure 9. Low-temperature RL mechanism of Ca,SnOs:La. In PL, only the intra-centre luminescence

of the Sn?* is excited (right side).

Moreover, the band shape of the 450 nm RL is similar to the corresponding low-temperature PL band
and it is only slightly shifted to longer wavelengths. The PL-EPR shows the resonance line of the same
F-type centre as present in the RL-EPR spectra. The similarity of the band shape of the 450 nm RL and

PL, and the PL decay kinetics suggest that the 450 nm PL band is interrelated with the RL.
Conclusions

Low-temperature PL and RL spectra of La-doped Ca,SnO, after UV irradiation consist of 350 nm and
450 nm bands. The 350 nm band exhibits an exponential decay, is excited at shorter wavelengths near
the band gap and has thermal quenching at low temperatures; therefore, it is likely of an excitonic
nature. Assuming an excitonic nature of the 340 nm band, the band gap of the Ca;SnO4:La has been
estimated to be approximately 5.5 eV. The 450 nm RL band has a long-lasting hyperbolic afterglow
decay characteristic for tunnelling recombination. The shape of the RL band is similar to the
corresponding low-temperature PL band; however, it is slightly shifted to longer wavelengths. The
decay kinetics and the similarity of the RL and PL spectra suggest the 450 nm PL and RL have the same
origin. The 450 nm RL band can be almost completely suppressed in magnetic field up to 3 T and
restored after applying microwave radiation. RL-EPR spectra show resonances of both electron trap
and hole trap centres. Several electron and hole trap centres are detected in the low-temperature EPR
spectra in the UV irradiated sample. The g-factors of two of the paramagnetic centres are consistent
with the RL-EPR signals. Therefore, we propose that the low-temperature 450 nm RL band of La-doped
CazSn0q, after UV irradiation is caused by the tunnelling recombination of F-type electron trap and V-
type hole trap centres. The RL band results from either direct tunnelling recombination of the F- and V-
type centres or recombination energy transfer to Sn?* luminescence centres and subsequent radiative

relaxation.
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