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A B S T R A C T

Photoluminescence of Ce3+- and Pr3+-activated Sr2GeO4 powders was measured between 17 and 600 K. For
both ions strong 4fn−15dn→4fn (d-f) emission is observed at low temperatures, around 410 nm (Ce3+) and
280 nm (Pr3+). The Ce3+ d-f emission quenches starting at 150 K and disappearing completely just above room
temperature. Pr3+ d-f luminescence shows an onset of quenching also around 150 K and disappears completely
between 250 and 300 K. For Pr3+ quenching of the d-f emission was connected with an increasing intensity of
the 3P0 luminescence at first and 1D2 emission at even higher temperatures. Both these 4fn→4fn emissions were
observed up to 600 K. Based on the similar quenching temperatures, thermally stimulated photoionization of the
5d electrons from 5d level of Ce3+ or Pr3+ to the conduction band is proposed as the most probable mechanism
for quenching of the d-f emissions.

1. Introduction

Orthosilicates doped with lanthanide ions form an important class
of luminescent materials and Eu2+ doped Sr2SiO4 is known for appli-
cation in white light LEDs (WLEDs). The thermal quenching tempera-
ture is however low (below 400 K) which prevents application in high
power LEDs. The thermal quenching mechanism is possibly related to
thermally activated photoionization. We recently reported on Eu2+

luminescence in Sr2GeO4 showing emission in the red spectral region
around 620 nm [1]. The emission wavelength in the red is favorable for
application in WLEDs but we have shown that the luminescence of
Eu2+ suffered from strong thermal quenching starting already around
30 K. This observation is consistent with thermally activated photo-
ionization. The bandgap of germanates is smaller than for silicates and
the lower energy position of the conduction band can explain the lower
temperature at which quenching by photoionization starts. According
to Dorenbos model [2,3], the ground states of triply ionized lanthanides
are positioned energetically much lower than the ground state of Eu2+.
Based on this and the low energy position of the Eu2+ d-f emission this
opened question about possibility of generation of 5d→4f luminescence
from Sr2GeO4:Ce3+ and Sr2GeO4:Pr3+. This paper reports on the ob-
servation of d-f emission and the thermal quenching behavior of d-f
emission from both these ions in Sr2GeO4.

The Sr2GeO4 host has a different crystal structure than Sr2SiO4. It
offers four different symmetry sites, as depicted in Fig. 1. The

lanthanide dopants are expected to occupy the different positions and
show different luminescence spectra. Yet, while in the case of Eu3+ [1]
and its f-f transitions multi-site luminescence was indeed observed,
reduced samples showing broad band emission from Eu2+ did not have
indications for luminescence from Eu2+ on multiple sites. The simi-
larity in coordination for the four sites probably gives rise to over-
lapping emission bands resembling emission from Eu2+ on a single-site
[1].

2. Experimental details

2.1. Synthesis

Ce3+ and Ce3+,Na+ co-doped strontium germanate (Sr2GeO4) mi-
crocrystalline powders were prepared by standard solid state synthesis
methods. Stoichiometry of the starting materials was formulated as-
suming that the dopants substitute strontium ions in the host lattice.
Concentrations of cerium and sodium ions were 0.1, 0.5 and 1.0 mol%.
Sodium ions were added to compensate the charge of Ce3+ on a Sr2+

site by a Na+ ion on the Sr2+ site. The starting materials, SrCO3, GeO2,
CeO2, and Na2CO3, were thoroughly mixed and ground in an agate
mortar, transferred to an alumina boat and heated at 1350 °C for 3 h in
the reducing atmosphere of forming gas composed of 5%H2 and 95%N2.
For samples doped with praseodymium the same procedure was used
and concentrations of Pr3+ ions were: 0.05, 0.1, 0.5mol%. Pr
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(NO3)3× 6H2O was the source of the dopant.

2.2. Characterization

Photoluminescence (PL) and PL excitation spectra (PLE) were
measured with an FLS980-sm Fluorescence Spectrometer from
Edinburgh Instruments Ltd. using 450W Xenon arc lamp as continuous
excitation source. TMS302-X Single Grating excitation and emission
monochromators of 30 cm focal lengths were used and the lumines-
cence light was recorded by Hamamatsu R928P high-gain photo-
multiplier detector. Emission spectra were corrected for the wavelength
dependence of the spectral response of the recording system and ex-
citation spectra were corrected for the incident light intensity. The lu-
minescence decay traces (DEC) were measured using the Edinburgh
spectrofluorometer where pulsed excitation was done by means of
EPLED-250 or EPLED-320 ps LEDs supplied by Edinburgh Instruments
Ltd. The signal was registered by means of a F-G05 photomultiplier
featuring a Hamamatsu H5773-04 detector. To obtain information on
phase purity, for all samples X-ray diffraction measurements were
performed with a D8 Advance X-ray Diffractometer from Bruker in the
range of 2θ= 0–80° and with the step of 2θ= 0.01608°. Ni-filtered Cu
Kα1 radiation (λ= 1.540596 Å) was utilized. The resultant re-
presentative patterns are presented in Fig. 2 together with a reference
pattern for orthorhombic Sr2GeO4 (ICSD#83345 [4]). They prove that

both Sr2GeO4:0.1%Ce,0.1%Na and Sr2GeO4:0.05% Pr are phase pure,
orthorhombic materials.

3. Results and discussion

3.1. Photoluminescence of Sr2GeO4:Ce3+

Luminescence measurements were performed for both Ce- and Ce-,
Na-activated materials. No differences were observed between the
spectra for the singly and co-doped materials except for a noticeably
higher emission intensity for the Ce,Na co-doped powders. Below we
present results for the co-doped phosphors only. Fig. 3a presents PLE
spectra of Sr2GeO4:Ce,Na of emission at 415 nm for different contents of
the dopant (0.1% and 0.5%) at 300 K. The concentration hardly affects
the spectral shapes. The spectra consist of three bands peaking around
365 nm, 260 nm and 275 nm. The two latter bands overlap sig-
nificantly. Fig. 3b shows the PL spectra of the same samples under
345 nm excitation. The spectra consist of a broad bands with a max-
imum around 415 nm. For the higher Ce content the emission is red-
shifted (from 410 nm (0.1%) to ~ 418 nm (0.5%)). The red shift and the
increase of intensity at the longer wavelength side in the more con-
centrated material is probably the result of reabsorption due to some
overlap of the excitation and emission bands on the short wavelength
side of the emission band. Alternatively, since the host offers four Sr
sites which may all be occupied by Ce non-radiative energy transfer
between Ce3+ ions may also play a role in shifting the emission to the
red by energy transfer to Ce3+ ions with a lower energy 5d state which
will be more efficient at higher Ce-concentrations. The characteristic ~

Fig. 1. Coordination sphere of different sites for Sr2+ in orthorhombic Sr2GeO4 [4].

Fig. 2. X-ray diffraction patterns of Sr2GeO4:0.1%Ce,0.1%Na and Sr2GeO4:0.05%Pr
prepared at 1350 °C in reducing atmosphere for 3 h.

Fig. 3. PLE spectra of 415 nm emission of Sr2GeO4:Ce, Na powders with different content
of dopants (a) and PL spectra under 345 nm excitation for the same samples (b). All
spectra recorded at 300 K.
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2000 cm−1 splitting of the Ce3+ luminescence bands due to transitions
to the 2F5/2 and 2F7/2 levels of the 4f1 configuration is not clearly ob-
served but the bands do show asymmetry connected with the ground
splitting.

The photoluminescence spectra were further studied at various
temperatures down to 17 K for the 0.1% sample (Fig. 4). With de-
creasing temperature the most intense excitation band (Fig. 4a) peaking
around 360 nm broadens on the short-wavelength side. This indicates
that Ce3+ ions having absorption in this spectral region are quenched at
room temperature and start to show luminescence upon cooling. Note
that the broadening of the band ~ 360 nm at low temperatures causes
its maximum to span a wider wavelength range of ~ 355–365 nm and
the band seems to be composed of two strongly overlapping compo-
nents. This further support the conclusion that this absorption results
from Ce3+ ions on different crystallographic sites and slightly shifted
positions of their energy levels. The position and shape of bands with
maxima at 260 and 275 nm do not show any changes with temperature
indicating that these levels overlap more strongly for the different Ce3+

sites. The emission spectra show only minor changes with decreasing
temperature as shown in Fig. 4b. The emission is in the 370–500 nm
region. At lower temperatures the characteristic splitting of the two
components due to the 5d1→2F5/2,2F7/2 transitions is observed. The
effect is not as clearly observed as in other crystalline materials [5–9],
which may be the result of overlapping emission bands from Ce3+ on
the four different sites in Sr2GeO4.

To obtain further insight in the variation of luminescence properties
for Ce3+ on the different sites luminescence spectra were recorded for

different emission/excitation wavelengths. The PLE spectra at 17 K re-
corded monitoring the emission at its long- and short-wavelength sides
as well as PL spectra taken upon excitation at the long- and short-wa-
velength sides of the main excitation band are depicted in Figs. 5a and
5b. The emission spectra (Fig. 5b) show only minor changes with ex-
citation wavelength. The splitting of the two components becomes more
pronounced upon longer wavelength excitation and there is broadening
on the high-energy side for excitation at shorter wavelengths. The ex-
citation spectra (Fig. 5a) for different emission wavelength show a
change in the relative contributions for the shorter and longer wave-
length component of two strongly overlapping components peaking
around 350 nm and 365 nm. The excitation band maximum of the
shorter wavelength emission (405 nm) is at 350 nm and for the longer
wavelength emission (460 nm) intensities of the two components are
almost identical. Based on these observations we conclude that the
energy levels for Ce3+ on the different crystallographic Sr-sites dis-
cussed in Introduction, are slightly different and give rise to subtle
variations in emission spectra for different excitation wavelengths. This
is in line with previous observations for Sr2GeO4:Eu2+ [1] where no
clear difference was observed for Eu2+ on different sites.

The Ce3+ luminescence results from transitions to two 4f1 states,
2F5/2 and 2F7/2, which are typically separated by 2200–2300 cm−1

[10,11]. To obtain a quantitative estimate of the splitting the low
temperature (17 K) emission spectrum was fitted with two Gaussian
components and the results are presented in Fig. 6 and Table 1. The
splitting between the two components is ~ 2045 cm−1 which is very
close to expected value.

The 5d→4f emission of Ce3+ in Sr2GeO4 spans the violet-blue

Fig. 4. PLE spectra of 410 nm emission of Sr2GeO4:0.1%Ce,0.1%Na (a) and PL spectra
under 340 nm excitation (b) recorded at different temperatures indicated in the figure.

Fig. 5. PLE spectra of different emissions line for Sr2GeO4:0.1%Ce,0.1%Na recorded at
17 K (a) PL spectra taken upon different excitation wavelengths recorded at 17 K (b).
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spectral range and the material may be interesting for application in
near-UV excited white LEDs (Near-UV WLEDs) although the excitation
wavelength of 365 nm is shorter than that of present Near-UV WLEDs
(380–410 nm). For application in WLEDs it is important to verify the
temperature dependence of the emission and measure its quenching
temperature. In Fig. 7 the temperature dependence of the luminescence
decay time as well as that of the integrated emission intensity are
shown. The decay time and intensity show a similar trend: both de-
crease strongly between 150 and 300 K. For a luminescent ion with a
radiative decay rate pR that is not strongly temperature dependent this
is the signature of thermal quenching of luminescence. As the non-ra-
diative decay rate pNR increases, the emission intensity (pR/(pR+pNR))
and luminescence life time (1/(pR+pNR)) both decrease in the same
way with temperature. As discussed, there may be a difference in
quenching temperature TQ for Ce3+ on the different crystallographic
sites with a slightly lower TQ for Ce3+ ions emitting at shorter wave-
length (see discussion on Fig. 4 above). This will lead to a multi-ex-
ponential decay behavior in the temperature range where the thermal
quenching for different Ce3+ ions is different. The decay traces of the
Ce3+ emission at different temperatures are shown in Fig. 7a and show
single exponential character up to about 150 K with time constants of ~
35–36 ns. At higher temperatures the traces depart from single ex-
ponential dependence consistent with differences in quenching beha-
vior of Ce3+ on different sites. The average decay time shortens while
the emission intensity drops (Fig. 7b). Parameters resulting from fitting
of the decay traces are presented in Table 2. The d-f emission of Ce3+ is
thermally quenched at temperatures higher than the for Eu2+ [1], but
its relatively low quenching temperature excludes application of
Sr2GeO4:Ce in (solid state) lighting.

A possible mechanism for the Ce3+ luminescence quenching is
thermally activated photoionization [12–15]. The bandgap of germa-
nates is smaller than for silicates which puts the lowest 5d state closer
to the conduction band edge than in silicates. From the temperature
dependence of the decay times of Ce3+ luminescence, see Fig. 7b, the
activation energy (Ea) for the thermal quenching was calculated using
the Arrhenius-type dependence given by Eq. (1) [16–18]:
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where p (s−1) and τ are the luminescence transition rate (pR+pNR) and
decay time (1/(pR+pNR)) at temperature T, respectively. τ0 is radiative
decay time (1/pR) which is observed in the absence of quenching at low
temperatures, B is a constant, ΔEa is the energy activation for the
quenching process (eV) and k is Boltzmann constant (8.6173×10−5

eV/K). The obtained value of ΔEa = 0.19 eV is higher than in the case of
Eu2+ luminescence (0.029 eV) [1]. These data indicate that photo-
ionization due to a proximity of the emitting 5d state of Ce3+ to the
bottom of the host conduction band is responsible for the thermal
quenching of Ce3+ luminescence in Sr2GeO4. To provide additional
support for this explanation, below we discuss results on 5d→4f lumi-
nescence of Pr3+ in the same germanate host. If thermally activated

Fig. 6. Fitting of the Sr2GeO4:0.1% Ce emission at 17 K with two Gaussian components
representing transitions from the lowest 5d level to the 2F5/2 and 2F7/2 levels of the 4f1

configuration of Ce3+.

Table 1
Parameters of two Gaussian components to fit the emission spectra of Sr2GeO4:0.1%Ce as
shown in Fig. 6.

Composition Peak #1
(cm−1)

FWHM
(cm−1)

% of
Total
PL

Peak #2
(cm−1)

FWHM
(cm-)

% of
Total
PL

.1% Ce, 0.1% Na 24645 2197 49 22600 2641 51

Fig. 7. Luminescence decay curves of Ce3+ emission in Sr2GeO4:0.1%Ce,0.1%Na be-
tween 17 and 300 K. Luminescence was monitored at 410 nm and excited at 360 nm (a),
temperature dependence of the integrated photoluminescence intensity – blue circles
(exc. 365 nm, em. 410 nm) and decay times – black circles, and the fit according to Eq. (1)
- pink line (b).

Table 2
Parameters derived from fitting decay traces of Sr2GeO4:0.1%Ce,0.1%Na 410 nm emis-
sion under 360 nm excitation in the 17–300 K range of temperatures using a bi-ex-
ponential function. Also the average decay time (depicted in Fig. 7(b) is determined from
the best fits.

Temperature [K] τ 1 [ns] Rel1% τ 2 [ns] Rel2% < τ > [ns]

300 13.0 40 5.3 60 8.1
250 21.4 93 2.1 7 20.1
200 33.9 93 4.1 7 31.7
150 34.5 100 – – 34.5
100 36.0 100 – – 36.0
50 36.0 100 – – 36.0
17 36.0 100 – – 36.0
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photoionization is responsible, a similar quenching temperature is ex-
pected for the d-f emission of Ce3+ and Pr3+ as the energy difference of
the lowest 5d state of trivalent lanthanides and the conduction band
edge is expected to be similar. If the quenching is caused by thermally
activated cross-over to the 4fn states, a much lower TQ is expected for d-
f emission from Pr3+ as it has 4f states much closer in energy to the 5d
state than Ce3+.

3.2. Photoluminescence of Sr2GeO4:Pr3+

We have researched both singly (Pr) and doubly doped (Pr,Na)

powders. The former showed luminescence whose intensity was by ~
10–15% higher compared to the latter. The temperature dependence of
other luminescent properties of the two compositions was practically
identical. Consequently, the data presented in this paper were specifi-
cally collected for Sr2GeO4:Pr3+, but the overall conclusions are valid
for both compositions.

Under circumstances where the relaxation from lowest 5d state to
the highest 4f2 states (1I6, 3PJ) of Pr3+ is slow, d-f emission can be
observed for Pr3+ in the ultraviolet part of the spectrum. PLE and PL
spectra for Sr2GeO4 doped with 0.05% Pr3+ and recorded at 300 K are
presented in Fig. 8. The PLE spectrum in the visible consists of a series
of excitation lines in the region of 420–500 nm that can be assigned to
the 3H4→

3P0,1,2 transitions within the 4f2 configuration and a broad
excitation band in the UV region with maximum at ~ 252 nm. This is at
about 12,500 cm−1 higher energy than the first 4f→5d1 excitation 5d
band of Ce3+ discussed above. This is exactly the energy difference that
is expected between the 4f→5d excitation/absorption transitions of the
two ions based on the constant energy difference between f-d absorp-
tion bands initially found by Blasse for Ce3+, Pr3+ and Tb3+ and later
generalized by Dorenbos for the 5d states of all lanthanide ions [19,20].
Thus, the 252 nm band is assigned to a transition from 3H4 ground state
to the lowest 5d level (5d1) of Pr3+. Excitation into this band at RT does
not produce broad band UV emission which is characteristic of 5d→4f
luminescence of Pr3+. Only intense 4f2→4f2 luminescence of Pr3+ is
observed at RT as shown in Fig. 8b. The emission spectrum consists of a
series of narrow lines in the range of 450–750 nm which correspond to
the 3P0→3H4,5,6,3F2,3,4 and 1D2→

3H4,5 intraconfigurational 4f2→4f2

transitions. The assignments are given in Fig. 8b. The spin-allowed
emission from 3P0 level of Pr3+ dominates the spectrum at 300 K. The
most intensive line from 3P0→3H4 transition is located at 486.0 nm.

To learn more about the Pr3+ luminescence in Sr2GeO4:Pr3+ a
series of time resolved emission spectroscopy (TRES) experiments was
performed at various temperatures. The results for 40 K, 300 K and
600 K are presented in Fig. 9 as TRES maps. At 40 K almost all lines
related to the 4f→4f transitions have a short decay time of about 18 μs,
a typical value for Pr3+ emission from the 3P0 level. A more detailed
analysis of the spectra and separately measured decay times at 40 K
showed that one line of a very low intensity, located at 604.2 nm, is
characterized by a longer decay time of 160 μs and can be ascribed to
the 1D2→

3H4 transition. At 40 K intense broad band emission in UV
region (~ 250–370 nm) is also observed. This band has a very short
decay time that could not be resolved upon micro-second excitation
pulses used in the TRES experiments. These results indicate that the
luminescence may be due to d-f emission of Pr3+. Below we will pro-
vide further evidence for this assignment. The room temperature TRES
spectra in Fig. 9b show only 4f2-4f2 line emission in the visible but no
broad band emission in the UV. The 3P0 emission is observed in the
480–750 nm region and the decay time of the various lines is τ= 18 μs.
At ~ 604 nm a longer decaying component is clearly seen in the TRES

Fig. 8. Excitation spectra of 486.0 nm and 604.2 nm emission for Sr2GeO4:0.05% Pr (a)
and emission spectra under 250 nm excitation for the same sample (b). Both spectra were
recorded at 300 K.

Fig. 9. Time Resolved Emission Spectroscopy (TRES) for Sr2GeO4:0.05% Pr under 250 nm excitation recorded at 40, 300 and 600 K. On the right hand side of the 2D plots spectra for
different delay times after the excitation pulse are plotted.
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map although its contribution to the total emission is low. Comparison
of PL spectra recorded with the delays of 22 μs and 115 μs (right part of
Fig. 9b) clearly show their different spectral distributions. The 1D2

emission is clearly observed for the longer 115 μs delay with a decay
time τ= 164 μs. Increasing the sample temperature to 600 K (Fig. 9c)
further increases the relative intensity of the 1D2 luminescence com-
pared to the 3P0-related lines. Nevertheless, the latter emission is still
observed proving its good resistance to thermal quenching.

Summarizing, the TRES data show that the 3P0 emission is observed
over the full range of investigated temperatures (17–600 K). With in-
creasing temperature the 1D2 emission intensity increases relative to the
3P0 emission. Indications for 5d→4f luminescence in the UV were ob-
served at 40 K.

To further investigate the presence of d-f emission and to obtain a
better understanding of the temperature dependence of the Pr3+

emission, spectra were recorded at various temperatures down to 17 K.
In Fig. 10a emission spectra of Sr2GeO4:0.05% Pr upon 250 nm ex-
citation are shown for four different temperatures. Upon decreasing the
temperature from RT to 150 K a broad band emission with maxima at
280 and 315 nm comes up and dominates the spectrum (Fig. 10a). Si-
multaneously, the intensity of narrow lines 4f2→4f2 emission decreases.
At 17 K emission from 3P0 and 1D2 levels of Pr3+ show only low in-
tensity. Thus, the broad band UV and the 4f→4f emissions have a strong
and opposite temperature dependence. Based on the spectral shape and
position the UV broad band luminescence can be assigned to inter-
configurational 4f15d1→4f2 transitions of Pr3+. Also for the sample
with higher Pr3+ concentration (0.5%) the 5d→4f emission of Pr3+ is
observed at low temperatures (Fig. 10b). The difference with the 0.05%
sample is that the relative contribution from the long-wavelength
fraction (310–370 nm) is clearly higher. Stronger reabsorption of
emission on the short wavelength side in the more concentrated sample
can explain the change in intensity ratio.

For both concentrations of Pr3+ (0.05% and 0.5%) the 5d→4f
emission bands at 17 K were fitted by four Gaussian components.
Resultant data are summarized in Table 3. Result for 0.05% Pr is also
presented in Fig. 10c. For both Pr3+ concentrations the positions of the
respective four components are very similar. These four constituents
represent four transitions from 4f15d1 state of Pr3+ to 3H4–6 and 3F2–4
multiplets in the 4f2 configuration (see Table 3).

To further characterize the UV luminescence of Sr2GeO4:Pr3+ and
luminescence quenching, both the integrated emission intensity and
luminescence decay curves were measured at different temperatures.
The results are presented in Fig. 11. All decay traces shown in Fig. 12a
could be well fitted with single-exponential function. Fig. 11b presents
the temperature dependence of the luminescence decay times and in-
tensities. These curves ideally coincide, as discussed above, if the decay
time is temperature independent which is the case here. Up to 150 K the
5d→4f luminescence is not quenched and the decay time is τ~ 17.5 ns
which is typical for d-f emission from Pr3+ [21]. Above 150 K the decay
time shortens and the luminescence intensity drops until the emission is
completely quenched around 300 K. The fitting to the Arrhenius-type
Eq. (1) gives the activation energy for thermal quenching of ΔE =
0.15 eV, ~ 0.04 eV less than the value we found in the case of Ce3+.

The similarity in activation energies for thermal quenching of the d-

Fig. 10. PL spectra under 250 nm excitation for Sr2GeO4:0.05% Pr between 17 and 300 K (a) and the d-f emission of Pr3+ (λexc = 250 nm) for two Pr3+ concentrations: 0.05% and 0.5%
(b), deconvolution of the Sr2GeO4:0.05% Pr emission spectra at 17 K into four Gaussian components representing transitions to ground levels of Pr3+(c).

Table 3
Parameters of four Gaussian components and their assignment to appropriate transitions
for Sr2GeO4:0.05% Pr and Sr2GeO4:0.5% Pr.

Maximum
[cm−1]

Peak 1 Peak 2 Peak 3 Peak 4

.05% Pr 36642 34947 31959 30786
0.5% Pr 36660 35010 31874 30105
Transition: 4f15d1→3H4 4f15d1→3H5 4f15d1→(3H6,3F2) 4f15d1→(3F3,3F4)

Fig. 11. Luminescence decay curves of d-f emission of Sr2GeO4:0.05%Pr for various
temperature (exc. 250 nm, em. 290 nm) (a), temperature dependency of the photo-
luminescence intensity – blue circles (exc. 250 nm, em. 290 nm) and luminescence decay
times – black circles and the fit according to Eq. (1) - blue line (b).
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f emission for Pr3+ and Ce3+ is expected if the quenching mechanism is
thermally activated photoionization. In the Dorenbos model it has been
argued that the position of the 5d state relative to the conduction band
is very similar for all trivalent lanthanides (slightly decreasing towards
the heavier lanthanides). In this situation, similar activation energies
and thermal quenching temperatures are expected for photoionization
from the lowest 5d state. For thermal quenching by thermal cross-over
from the 5d excited state to 4f states, a much lower quenching tem-
perature is expected (and has also been observed) for Pr3+ where the
higher energy 4f states are much closer to the 5d states than for Ce3+.
Based on the similarity in quenching temperature and activation energy
for Ce3+ and Pr3+ thermal quenching we conclude that thermally ac-
tivated photoionization is responsible for the quenching. The small
difference in quenching temperature could be due to a contribution of
the other mechanism (thermally activated cross-over in the configura-
tional coordinate diagram) which starts to contribute between 150 and
300 K. The observed increasing intensity of the 4f→4f transitions above
150 K shows there is feeding of the 4f2 excited states from the 5d state.
A contribution from this second quenching channel can justify the
complete absence of 5d→4f emission of Pr3+ at 300 K, when Ce3+ 5d→
4f luminescence is still observed (albeit weak). Based on the analysis
presented we have obtained a consistent picture of the luminescence
quenching processes in both Sr2GeO4:Ce and Sr2GeO4:Pr. For both ions
the 5d→4f emission is quenched starting at 150 K by thermally acti-
vated photoionization. For Ce3+ this is the operative mechanism while
for Pr3+ it cannot be excluded that there is also a contribution from
cross-over to the highest energy 4f2 states. The low thermal quenching
temperatures are related to the low energy position of the conduction
band in germanates. The observations also agree with the previously
reported results for Sr2GeO4:Eu2+ where also quenching at very low

temperatures was explained by photoionization from the 4f65d1 state of
Eu2+ to the conduction band [1].

Luminescence decay traces of the 3P0 and 1D2 emissions at different
temperatures bring more information on energy relaxation processes in
Sr2GeO4:Pr. In Fig. 12a the decay traces at 17 K and 300 K of the 3P0
luminescence excited into the 5d band (~ 250 nm) or into the 3P2 lines
(442.6 nm) are presented. Reasonable fits were obtained using single
exponential functions combined with a deconvolution of the instru-
mental response function (IRF). The derived time constants were in the
range of 15–18 μs. In the case of emission from 1D2 level the situation is
more complex as shown in Fig. 12b. At room temperature the trace
upon the 250 nm 4f→5d excitation (pink dots) has decay time of τ=
165 μs, a value very similar to τ= 156 μs obtained under the 3H4→

3P2
442.6 nm excitation (cyan dots). The situation changes at 17 K. Under
250 nm excitation (black dots) the decay time of the very weak 1D2

luminescence is τ= 162 μs, so it does not differ from the RT value. Yet,
upon the 3H4→

3P2 excitation at 442.6 nm the 17 K decay trace of the
1D2 emission shows significant rise (build up) of the signal before it
decays with a time constant derived from the fit being τ= 190 μs. The
rise of the signal reflects a feeding by relaxation from the 3P0 levels. On
the other hand, the absence of a rise in the 17 K decay of the 1D2 lu-
minescence upon 250 nm excitation indicates that the nonradioactive
5d1→1D2 relaxation bypasses by the 3PJ levels. Thus, nonradiative
3P0→1D2 relaxation is not efficient and this explains why the 3P0
emission is intense even at 600 K (see Fig. 9).

Based on the findings we present a schematic representation of the
quenching mechanisms of the 5d→4f luminescence of Ce3+ and Pr3+ in
Sr2GeO4 in Fig. 13. The crucial point is that the 5d emitting levels are
located quite close to the bottom of conduction band for both ions. The
thermal barrier for the 5d electrons to escape to the conduction band is
~ 0.19 eV for Ce an ~ 0.15 eV for Pr. As a result, starting around 150 K
the 5d→4f emission of both the activators is quenched by a thermally
activated photoionization as is shown in Fig. 13a (Ce) and 13b (Pr). In
the case of Pr the quenching of the 5d→4f emission is accompanied by
an increase of the 4f→4f luminescence. This proves that the excited 5d
state relaxes to the 3P0 or 1D2 levels when the 5d→4f emission is
quenched, see Fig. 13c. Then, the characteristic 4f→4f luminescence of
Pr3+is generated which is observed up to 600 K at least.

4. Conclusions

The optical properties and luminescence quenching of Ce3+ and
Pr3+ luminescence in Sr2GeO4 were investigated. Both ions show 5d→
4f emission at cryogenic temperatures. The violet-blue Ce3+ emission
and the UV 5d→4f emission of Pr3+ quench at relatively low tem-
peratures. Above 150 K quenching starts and at 300 K there is little

Fig. 12. Decay curves of 3P0 (a) and 1D2 (b) luminescence for Sr2GeO4 using two different
excitation wavelength: 250 and 442.6 nm and recorded at 17 and 300 K.

Fig. 13. Energy level diagrams for Ce3+ (a) and Pr3+ (b, c) in Sr2GeO4 showing
quenching mechanisms of the d-f emissions of both dopants in this host. In Pr3+ not only
quenching by photoionization (b), but also relaxation to the 3P0 and 1D2 levels occurs at
higher temperatures (c).
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(Ce3+) or no (Pr3+) d-f emission left. Based on the similar quenching
temperatures, thermally active photoionization is identified as the
prime quenching mechanism with activation energies of ΔE = 0.19 eV
(for Ce3+) and ΔE = 0.15 eV (for Pr). In the case of Pr the dis-
appearance of the d→f luminescence is accompanied by an increase of
4f2→4f2 line emission from the 3P0 and from 1D2 states. Both these
intraconfigurational emissions are observed up to at least 600 K. The
low thermal quenching temperature of the d-f emission of Ce3+ and
Pr3+ ions is related to the low energy position of the conduction band
in germanates and is in line with the even lower thermal quenching
temperature observed previously for Eu2+ d-f luminescence in this host.
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