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a b s t r a c t

We synthesized pure and Eu3þ doped Al6Ge2O13 samples by an easy and low-cost sol-gel route using the
GeO2, Al(NO3)3$9H2O and Eu(NO3)3$6H2O as precursors, tetramethylammonium hydroxide and ethanol
as solvents. The Al6Ge2O13 crystalline phase possesses orthorhombic structure and is a potential host for
rare earth ions, especially due to high aluminum concentration. Homogeneous and transparent sols and
gels were obtained. The samples containing 1 mol% of Eu3þ were heat-treated at 1000 �C to eliminate
organic compounds, providing high optical quality and structural purity. All materials were characterized
by thermogravimetric and differential thermal analysis, X-ray diffraction, Fourier transform infrared
spectroscopy, high resolution transmission electron microscopy, selected area electron diffraction, diffuse
reflectance spectra in the ultravioletevisibleenear infrared regions and photoluminescence measure-
ments. High purity of Eu3þ doped Al6Ge2O13 orthorhombic phase and well crystallized grain dimensions
of around 100 nm was obtained with high red photoluminescence emission. The decay lifetime of 5D0

level from Eu3þ (the emission at 612 nm) was determined, being between 0.97 and 2.12 ms, and an
average quantum efficiency of 54% was determined (considering the average experimental lifetime of
1.77 ms). Moreover, it was calculated and analyzed some parameters of Judd-Ofelt theory applied to Eu3þ

emissions from Al6Ge2O13 host. The results show that Eu3þ doped Al6Ge2O13 crystalline compounds have
large potential to be used in displays and LED devices.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Scientific community has great interest in rare earth ions doped
inorganic materials due to their interesting optical properties. Rare
earth doped inorganic materials have been used in solid-state la-
sers, active planar waveguides, optical fiber amplifiers, lighting
emitting diodes (LED's), memories, solar cells, and displays [1e3].
Rare-earth (RE) trivalent ions can emit light from the near-infrared
(NIR) to the ultraviolet (UV) due to intra-4f or internal 4fe5d
transitions [1].

Europium ions (Eu3þ) have interesting optical features such as
well-defined spectral lines and red/orange emissions, which have
been exploited for technological applications in displays, fluores-
cent lamps, fluoroimmunoassays. The most standard commercial
red phosphors are based on Eu3þ doped oxides (Y2O3:Eu3þ,
YPO4:Eu3þ, YVO4:Eu3þ, Y2(WO4)3:Eu3þ, Y2O2S:Eu3þ). In order to
make red phosphor with high red emission intensity, a high
europium concentration is required. However, due to the onset of
concentration quenching in commercial matrices, the relatively low
efficiency can be achieved with high concentrations of Eu3þ. On the
other hand, the Eu3þ ion is often used as structural probe when
doped in crystalline or amorphous structure due to its particular
optical transitions [4], and a detailed understanding of the local
structure and bonding of dopant ions is important for optical device
engineering [5].

Concerning improvement of optical properties, firstly a reduc-
tion or elimination of non-radiative processes is required, such as
OH groups which are responsible for luminescence quenching.
Multiphonon relaxation represents one significant non-radiative
process and, consequently, the choice and control of vibrational
structure of the host is crucial to enhance the radiative process.
Other important parameter is related to rare earth concentration
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Fig. 1. TG and DSC curves of the Eu3þ doped Al6Ge2O13 compound previously calcined
at 400 �C.
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and their distribution in the host, where ion-ion interactions give
rise to non-radiative processes as energy migration, cross relaxa-
tion, which reduce considerably the luminescence [6,7]. Besides,
optical features improvement can be also achieved changing the
microenvironment of the rare earth ions, defined by symmetry sites
and refractive index, which influences the transitions probabilities.
Therefore, there is a great interest to develop physically and
chemically stable host matrices with high rare-earth ions solubility,
especially for europium to have pure red emissions to be used in
LED and display devices.

One potential rare earth host candidate is the Al6Ge2O13 crys-
talline phase, which is characterized by an orthorhombic structure
containing high concentration of aluminum ions, which can allow
noteworthy rare earth content incorporation to be used in solid-
state lasers, optical amplifiers, LED's, and displays.

Nevertheless, the literature reports that obtaining Al6Ge2O13
crystalline phase is difficult because high temperatures are
required, as high as 1325 �C, and long heat-treatment periods
(15 h), especially by solid state reaction [8e10] using
Al(NO3)3$9H2O or Al2O3 as precursors for aluminum and GeO2 for
germanium. Important to stress that the traditional sol-gel route,
which is a soft route, has been used for producing homogeneously
different samples using alkoxydes, mainly TEOG [Ge(OC2H5)4] as a
germanium precursor [11e13]. However, germanium alkoxydes are
very expensive and highly sensitive to atmospheric humidity,
requiring its manipulation in a dry glove box. To overcome this
inconvenience, we have developed in recent works [1,14] a meth-
odology, which doesn't require the use of controlled atmosphere
and humidity. Recently, Er3þ doped SiO2-Al2O3-GeO2 compounds
were prepared and Al6Ge2O13 nanocrystallites were obtained
around 1000 �C [1].

In the present work, we synthesized pure and Eu3þ doped
Al6Ge2O13 samples by simple and lower cost sol-gel route than
traditional procedures. The structural, microstructural and spec-
troscopic properties of the pure and Eu3þ doped Al6Ge2O13 com-
pounds were studied to be used in displays and LED's as red
emitters.

2. Experimental procedure

2.1. Synthesis

Transparent sols were prepared by the sol-gel route to form the
polymeric precursor. First, citric acid (CA, C6H8O7, 99.5% purity,
Synth) was diluted in ethanol (EtOH, C2H5OH, 99.5% purity,
Chemycalis) for 30 min under vigorous stirring (solution 1).
Al(NO3)3$9H2O (aluminum nitrate nonahydrate, 98% purity, Sigma
Aldrich) and Eu(NO3)3$5H2O (europium nitrate pentahydrate,
99.9% purity, Sigma Aldrich) were diluted in ethanol separately
(solution 2). In parallel, 200mg of GeO2 (germanium oxide, 99.998%
purity, Sigma Aldrich) was reacted with 3 ml of TMAH solution
(tetramethylammonium hydroxide, C4H13NO, 25% volume inwater,
Sigma Aldrich) and 200 ml of deionized H2O, and stirred vigorously
for 20 min to obtain the solution 3. Solution 3 was added to the
solution 1, followed by solution 2 addition. The final solution was
vigorously stirred for 20 min and remained resting at room tem-
perature for 24 h, yielding stable and transparent sols. The molar
ratio of the citric acid and metal was 3:1, and each 1 g of CA was
dissolved in 2 ml of EtOH, and each 1 g of aluminum and europium
nitrates was dissolved in 10 ml of EtOH.

To eliminate the solvent and trigger gelation (hydrolysis and
condensation reactions), the sols were oven-dried at 150 �C for
24 h. The dry gels were then calcined at 400 �C for 24 h. Each
sample was ground into fine powder in an agate mortar and heat-
treated at 1000 �C. The heat treatments were performed in a muffle
furnace under air atmosphere for 1 h, using alumina crucibles.

2.2. Characterization

The thermal decomposition and crystallization processes of the
powders previously calcined at 400 �C/24 h were studied by the
thermogravimetric (TGA) and differential thermal analyses (DTA)
(Setaram LABSYS EVO), which were performed simultaneously
under a continuous flow of O2. Samples (~20 mg) were heated in a
platinum crucible at 10 �C/min from 25 �C to 1150 �C, and a plat-
inum crucible was used as reference during the measurements.

After annealing at 1000 �C, the samples were characterized
structurally by X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR). The XRD measurements were taken
with a Shimadzu XRD-6000 X-ray diffractometer with Bragg-
Brentano theta-2 theta geometry, at a continuous scan speed of
0.04�/s from 15 to 65�. Ka radiation of 1.54059 Å from a Cu tube
operating at 40 kV was used. The FTIR measurements were ob-
tained with a Perkin Elmer Spectrum 400 FT-IR spectrometer. The
experiments were performed from 4000 to 400 cm�1 with a res-
olution of 2 cm�1, and 56 spectra were recorded.

High-resolution transmission electron microscope (HRTEM)
was used for obtaining images from a JEOL JEM 2010 operating at
200 keV, and electron diffraction (SAED) patterns from selected
area.

The diffuse reflectance spectra were obtained using a
UVeViseNIR PerkinElmer Lambda 1200WB spectrophotometer
and a Praying Mantis® accessory. The BaSO4 powder from Sigma-
Aldrich was used as standard reflectance material.

The photoluminescence (PL) emission spectra were performed
at room temperature using a Horiba-Jobin Yvon Fluorolog FL3-221
spectrofluorimeter, equipped with double monochromator and a
Hamamatsu photomultiplier tube. For excitation, a continuous
450 W Xe arc lamp was employed. PL emission spectra were cor-
rected for the spectral response of the monochromators and the
detector using a typical correction spectrum provided by the
manufacturer. The PL decay curves at 612 nmwere obtained under
excitation at 394 nm using a pulsed Xe lamp (3 ms bandwidth) in a
Horiba-Jobin Yvon Fluorolog FL3-222 spectrofluorimeter.

3. Results and discussion

Fig. 1 shows the TG and DTA curves of Eu3þ doped Al6Ge2O13
compound previously calcined at 400 �C. Although the technique is



L.J.Q. Maia et al. / Optical Materials 75 (2018) 297e303 299
semi-quantitative, mass variation can be measured accurately. The
TG curves revealed mass loss events, which were related to endo-
thermic or exothermic reactions as indicated by the DTA curves.
These endothermic or exothermic reactions are attributed to three
main reactions: firstly, elimination of adsorbed water (peak around
147 �C) with a mass loss of 12%; secondly, carbon oxidation and its
elimination in the form of CO and CO2 (combustion reaction, broad
peak centered at 346 �C) with a mass loss of 11%; and finally, a
crystallization process starting at 810 �C, with the peak at 830 �C,
which is assigned to the Al6Ge2O13 crystalline phase formation. In
the crystallization process, the mass of the sample reduces around
1% was related to an elimination of carbon and/or hydroxyl groups
strongly linked to the metals, followed by a gradual increasing of
the mass probably due to oxygen absorption from atmosphere
(residual oxidation reaction) and some broad exothermic peaks
related to changes in the AlO4 e AlO6 groups ratio in the crystalline
phase (to be confirmed in future works for this phase). Someworks
on mullite (3Al2O3:2SiO2) studies mention that the relation be-
tween tetrahedral and octahedral groups is dependent of annealing
temperature [15].

Fig. 2 shows XRD patterns of pure and Eu3þ doped samples heat-
treated at 1000 �C. For comparison, the diffraction position from the
JCPDS card number 71-1061 was included in Fig. 2. Only the
Al6Ge2O13 phase in an orthorhombic structure and the Pbam (55)
space group (mullite-type structure) crystallized at 1000 �C. Based
on the XRD data displayed in Fig. 2 (peak position and Miller index
of diffracted planes), and using the Rede 93 software program
developed by Paiva Santos et al. [16], the following cell parameters
were calculated: a ¼ 7.61(2) Å, b ¼ 7.97(8) Å, and c ¼ 2.93(4) Å for
pure sample and a ¼ 7.66(2) Å, b ¼ 7.80(5) Å, and c ¼ 2.91(3) Å for
Eu3þ doped sample. These values are similar to those listed on
JCPDS card number 71-1061 (a ¼ 7.65(2) Å, b ¼ 7.779(2) Å,
c ¼ 2.925(2) Å). The cell volume was 178(5) Å3 for pure, was 174(3)
Å3 for Eu3þ doped, both similar to JCPDS card number 71-1061 with
174.06(6) Å3. Comparisonwith pure Al6Ge2O13 and JCPDS reference
suggests that the insertion of rare earth ions don't change signifi-
cantly the cell volume and parameters. Gao et al. [17] produced
Al6Ge2O13 ceramic powder by the co-precipitation method, using
Al(NO3)3 and Cl3GeCH2CH2COOH as precursors. In comparisonwith
reported synthesis, pure and Eu3þ doped Al6Ge2O13 phase at
1000 �C were easily obtained using a friendly chemical route.

The Al6Ge2O13 phase in an orthorhombic structure have the
same Pbam (55) space group of mullite structure, as a consequence
it has been assumed that both compounds has comparable
Fig. 2. X-ray diffraction patterns of pure and Eu3þ doped Al6Ge2O13 heat treated at
1000 �C, and the diffraction pattern of the JCPDS card number 71-1061 for comparison.
structures and consequently Ge4þ are distributed in the sites
occupied by Si4þ. The backbone of the mullite structure is edge-
sharing AlO6 octahedra (designated as M sites) forming chains
running parallel to the crystallographic c-axis [18]. A part of the Si4þ

is replaced by Al3þ. The compensation of the substitution-induced
charge deficiency is achieved by removal of a number of oxygen
atoms bridging the tetrahedral T2O5 groups [designated as O3 or
alternatively O(C)]. This produces oxygen vacancies (designated as
O3 or O vacancies), according to the coupled substitution
2Si4þ þ O2� / 2Al3þ þ vacancy (,), with x of the general formula
related to the number of oxygen vacancies per unit cell in the
composition range 0 < x < 0.67. The formation of O vacancies is
accompanied by the displacement of the T positions close to the
bridging O atoms to the new T* positions. The T*O4 tetrahedra form
trimers or triclusters of three tetrahedral having a common
bridging O atom. The studies mentioned that most of the T* sites
are occupied by Al. The combination of octahedral chains with
tetrahedral di and triclusters and O vacancies produces disturbed
structural channels running parallel to the crystallographic c-axis.
The distribution of the O vacancies and of the tetrahedral Al and Si
atoms in a first approach appears random [18]. Aryal et al. [19]
shown that mullite is an example of 2 x 2 x 2 supercell. All fully
occupied sites were retained and those with partial occupations
had the appropriate number of atoms removed. Oxygen vacancies
were created by removing some O atoms that were close to such
that the supercell was stoichiometric and charge neutral. The
resulting 126-atom supercell for mullite consists of 36 Al, 12 Si, and
78 O atoms [20], being ~16 units of AlO6 octahedra and ~20 units of
AlO4 tetrahedra. However, the tetrahedral to octahedral aluminum
site ratio is dependent on the heat-treatment temperature [15] and
certainly on the synthesis process.

The solubility of Eu3þ in Al6Ge2O13 orthorhombic structure is
not known, but can be strongly limited by the aluminum sites
quantity. Note that Ge4þ, Al3þ and Eu3þ have ionic radius of 0.39,
0.535, and 0.947 Å respectively [20]. As a consequence, it can be
assumed that Eu3þ should prefer replace Al3þ of AlO6 octahedra
(designated as M sites), because they have same valence and
smaller difference between its ionic radius, also the octahedral sites
can accommodate easily lanthanide elements than tetrahedral
sites. Note that in octahedral sites of mullite the average inter-
atomic distance between Al and O atoms is 1.913(2) Å, and in
tetrahedral sites is 1.700(2) Å [15], and consequently some octa-
hedral sites can well accommodate Eu3þ ions.
Fig. 3. Vibrational absorption spectra in the infrared region of pure and Eu3þ doped
Al6Ge2O13 powders heat treated at 1000 �C.



Fig. 4. (a) and (c) HRTEM images and (b) and (d) SAED of pure and Eu3þ doped
Al6Ge2O13 heat treated at 1000 �C, respectively.
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Fig. 3 shows the FTIR spectra of pure and Eu3þ doped samples
heat-treated at 1000 �C. Absorption band attributed to stretching
vibrational mode of hydroxyl groups (OH) at around 1639 and
3450 cm�1 were observed in both samples. Low intensity suggests
significant elimination of OH content without relevant change in
the presence of Eu3þ ions.

The bands in the region of 400e1200 cm�1, centered at 475, 525,
580, 712, 805, 880, 945, 1035, and 1080 cm�1 correspond to
vibrational modes of AlO4, AlO6 and GeO4 groups of the Al6Ge2O13
crystals, as illustrated in Fig. 3. Their assignments are listed in
Table 1, and are in accordancewith those assigned to the vibrational
modes of the Al6Ge2O13 crystalline phase reported byMeinhold and
Mackenzie [10].

Fig. 4(a) and (c) shows HRTEM images of pure and Eu3þ doped
Al6Ge2O13 samples, respectively. Well defined atomic planes of
0.34(3) nmwas observed in pure sample and attributed to the (210)
plane of the orthorhombic Al6Ge2O13 phase, and 0.53(3) nm
assigned to the (110) plane in Eu3þ doped sample, in agreement
with crystallization of the Al6Ge2O13 phase. The SAED patterns in
Fig. 4(b) and (d) reveal that the particles are monocrystals.

Band gap values were calculated from the diffuse reflectance
measurements displayed in Fig. 5(a) and (b), using the procedure
previously described by Pessoni and co-workers [21]. In the
Kubelka-Munk model [22], the remission function FðR∞Þ is defined
as:

FðR∞Þ ¼ ð1� R∞Þ2
2R∞

(1)

where R∞ is the measured reflectance in % normalized by a stan-
dard, which in our case was BaSO4. The band gap (Eg) and the ab-

sorption coefficient (a) are correlated by ahn ¼ C1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hn� Eg

p
, where

hn is the photon energy and C1 is a proportionality constant. The
remission function can be written by:

½FðR∞Þhn�2 ¼ C2
�
hn� Eg

�
(2)

Therefore, using C2 ¼ 1, Eg is obtained from the linear fit of

½FðR∞Þhn�2 versus hn.
In Fig. 5(a) and (b) a high reflectivity can be seen from 350 nm

up to 800 nm for both compounds, attesting the optical quality of
the pure and Eu3þ doped Al6Ge2O13 crystalline powders. The
decrease of the reflectance intensity starts ~350 nm and finishes
~250 nm wavelengths. Two low absorption peaks around 395 nm
and 460 were attributed to Eu3þ due to 7F0 / 5L6 and 7F0 / 5D2
transitions, as indicated in Fig. 5(b). The insets in Fig. 5(a) and (b)

shows the ½FðR∞Þhn�2 vs. hn curves with linear fitting at higher
energies. The optical band gap energy (Eg) is the intercept of the

fitting with the horizontal line ½FðR∞Þhn�2 ¼ 0. The determined Eg
were 4.24(5) eV for pure sample and 4.30(5) eV for Eu3þ doped
sample. Both samples can be considered non-conducting.
Table 1
Frequency of vibrational modes from spectra in Fig. 2 for both samples in comparison to

Pure Al6Ge2O13 (This work) Eu3þ doped Al6Ge2O13 (This w

Frequency (cm�1) 475 475
525 525
580 580
712 712
805 805
880 880
945 945
1035 1035
1080 1080
Fig. 6 shows the excitation and emission PL spectra of pure and
Eu3þ doped Al6Ge2O13 crystalline powders. Pure Al6Ge2O13 shows a
those from Refs. [9,10].

ork) From Ref. [9] From Ref. [10] Assignments

469 O-Ge-O bend and Al-O-Al bend
541 510 Al-O stretch
593 O-Al-O bend
709 660 T-O-T bend, in-plane T is Ge or Al
779 792 Al-O stretch, in-plane
831 Al-O strect, out-of-plane
889 Ge-O stretch, out-of-plane
1035 Ge-O stretch, in-plane
1068 1077 Ge-O stretch, in-plane



Fig. 5. Room temperature diffuse reflectance of (a) pure and (b) Eu3þ doped Al6Ge2O13

crystalline powders. Inset is the bandgap (Eg) determined by diffuse reflectance
curves.

Fig. 6. (a) Excitation photoluminescence spectra of pure and Eu3þ doped Al6Ge2O13

crystalline powders monitoring the emissions at 455 nm and 612 nm, respectively. (b)
Emission photoluminescence spectra from pure sample under excitations at 360 nm
and 394 nm, and (b) from Eu3þ doped sample under excitation at 394 nm.
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broad and low intensity emission band centered at 425 nm (violet)
when excited at 360 nm, and under excitation at 394 nm the
emission band was centered at 455 nm (blue). The origin of this
violet-blue emission can be assigned to intrinsic defects in the host
such as oxygen vacancies, and interstitial or metal ion (Ge, Al) va-
cancies, which can coexist. Similar broad band occurs also for Eu3þ

doped sample; strongly suggesting that is due to intrinsic defects in
the Al6Ge2O13 host. Intrinsic defects are present in the similar
structure, the mullite, as mentioned by Schneider et al. [18],
probably Al6Ge2O13 host have the same defect type. Emission from
Eu3þ doped sample at 612 nm attributed to 5D0 / 7F2 transition
was observed under excitation at wavelengths between 300 and
600 nm, due to 4f-4f transitions assigned in Fig. 6(a). Under exci-
tation at 394 nm, corresponding to Eu3þ 7F0 / 5L6 transition,
typical Eu3þemission from the 5D0 to 7F0, 7F1, 7F2, 7F3, and 7F4 levels
was measured between 570 nm and 710 nm. The most intense
peaks are located at 612 nm (red emission-R) and at 590 nm, (or-
ange emission-O) corresponding to the 5D0 / 7F2 and 5D0 / 7F1
transitions respectively. The intensity relation between red and
orange emissions (R/O relation) was 2.7, indicating that the euro-
pium ions are distributed in relatively high symmetry sites of the
host, and the presence of the emission band at 579 nm assigned to
the 5D0 / 7F0 attest for the presence in chemical environment
without inversion center. In addition, even it was not observed
splitting in the 5D0/

7F0 transition, an inhomogeneous broadening
suggests a distribution of Eu3þ ions in more than one symmetry site
into the host. Furthermore, the emission spectra profile considering
all 5D0 /

7FJ (J ¼ 0, 1, 2, 3, 4) transitions is broadened, which can be
attributed to the effect of the distribution of different microenvi-
ronment around the Eu3þ ion, i.e., distinct symmetry sites occupied
by the Eu3þ ions in the host, producing inhomogeneous broadening
due to the superposition of Stark emission levels. As Al6Ge2O13 host
possess a structure close to that of mullite phase which is consti-
tuted by AlO6 octahedra and AlO4 tetrahedra sites, can lead us to
propose that mostly Eu3þ substitutes Al3þ in octahedral sites in
Al6Ge2O13 orthorhombic structure.

The 5D0 emission decay curve of the Eu3þ ions under excitation
at 394 nm, was presented in Fig. 7, and a non-single exponential
decay was observed. To estimate the 5D0 excited state lifetime, an
averaged lifetime (tave) value was calculated by integrating the
decay curve using the following equation, and the value obtained
was 1.77 ms.

tave ¼
Ztf

t0

IðtÞ
Iðt0Þ

dt (3)

Likewise, the emission decaywas fitted by an exponential curve,
which the best result was achieved by considering a second order



Fig. 7. PL decay curve from the 5D0 level of Eu3þ and its bi-exponential fitting.
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exponential curve, with lifetime of t1 ¼ 2.12(3) ms and t1 ¼ 0.97(4)
ms, and pre-exponential factors A1 ¼ 0.68(3) and A2 ¼ 0.32(3),
respectively. This result suggests that at least two main species are
contributing to the transition. The first one, corresponding to the
longer lifetime possibly is due Eu3þ ions replacing Al3þ sites in the
Al6Ge2O13 crystalline structure, which is coherent with presence of
Eu3þ in relatively high symmetry site (long as 2.12 ms), probably
distorted octahedral site. On the other hand, the fast one can be
attributed due to Eu3þ on particle surface and/or influenced by OH
groups. The hydroxyl groups (-OH) were previously detected by
FTIR results. The long component has higher pre-exponential factor
than that calculated for the fast one, demonstrating that the higher
and isolated Eu3þ amounts are distributed into the Al6Ge2O13
crystalline structure.

As previously presented and discussed by M.H.V. Werts et al.
[23] and L.D. Carlos et al. [24] the spontaneous emission probability
(A), the radiative lifetime (tRad), quantum efficiency for 5D0 / 7F2
emission, andU2 andU4 parameters can be calculated, as presented
below.

The pure magnetic-dipole character of the 5D0 /
7F1 transition

enable the determination of intensity parameters from the emis-
sion spectrum, because this transition does not depend on the local
ligand field experimented by Eu3þ ions, that may be used as
reference for the entire spectrum [23,24]. The A01 spontaneous
decay rate of 5D0 /

7F1 transition is A01 ¼ A0
01n

3, with A0
01 ¼14.65

s�1 in vacuum and n is the refractive index of the host. Then, the
intensity of the 5D0 /

7F0-6 transitions in terms of area of emission
curves (S0J) is:

S0J ¼ hcyA0JNð5D0Þ; (4)

where N(5D0) is the 5D0 level population that emits. The total
radiative decay rate can be write as:
Table 2
Calculated A0J (J¼ 1, 2, 4) and AT radiative decay rates, radiative (tRad) experimental (tExp) l
Al6Ge2O13 phase.

Sample A01 (s�1) A02 (s�1) A04 (s�1) A

1 mol% Eu3þ doped Al6Ge2O13 (This work) 76.65 212.64 12.99 3
AT ¼
X6
J¼0

A0J ¼
A01hcy01

S01

X6
J¼0

S0J
hcy0J

(5)

The branching ratio for 5D0 / 7F5,6 transitions must be
neglected due to its low relative intensity, and the radiative
contribution can be calculated using only 5D0 / 7F0-4 transitions
[24].

The emission quantum efficiency (q) is defined by the experi-
mental and radiative lifetimes ratio:

q ¼ tExp
tRad

(6)

The site symmetry and luminescence behavior of Eu3þ ions in
Al6Ge2O13 host was carried out by calculations of Judd-Ofelt pa-
rameters Ul (l ¼ 2, 4). From Judd-Ofelt theory, the intensity pa-
rameters Ul are given by:

Ul ¼
3h

64p4e2y3
9

n
�
n2 þ 2

�2 1���5D0jUðlÞj7FJj2
A0J (7)

The values for reduced matrix elements are 0.0032 of l ¼ J ¼ 2
and 0.0023 of l ¼ J ¼ 4. Table 2 list the determined values for A01,
A02, A04, AT, tRad, q(%), U2 and U4. The emission quantum efficiency
was calculated using the three tExp values (tav, t1, and t2) for
comparison. For the calculation, we consider the n ¼ 1.72 from
Ref. [25] for Al6Ge2O13 crystalline phase.

The dependence of the radiative lifetime for different hosts
originates from the radiation field polarization of the medium and
photon density change in an optically dense medium [26]. The
oscillator strength of the electric dipole transition for Eu3þ and
refractive index are considered high in Al6Ge2O13, then the 5D0
radiative lifetime of Eu3þ in Al6Ge2O13 reduces, i.e., the radiative
transition rates are higher, as we can see in Table 2.

In this way, the 5D0 quantum efficiency (q in %) is relatively high,
with high values of 64% regarding mostly the Eu3þ ions in the
crystalline structure. Therefore, when the tave is used, the esti-
mated q value is about 54%, and clearly the presence of non-
radiative process was considered here. Then we take into account
the two experimental lifetimes from decay curve fitted by bi-
exponential function, the q values are 64% and 29% for t1 and t2,
respectively, which are due to the Eu3þ probably replacing Al3þ of
AlO6 octahedra, and Eu3þ ions on particle surface and/or influenced
by OH groups.

The polarization and asymmetry behavior of the rare-earth li-
gands are determined by U2 parameter, whereas the other
parameter U4 depend on long range effects [27]. The high U2 value
for Eu3þ in Al6Ge2O13 host indicate a high asymmetry nature that is
corroborated by the R/O ratio (R ¼ Red emission (5D0 / 7F2 tran-
sition), and O ¼ orange emission (5D0 / 7F1 transition)) being of
2.7. The low U4 value imply that 5D0 / 7F2 transition efficiency
increases, or be red colour. Certainly, the 5D0 /

7F2 transition is the
main emission of Eu3þ indicating almost pure red emission in the
material.
ifetimes, quantum efficiency (q) andU2 andU4 Judd-Ofelt parameters for Eu3þ doped

T (s�1) tRad (ms) tExp (ms) q (%) U2 (10�20 cm2) U4 (10�20 cm2)

02.29 3.31 1.77 (tave) 54 4.54 0.40
2.12 (t1) 64
0.97 (t2) 29
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4. Conclusions

In summary, the results indicated that the samples consisted of
well crystallized Al6Ge2O13 phase in an orthorhombic structure. A
simple sol-gel route was used successfully to obtain pure and Eu3þ

doped Al6Ge2O13 particles at relative low temperatures, using
germanium oxide, aluminum and europium nitrates as metal
sources, citric acid as complexing agent, and tetramethylammo-
nium hydroxide, water and ethanol as solvents. The new chemical
methodology developed dispenses the use of germanium alcox-
ydes, which is commonly reported in the literature to prepare
compounds based on germanium from chemical procedure. The
structural properties of pure and Eu3þ doped Al6Ge2O13 phase is
composed by AlO6, AlO4 and GeO4 groups. The materials possess
optical bandgap of 4.24 eV and 4.30 eV for pure and Eu3þ doped,
respectively. The Eu 3þ doped materials have high PL emission
around 612 nm under excitation at 394 nm. The 5D0 level possess
two lifetime values: one ~2.12 ms associated to Eu3þ replacing Al3þ

from AlO6 octahedra of Al6Ge2O13 crystalline structure and another
~0.97 ms due to Eu3þ on particle surface and/or influenced by hy-
droxyl groups. The quantum efficiency is 64% and 29% for these two
Eu3þ different sites (two lifetime values), respectively. An average
quantum efficiency is 54% considering the average experimental
lifetime of 1.77 ms. The Eu3þ in Al6Ge2O13 host have high U2 value
that reveal its high asymmetry nature. Finally, good structural and
optical emissions of Eu3þ doped Al6Ge2O13 samples were obtained
with potential application in displays as red emitters.
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