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Mn**- activated non-rare-earth based red phosphors are excellent down conversion materials for
phosphor-converted light-emitting diode (pc-LEDs) based solid-state lighting applications. However, the
low quantum efficiency of Mn** activated red phosphors under InGaN based blue LED excitation hinders
their use in phosphor-converted LEDs. To enhance the absorption at an excitation wavelength of around
420nm in Mn*"-doped MgO—MgF,-GeO, (MGF: Mn**), which is a conventional red-emitting lamp
phosphor, we doped MGF: Mn**t phosphors with transition metal oxides (Scy03, Luy03, Y203, and Lay03)
replacing MgO. When excited using 420 nm light, the absorption ratio of the synthesized phosphors with
Sc,03 (Sc-MGF:Mn*+) was 58% with an internal quantum efficiency (IQE) of 55% as compared to the 35%
IQE of the pristine MGF-Mn** phosphor. White LEDs were fabricated using Sc-MGF-Mn*" (red), and p-
SiAION:Eu®* (green) on InGaN chips (Aem = 450 nm) and their performance was compared to the optical
performance of LEDs fabricated using K»SiFs:Mn** as the red phosphor. According to the National
Television System Committee (NTSC) standard, the color reproduction coverage with an Sc-MGF:Mn**
phosphor-loaded white LED was 121% by the International Commission on Illumination (CIE) 1976, and
80% by the BT.2020 standard. The coverages are 9% and 6% higher than the coverages of LEDs fabricated
using K,SiFs:Mn** as the red phosphor according to the NTSC and BT.2020 standards, respectively. Our
simple approach to enhance the IQE of Mn*" activated phosphors by co-doping transition metal oxides
can be extended to other Mn*" activated phosphor systems for applications that require enhanced ab-
sorption, higher luminescent emission intensity, and a wider gamut of color reproduction.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

[5—10]. Color reproduction standards such as national television
systems committee (NTSC), standard red, green blue (sRGB), Adobe

White light-emitting diodes (WLEDs) are extensively used, not
only in general lighting applications, but also as light sources in a
variety of electronic devices such as automotive headlights and
liquid crystal displays [1,2]. Their applications have now been
extended to new fields such as horticulture, micro-displays, and the
back-lighting for liquid crystal displays [1,3]. The WLEDs are used in
a wide range of applications because of their favorable features
such as high luminous efficiency, compactness, long lifespan, low
energy consumption, and stability [1—4]. For display applications, a
wide gamut of color reproduction is essential to reproduce the
color of an object as naturally as possible in the display module
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RGB, and digital cinema initiatives (DCI) are used to compare the
color reproduction gamut of displays. Recently, a new protocol,
BT.2020, has been proposed to evaluate the displays that deliver the
contents in ultrahigh definition (UHD)—4K and 8K resolution
[11,12]. Furthermore, advanced specifications for displays have
been proposed for the Tokyo Olympics to be held in 2020. The
public broadcaster—Japan broadcasting corporation (NHK) will
launch its first official 8K broadcast in 2020. Under these circum-
stances, color reproduction is becoming more critical, and to
expand the color reproduction gamut further, novel phosphors
should be developed to meet the color reproduction standard of
UHD (8K) displays.

The commercial phosphor-converted WLED technology is based
on a combination of an InGaN blue-chip and a yellow phosphor
(YAG:Ce®"), which can be excited by blue light having a peak
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emission wavelength of 450 nm [13]. Several nitride/oxynitride
phosphors with an absorption maximum at 450 nm were devel-
oped for white LEDs [3,14—24]. However, blue LED chips and yellow
phosphor-based LEDs exhibit a low color rendering index (CRI)—an
indicator of accurate color reproduction, because of the lack of a red
component in the emitted light. Moreover, such WLEDs composed
of a blue LED, and a yellow phosphor do not have a high color
temperature for warm-WLEDs. Therefore, developing highly effi-
cient red phosphors has become critical. During the early stages of
research on red phosphors, various Eu>" doped nitrides such as
Sr,SisNg:Eu®t and CaAlSiN3:Eu®*were developed [3]. The devel-
oped Eu?*-doped silicon-based nitrides and oxynitrides are excel-
lent materials for the fabrication of phosphor-converted WLEDs
[3,20,25]. However, utilizing Eu?>*-doped silicon-based nitrides in
WLEDS presents the following difficulties (1) absorption by Eu**
doped phosphors of wavelengths in the spectral range
400—600 nm, which, consequently, causes serious reabsorption
when mixed with the other green or yellow phosphors, (2) broad
emission spectra that considerably affect the color reproduction,
(3) rare-earth-ions, such as Eu, are highly expensive, and (4) these
nitride materials require complicated and expensive synthesizing
conditions. To solve these problems, non-rare-earth-based phos-
phors that emit a sharper and brighter red color were developed,
and as part of the solution, considerable efforts have been devoted
to the development of non-rare-earth-based red phosphors for use
in warm white LEDs [26—32].

Among the various other candidates, less expensive and non-
rare-earth Mn** is a suitable activator for red phosphors because
of its narrow absorption spectra (300—480 nm) and lower cost as
compared to Eu?>* (400—600 nm) [28,33—44]. Numerous studies on
Mn**-doped phosphors such as MgO—MgF,-GeO,:Mn** [45—48],
K2SiFg:Mn*t [49,50], and other novel phosphors have been re-
ported [2,28]. Among these Mn** doped phosphors, MgO—MgF,-
GeOz:Mn** is a well-known deep red lamp phosphor with a nar-
row emission width (full-width-at-half maxima (FWHM)—15 nm),
and an excitation band located at around 420 nm (*A; — *T, tran-
sitions in Mn*"). For efficient use of the phosphor in WLEDs, the
absorption of the phosphor at around 420 nm should be shifted
towards the emission wavelength of blue LED—450 nm or
enhanced. A feasible strategy by which to achieve the redshift of
the excitation spectra is to dope specific octahedral sites in the host
material with Mn** jons. The excitation wavelength can be
redshifted by decreasing the crystal field strength because
4A, — T, excitation energy decreases with a decrease in the crystal
field strength. It is interesting to note that such a decrease in the
crystal field strength will not alter the emission wavelength
because the energy related to the E—“A, transition is nearly in-
dependent of the crystal field strength. Previous studies have
attempted to improve the optical characteristics of the phosphors
by changing the reaction conditions, and Nichia Corp, Japan, has a
patent (US 2015/0349,213 A1) on these techniques.

In this study, experiments were conducted to synthesize a
MgO—MgF,-GeO,:Mn** (MGF:Mn**) phosphor with enhanced
absorption at 420 nm. We have developed a strategy that involves
replacing MgO with other metal oxides to improve the absorbance
at around 420 nm. The white LEDs were then fabricated by coating
InGaN chips (Aem =450 nm) with synthesized phosphors and B-
SiAION:Eu®*. We analyzed the optical characteristics of the white
LEDs in terms of their color reproduction gamut. We also demon-
strated the variation from the International Telecommunication
Union’s (ITU) BT.2020 recommendation (color production region)
in the WLED application due to the use of our MgO—MgF,-GeO,;:-
Mn** phosphor. Further, the variations in the BT.2020 coordinates
were compared with those of the WLEDs fabricated using the
K3SiFs:Mn** red phosphor.

2. Experimental
2.1. Synthesis of red-emitting MgO—MgF,-GeO, phosphor

The solid-state reaction method was used to synthesize the red
phosphor. The starting materials for synthesizing MGF:Mn* were
MgO, MgF,, GeO,, and Mn;03 and metal oxide A,03 (A: Sc, Lu, Y, La).
Initially, appropriate proportions of the raw materials were blended
in isopropyl alcohol at room temperature and were then dried in an
oven at 100 °C. Next, the mixture was transferred into an alumina
crucible, loaded into a furnace, and sintered at 1100 °C for 5 h in air.
The samples were cooled down to room temperature to obtain the
phosphors.

2.2. Characterization

The prepared phosphor was analyzed by powder X-ray diffrac-
tion (XRD) (D8 Advance, Bruker, Germany) at the wavelength of Cu
Ko-radiation to identify its phase and crystal structure. The room
temperature photo-luminescent emission (PL) and excitation (PLE)
spectra were recorded using a xenon lamp (PSI, Korea). The ratio of
absorption and the quantum efficiency were measured using a
BaSO4-coated integrating sphere with a photomultiplier tube and a
xenon lamp (PSI, Korea). The temperature-dependent PL charac-
teristics of the samples were examined using a Hitachi F-7000 at
different temperatures ranging from 25 to 200 °C.

2.3. Fabrication of phosphor-converted white LEDs

The phosphor-converted white LEDs were fabricated by coating
the set of phosphors, Sc-MGF:Mn**, and B-SiAION:Eu* (green-
emitting phosphor) on the 450 nm blue-emitting chip. The ratios of
the phosphors to the silicone resin, and of the green to the red
phosphors were adjusted to obtain the proper white point. The
pressure and duration of the drop were controlled with a dispenser.
The correlated color temperature of the white point of the white
LED was set to 10,000 K. In this process, the bubbles of the epoxy
composite were removed using a de-foamer. Finally, the packaged
LED was cured at 150 °C to harden the silicone resin added with the
phosphors.

3. Results and discussion

In MGF:Mn**, the Mn** ions that occupy octahedral sites usu-
ally emit red light [51]. Because of similar ionic radii and charge
balances, Mn** ions are likely to substitute for Ge** sites even
though octahedral Mg?™ sites are also available for substitution. The
replacement of MgO with a small amount of other metal oxide was
carried out to create the right conditions so that Mn** could occupy
the specific Ge*" sites rather than the Mg sites. The XRD patterns
of the as-synthesized MGF: Mn**phosphor, and Sc,03 substituted
phosphor are shown in Fig. 1(a) and (b), respectively, and they
closely match with the crystal structure of Mg4Ges0,4 (ICSD-
9371). However, note that our raw materials consist of MgF, and
therefore, our MgO—MgF,-GeO,:Mn** phosphor will contain F ions
and other related impurities. The XRD analysis suggests that the
MGF:Mn** phosphor synthesized in the present study is iso-
structural with Mgq4Ge5034.

Fig. 2a shows the emission and excitation spectrum of the as-
synthesized MGF: Mn**phosphor. It has an excitation band of
around 420 nm due to the *A,—*T, transition and emits a sharp
(FWHM ~15 nm) band at 658 nm due to a 2E—“A, transition. The
most popular method of fabricating a white LED is to use a 450 nm-
emitting chip as the exciting light source, because it is the most
efficient light source, and further, it is a part of the primary color
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Fig. 1. XRD patterns of (a) as-synthesized MgO—MgF,-GeO,:Mn** phosphor and (b) MgO—MgF,-GeO,:Mn** phosphor synthesized with Sc,0s.
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Fig. 2. (a) Excitation and emission spectra of MgO—MgF,-GeO,:Mn** phosphor (b) Emission spectra (Aex = 420 nm) of MgO—MgF,-GeO,:Mn** phosphor synthesized with different

components (Sc;03, Luy03, Bi03, Gay03Y,03, none) (c) Relative intensity graph of MgO—MgF,-GeO,:Mn**

phosphor synthesized with different components (Sc;03, Luy03, Y203,

La,03) and ionic radius (Sc, Lu, Y, La) and (d) Relative intensity plot according to different Sc;03 concentrations (molar ratio).

(blue light). However, from Fig. 23, it is apparent that the absorption
of the MGF:Mn** phosphor around 450 nm is relatively low.

On the other hand, the MGF:Mn** phosphor has deep red
narrow-band light emission that favors a wider gamut of color
reproduction. Therefore, an improvement in the luminescence in-
tensity of the phosphor is possible if Mn** occupies the Ge sites of a
given structure. Previous studies have shown that the use of SrF2 as
a flux, among other fluoride compounds, is the most efficient
method to produce materials with good optical properties.18,19 To
achieve excellent optical characteristics, Mn** should occupy
octahedral sites, and the synthesized phosphors’ hosts should
provide suitable sites for the replacement. As mentioned earlier,
Mn** jons can occupy both the Mg?* and Ge** sites of the octa-
hedral structure, resulting in a deep red light. To begin with, the

partial substitution of the Mg ion by various other metal ions was
attempted in our experiments to examine variation in the lumi-
nescence intensity. We used metal oxides such as Scy03, Luy0s3,
Y503, and Lay0s3. The PL intensities of the MGF:Mn*t phosphor
doped with Scy03, Luy03, Y203, and Lay0O3 are shown in Fig. 2b.
As expected, substantial enhancements were observed in the
luminescence intensity, as shown in Figs: 2b and 2d. The partial
substitution of Mg ions by Sc ions significantly affects the lumi-
nescence emission intensity. Therefore, a partial substitution of Mg
with Sc results in the substitution of more Mn** at the octahedral
Ge**, thus improving the optical characteristics, especially the
absorption. Therefore, further experiments were carried out to
investigate the effect of Sc;03 on the host crystal structure and the
luminescence intensity. It is assumed that the reasons for this
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behavior are the substitution of trivalent metal oxides and their
ionic sizes. Initially, when a small amount of trivalent element
substituted for Mg, it helped in the oxidation of the Mn ion and led
the Mn** ion to occupy a Gel site.3? Furthermore, the emission
probability strongly depended on the local structure around the
Mn** ions. The incorporation of Sc reduced the probability of Mn**
occupying Mg?* sites, which resulted in an enhancement in the red
emission. Therefore, we presume that the enhanced luminescence
is because of the Mn** doped at the Ge** octahedral sites in the
MgO—MgF,-GeO; host lattice. Moreover, it is essential that Mn*" in
the MgO—MgF,-GeO, host should occupy octahedral sites of Ge**
ions. Because of this occupation, the phosphors prepared by adding
the trivalent metal oxide exhibited higher luminance than did
pristine phosphor. Additionally, Sc;03 substitution led to the
maximum improvement, presumably because Sc and Mg had
similar ionic radii (Mg ionic radius is 0.72 A, and Sc ionic radius is
0.745 A). Therefore, Sc substitution reduces the probability of Mn**
occupation at Mg?* sites. However, when the ionic radius of the
substituting ion is much higher than the ionic radius of Mg?*, the
luminescent emission intensity decreases because the larger ions
such as Lu, Y, and La can occupy off-center sites. A comparison of
the ionic radii and relative intensities is shown in Fig. 2c.

In order to find the optimum Sc concentration, the concentra-
tion of Sc;03 was varied from 0 to 0.1 M ratios. As shown in Fig. 4,
the light emission intensity reaches a maximum when the molar
ratio of Sc was 0.01, and a further increase in Sc concentration
decreased the PL emission intensity.

Fig. 3a and its inset show the spectra of photoluminescence (PL)
and excitation (PLE) of the MGF:Mn*" phosphor doped with
0.01 mol.% Scy03. The partial substitution of Mg ions by Sc ions
obviously improves the emission and excitation. The absorption
ratio and the IQE (n;) were calculated by the following equation [1]:

JA-P(MdA
)i=F—"——— (1)
JMEM)—RQHdA

where E(A)/hv, R(A)/hv, and P(A)/hv are the number of photons in
the spectra of excitation, reflectance, and emission of the phosphor,
respectively. The measured absorption ratio over the range from
400 to 500 nm of the sample synthesized by the conventional
method and by partial replacement was 54% and 58%, respectively.
The IQE values were 35% for the as-synthesized phosphor and 55%
for the MGF:Mn*" phosphor replaced with 0.01 mol.% Sc;03. The
absorption ratio and the IQE were substantially enhanced by 4% and
20%, respectively. The addition of Sc was found to be highly
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Fig. 4. Emission spectra of two different phosphor-converted white LEDs. (Red phos-
phors: K,SiFs:Mn*" and Sc-MGF:Mn**) (Green phosphor: 8-SiAION:Eu?*, in common).
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

beneficial in achieving an enhanced luminescence from the
MGF:Mn** phosphor.

The thermal behavior of the phosphor is very critical from the
perspective of the device application. As shown in Fig. 3b, the
temperature-dependent PL intensity of the MGF:Mn** phosphor
does not show a significant degradation with temperature. The
outstanding thermal stability of the MGF:Mn** phosphor is
because of its stable structure wherein Mn** ions are well-trapped
at the octahedral Ge** sites. The Sc incorporated MGF:Mn**
phosphor exhibits much better thermal stability up to 200 °C than
does the pristine MGF:Mn** phosphor, which once again suggests
that the addition of Sc was beneficial in achieving high luminescent
intensity as well as thermal stability. Furthermore, the Sc substi-
tution of Mg in MGF:Mn** has enhanced the PL excitation at a
wavelength of around 420 nm, and the IQE. Note that the FWHM of
the emission spectra was not much affected by the Sc substitution.

In order to investigate the feasibility of MGF:Mn** phosphors
incorporated with Sc in solid-state lighting, we fabricated WLEDs
by coating the Sc-MGF:Mn** phosphor (red) and B-SiAION:Eu®*
(green) on InGaN chips (Aem = 450 nm). The fabricated white LEDs
were then compared with the WLEDs fabricated using K,SiFg:Mn*t
as red phosphor, instead of Sc-MGF:Mn**. Fig. 4 shows the emis-
sion spectra of the white LEDs obtained by using the two different
types of red phosphors.

The optical properties and color reproduction of the two white
LEDs are compared in Table 1. The Sc-MGF:Mn*" phosphor
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Fig. 3. (a) Excitation spectra (Aem = 658 nm) of MgO—MgF,-GeO,:Mn** phosphor synthesized with Sc,03 and without Sc,03 (b) Emission spectra (Aex =420 nm) of MgO—MgF,-
GeO,:Mn** phosphor synthesized with Sc;03 and without Sc,03. Temperature dependence of PL intensities (Aex =420 nm) of pristine and Sc-MgO-MgF,-GeO,:Mn** phosphors.
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Table 1
Optical properties of white LEDs fabricated with two red phosphors.

Phosphor Luminous Flux (Im) CIE 1931 (x.y) Coverage (%) CIE 1976 (u/, v') Coverage (%)

Green Red NTSC BT.2020 NTSC BT.2020

B-SiAION:Eu+ K,SiFg:Mn** 6.24 (0.26,0.27) 95 71 (0.19,0.43) 112 74
Sc-MGF:Mn** 3.27 (0.25,0.24) 98 73 (0.19,0.40) 121 80

generates high-purity deep red color at 658 nm from the narrow
FWHM of ~15 nm. The K»SiFg:Mn** also emits high-purity deep red
color at 630 nm, with a narrow bandwidth. Note that the Sc-
MGF:Mn** phosphor has a lower absorption at 450 nm than that of
K,SiFg:Mn*t and, therefore, the luminous flux of the WLEDs
fabricated using Sc-MGF:Mn** phosphor is nearly half that of the
luminous flux of the WLEDs fabricated using K,SiFg:Mn**. How-
ever, white LEDs manufactured using the MGF:Mn** phosphor
exhibit superior color reproduction coverage (Table 1 and Fig. 5).
Basically, by the NTSC standard, the coverage of color reproduction
with the K,SiFs:Mn** phosphor-loaded white LED is 95% in CIE1931
and 112% in CIE1976, while with the Sc-MGF:Mn** phosphor-
loaded white LED, the coverage was enhanced to 98% in CIE1931
and 121% in CIE1976 coordinate systems. Moreover, to analyze the

color reproduction coverage of the LEDs further, the coverages
based on the BT.2020 standard used for UHD (ultrahigh definition)
displays were evaluated. From the BT.2020 protocol, the coverage of
color reproduction with the K,SiFg:Mn** phosphor-loaded white
LED is 71% in CIE1931 and 74% in CIE1976, while that for the MGF
phosphor-loaded white LED was enhanced to 73% in CIE1931 and
80% in CIE1976.

Further analyses of the fabricated LEDs were carried out using
the TM-30 standard.

Instead of the conventional color rendering indices comprised of
16 points, the TM-30 standard uses 99 color samples to analyze the
color rendering indices [52,53]. Fig. 6(a and c) show the color
sample fidelity and the local color fidelity for the 16 hue angle bin
for both WLEDs fabricated using the Sc-MgO-MgF,-GeO,:Mn** red
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Fig. 5. (a) CIE 1931 chromaticity coordinates of white LED with blue-chip (450 nm), B-SiAION:Eu*(green), K,SiFs:Mn**(red) phosphors (b) CIE 1976 chromaticity coordinates of
white LED with blue-chip (450 nm), B-SiAION:Eu?*(green), K,SiFs:Mn**(red) phosphors (c) CIE 1931 chromaticity coordinates of white LED with blue-chip (450 nm), B-SiAlO-
N:Eu?*(green), Sc-MGF:Mn** (red) phosphors (d) CIE 1976 chromaticity coordinates of white LED with blue-chip (450 nm), B-SiAION:Eu*(green), Sc-MGF:Mn** (red) phosphors.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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phosphor, while Fig. 6 (b and d) show the corresponding plots of
the WLEDs fabricated using the K,SiFs: Mn**-red phosphor. The
fabricated LEDs exhibit excellent color sample fidelity, as well as
local color fidelity, which once again suggests that our Sc-
MGF:Mn** red phosphor exhibits color reproduction characteris-
tics very similar to that of the K,SiFg:Mn** phosphor.

The color reproduction gamut of the fabricated LEDs was
analyzed further using the TM-30 standard, whose gamut plots are
shown in Fig. 7. Fig. 7a and b depict the gamut area of the WLEDs
fabricated using Sc-MGF:Mn** and K,SiFs:Mn** red phosphors.

The black lines in the plot show the gamut of a standard source
while the red lines correspond to the gamut area of the fabricated
LEDs using Sc-MGF:Mn** and K,SiFs:Mn** red phosphors. Again,
our Sc-MGF:Mn** exhibits a slightly wider gamut area compared to
the gamut area of the K,SiFs:Mn** red phosphor. Finally, we
investigate whether the light source produces under/oversaturated
images or low/high fidelity images. The IES TM-30-18 Fidelity index
(Rf) and the gamut index (Rg) of the fabricated LEDs are compared,
as shown in Fig. 7c. The ideal value of the (Rg, Ry) is (100, 100). The
deviation in the values helps us in identifying whether these LEDs
generate under/oversaturated images or low fidelity images when
these LEDs are used as a light source for photographic/videographic
production. The LEDs exhibit low R¢ while also displaying high Rg,
indicating that the images reproduced using the LEDs will be
slightly oversaturated and will have low fidelity.

4. Conclusions

In summary, MGF:Mn** phosphors were synthesized by
replacing a small amount of MgO with metal oxides using the solid-
state method. Among the transition metal oxides, Sc;03 co-doped
phosphors showed better optical properties, specifically at the
Sc,03 molar ratio of 0.01. The IQE of the Sc-codoped MGF:Mn** was
increased up to 55%, which is 1.6 times higher than that of the
pristine MGF:Mn** phosphor. Sc-co-doped MGF: Mn** phosphors
as well as pristine MGF: Mn*t phosphors maintained excellent
thermal stability even up to 200°C. A further comparison was
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I[ES TM-30-18 R¢

Fig. 7. llluminating engineering society (IES) TM-30 gamut area of WLEDs fabricated
using (a) B-SIAION:Eu?*(green) and Sc-MGF:Mn** (red) phosphors and (b) B-SiAlO-
N:Eu?*(green) and K,SiFs:Mn** (red) phosphors. (c) the Rg-Rr plot of the corre-
sponding WLEDs. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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conducted by fabricating white LEDs using KSiFg:Mn** and
MGF:Mn*" as red phosphors and commercial -SiAION:Eu®* green
phosphors. With respect to the coverage of color reproduction,
white LEDs manufactured using the MGF:Mn** red phosphor
exhibited properties superior to the NTSC, BT.2020, and IES TM-30
standards. According to the NTSC standard, there was a 3% increase
in CIE 1931 and a 9% increase in CIE 1976; according to the BT.2020
standard, there was a 2% increase in CIE 1931 and a 6% increase in
CIE 1976. The IES TM-30 analyses of the WLEDs fabricated using the
Sc- MGF:Mn** phosphor suggests that the photographed/video-
graphed images using these WLEDs produce slightly oversaturated
and low fidelity images. The Sc-MGF:Mn** phosphor exhibits
excellent potential for use in diverse LED applications. Our study
provides a feasible way to enhance the IQE of Mn** activated red
phosphors for use in white LED applications, and our technique can
be extended to synthesize other red-emitting non-rare-earth
phosphors to achieve a wider color reproduction gamut.
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