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A B S T R A C T

In this work, red-emitting Strontium-Germanate SrGe4O9:xEu
3+ (SGO) phosphors doped with x = 0%, 1%, 3%

and 5 at% of Eu were obtained by a combustion method. The X-ray diffraction patterns of these phosphors
revealed that all the samples have a trigonal phase. Morphological studies by scanning electron microscopy
(SEM) showed irregular coalesced grains that formed with sizes in the range of 0.14–0.22 µm. Furthermore, the
degree of coalescence among particles increased as the content of Eu dopant augments. The optical band gap
(Eg) of pure and Eu-doped SGO were calculated with Tauc plots and was observed a decrease of Eg as the Eu
concentration increases. Also, the emission spectra of Eu-doped SGO (under UV excitation at 303 nm) revealed
that their luminescence centered at 611 nm increased as the Eu content is raised, with a maximum
luminescence was observed for the sample doped with 3 at% of Eu. Finally, the CIE (Commission
Internationale de l′Eclairage) chromaticity coordinates of (0.56, 0.34) were calculated for the sample with
the highest luminescence, which did not change even for Eu concentrations as high as 5 at%. Due to their
intense red emission and stability for CIE coordinates, SrGe4O9:xEu

3+ phosphors could be good candidates for
the generation of the red component in solid state lighting devices.

1. Introduction

The current solid state white light emitting lamps based on
YAG:Ce (Cerium doped-Yttrium aluminum garnet, Y3Al5O12:Ce)
phosphors lack of enough red contribution, therefore, their color
rendering index (CRI) is low [1]. For this reason, the development of
new red emitting materials is still a matter of research for the
efficiency improvement of white light emitting lamps that employ an
UV-LED (Ultraviolet-Light-emitting diodes) excitation source. In
addition, red-emitting phosphors are used in applications such as
scintillators and bio-labeling [2–4]. Recently, an interest on ternary
germanates has surged due to their use in catalysis, magnetism,
optical devices and sensors [5]. Calcium germanate (Ca2Ge7O16),
strontium germanate (SrGe4O9) and barium germanate (BaGe4O9)
have been fabricated by hydrothermal method for their use in
lithium batteries as anode material [5]. Particularly, strontium
germanate (SrGe4O9) have been used for the generation of red
emission by doping with Mn4+, this ion can substitute Ge due to
its similar ionic radii [6–8]. However, the luminescence produced by
Mn4+ suffers thermal quenching at 300 K [9–11]. This temperature

dependence of the Mn4+ ions could change the color rendering index
(CRI) or CIE chromaticity coordinates in white LEDs used for
lighting under normal operation conditions [8,11,12]. Additionally,
vapors produced by Mn could cause severe nervous and digestive
disorders [13], then, the encapsulation cost for devices that employs
Mn would raise the final cost of the luminescent device. In contrast,
trivalent rare earth ions such as Eu3+ have been widely used as
luminescent oxide dopants because their forbidden 4f-4f transitions
are temperature independent [14,15]. Another advantage is the fact
that Eu3+ ion could be excited with low cost near UV-LEDs at
394 nm or with blue light at 465 when the Eu3+ occupies sites with
no inversion symmetry [16,17]. To the best of our knowledge, there
are no reports about the spectroscopic properties of SrGe4O9 doped
with Eu3+ to produce red emission under ultraviolet (UV) excitation.
Therefore, this work studies the luminescent properties of the Eu-
doped SrGe4O9 phosphors with trigonal phase under UV light
excitation; this will allow us to elucidate its potential applications
in solid state lighting. Also, the combustion method was used for the
fabrication of these phosphors, which has not been explored for the
synthesis of SrGe4O9. In comparison to other methods such as the
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solid-state reaction, hydrothermal, solvothermal or thermal eva-
poration methods, [5–7] the combustion method is cheaper and
faster for the synthesis of germanates and phosphors with high
crystallinity [15].

2. Materials and methods

2.1. Fabrication of SrGe4O9 and Eu-doped SrGe4O9 powders

In this work SrGe4O9:Eu and pure SrGe4O9 ceramic powders were
produced by combustion synthesis technique and a post-annealed
treatment. The reagents for the preparation of germanates were
purchased from Sigma Aldrich and used as received: strontium nitrate
[Sr(NO3)2(99.0%)], germanium oxide [GeO2,(99.9)%], europium ni-
trate [Eu(NO3)3 (99.8%)] and urea [CO(NH2)2 (99.5%)]. The following
chemical reaction was used for the preparation of strontium germa-
nates:

⎛
⎝⎜

⎞
⎠⎟

x Sr NO GeO xEu NO x CH N O
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3 2 2 3 3 4 2

1− 4 9 2 2 2

(1)

where x is the atomic percentage concentration of Eu. Samples were
prepared with x = 0%, 1%, 3% and 5 at% and named as SGO, SGO1,
SGO3 and SGO5 respectively. A typical procedure for the synthesis of
Eu doped germanates was as follows: certain amounts of germanium
oxide, europium nitrate and strontium nitrate were dissolved in a
quartz beaker with 40 ml of deionized water and stirred 1 h. After this,
a white solution was formed and 0.02 mol of urea was added to the
mixture. Subsequently, the beaker with the blend was put into a
preheated furnace at 600 °C. After 5 min, the combustion occurred
and a white dense foam was obtained. This foam is grinded and
compacted with a press to form pellets. Finally, the pellets were
annealed at 1100 °C for 6 h.

2.2. Structural, morphological and optical characterization

The structural characterization of our samples was done by using X-
ray diffraction (XRD) in a Bruker D8 equipment with radiation Kα1 of
copper (λ = 1.54056 Å) in the range of 10–60° The morphology of the
samples was studied by Scanning Electron Microcopy (SEM) and using
a Hitachi SU8010 microscope. The absorbance of the samples was
obtained in the range of 300–1000 nm with an Avantes AvaSpec-
ULS2048XL-USB2 spectrophotometer connected to an AvaLight-DH-
S-BAL Balanced Power light source. Photoluminescence emission and
excitation spectra of the samples were measured with a RF6000
Shimadzu spectrofluorometer. All the measurements were made at
room temperature.

3. Discussion and results

3.1. Structural and morphological properties

The SrGe4O9 system is a trigonal lattice with space group of
P321(No. 150) and cell parameters: a = b = 11.3420 Å, c =
4.7520 Å. The visualization of the SrGe4O9 structure was obtained by
simulations in software Diamond 3.1. The positions of each atom in the
trigonal SrGe4O9 system were obtained from reference 18. Fig. 1 shows
the unit cell of the SrGe4O9 with trigonal phase. The green, blue and
red circles represent Sr, Ge and O, respectively. The structure consists
of an arrangement of GeO6 octahedra (gray area), GeO4 tetrahedra
(yellow area) and SrO8 polyhedral (purple area). When Eu dopant is
introduced in the system, it could substitute the Sr atoms due to their
similar atomic radius (REu = 1.08 Å and RSr = 1.32 Å). Eu3+ cannot

substitute Ge4+ sites because it this last ion has a smaller ionic radius
(RGe = 0.67 Å). The X-ray diffraction patterns of undoped SrGe4O9 and
SrGe4O9:Eu

3+ are shown in Fig. 2. As observed, all samples presented a
single trigonal phase according to JCPDS # 14-0029 card. The main
planes were (111), (220) and (301). It is clearly observed how the
diffraction peaks associated to those planes are displaced toward higher
angles as the Eu concentration increases from 0 at% to 3 at%, see
dashed lines in Fig. 2. This shift indicates a contraction of the
crystalline lattice [19]. This was expected because the ionic radius of
Eu3+ (1.08 Å) is smaller than that of Sr2+ (1.32 Å). However, the
crystalline lattice is expanded when the Eu concentration is 5 at%
(sample SGO5), since a displacement toward lower angles in the main
planes occurred with respect to sample SGO3. Further, it is important
to notice that additional phases were not observed even for a high
concentration of Eu (5 at%), which indicates that the Eu ions are well
incorporated to the crystalline lattice.

SEM images of SrGe4O9 and SrGe4O9:Eu
3+ powders show irregular

grains and bars with average sizes of 0.14 ± 0.03 µm, 0.17 ± 0.02 µm,
0.22 ± 0.03 µm, 0.16 ± 0.02 µm for SGO, SGO1, SGO3 respectively,
see Fig. 3. Then, as the Eu concentration increases, the size of the
particles augments. The degree of coalescence among irregular grains is
higher in samples SGO3 and SGO5 in comparison with samples SGO
and SGO1. This increment of coalescence as the Eu content increases
has been observed in similar metal oxides doped with Eu [20]. A high
coalescence among grains is not convenient for the luminescent
properties, since the surface area of the grains diminishes, this in turn,
inhibits the photoluminescence [21].

Fig. 1. Schematic illustration of the unit cell for SrGe4O9 obtained by Diamond 3.1. The
green, blue and red circles represent the Sr, Ge and O atoms respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. X-ray diffraction patterns of the pure SrGe4O9 and Eu-doped SrGe4O9. The
standard pattern of the SrGe4O9 trigonal phase is as plotted as vertical lines and
correspond to the JCPDS # 14-0029 card.
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3.2. Optical properties

The absorbance spectra of the SrGe4O9 and SrGe4O9:Eu
3+ samples

are depicted in Fig. 4a. The SGO sample shows two bands centered at λ
= 221 nm and λ = 284 nm respectively. The first band is sharp and
attributed to the bang edge (Eg = 5.61 eV) of the pure SrGe4O9 which is
close to the reported value of literature (Eg = 5.74 eV) [7]. The second
band at 284 nm is associated to the absorption of Ge4+ ions incorpo-
rated into the SrGe4O9 crystalline lattice [22]. On the other hand, for
the SrGe4O9:Eu

3+ samples, the absorption of the electronic transition
between Eu3+-O−2 centered at 245 nm, well-known as charge transfer
band (CTB)[23], increases as the Eu concentration rises, reaching a
maximum at 3 at%. An excessive content of Eu in sample SGO5
decreases the absorption intensity of CTB approximately 55%, see
Fig. 4. Also, a small peak at 394 nm appears, which is associated to the
characteristic transition 7F0 →

5L6 of the Eu
3+ [24]. Fig. 4b and c shows

the Tauc plot for the determination of the optical band gap of each
sample. (αhν)1/n was plotted versus energy in eV, α is the absorption
coefficient obtained from the absorbance spectrum, h is the planck
constant and ν the frequency. The values of n were 2 for SGO (indirect
band gap material with allowed transition) and 3 for SGO1-SGO5
(indirect band gap material with forbidden transitions) respectively.
The intersection of the linear section in the Tauc plots with the energy
axis give us the optical band gap [25]. According to Fig. 4b, the optical
band gap obtained is Eg = 5. 3 eV for SGO. In the case of Eu doped
SrGe4O9, the optical band gaps were 3.0 eV, 2.8 eV and 2.5 eV for
SGO1, SGO3 and SGO5 respectively, see Fig. 4c. Thus, a diminution in
the optical band gap was caused by the introduction of Eu dopant. This
also means that the energy levels of the Eu3+ are incorporated into the
indirect energy gap of the SrGe4O9 for excitation with UV light which in
consequence favors the luminescence activation.

The Eu3+ ion is a common dopant used in oxides, nitrides and
fluorides to produce the red-emitting phosphors that can be used in
WLEDs [20,21,26–28]. The 4f-4f forbidden transitions of Eu3+ transi-
tions do not depend on temperature, which makes this ion very stable
during operation of WLEDs in the range of 60–150 °C. The excitation
spectra of the SrGe4O9 phosphors with different concentrations of Eu
present a band in the range of 237–246 nm which is related to the CTB,
see Fig. 5a. This agrees with the optical band observed in the same
wavelength range in Fig. 4a. The position of the CTB depends on the
intensity of the electric field of ions around O2−, the binding strength of
the anions, the size of the cation sites, and the coordination number
[29]. This band is typically located in the 248–254 nm range and

should be stronger than that for direct excitation [30]. In our case, the
intensity of the CTB (for the sample doped with 3 at%) was ~ 75%
higher in comparison with the excitation peak located at 394 nm
(transition 7F0 → 5L6). This was due to the strong interaction between
Eu3+ and O2- orbitals [31]. If the potential field at the anion (O2-) sites
increases due to the surrounding ions, the energy required to transfer
an electron from O2- to Eu3+ increases as well; in consequence, the CTB
is moved to higher energy side. For this reason, the CTB for SGO3
moved toward shorter wavelengths with respect to SGO1, see Fig. 5a.
Further, the band centered at λ = 303 nm corresponds to the 7F0 →

5D0

transition [32], while the narrow peaks centered at 359 nm, 379 nm,
and 394 nm are attributed to the 4f-4f forbidden transition: 7F0 →

5D4,
7F0 → 5G4,

7F0 → 5L6, of Eu
3+ ions respectively.

Fig. 5b shows the luminescent emission spectra of samples SGO1,
SGO3 and SGO5 under excitation at 303 nm. The sample SGO3
presented the highest luminescence intensity and this is quenched
after Eu concentration above 5 at%, see green curve in 5b. This was
possibly caused by the mechanism of luminescent quenching, which
has been reported for many metal oxides due to excessive dopant
concentration [33]. All the samples showed narrow peaks centered at
591 nm (5D0 →

7F1), 611 nm (5D0 →
7F2), 657 nm (5D0 →

7F3), 688 nm
(5D0 → 7F4), 705 nm (5D0 → 7F4) and 746 nm (5D0 → 7F5), which are
attributed to 4f-4f forbidden transitions [20,24]. The most intense
emission is located at λem = 611 nm (5D0 → 7F2) and was produced
under excitation at λexc = 303 nm. It is worthy to mention that the
transitions 5D0 → 7F1 (598 nm) and 5D0 → 7F4 (700 nm) in the Eu
doped SrGe4O9 phosphors are particularly strong and are not split (see
Fig. 5b). Normally, these transitions are weak in materials such as
Y2O3:Eu

3+ or Ca2La2(PO4)6O2:Eu
3+ [34,35]. Those ones present a

dominant peak at 611 nm and are split into degenerate crystal field
levels [36]. According to the literature, the intensity of the magnetic
dipole transition 5D0 → 7F1 largely depends on the environment
around Eu3+. If the 7F1 level is not split, it is located in a cubic or
icosahedral crystal field. Also, the abnormal intensity of the 5D0 → 7F1

transition suggests that the Eu3+ could be situated in a centrosym-
metric crystalline site into the structure of the SrGe4O9 [37]. Strong
emissions from the 5D0 → 7F4 transition have been observed in
materials with D4d symmetry, such as YF3:Eu

3+ and GdB3O6:Eu
3+.

Moreover, a very intense 5D0 → 7F4 transition has also been observed
in LaBO3:Eu

3+ (where Eu3+ is located in an asymmetric site with Cs

symmetry), less intense than the 5D0 →
7F2 transition but stronger than

the 5D0 → 7F1 transition [38]. Thus, we can assume that the Eu ions
might be situated in centrosymmetric or asymmetric sites and thus

Fig. 3. SEM images of pure SGO (0 at%), SGO1 (1 at%), SGO3 (3 at%) and SGO5 (5 at%).
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produce strong emissions at 591 nm and 700 nm.
In order to understand how the crystalline environment is changing

around Eu3+ in the phosphor powders, the asymmetry ratio (Φ) was
calculated as: I(5D0 → 7F2)/I(

5D0 → 7F1) from emission spectra in
Fig. 5a [38]. In general, an increase in Φ indicates a decrease in the
local symmetry. The Φ values were 2.47, 2.79 and 2.26 for SGO1, SGO3
and SGO5 respectively. The values of Φ increases for Eu concentration
of 1 at% to 3 at%. This confirms a decrease of local symmetry and
therefore, the emission at 616 nm was enhanced. However, the Φ ratio
decreases from 2.79 in SGO3 to 2.26 in SGO5, therefore, the red

Fig. 4. (a) Absorbance spectra of pure SrGe4O9 and Eu-doped SrGe4O9 samples. Tauc
plot for: (b) pure SrGe4O9 and (c) Eu doped SrGe4O9 samples.

Fig. 5. (a) Excitation and (b) emission spectra of SrGe4O9:Eu
3+ powders. (c) shows the

CIE coordinates for the SGO1, SGO3 and SGO5 samples. The inset in (c) shows the
sample SGO3 under UV excitation at 303 nm.
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luminescence diminished. Another reason for the quenching of the red
luminescence could be the reduction of the particle size: Sample SGO3
with the highest luminescence had the biggest particle size (0.22 µm)
while sample SGO5 with the lowest luminescence presented a lower
particle size of 0.16 µm. Finally, the color coordinates for all Eu doped
samples were calculated from the emission spectra according to the
Commission International de l′éclairage (CIE). The calculated coordi-
nates were (0.61, 0.34), (0.56, 0.34) and (0.64, 0.34) for SGO1, SGO3
and SGO5 respectively, see Fig. 5c. As observed, all the samples
presented the same "Y" CIE coordinate, then, only a displacement on
the "X" axis is possible with the Eu concentration, see Fig. 5c. Since the
CIE coordinates of the samples are very close, it is possible to say that
the red emission is stable for Eu concentrations in the range of 1–5 at
%. A photograph of the red-phosphor SGO3 sample is also observed as
an inset in Fig. 5c under UV light excitation at 303 nm. This emission
was strong enough to be seen under ambient illumination.

4. Conclusions

Eu doped strontium germanate phosphors were obtained by a
combustion method for the first time. The structure of all samples was
trigonal for Eu concentrations from 0 to 5 at% according to XRD
measurements. SEM studies indicated that the morphology of the SGO
phosphors was irregular and their degree of coalescence increased as
the Eu concentration augmented. The optical band gap of the Eu doped
SGO was also controlled through the content of Eu. A maximum
reduction of ∼ 52% in the energy gap was observed in sample doped
with 5 at% with respect to the undoped SGO. Furthermore, the sample
with the highest red emission had a dopant concentration of 3 at%. If
the Eu content is increased above this optimum concentration, the
emission is quenched due to the reduction of particle size and to the
increase of the local symmetry as indicated by the asymmetry ratio. The
CIE coordinates were also calculated for each sample and the stability
of the red CIE coordinate was demonstrated for Eu concentrations in
the range of 1–5 at%. The stability in the structural and optical
properties of Eu doped SGO suggests that they can be used for lighting
applications under UV excitation.
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