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Red-Shifted Absorption of a Mn4+-Doped Germanate Phosphor by
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A Mn4+-doped germanate red-emitting phosphor, in which TiO2 is partially substituted for GeO2, was synthesized by a solid-state
reaction. The proportional composition of the compound was 3.5MgO-Ge1-xTixO2-0.5MgF2:Mn4+. The main X-ray diffraction
peak exhibited a gradual shift to lower angles depending on the synthesis temperature and the extent of Ti substitution. Substitution
of GeO2 with TiO2 yielded a redshift of the broad excitation band (380–500 nm), which resulted from the 4A2→4T2 transition
of Mn4+. Compared with the sample containing only GeO2, the relative luminescence of the sample in which GeO2 was partially
replaced with TiO2 was increased by 19.3% for excitation at 450 nm.
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Commercial white light-emitting diodes (WLEDs) use a combi-
nation of an InGaN blue chip and a YAG:Ce3 + yellow phosphor.1,2

White light that lacks red light, which is simply a combination of yel-
low and blue, has a high color temperature in the 4000–8000 K range
and a poor color-rendering index (CRI). In particular, the R9 value
is low, which decreases usability. Adding red phosphors to packaged
WLEDs has been suggested to solve the “low R9” problem.3 Several
studies have focused on red phosphors, using Eu3+, Eu2+, and Mn4+

as activators.
The Y2O3:Eu3+ phosphor absorbs strongly at 259 nm and emits

red light at 610 nm. As there is little spectral overlap with blue or near
ultraviolet light, this phosphor is unsuitable for use with commonly
used InGaN blue chips.4 Sr1-xCaxS:Eu2+ phosphors exhibit limita-
tions such as high moisture sensitivity and nondesirable generation of
gaseous H2S during decomposition. Some studies have attempted to
overcome these problems.5,6 Eu2+-doped oxynitride phosphors, such
as Sr2Si3O2N4:Eu2+7 and Ca15Si20O10N30:Eu2+,8 have also been stud-
ied.

Nitride series phosphors with excellent thermal stability, such
as M2Si5N8:Eu2+ (M = Ca, Sr, Ba)9 and CaAlSiN3:Eu2+,10 have
also been examined. Production of the CaAlSiN3:Eu2+ phosphor,
usually requires high temperatures (above 1800◦C) and high pres-
sure (0.5 MPa). Red-emitting phosphors, such as Sr2Si5N8:Eu2+ and
CaAlSiN3:Eu2+, also absorb light in the green region of the visible
spectrum. Therefore, when these phosphors are used with fluorescent
materials that emit green light, reabsorption occurs, which reduces
efficiency.11

To solve the above reabsorption problem, phosphors that do not
have excitation bands in the green region are used, such as Mn4+ in the
octahedral crystal field .12–14 Several studies have attempted to synthe-
size red phosphors using Mn4+, which is a transition metal, without us-
ing rare earths by doping aluminates, titanates, zirconates, germanates,
and fluorides. Mn4+-doped phosphors include compounds such
as Sr4Al14O25:Mn4+,15 Li2MgTiO4:Mn4+,16 Li2MgZrO4:Mn4+,17

Li2MgGeO4:Mn4+,18 K2Ge4O9:Mn4+,19 Li3RbGe8O18:Mn4+,20 and
K2SiF6:Mn4+.21 Another Mn4+-doped phosphor that emits at 658 nm,
i.e., 3.5MgO-GeO2-0.5MgF2:Mn4+ (MGF:Mn4+), was reported in the
1950s.22 The MGF:Mn4+ phosphor does not absorb green light, but
strongly absorbs near-ultraviolet light and also partially absorbs blue
light. While the absorption of this phosphor at 418 nm is strong, weak
absorption occurs at 450 nm, which is the blue wavelength that is
mainly used for light-emitting diode (LED) chips. Intensive studies
have been carried out to improve the MGF:Mn4+ luminescence char-
acteristics. For example, partial replacement of MgO with alkaline-
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earth fluorides23 or partial replacement of GeO2 with Al2O3 have been
attempted.24 Recently, the Nichia group has filed a patent, US 9653658
B2, which replaces various components in the MGF:Mn4+ phosphor.

Here, we report the red-shifted excitation spectra of a Mn4+-doped
germanate deep-red phosphor. Luminescence improved following the
partial replacement of GeO2 with TiO2 in MGF:Mn4+ deep-red phos-
phors. We studied the effects of this replacement on the structural
and photoluminescence emission/excitation (PL/PLE) properties of
the phosphor. In this work, we also try to understand how crystal dis-
tortion resulting from partial replacement of GeO2 with TiO2 leads to
a redshift of the 4A2→4T2 absorption band of Mn4+, which is very
important for device applications.

Experimental

Mn4+-doped phosphors, 3.5MgO-Ge1-xTixO2-0.5MgF2:Mn4+ (x
= 0, 0.05, 0.1, 0.15, 0.2, or 0.25), were obtained by solid-state synthe-
sis using MgO, MgF2, GeO2, TiO2, and Mn2O3 as starting materials.
In addition, a small amount of SrF2 was used as a flux.23 The Mn4+

ion concentration was fixed at 1 mol%. The synthesis temperature
was controlled while changing x (x = 0, 0.05, 0.1, 0.15, 0.2, or 0.25),
which determined the Ti/Ge ratio. First, the starting materials were
mixed in isopropyl alcohol (IPA) at 25◦C and oven-dried at 80◦C
for 4 h. The resulting mixtures were transferred into an alumina cru-
cible and loosely sealed using an alumina crucible cover. The mixed
powders were calcined in a furnace at 1100 or 1250◦C for 7 h. The ob-
tained phosphors were ground in a mortar. The samples were analyzed
without any other post-treatment processes.

The synthesized phosphors were characterized by powder X-ray
diffraction (XRD, Bruker, New D8-Advance-AXS, 40 kV and 40
mA) using Cu Kα radiation to identify the phase and crystal structure.
Careful measurements for each sample have been made for reducing
the measurement error and the repeatability was confirmed.

The PL and PLE spectra were recorded at room temperature using
a photomultiplier tube and a xenon lamp (PSI, Korea). The absorption
ratios and the internal quantum efficiencies of the synthesized phos-
phors were obtained using a BaSO4-coated integrating sphere with
the photomultiplier tube and the xenon lamp (PSI, Korea).

Results and Discussion

Figure 1 shows the XRD patterns of the samples with dif-
ferent compositions obtained at different synthesis temperatures.
The synthesized samples had compositions of 3.5MgO-Ge1-xTixO2-
0.5MgF2:Mn4+. The “1100◦C_MGF” sample, which did not contain
TiO2, was synthesized at 1100◦C using MgO, MgF2, and GeO2. On
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Figure 1. XRD patterns of samples prepared with and without Ti substitu-
tion at different synthesis temperatures (1250◦C_MGTF and 1100◦C_MGF,
respectively) and the reference Mg14Ge5O24 phase.

the other hand, the “1250◦C_MGTF” sample, in which GeO2 was par-
tially substituted with TiO2, was synthesized at 1250◦C using MgO,
MgF2, GeO2, and TiO2. The Ge/Ti ratio in the 1250◦C_MGTF sample
was 0.8/0.2. Indexing the XRD patterns revealed that these two sam-
ples comprise mostly Mg14Ge5O24 (PDF 01-071-0824). XRD peaks
corresponding to some impurities, such as SrF2, Sr2MgGeO7, SrTiO3,
and MgO were also observed, but these peaks, in general, were weak.
With the exception of some of the impurity phases, there were no sig-
nificant differences between the XRD profiles of the two synthesized
samples.

Figures 2a and 2b show comparisons of the absorption and emis-
sion properties of the 1100◦C_MGF and 1250◦C_MGTF samples.
The absorption and emission properties were recorded using a photo-
multiplier tube and a xenon lamp. Figure 2a shows the PLE spectra
(emission at 660 nm) in the range of 200–500 nm. The shape of the
absorption spectrum is similar, but not exactly overlapping. At wave-
lengths less than 420 nm, the 1100◦C_MGF sample exhibits relatively
higher absorption. At wavelengths near 420 nm, the two samples ex-
hibit similar absorption. As wavelengths above 420 nm, including
450 nm, the 1250◦C_MGTF sample exhibits relatively higher absorp-
tion. When the synthesis temperature was increased from 1100◦C to
1250◦C and some GeO2 was replaced with TiO2, the PLE spectrum
was slightly red-shifted.

Figure 2b shows the PL spectra for excitation at 450 nm, which is
similar to the emission wavelength of InGaN blue LED chips. For the
1100◦C_MGF sample, the peak wavelength was 660 nm, the dominant
wavelength was 634.6 nm, the full width at half maximum was 16.8
nm, and the relative luminescence was 16.1. For the 1250◦C_MGTF
sample, the peak wavelength was 660 nm, the dominant wavelength
was 635.6 nm, the full width at half maximum was 17.6 nm, and
the relative luminescence was 19.2, which is 19.3% higher than the
1100◦C_MGF sample. We measured the absorption ratios and the
internal quantum efficiencies of the 1250◦C_MGTF sample using a
BaSO4-coated integrating sphere with the photomultiplier tube and the
xenon lamp. The internal quantum efficiency of the obtained phosphor
(1250◦C_MGTF sample) was 45.36%, and the absorption ratio at 450
nm was 50.16%. BaSO4 powders with a reflectivity of ∼100% in the
visible region were used as a standard for calculating the excitation
source spectrum. Measurements of internal quantum efficiency and
the absorption ratio were carried out using excitation at 450 nm. The
internal quantum efficiency of the phosphor was calculated using the
following equation:

ηi = (∫ λ · P (λ) dλ) / (∫ λ {E (λ) − R (λ)} dλ) [1]

Figure 2. (a) PLE spectra (emission at 660 nm), (b) PL spectra (excitation at
450 nm) of samples prepared with and without Ti substitution at using different
synthesis temperatures (1250◦C_MGTF and 1100◦C_MGF, respectively).

where E(λ)/hν, R(λ)/hν, and P(λ)/hν are the number of photons in the
excitation source spectrum, the reflectance, and the emission of the
phosphor, respectively.25

Figure 3 compares the photoluminescence intensities (excitation
at 450 nm) of twelve samples with different Ge/Ti ratios (Ge1-xTixO2,
where x = 0, 0.05, 0.10, 0.15, 0.20, and 0.25) synthesized at 1100◦C
(open circles) or 1250◦C (closed squares). Of the twelve samples, two
samples contain the “1100◦C_MGF” and “1250◦C_MGTF” samples
represented in Figures 1, 2a and 2b. Among the materials synthesized
at 1100◦C, maximal luminescence was observed when no Ti was
substituted, and the photoluminescence intensity decreased as the Ti
substitution ratio increased. In contrast, for the materials synthesized
at 1250◦C, the photoluminescence intensity tends to increase as the Ti
substitution ratio increased, until x = 0.20, and then decreases. Among
these samples, the sample with a Ge to Ti ratio of 4:1 synthesized at
1250◦C showed the highest photoluminescence intensity.

Figure 4a shows XRD patterns of samples with various Ti sub-
stitution ratio synthesized at 1100◦C. Figure 4b shows XRD patterns
of samples with various Ti substitution ratio synthesized at 1250◦C.
All XRD patterns shown in Figures 4a and 4b appear similar to
Mg14Ge5O24 (PDF 01-071-0824) as shown in Fig. 1. In addition,
some impurities such as SrF2, Sr2MgGeO7, SrTiO3, and MgO could
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Figure 3. Comparison of photoluminescence intensities (excitation at 450
nm) of twelve samples with various Ti substitution ratios synthesized at 1100
or 1250◦C.

be identified. The peaks of the impurities appeared weak. Among the
impurities, MgO peak was observed in all samples at around 62◦. We
used a common peak of MgO as a tracer to suppress the error of XRD
measurements.

Figures 5a–5c show PLE and XRD patterns for six samples syn-
thesized at 1250◦C. Six samples can be distinguished by the Ti
substitution ratio. For example, the composition ratio of Ge and Ti
at “1250_Ti_0.20” means Ge: Ti = 0.8: 0.2. We were able to ob-
serve a solid tendency on the XRD peak and the excitation spectrum.
Figure 5a shows magnified and normalized XRD patterns (35◦–36◦)
of samples with various Ti substitution ratios synthesized at 1250◦C.
Six samples of XRD data were normalized. We found a consistent
trend that the XRD peak shifts to a lower angle as the Ti substitu-
tion ratio increases. For making a double check on the reliability of
XRD measurement, the MgO impurities were traced. Figure 5b shows
magnified and normalized XRD patterns (62◦–63◦) of samples with
various Ti substitution ratios synthesized at 1250◦C. We were able to
observe the MgO phase as well as the germanate crystal phase. The
MgO peak was observed at around 62◦. Also, the XRD peak from the
germanate crystal phase is found to be coexisted between 62.5 to 63◦.
XRD peaks from MgO phase tended to overlap at common positions.
On the other hand, we have found that the peaks of germanate crystal
phase tend to shift at lower angles as the Ti ratio increases. Based on
the position peak of MgO, it could be confirmed that the germanate
crystal might be distorted by Ti replacement at the Ge sites. Figure 5c
shows normalized PLE spectra (emission at 660 nm) in the range of
350–520 nm. We could observe that the highest point of the excitation
spectrum shifted from 418 to 422 nm. As the substitution ratio of Ti
increases, the excitation spectrum tends to shift to the right. Among
the six samples, “1250_Ti_0.20” sample have the best luminescence
properties.

Figure 6 shows the XRD patterns of four samples obtained at
two synthesis temperatures (1100 and 1250◦C) and two Ti ratios
(Ge1.00Ti0.00 and Ge0.80Ti0.20). The XRD patterns shown in Fig. 6
corresponds to those of 1100◦C_Ge1.00Ti0.00, 1100◦C_Ge0.80Ti0.20,
1250◦C_Ge1.00Ti0.00, and 1250◦C_Ge0.80Ti0.20 shown in Figs. 4a and
4b. As the dominant peaks were observed between 35◦ and 36◦, the
range of observation was limited to this region. As shown in Fig. 6, as
the synthesis temperature increases, the peaks shift toward lower 2θ
values, regardless of the Ti/Ge ratio. For samples synthesized at the
same temperature, 1100 or 1250◦C, the peaks shift toward lower 2θ
values when Ti is substituted for Ge. To obtain a continuous shift tra-
jectory of the peaks, we plotted a line connecting the peak maxima for
the samples shown at the bottom and top of Fig. 6 (1100◦C_Ge1.00Ti0.00

Figure 4. (a) XRD patterns of samples with various Ti substitution ratios syn-
thesized at 1100◦C, (b) XRD patterns of samples with various Ti substitution
ratios synthesized at 1250◦C.

and 1250◦C_Ge0.80Ti0.20, respectively). A comparison of these sam-
ples revealed a shift of 0.5◦ toward lower 2θ values. In previous
studies, when Ti was substituted for a relatively large element, such
as V, vanadium, a similar shift in the XRD pattern was observed.26

Thus, we posited that the host crystal structure, Mg14Ge5O24 (PDF 01-
071-0824), is the same, but the unit volume is larger, unless there is
a measurement error. Thus, partial substitution of TiO2 could change
the Mn4+–O2− bond length.

Figure 7 shows the Tanabe–Sugano energy diagram for the d3 elec-
tron configuration in an octahedral crystal field. Dq on the x axis and
E on the y axis are divided by B, the Racah parameter. The 4T1 and
4T2 excited states exhibit a linear relationship between the crystal field
strength parameter (Dq) and energy (E). Therefore, if the crystal field
strength (Dq) changes, the energy term (E) also changes. The exci-
tation energy is known to be related to the crystal field strength,27,28

according to the following relationship:

Dq = (
3Ze2 r 4

)
/
(
5R5

)
[2]

Here, Dq is the crystal field strength for a system with octahedral
symmetry, R is the distance from the central ion and its ligand, Z is
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Figure 5. (a) Normalized XRD patterns (35◦–36◦) of the samples with various
Ti substitution ratios synthesized at 1250◦C, (b) Normalized XRD patterns
(62◦–63◦) of the samples with various Ti substitution ratios synthesized at
1250◦C, (c) Normalized PLE spectra (emission at 660 nm) over the range of
350–520 nm.

the charge or valence of the anion, E is the charge of the electron, and
r is the radius of the d-wave function.

When an octahedral structure is formed with the same coordina-
tion, Ti4+ has a larger ionic radius than Ge4+, and the bond length
with O2− is also longer. We believe that partial substitution of Ti for
Ge may increase the bond length with O2− in the octahedral structure
into which Mn4+ could enter. Lengthening of the Mn4+–O2− bond
in the six-fold coordination of the octahedral structure also decreases

Figure 6. Magnified XRD patterns (35◦–36◦) of samples with Ti substitu-
tion ratios of 0 or 0.20 synthesized at 1000 or 1250◦C (1100◦C_Ge1.00Ti0.00,
1100◦C_Ge0.80Ti0.20, 1250◦C_Ge1.00Ti0.00, and 1250◦C_Ge0.80Ti0.20).

the crystal field strength. In addition, this will result in a decrease
in the energy level, bringing about shifts in the 4T1 and 4T2 energy
levels of Mn4+. As a result, a red-shifted 4A2→4T2 absorption band
is observed.

Increasing the synthesis temperature and partially substituting Ge
with Ti resulted in a small redshift of the excitation band and a shift
of the XRD pattern toward lower 2θ values. These observations imply
that substitution with Ti caused crystal distortion.

Conclusions

In this work, we synthesized a deep-red-emitting Mn4+-doped
germanate phosphor. The internal quantum efficiency and the absorp-
tion ratio at 450 nm of the obtained phosphor, 3.5MgO-Ge1-xTixO2-
0.5MgF2:Mn4+ (x = 0.2), were 45.36% and 50.16%, respectively.
Substitution of Ge ions by Ti ions in the MGF:Mn4+ phosphor re-
sulted in crystal distortion, which can affect the crystal field around
Mn4+ ions. This variation in the crystal field is believed to be respon-
sible for the observed redshift of the absorption band. As a result,

Figure 7. Tanabe–Sugano diagram for the d3 electron configuration in an
octahedral crystal field.
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substitution with 20 mol% Ti improved the luminescence of Mn4+-
doped germanate phosphor by 19.3% when excited at 450 nm. Ad-
ditional studies should be carried out to achieve further efficiency
improvement. However, this deep-red-emitting germanate phosphor
is applicable to wide color gamut white LEDs with K2SiF6:Mn4+

phosphors.
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