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ABSTRACT: It has been pointed out that agricultural crops and other
natural plants may be damaged by outdoor lighting systems. Therefore,
lighting that does not affect plant growth is needed. To address this
problem, we have prepared a new whitlockite-like phosphate Dy-phosphor
CagMgY,_,_,La,Dy,(PO,), which exhibits a yellow—white Dy lumines-
cence that has a maximum internal quantum efficiency of 65.6% under a
387 nm excitation light for x = 0.10 and y = 0.0S. The x dependence of
IQE showed two maxima at x = 0.10—0.15 and 0.80—0.83, which could be
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was fabricated from a UV LED emitting at 385 nm and a
CagMng_x_yLanyy(PO4)7 phosphor (Dy-WLED) for which the CIE
color coordinates and correlated color temperature were CIE(0.350,0.378) and 4919 K, respectively. Plant cultivation
experiments on Chlorella photosynthetic growth and blooming of the short-day plant Cosmos were carried out using the prepared
Dy-WLED and reference commercial LEDs. We found that the Dy-WLED substantially reduced the photosynthesis of Chlorella
and inhibited bloom impediment in Cosmos. These effects originated especially from the reduction of red—near-IR emissions.
Thus, we conclude that the Dy-WLED is a very promising candidate for plant habitat-conscious white LEDs for outdoor lights

that can protect both natural plant habitats and crop yields.
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1. INTRODUCTION

Throughout human history, lighting has been developed to
improve quality of life. Ever since the invention of incandescent
lamps by Edison in 1879, electric lights have been used for
many applications including residential lights, outdoor lamps,
displays, and biocultivation in plant factories. With the
expansion of these applications, various types of lighting
systems, such as mercury and fluorescent lamps, have been
developed. The recent progress of light-emitting diodes (LEDs)
is a significant breakthrough because of their very long lifetime
and high luminous efficacy compared with conventional
lighting systems.' > White LEDs (WLEDs) are usually formed
by blue LEDs and either yellow phosphors (YB)>* or red/
green phosphors (RGB).> Therefore, much research into
WLEDs has been devoted to making phosphors that emit light
that is brighter and more comfortable for human eyes.”” ™'
However, there are negative effects on the natural environ-
ment from outdoor lighting systems. Natural plant habitats,
particularly at dark sites such as caves and forests, can be
destroyed because the increase in illumination intensity allows
different species to thrive."" This is a significant problem for the
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protection of native species and the preservation of natural
heritage that needs to be addressed. Moreover, light during the
nighttime prevents the flowers of short-day plants from
blooming and accelerates bolting in long-day plants. These
damage natural plant habitats and decrease crop yields.'>"?
Therefore, artificial lighting systems must consider the
protection of plant habitats, and lighting that does not affect
plant growth must be developed.'* With this aim, we have
fabricated a plant habitat-conscious WLED (PHC-WLED)
using Dy’* luminescence. In this paper, we describe the
structural and optical properties of a new bright Dy-phosphor
CagMgY,_,_,La,Dy,(PO,); (CMYLP:Dy) that had good
internal quantum efficiency (IQE) of 65.6% under 387 nm
excitation. This IQE is among the highest compared with the
previously reported values for Dy-phosphors (Table 1). We
also report plant cultivation tests using a WLED consisting of
the CMYLP:Dy phosphor and an excitation UV LED and show
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Table 1. IQE and Excitation Wavelength (4,,.) of Dy-
Phosphors

phosphors IQE Dexe e
CagMgY,sLag 10Dy005(PO,), 65.7% 387 nm this work
LiLag 9oDyo0.10P4012 76% 16
Ca, 95Dy 551,07 15.2% 365 nm 17
GdNbO,:Dy 21.7% 270 nm 18
Y,WOg4:Dy 17% 302 nm 19
AgYo05DY002(WO,), 56% 270 nm 20
Li3Ba, Y, 90Dyo.10(M0O,)s 20% 388 nm 21
K,Y09:D¥003(WO,) (PO,) 21.0% 389 nm 15

its effect on reducing photosynthesis."> Moreover, we have
discovered that the Dy3+ luminescence also inhibits blooming
impediment in short-day plants.

2. EXPERIMENTAL SECTION

Polycrystalline CMYLP:Dy phosphors were synthesized by a solid-
state reaction. A mixture of reagent powders, namely, CaCO;, MgO,
Y,05, La,05, (NH,),HPO,, and Dy,0; in an appropriate molar ratio,
was preheated at 700 °C for 2 h in air. After an intermediate grinding,
the precursors were heated at 1300 °C for 6 h in air. The samples were
cooled down to room temperature with a rate of 200 °C/h. The La
and Dy substitutions were carried out at the Y sites. The products were
confirmed to be a single phase of CagMgY;_,_,La,Dy,(PO,), by X-ray
diffraction (XRD; RINT-2000, Rigaku). The crystal structure was
refined by Rietveld analysis using RIETAN-FP.*” The schematic
crystal structure of CMYLP:Dy was drawn in VESTA.”> The crystal
morphology of the sample was examined using field-emission scanning
electron microscopy (FESEM; SU9000, Hitachi). The photo-
luminescence spectrum, the IQE, IQE excitation spectrum, and the
luminescence color properties of the samples were evaluated with a
C9920—02 spectrometer (Hamamatsu Photonics) equipped with a
xenon lamp, a monochromator, a back-illuminated multichannel
charge-coupled device photodetector, and an integrating sphere. The
IQE (%) was calculated as IQE = N,,,/N,,s X 100, where N,,, and N,
are the numbers of emitted and absorbed photons, respectively.

A WLED containing the Dy-phosphor (Dy-WLED) was prepared
by embedding the CMYLP:Dy powder into silicone resin coated onto
a power UV LED (NS385L-6SMG, Nitride Semiconductors). The
excess UV light from the Dy-WLED was removed with a UV cut filter
(4 < 400 nm) to eliminate an extra influence for plant growth. Three
other commercial WLEDs were used for comparison. The color
properties, spectral irradiance, and illuminance for all LEDs were
studied using a multichannel spectrometer USB2000+ (Ocean Optics)
with a light-collecting optical fiber.

An experiment on Chlorella cultivation with the Dy-WLED and
three reference LEDs was performed. The Chlorella cells were
dispersed in a 0.1% HYPONeX (HYPONeX Japan Co., Ltd.) aqueous
solution, and then it was filtered to remove aggregated colonies by
using a coarse textured paper filter. The homogeneously dispersed
Chlorella solution was optically transparent. Chlorella solution (3 mL)
in a transparent cell was placed in a container covered with aluminum
foil inside to guarantee the light spectra originated from only the LED,
and then it was illuminated with an LED under equivalent illuminance
(200 Im m™2) conditions at 27 °C (Figure S1). The weight of the
Chlorella was measured after drying the solution overnight at 60 °C.

An experiment on flower blooming with the Dy-WLED and three
reference LEDs was carried out on Cosmos sulphureus Cav. (Cosmos) as
a model of short-day plants. The Cosmos were hydroponically
cultivated in containers covered with aluminum foil inside as in the
Chlorella breeding and illuminated by a fluorescent lamp that emitted
simulated sunlight in the visible light range at 8 k Im m™ for 8 h from
9:00 to 17:00 every day. For 16 h from 17:00 to 9:00, the four
containers were illuminated by the Dy-LED or reference LEDs at 50
Im m™2, and one container was kept dark (<0.5 Im m™2) as a control
(Figure S1). The culture solution was 0.1% HYPONeX water, and it

was renewed once each week. The flower numbers were counted for
three plants illuminated by each LED and the control (kept in the
dark).

3. RESULTS AND DISCUSSION

3.1. Structural and Luminescence Properties of
CMYLP:Dy. Figure 1, panel a shows the XRD 26 scan and
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Figure 1. (a) XRD 26/® scan of CagMgY(osDypos5(PO,),. Calculated
and observed diffraction profiles are shown at the top by the solid line
and crosses, respectively. Vertical marks in the middle show the
positions of the calculated Bragg reflections. The lower trace is a plot
of the difference between the calculated and observed intensities. The
inset shows the FESEM image of polycrystalline morphology of
CagMgY(0sDyoos(PO,);. (b) The schematic crystal structure of
CasMng—x—yLaxDYy(PO4)7'

FESEM image of the CMYLP:Dy (x = 0.00 and y = 0.05)
powder. All the XRD peaks were indexed to a hexagonal unit
cell of whitlockite-like structure. The polycrystalline grains were
relatively large with the size of about 50 ym, and there was not
distinctly different morphology from the main phase. There-
fore, we assumed that the obtained sample was the single phase
of whitlockite-like phosphates in this study, though trace
amorphous phases are possible within our target phase, as
indicated in previous work by Adcock et al** Rietveld
refinement was performed for the obtained XRD patterns,
and they were successfully fitted as an isostructure to
CagEu(PO,),” crystallized with the space group R3¢ (No.
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Table 2. Structural Parameters for CMYLP:Dy (x = 0.00 and y = 0.05)“ Refined by Rietveld Analysis of Powder XRD at Room

Temperature

space group R3¢ (161)

symmetry trigonal (hexagonal setting)

a(A) 10.3649(1)

c (A) 37.0770(4)

\%4 (A3) 3449.58(6)

atom Wyck. g 5

Cal 18b 0.850(7) 0.7245(5)
Ca2 18b 0.892(7) 0.6232(6)
Ca3 18b 0.925 0.7211(3)
YLaDyl 18b 0.150 0.7245
YLaDy2 18b 0.108 0.6232
YLaDy3 18b 0.075 0.7211
Mg 6a 1 0
P1 6a 1 0
P2 18b 1 0.6818(6)
P3 18b 1 0.6522(9)
01 18b 1 0.733(1)
02 18b 1 0.733(2)
03 18b 1 0.754(2)
04 18b 1 0.516(1)
05 18b 1 0.827(1)
06 18b 1 0.576(2)
07 18b 1 0.605(2)
08 18b 1 0.633(1)
09 18b 1 0.127(1)
O10 6a 1 0

“Labels x and y represent the mixture of Y, La, and Dy (Yl_x_y

20 range (°) 5.0—-80.0
number of reflns 2501

R, (%) 9.673

R, (%) 7.502

R, (%) 6.016

y z By, (A%

0.8695(9) 0.1640(3) 0.383
0.803(1) 0.9624(3) 0.383
0.8708(8) 0.0568(3) 0.383
0.8695 0.1640 0.383
0.803 0.9624 0.383
0.8708 0.0568 0.383
0 0.7327(6) 0.382
0 0 0.194
0.828(1) 0.8667(4) 0.194
0.801(1) 0.7641(3) 0.194
0.827(1) 0.9042(5) 0.462
0.732(2) 0.8442(6) 0.462
0.982(2) 0.8539(6) 0.462
0.763(3) 0.8649(7) 0.462
0.899(2) 0.7761(6) 0.462
0.880(2) 0.7828(6) 0.462
0.655(2) 0.7789(6) 0.462
0.809(2) 0.7242(5) 0.462
0.984(1) 0.9868(6) 0.462
0 0.0419(6) 0.462

La,Dy,). The fractions of these ions were fixed to x = 0.00 and y = 0.05 in this

calculation. Atomic positions of YLaDyl — YLaDy3 were restricted to the Cal—Ca3 sites, and the fraction ratio of Ca:YLaDy was kept as 8:1.

161) (Figure 1la). The fitting reliable factors were R,, =
9.673%, R, = 7.502%, and R, = 6.016%. This structure is
originally derived from the merrillite 5-Ca;(PO,), that has six
Ca sites (M1—M6).”° Each site has different coordination
environments: the M1 and M2 sites have eight oxygen
coordinates, the M3 and MS sites have nine and six oxygen
coordinates, respectively, and the M4 and M6 sites are usually
vacant.>~% In CMYLP:Dy, the M1, M2, M3, and MS sites can
be occupied by Ca** (r (ionic radius) = 1.120 A, coordination
number (CN): 8), Mg** (r = 0.890 A, CN: 8), Y** (r=1.019 A,
CN: 8), La** (r = 1.160 A, CN: 8), and Dy** (r = 1.027 A, CN:
8)29 ions. Since the MS site, which has six oxygen coordinates,
would be occupied by smallest ion Mg**, the other ions (Ca®",
Y?*, La*, and Dy’") were assigned to the M1—M3 sites in the
structural refinements (Figure 1b, Figure S2 and Table S1).
Table 2 shows the refined structural parameters of CMYLP:Dy
(x = 0.00 and y = 0.05).

Figure 2 shows the structural parameters a, ¢, V and
occupancy of rare earth (RE: Y, La and Dy) ions at the M1—
M3 sites. The La ion incorporation (variation of x) to the Y site
in CMYLP:Dy (y = 0.05) created all proportional solid
solutions; however, the x dependence of lattice parameters did
not follow Vegard’s law at two points near each end (x = 0.10
or 0.80). At x = 0.10 and 0.80, the lattice parameters a and ¢
were very slightly (ca. 0.1%) shrunk and elongated, respectively,
from the lines predicted from Vegard’s law. The site occupancy
of RE ions varied as a function of x: the occupancies of M1 and
M2 gradually decreased, and that of M3 increased with
increasing x, without any anomaly. The increasing fraction of
large La ions at the M3 site was caused by the large size
capacity of this site due to the nine oxygen coordinates. This

21400

tendency, in which large ions favorably occupy the M3 sites, is
consistent with a previous report.”” The M—O bond lengths as
a function of x were evaluated and are shown in Figure 3. The x
dependences of M1(M2)—O and M3—O lengths were convex
upward and downward, respectively. The averaged M—O bond
length, taking site occupancies of RE ions into account, showed
a gradual increase as a function of x without an obvious
anomaly at x = 0.10 or 0.80.

Figure 4, panel a shows a photoluminescence spectrum of
CMYLP:Dy (x = 0.10 and y = 0.05) under excitation at 385
nm. The CMYLP:Dy exhibited a yellowish white luminescence,
and sharp emission peaks were observed at 480, 571, 661, and
751 nm that can be assigned, respectively, to the *Fy, —
6Hls/v *Fypp — 6ng/v *Fopy — 6Hn/z; and *Fy, — 6H9/2
transitions in Dy’* ions. The luminescence CIE color
coordinates (CIE(x, y)) and correlated color temperature
(CCT) excited at 385 nm were estimated to be CIE(0.386,
0.439) and 4236 K, respectively. Among the luminescence
transitions in CMYLP:Dy, the 4F9/2 - 6H13/2 transition was
dominant. This would be caused by the low symmetry of the
18b site in the R3c space group without inversion center (C,
point symmetry), where the Dy’* ion was located. It has been
reported that the *Fy, — °H,;, transition of Dy*" is very
sensitive to the crystal-field environment: this transition can be
enhanced when the Dy** occupies sites with low symme-
try.'****" The IQE excitation spectrum for CMYLP:Dy (x =
0.10 and y = 0.05) is shown in Figure 4, panel b. In this
spectrum, four excitation bands were observed at 325, 351, 365,
and 387 nm that can be assigned, respectively, to the °H;5/, —
6P3/2r 6Hls/z = °Pyy, *Hyspy = *Dspy and °Hysp = ‘M)
transitions in Dy’ ions. The maximum IQE was 65.6% at 387
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Figure 2. Refined structural parameters and site occupation at M1—
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in CMYLP:Dy.

nm. Interestingly, two IQE and 571 nm luminescence intensity
(Is7; nm) maxima were confirmed at x = 0.15 and 0.85 for the
IQE and at x = 0.10 and 0.80 for the Iy, ,, (Figure 4c). The
IQE and Iy, , around x = 0.10—0.15 were, respectively, 18%
and 51% higher than those of the nearby end member at x =
0.00. From the structural refinements, no specific variation was
confirmed in the atomic coordinates of averaged crystal
structures at around x = 0.10—0.15 and 0.80—0.85, while the
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lattice parameters had anomalies at x = 0.10 and 0.80 (Figures 2
and 3). The f—f transition of Dy** should be partially allowed
by lowering local symmetry.”> The occupation sites of Dy>*
ions (M1-M3) had lowest point symmetry C; without
inversion center regardless of the Y3*/La’* ratio. It has been
known that the randomly distributed two ions that have a large
difference of ionic radii at same crystallographic site can vary
the local electrostatic potential by local lattice distortion around
those sites, which cannot be discussed from an assumption of
the averaged crystal structure.””** Therefore, we hypothesized
that a partial allowance of forbidden f—f transition due to the
local lattice distortion produced by minor incorporation of ions
to the end members, which had a relatively large difference of
ionic radii between the La** and Y** (Dy**), could be the main
cause of luminescence enhancement.

The IQE under excitation at 385 nm increased with x from
0.01 to 0.05 and then decreased (Figure 4d). Thus, we
identified CMYLP:Dy (x = 0.10 and y = 0.05) as the optimum
composition for the brightest luminescence. From the
concentration quenching behavior, the critical distance (Rc),
which is the distance between the activator and the quenching
site for the most efficient energy transfer, can be evaluated by
using the Blasse equation:*®

1/3

where V is the volume of the unit cell, X is the critical
concentration of Dy**, and N is the number of substituent sites
for the dopant in the unit cell. For the CMYLP:Dy host, V =
3446.15 A%, X. = 0.05 at the maximum IQE, and N = 54;
consequently, R¢ is calculated to be 13.46 A. The exchange
interaction generally restricts the critical distance to around S A
when it is dominated by an energy transfer.***” The value of R
was relatively large in this case; therefore, the multipolar
interaction was the dominant mechanism for the concentration
quenching in the CMYLP:Dy phosphors. In the plot of log(I/
y) versus log(y) for the luminescence intensity at 571 nm in
CMYLP:Dy (x = 0.10 and y = 0.05) under excitation at 385
nm, the relation between the luminescence intensity, I, and the
substituted molar fraction, y, of Dy** at a sufficient dopant level,
according to Dexter’s law for evaluating multipolar energy
transfer,”” is given by

1og(§] == (%1050

where ¢ is a constant, and § = 6, 8, and 10 correspond to
electric dipole—dipole (d—d), electric dipole—electric quadru-
pole (d—q), and electric %uadrupole—electric quadrupole (g—q)
interactions, respectively.”” The € value was calculated as 6.17,
which is close to 6, indicating that the concentration quenching
in this material was due to the d—d interaction.

Figure S, panels a and b show the x and y dependence of
emission spectra around the *F,,, — °Hs,, and *F,/, = °H,3),
transitions of Dy>" ions in CMYLP:Dy. The emission intensity
ratio (Iigo nm/Is71 nm) Of these two transitions varied slightly
with x (Figure Sc), while their peak shapes were almost the
same. The substitution of Mg®* to Ca® changed the spectral
shape, produced an additional small peak at 496 nm, and
increased the I gy \n/Is71 o ratio by about 18%. It is likely that
the increase of the I gy nm/Is7; o ratio indicates that the large
Ca’ ions relaxed the structural distortion. These variations by

3V
4nX N
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Figure 4. (a) Photoluminescence spectrum of CMYLP:Dy (x = 0.10 and y = 0.05) excited at 385 nm. (b) IQE of CMYLP:Dy (x = 0.10 and y =
0.05) as a function of wavelength. (c) IQE and integrated luminescence intensity at 571 nm for CMYLP:Dy (y = 0.0S) as a function of
concentration, x, under 385 nm excitation. (d) IQE for CMYLP:Dy (x = 0.10) as a function of concentration, y, under 385 nm excitation. The inset
plot of log(I/y) versus log(y) shows the luminescence intensity at $71 nm in CMYLP:Dy (x = 0.10) under excitation at 385 nm. The line represents

the fitting curve.

substitution of Mg>*/Ca®" ions mean that modification of MS
site also affected the crystal-field environment around the Dy**,
resulting in the variation of luminescence of whitlockite-like
hosts. The shape of the emission spectra of CMYLP:Dy did not
depend on y, but the variation of I gy 1n/Is7) nm Was larger than
that from variation of x. This difference between the y
dependence and the dependence on substitution of Ca®" to
Mg** would be caused by increasing structural distortion
around the Dy** due to its ionic size being smaller than that of
Ca™.

3.2. Optical Properties of Dy-WLED and Plant
Cultivation Tests. The Dy-WLED containing the CMYLP:Dy
(x = 0.10 and y = 0.05) phosphor showed intense white light
mainly consisting of three sharp emissions (Figure 6a): blue
emission, which was the excess light from the excitation UV
LED, and green—blue and yellow—orange luminescences from
the CMYLP:Dy phosphor corresponding to the *Fy/, = °His),
and *F,,, — °Hy;, transitions of Dy** ions. The CIE color
coordinates and CCT were CIE(0.350,0.378) and 4919 K,
respectively (Table 3 and Figure 6a). We used three other
commercial LEDs as references: WLED1 (NVSW119BT,
Nichia), WLED2 (TL1F1-WW1, Toshiba), and RGBWLED
(LRTB C9TP, Osram). These had different types of spectra
(Table 3 and Figure 6b,c). The emission spectra (Figure 6a,b)
show big differences between the Dy-WLED and conventional
LEDs, which emitted white light with CCT = 4000—13000 K
(Table 3). The commercial WLEDs (WLED1 and WLED?2)
emitted light over almost the entire wavelength range of visible
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light because of the wide luminescence band of the phosphors
in addition to the blue light from the excitation LEDs. In the
RGBLED, there were three strong emissions at 458, 532, and
643 nm. We compared the effects of these different emission
spectra on two types of plant growth: (1) a Chlorella cultivation
test corresponding to photosynthesis under continuous LED
illumination and (2) observations of bloom impediment by
night-time LED illumination under a short-day condition for
the short-day plant Cosmos.

First, the Chlorella cultivation test using the Dy-WLED,
WLED1, WLED2, and RGBLED was carried out (Figure S1).
The LEDs illuminated 3 mL of Chlorella dispersion in
cultivation cells for 14 days at equivalent illuminance of 200
Im m™ that is comparable to typical outdoor light at ground
level. We observed color changes of the Chlorella dispersion
(Figure 7a). While the dispersion was light green for the sample
illuminated by the Dy-WLED, the samples illuminated by the
other reference LEDs were much greener. The dried residue for
grown Chlorella was weighed, and the weight of the sample
illuminated by the Dy-WLED was much less than those of the
other reference LEDs. The measured weights were 330 ug (a
66-fold increase from the dark reference) for WLED1, 433 ug
(a 87-fold increase from the dark reference) for WLED2, 523
ug (a 105-fold increase from the dark reference) for RGBLED,
and 176 pg (a 35-fold increase from the dark reference) for Dy-
WLED (Table 4). Thus, the measured weight after illumination
by the Dy-WLED was only 53%, 40%, and 33% of the weights
for WLED1, WLED2, and RGBLED illumination, respectively.
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The data previously taken for same Chlorella cultivation
conditions with illumination from WLED1, WLED?2,
WLED3, and Dy-WLED2, which used the
K, Y007D¥0,05(WO,) (PO,) phosphor, are also plotted in Figure
7, panel a (the emission spectra of WLED3 and Dy-WLED?2 are
shown in Figures 6b and $3.)."> The reductions of photosyn-
thesis in Chlorella by the two Dy-based WLEDs are consistent.

The origin of reduced photosynthesis in the Dy-WLED has
been reported as being due to the following reasons:" low
correlation between the LED illumination and photosynthetic
action spectra and especially a reduction in the Emerson
effect,’ which is a synergetic effect of illumination by
multiwavelength bands, as a result of decreased red light
illumination. Therefore, we introduce two indicators, Cpg and

Ired:
350nm
Cpg = ‘/800 PS(x) x I(x) dx

600nm
Ired = f
800nm

where x is the wavelength, PS(x) is a typical photosynthetic
action spectrum (Figure S4),*' and I(x) is the LED emission
spectra. The Cpg and I, indicators were calculated by
integrating to near-IR wavelengths from near-UV (350—800
nm) and from red (600—800 nm), respectively. These
indicators for each LED are shown in Figure 7, panel b. The
residue weight had a large correlation with I.4; therefore, our
speculation that the reduction of I.4 is dominant in the
suppression of photosynthesis was strongly supported by these
results. The Dy-WLED prepared in this study produced a 44%
larger residue weight than the Dy-WLED2. Although the values
of I..q4 for Dy-WLED and Dy-WLED2 were very similar, the
value of Cpg for Dy-WLED was 19% higher than that for Dy-
WLED?2 due to a slightly larger amount of excess light from the
excitation UV LED (Figure S3). Actually, light from the near
UV to blue wavelength range also has a relatively large
correlation to the photosynthetic action spectrum and
fundamental chlorophyll a and b absorptions (Figure $4).*
Therefore, dealing with excess excitation light would be very
important in further reducing the photosynthesis effect.

We also carried out biocultivation experiments to study the
inhibition of blooming impediment in short-day plants. Three
Cosmos plants were cultivated for each of five conditions: a dark
(nighttime) reference and illumination by WLED1, WLED?2,
RGBLED, and Dy-WLED LEDs. The LEDs were illuminated
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Figure 6. Emission spectral irradiance for (a) Dy-WLED using the CMYLP:Dy (x = 0.10 and y = 0.05) phosphor and (b) commercial LEDs
(WLED1, WLED2, WLED3, and RGBLED). (c) CIE chromaticity diagram for the Dy-WLED, WLED1, WLED2, WLED3, RGBLED, and UVLED.
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Table 3. LEDs for Biocultivation Experiments

LED manufacturer model CIE(x,y) CCT
WLED1 Nichia NVSW119BT 0.338,0.342 5204 K
WLED2 Toshiba TL1F1-WH1 0.369,0.360 4199 K
WLED3 [15] Toshiba TLIF1-NW1 0.340,0.346 5266 K
RGBLED Osram LRTB C9TP 0.287,0.251 12560 K
UVLED Nitride Semiconductors NS385L-6SMG 0.200,0.078
Dy-WLED this work 0.357,0.374 4919 K

(a) 800 _ Table 4. Residual Weight of Cultivated Chlorella under LED
| | Illumination”
700 1 LED w (ug) W/ Weare WpywLED/W
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Figure 7. (a) Dried residue weight of the original sample of Chlorella
(0 days), reference sample kept in the dark (14 days), and samples
illuminated by WLED1, WLED2, RGBLED, and Dy-WLED at 200 Im
m™2 Data previously taken using WLED1, WLED2, WLED3, and Dy-
WLED?2, which used the K,Y,,5,Dy,03(WO,) (PO,) phosphor, and the
same Chlorella cultivation conditions are also plotted." The inset
shows photographs of the Chlorella dispersions after 14 days at 200 Im
m2 (b) Cps and I,q for WLED1, WLED2, WLED3, RGBLED, Dy-
WLED, and Dy-WLED2 at 200 Im m™
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“The Wy and wp g represent residual weights of dark reference
and Dy-WLED illumination, respectively.

for 16 h at nighttime every day, and a fluorescent lamp was
used as a proxy for sunlight illumination for 8 h during the day
(Figure SS). The total numbers of blooms as a function of
cultivation days were counted and are shown in Figures 8 and
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Figure 8. Total numbers of blooms of Cosmos as a function of
cultivation days for dark reference, WLED1, WLED2, RGBLED, and
Dy-WLED. The inset shows the delay in days as a function of total
flower number.

S6. The dark reference plants showed the most rapid blooming
pace from the 61st day. The Dy-WLED illuminated plants
followed with 1—4 days delay, while further blooming delay was
clearly observed for plants illuminated by the other LEDs (7—
14 days delay). The origin of this inhibition of bloom
impediment by the Dy-WLED can be explained as follows.
The blooming of flowers strongly depends on one of the most
important pigments of plants, phytochrome.” Phytochrome
has two molecular forms, called Pr and Pfr. Both types of
phytochrome have different absorption spectra, as shown in
Figure 9, panel a. Pr is converted to Pfr by red light illumination
at around 660 nm, and then it returns to being Pr for near-IR
light at around 730 nm or darkness. This is a reversible
reaction. There are absorption bands in Pr and Pfr in the near
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Figure 9. (a) Absorbance spectra of Pr and Pfr types of phytochrome
molecules.”® Adapted with permission from Elsevier. (b) Calculated
Cpy Cpgy and Cp,_pg; values for WLED1, WLED2, RGBLED, and Dy-
WLED.

UV range; however, these bands do not play a role in the Pr—
Pfr reversible reaction. Short-day plants flower when a higher
concentration of Pr compared to Pfr is accompanied by
decreasing daytime length. Therefore, a relation between the
nighttime illumination spectra and Pr/Pfr absorption has a very
significant effect on blooming in short-day plants. We evaluated
the relation using the following indicators:

500nm
Cru(orr) = AbSPr(Pfr)(‘x) X I(x),
800nm

CPr—Pfr = CPr - CPfr

where x is the wavelength, Absp,(pgs)(x) is the absorbance
spectrum for Pr or Pfr molecules (Figure 9a),*’ and I(x) is the
LED emission spectra. The indicators Cp, and Cp; were
obtained by integration over green to near-IR wavelengths
(500—800 nm) corresponding to the main absorbance bands of
Pr and Pfr. The indicator Cp, pg,, which is the difference between
Cp; and Cpg, roughly indicates the Pr concentration after the
overall Pr—Pfr reaction. The calculated values of Cp,, Cpg, and
Cpy.pg are shown in Figure 9, panel b. Both Cp, and Cp,_py, for
the Dy-WLED were much less than those of the reference
LEDs. The value of Cp,_pg for the Dy-WLED was only 52%,
41%, and 19% of those for WLED1, WLED2, and RGBLED,
respectively. The inhibition of bloom impediment observed for
the Dy-WLED has a certain level of consistency with the Cp,_pg
values, suggesting that reducing red—near-IR illumination was
effective for the inhibition of bloom impediment as well as for
the suppression of photosynthesis. Thus, we have demonstrated

two important functions of Dy-WLEDs by using the
CMYLP:Dy phosphors: the reduction of photosynthesis and
newly discovered inhibition of bloom impediment in short-day
plants. Since the variation of Pr/Pfr concentration plays a
fundamental role for bolting in long-day plants as well as for
bloom impediment in short-day plants, Dy-WLEDs could
suppress bolting in long-day plants as well.

Nevertheless, natural plant growth mechanisms are very
complex and are based on functions of many pigments, so
plants have evolved to use as wide a range of sunlight
wavelengths as possible. Therefore, it is extremely hard to
completely eliminate functions for plant growth under artificial
visible light illumination, whatever light sources we choose.
However, we have shown that the selective wavelengths
emitted from Dy*" ions can substantially reduce the correlation
between illumination and plant growth, and in the near future,
Dy-WLEDs can be expected to work as well as PHC-WLEDs
for environmental protection.

4. CONCLUSION

We have prepared a new whitlockite-like Dy-phosphor
CagMgY,_, ,La,Dy,(PO,), (CMYLP:Dy). The CMYLP:Dy
exhibited a yellow—white luminescence consisting of sharp
emission peaks at 480, 571, 661, and 751 nm that can be
assigned, respectively, to the *Fy,, — SHis),, *Fy;, = °Hyy),
*Fy), = °H, )5, and *Fy, — °H,), transitions in Dy*" ions. The
maximum IQE was 65.6% under 387 nm excitation light for x =
0.10 and y = 0.05. The x dependence of the IQE showed two
maxima at x = 0.10—0.15 and 0.80—0.85, which could be due to
the partial allowance of f—f forbidden transitions as a result of
local lattice distortion around the Dy*" ions originating from
the La incorporation at near end members of CMYLP:Dy.
Concentration quenching occurred for x > 0.0S. The R value
was 1346 A, and the d—d interaction was the dominant
mechanism for concentration quenching. A WLED was
fabricated from a UV LED emitting at 385 nm and the
CMYLP:Dy phosphor; the CIE color coordinates and CCT
were CIE(0.350,0.378) and 4919 K, respectively. Plant
cultivation experiments on Chlorella photosynthetic growth
and blooming tests of the short-day plant Cosmos were carried
out using the prepared Dy-WLED and reference commercial
LEDs. We found that the Dy-WLED reduced photosynthesis in
Chlorella substantially and inhibited the bloom impediment of
Cosmos. These effects especially originated from the reduction
of red—near-IR emissions. Thus, we conclude that the Dy-
WLED is a very promising candidate PHC-WLED that can be
used for outdoor lights, which will lead to the protection of
natural plant habitats.
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