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The luminous efficiency of radiation (LER) and colour rendering indices (CRIs) are two key technological
parameters for white light-emission diodes (WLEDs), but there is always a trade-off between them,
especially between LER and R9 (the 9" CRI for red colour). It is therefore necessary to find ways to solve
this problem by choosing appropriate red phosphors as well as the phosphor blend. In this work, we
attempted to apply both a narrow-band (K,SiFg:Mn**,KSF) and a broad-band ((Sr,Ca)AlSiNs:Eu?*, SCASN)
red phosphors together with a green phosphor (LusAlsO1,:Ce®*, LUAG) to minimize the trade-off. For
a warm white LED with the correlated colour temperature of 3000 K, the combination of a single red
phosphor (either KSF or SCASN) and LUAG led to high LERs (92.4 Im W™ for KSF and 95 Im W™ for
SCASN) but low Ra (average of the first eight CRIs) and R9 (Ra = 60.9 and R9 = —28.2 for KSF; Ra = 83.7
and R9 = 16.6 for SCASN). On the other hand, by using dual red phosphors instead of one, CRIs and
even LERs are significantly increased, which is dominantly ascribed to the narrow emission band and the
absence of re-absorption of green light of KSF. A superior WLED with LER = 115.4 Im W™, Ra = 96.9
and R9 = 95.8 was attained when pumping the phosphor blend of (KSF:SCASN:LUAG = 6:0.75:5.1in
weight ratio) by a blue InGaN LED, which enables it to be used broadly for high quality solid state lighting.
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A. Introduction

Currently, WLEDs are attracting great interest in both academic
and industrial communities because they promise energy
savings, high efficiency, robustness, environmentally friendli-
ness and long lifetimes compared to traditional incandescent
bulbs and fluorescent tubes."” They are now rapidly penetrating
into the lighting and display markets and contributing greatly
to the greenhouse reduction and environment protection. For
WLEDs, two of the most important parameters are LER and CRI,
which are used to characterize the luminous efficacy and colour
rendering properties, respectively.’ However, there are trade-
offs between LER and CRI as they have different requirements
for spectral configurations, ie., increasing the one will
compromise on another.* Therefore, to reduce the trade-off
between them is a big challenging and highly pursued topic
for scientists and engineers. As to CRIs, Ra is usually used to
evaluate colour rendering of a light source compared with
colour reproduction under natural daylight, which is obtained
by averaging the values of the first eight special colour
rendering indices of unsaturated colour samples (R1-R8).”
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WLEDs having Ra greater than 80 are acceptable for most
lighting applications. However, only Ra is not enough to
represent the colour quality, typically in the case where deep-red
colour is prevalent in the hues such as lighting meat, fish,
vegetables and fruits in supermarket, artwork in gallery, clothes
in display windows, human skin and surgical procedures.> In
these lighting applications, besides Ra the R9 index, repre-
senting a saturated red colour, needs to be given to accurately
render colour red.” To bring out the richness red and provide
a reasonable rating system with respect to light quality, WLEDs
with both high Ra and R9 are required and getting much more
attentions nowadays.® Therefore, to greatly enhance R9 and Ra
without sacrificing the luminous efficacy of WLEDs is greatly
demanded for superior high light quality.

The most common way to produce WLED is to combine
ayellow (Y,Gd);(Al,Ga)s01,:Ce** phosphor with a blue LED chip,
which is also named as one-phosphor-converted (1-pc) WLEDs.
This type of WLEDs usually exhibits a high luminous efficacy,
but has a low Ra (<80) and a negative R9 due to the deficiency of
red component in the spectral distribution.® To obtain high
CRIs, multi-phosphors-converted WLEDs have to be consid-
ered, in which red phosphors, such as (Ca,Sr,Ba),SisNg:Eu>" 112
and (Sr,Ca)AlSiN;:Eu*","*** are mixed with other green and/or
yellow phosphors. Lin et al. reported a WLED showing a high
Ra of 93 but a low LER of 68 Im W™ ' by combining YAG:Ce and
CaAlSiN;:Eu®" with a blue LED.* According to the photonic
spectral sensitivity representing how well the human eye
responds throughout the visible region under daylight

This journal is © The Royal Society of Chemistry 2017
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conditions, human eyes have the highest sensitivity at the
monochromatic wavelength of 555 nm."” It means that the
maximum of luminous efficiency can be reached in the green
spectra range, and the combination of a red and a green
phosphor would lead to a higher LER. Li et al. fabricated WLEDs
showing a high LER (101 Im W), Ra (97.1) and R9 (87) by
combining Cag ,gAlg 75Si1.22N3 7500.22:EU>" (Aern = 638 nm) with
a commercial green phosphor (ZYP520G2, A, = 520 nm)
phosphors.*® By employing Sr, gCag »AlSiN3:0.05EuU (Aer, = 617
nm) and Y;Als_,Ga,01,:Ce** (Aemy = 520 nm) phosphors, Zou
et al. obtained a warm LED with Ra = 88.2 and LER = 81.4 Im
W71.19

On the other hand, (Sr,Ca)AISiN;:Eu”* has a broad emission
band with a FWHM of 90 nm and shows a large part of spectral
component longer than 650 nm, which results in high CRIs but
yields low LERs due to the very weak photonic vision in the
deep-red spectral region.* We reported an exceptional case
where both high LER of 101 Im W' and high CRIs of Ra = 96
and R9 = 95 were achieved by using a green LuAG:Ce®" and an
orangish-red Ca,_,Li,Al,_,Si;,,N;:Eu®" with a large band width
of 117 nm.** Alternatively, narrow-band red phosphors con-
taining less spectral components longer than 650 nm are
proposed to make good balances between LER and Ra as well as
R9, which include K,(Si,Ti)Fe:Mn**222* and (Ca,Sr)LiAl;N:-
Eu”*.2%%527 pyst et al. reported that the luminous efficacy of
WLEDs was increased by 14% by using SrLiAl;N,:Eu”* instead of
CaAlSiN;:Eu”". Ra and R9 of the prepared WLEDs were 91 and
57, respectively.*® Zhang et al. fabricated a warm WLED having
high CRIs of Ra = 91.1 and R9 = 68 but a low LER of only 24.9
Im W', by using the phosphor blend of SrLiAl;N4Eu®" and
YAG:Ce®". The low efficiency was due to the re-absorption of
green light from YAG:Ce®" by SrLiAl;N,:Eu®".?® To reduce the re-
absorption, the narrow-band K,TiFg:Mn** (KTF) phosphor
(FWHM < 40 nm), whose excitation spectrum has no overlaps
with the emission band of YAG:Ce*" or LuAG:Ce*", was used to
increase the luminous efficacy. Zhu et al. prepared WLEDs by
using the phosphor blend of KTF and YAG:Ce®" or LuAG:Ce®",
and obtained LER = 116 Im W *, Ra = 81, R9 = 32 for “KTF +
YAG” and LER = 115 Im W™, Ra = 95 and R9 = 73 for “KTF +
LuAG”.”® As seen, the luminous efficacy of such WLEDs is quite
high but R9 is still low, indicating that great efforts should be
made to realize both high LER and CRIs.

In this work, we proposed a strategy to overcome the trade-
off between luminous efficacy and color rendering indices of
warm WLEDs, by combining dual red phosphors containing the
broad band (Sr,Ca)AlSiN;:Eu”" (SCASN) and the narrow-band
K,SiFs:Mn*" (KSF) with LuAG:Ce®". SCASN was mainly used to
increase the color rendering properties whereas KSF was added
to enhance the luminous efficacy. We investigated the varia-
tions of LERs, Ra and R9 with increasing the KSF/SCASN ratio,
and demonstrated that both high LER and CRIs could be real-
ized by the proposed strategy.

B. Experimental details

LuAG:Ce*" was purchased from Nakamura-Yuji Co. (Beijing,
China). It has a particle size of 6 um. LuAG:Ce*" exhibits an
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emission peak at 542 nm and an external quantum efficiency of
83% under 460 nm excitation (Fig. 1). SCASN (Sr;sCag 192-
AlSiN;:Euy o95) Was prepared by the solid-state method at high
temperature. Raw materials of CazN, (99%), SizN, (92%), AIN
(99.9%), and EuN (99%) were weighed in stoichiometric
proportions and then mixed evenly. The powder mixtures were
fired at 1800 °C for 2 h under 1.0 MPa N,. The SCASN phosphor
was then pulverized, sieved and washed for use. The average
particle size of SCASN is 12 pm. As shown in Fig. 1, SCASN
shows a broad band with an emission maximum of 630 nm and
a FWHM of 82 nm. The external quantum efficiency of SCASN is
about 72% under 450 nm excitation. K,Si 4Fs:Mng o6 (KSF) was
synthesized by using a two-step co-precipitation method, as
described in ref. 29. The synthesized phosphor shows a particle
size of about 30 pm. KSF consists of several sharp emission lines
with the strongest peak at 631 nm, which is due to the spin-
forbidden *E, — A, transition (Fig. 1). As seen Fig. 2, a negli-
gible spectral overlap occurs between the excitation spectrum of
KSF and emission spectrum of LuAG, whereas a large spectral
overlap is seen between SCASN and LuAG.

450nm 631.4nm 630nm

drygo gnlq

’%Norma\'\zed Intensity(a.u.)

Fig. 1 Normalized emission spectra of the blue LED chip, LUAG,
SCASN and KSF phosphors.
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Fig. 2 Excitation spectra of KSF and SCASN and emission spectrum of

LUAG, showing less re-absorptions of green emission from LUAG by
KSF.
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Table 1 Optical properties of WLEDs by using varying ratios of KSF,
SCASN and LUAG phosphors

LER
Samples KSF:SCASN:LUAG Ra R9 (Imw™)
A 1:0:5.1 60.9 —28.2 92.4
B 0:0.72:5.1 83.7 16.6 95.0
C 1:0.72:5.1 87.3 32.4 105.2
D 2:0.72:5.1 90.2 46 112.2
E 3:0.72:5.1 92.9 59.3 115.2
F 4:0.72:51 94.4 67.1 115.4
G 6:0.72:5.1 96.9 95.8 115.4
H 8:0.72:5.1 92.7 80.1 118.0
M 10:0.72: 5.1 92.4 78.8 116.8

Warm WLEDs with the correlated colour temperature of
~3000 K were prepared by coating the blue InGaN LED chip
(purchased from San'an Optoelectronics CO., LTD, China) with
the phosphors blend of LuAG, SCASN and KSF. The CIE coor-
dinates of the prepared WLEDs were x = 0.434-0.439 and y =
0.402-0.409. The epoxy resin, such as Dow Corning@OE2140
(Tokyo, Japan), was used for LED packaging. As given in Table 1,
both the amounts of LUAG and SCASN were fixed while the
amount of KSF was varied. The spectra of WLEDs were
measured by a spectroradiometer (LHS-1000, Everfine Co.,
Hangzhou, China). The spatial radiation spectrum was recor-
ded by a goniophotometer (LED626, Everfine Co., Hangzhou,
China) under a DC current 60 mA and DC voltage 2.925 V at
room temperature.

C. Results and discussion

Fig. 3 shows the emission spectra of WLEDs using the phosphor
combination of either LUAG and SCASN or LuAG and KSF. The
LER of SCASN-loaded WLED is a little bit higher than that of
KSF-loaded WLED (95.0 vs. 92.4 Im W) This enhancement is
mainly attributed to the sequential emission spectra of SCASN
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Fig. 3 Emission spectra of the WLEDs based on the combination of
a InGaN blue-LED chip with LUAG and (a) SCASN or (b) KSF.
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and a larger portion of spectral region close to the eye sensitivity
curve. Moreover, the SCASN-loaded WLED yields much higher
CRIs (Ra = 83.7 and R9 = 16.6) than the KSF-loaded WLED (Ra
= 60.9 and R9 = —28.2). However, these CRIs, typically R9, are
too low to be acceptable for high quality lighting applications,
indicating that using a single red phosphor cannot realize
superior CRIs with both high Ra and R9 (except for using an
extremely broad red phosphor in ref. 22). To further increase the
CRIs, adding KSF into the phosphor blend of LuAG and SCASN
to greatly enhance the red spectral part longer than 630 nm is
attempted.

As seen in Fig. 4, the addition of KSF makes a minute vari-
ation in the green and red spectral region (500-600 nm), but
yields obvious changes in the red spectra part of 600-680 nm
in the spectral power distribution (SPD) of WLEDs. With
increasing the amount of KSF, the luminous intensity of several
narrow peaks enhances dramatically, owing to the strong
absorption and high conversion efficiency of blue light of KSF.
Oppositely, the luminous intensity of SCASN decreases corre-
spondingly, leading to a small reduction in the intensity of the
red continuous spectrum. These variations definitely change
the luminous efficacy and colour rendering properties of
WLEDs.

Calculations were carried out to explore the factors that
affect CRIs, as given in the Chart 1. AE; is the color difference of
14 selected Munsell samples illuminated by test light and the
standard light. Ra and R; are the average of the first 8 color
rendering indices and the special color rendering index of each
sample, respectively. AE; is closely related to the inner product
of the test spectral power distribution and the spectral reflex-
ivity of red samples. As shown in Fig. 5a, one can find that the
calculated Ra shows a similar tendency and approximately
coincides with the experimental one. The WLED with uniformly
distributed luminous intensity would have a great Ra in the
visible region. Owing to the characteristic spectral power
distribution with enhanced intensity in the red part spectral, Ra
increases continuously with increasing KSF, and reaches
a maximum (calculated: 93.8, experimental: 96.9) for sample G.
Fig. 5b presents the measured R9 and the spectral luminance

Intensity(a.u.)

440 480 520 560 600 640 680 720
Wavelength/nm

Fig. 4 Spectral power distributions of WLEDs prepared by using
different phosphor blends.
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Calculating the color corrdinate
Each SPD of the LED and CCT in CIE 1960
A black body

Calculating the color corrdinate
reflected by each sample in CIE 1964
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Chart 1 Procedure of the calculation about CRIs CCT < 5000 K:
choosing a reference source by the value of CCT. Color coordinate in
CIE 1964: calculating the color coordinate of the both light sources
(the test and the reference) reflected by each sample in the CIE 1964
color space. Chromatically adapt each sample: using a von Kries
transform to chromatically adapt each sample.
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Fig.5 Measured and calculated Ra (a), measured R9 (b) of WLEDs with
different phosphor blending ratios. The inset of (b) shows the spectral
luminance factor of R9.

factor of R9. Similar to Ra, R9 shows the same trend as the
amount of KSF increases, and reaches a maximum of 95.8 for
sample G. As seen, the spectral luminance factor of R9 is close
to zero when the wavelength is below 600 nm. With the adding
of KSF, several strong sharp emission peaks appear at 613, 631
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and 647 nm, which dramatically supplement the red spectral
part. As a result, R9 advances with the degradation of AE,. It
thus validates the feasibility of using additional KSF to improve
R9 of WLEDs. However, the decline of R9 with further
increasing KSF is due to the increased optical loss such as
scattering loss, total internal reflection loss and Fresnel loss
that exceeds the spectral improvement.

LER is derived via the ratio of the number of luminous flux
and the input power, manifesting the capability of converting
input current into white light.

Kn J V()S()d2
n=¢/P= —F—— 1)
Jﬂmm

Where ¢ is luminous flux, P is the power of input, K, is the
luminous efficacy of radiation (about 683 Im W), and V() is
the 1924 CIE relative luminous efficiency function of photopic
vision that is defined in the visible range of 380-780 nm (shown
in the inset of Fig. 6), S(%) is the spectral power distribution of
WLED.* As seen in Fig. 6, the luminous efficacy of WLEDs
increases initially as the amount of KSF increases, and then
stabilizes at 115-118 Im W™ " even if KSF is continuously added.
The increment of LER could be ascribed to the facts that (i) in
the beginning the addition of the KSF does not lead to large
optical loss that reduces LER; (ii) according to eqn (1), the
luminous flux is weighted by the luminous efficiency function
of photopic vision. The emission intensity near the eye's
response curve increases with the addition of KSF, leading to
the increasing luminous flux; (iii) less re-absorption occurs for
KSF, and the green light contributing dominantly to LER does
not loss. With further increasing KSF, the luminous efficacy
does not change nearly, ascribing to the balance between the
increasing optics loss and the enhancing red spectral part of
KSF. Finally, both the high luminous efficacy (115 Im W) and
high colour rendering indices (Ra = 96.9 and R9 = 95.8) are
realized in sample G with the KSF:SCASN:LuAG ratio of
6:0.72 : 1.
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Fig. 6 Measured LER of WLEDs with different amounts of KSF phos-
phor added. The 1924 CIE relative luminous efficiency function for
photopic vision can be seen in the inset.
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D. Conclusions

In summary, the trade-off between luminous efficacy and colour
rendering indices of WLEDs is greatly alleviated by using the dual
red phosphors consisting of a broad band SCASN and a narrow-
band KSF. That combining a single red phosphor of either SCASN
or KSF with LuAG leads to high LER but low R9. With the dual red
phosphor strategy, both the luminous efficacy and colour
rendering indices increase obviously, and reach the maximum of
LER = 115 Im W™ %, Ra = 96.9 and R9 = 95.8. The increments of
LER and CRIs are attributed to the enhanced red spectral part in
the range 600-680 nm and the absence of re-absorption of KSF.
The WELDs with both high LER and CRIs prepared in this work
are expected to be used in a broad range of lighting applications.
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