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Abstract: In this article, a cylindrical rod phosphor structure was developed and used for laser-driven
white lighting. The blue light emitting from the laser diode (LD) with limited divergence enters
the cylindrical rod containing phosphor and excites the yellow phosphor particles in the cylindrical
rod to generate white light. Multiple phosphor blends with yellow and red phosphors were also
applied to the cylindrical rod phosphor structure to enhance the red luminescence of white light with
a low correlated color temperature (CCT). An advanced structure with a surrounding transparent
layer around the central cylindrical rod containing phosphors was also investigated to enhance the
possibility of the blue light absorption by phosphors in the cylindrical rod region away from the LD.
The cylindrical rod phosphor structures with or without the surrounding transparent layer were
fabricated to produce laser-driven white lighting, and the optical characteristics of the cylindrical rod
phosphor structures with different phosphor concentrations or yellow-to-red phosphor weight ratios
were examined.

Keywords: laser-driven white lighting; cylindrical rod; correlated color temperature (CCT); scattering

1. Introduction

Solid-state lighting (SSL) is highly efficient, reliable, and environment-friendly and has
thus advanced rapidly over the last decade and has been used in various applications in
the lighting market. As the most successful representative of SSL, the phosphor-converted
LED (pc-LED) has been extensively applied in the field of general lighting. However,
the efficiency of the pc-LED decreases at high input power density, thereby limiting the
performance of pc-LED in high-brightness applications [1–3]. With notable differences
in the LEDs, laser diodes (LDs) primarily operate through stimulated emission without
a severe decrease in efficiency when they exceed the threshold [4,5]. The use of multiple
LDs of differing emission wavelengths is one approach to SSL [6]. However, the three or
four discrete laser lines (red–green–blue or red–yellow–green–blue) cannot fill the visible
spectrum for white light, and they cannot properly render the colors of objects. Multi-
wavelength LDs with a wavelength span beyond the capability of a single laser material are
important for laser-driven white light. A single LD capable of lasing at all three elementary
colors from single monolithic multi-segment heterostructure nanosheets (MSHNs) in the
blue, green, and red color bands is demonstrated [7]. However, the complex fabrication of
MSHNs prevents the use of the application for laser-driven white light at the present stage.
Besides multiple LDs, the laser-driven, phosphor-converted white light is an emerging
technology with huge potential for widespread applications in SSL. However, conventional
phosphor converters composed of phosphor and organic resins (silicone or epoxy) used
to fabricate conventional pc-LEDs are not suitable for laser-driven white light for high-
brightness applications due to the overheating and carbonization of silicone or epoxy under
exposure to heat generated by laser irradiation [8–10]. The degradation of a phosphor–
silicon mixture is responsible for the reduction in long-term reliability, luminous efficacy
degradation, and shift of chromaticity of laser-driven white light [11,12]. A novel design
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of a phosphor converter involving the application of phosphor to silicone is necessary for
preventing the degradation of phosphor–silicon mixture for the laser-driven, phosphor-
converted white light. An LD-based white light engine that uses a light guide design
in combination with a reflective-type remote phosphor is used to improve the overall
performance of the laser-based white light source [12]. The collimated LD light beam is
coupled from the output end of the light guide through total internal reflection (TIR) to the
reflective-type remote phosphor. The light emerging from the output end of the light guide
is uniformly distributed when the phosphor plate is excited. The structure of a rotating
wheel covered with colored phosphor layers excited by blue LDs is an efficient solution
that provides high-output power [13–15]. However, the moving parts inside this structure
limit its applicability for illumination. A ring remote phosphor (RRP) structure comprising
an inverted-cone-lens encapsulant and a surrounding phosphor layer was also developed
for laser-driven white lighting [16]. The encapsulant in the structure redirects light from a
blue LD to the surrounding phosphor layer, thereby preventing intense light from hitting
the phosphor layer on a small surface and, therefore, from considerably reducing luminous
efficiency. A phosphor-coated, cylindrical-rod-based extended white light source has also
been proposed [17]. The proposed extended white light source is composed of a transparent
rod covered with yellow phosphor and excited by a blue LD. The laser beam is focused on
the center of the front surface of the transparent rod and propagates through the rod because
of TIR. Then, blue light from the LD excites the yellow phosphor in the phosphor layer
around the transparent rod. However, the uniformity of the phosphor-coated, cylindrical-
rod-based extended white light source is low. Variable grinding, as well as making a hollow
core inside the transparent rod or gradient ground and nanoparticles inserted into the
surrounding phosphor layer, was used to improve the uniformity of white light. However,
precision grinding, drilling, and gradient grinding are complex processes. Moreover, the
blue laser beam propagates through the entire transparent rod and escapes from the end
surface of the rod without exciting the yellow phosphor. Thus, a mirror at the end of the
transparent rod is necessary for confining the blue laser beam inside the transparent rod to
increase the conversion efficiency of the surrounding phosphor layer.

To overcome the limitations of the phosphor-coated, cylindrical-rod-based extended
white light source, a cylindrical rod containing yellow phosphor for laser-driven white
lighting was evaluated in this study, as displayed in Figure 1a. Without the use of a focal
lens, the blue light emitting from the LD with limited divergence enters the cylindrical rod
and excites the yellow phosphor particles in the cylindrical rod to generate white light. The
scattering of the yellow phosphor in the cylindrical rod results in the scattering of the blue
and yellow light propagating in the rod, thereby resulting in uniform illumination [18,19].
Thus, the additional grinding and drilling of the cylindrical rod are ignored. The yellow
phosphor with different phosphor concentrations that distributed uniformly in the cylindri-
cal rod was investigated to determine the output power and correlated color temperature
(CCT) of laser-driven white lighting. However, the scattering of the yellow phosphor in
the cylindrical rod may also prevent the blue light from the LD from exciting the phosphor
particles away from the LD when the phosphor concentration is high. Without the blue
light excitation, the yellow emission and output power of the region in the cylindrical
rod away from the LD would be low. To enhance the possibility of blue light absorption
by yellow phosphor in the cylindrical rod region away from LD, a surrounding transpar-
ent layer around the central cylindrical rod was investigated, as illustrated in Figure 1b.
The surrounding transparent layer redirects the blue light exiting the central cylindrical
rod through TIR to the region away from the LD and then increases the possibility of
blue light absorption by yellow phosphor in the central cylindrical rod. Another problem
of laser-driven white light is its high CCT. Similar to the light emitted by pc-LEDs, the
laser-driven, phosphor-converted white light is based on the integration of traditional
broadband yellow phosphors and blue LD. However, the laser-driven, phosphor-converted
white light emitted by yellow phosphor is not suitable for medical examination lighting
or operating lights because of the poor performance in the red part of the spectrum and
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the corresponding high CCT. Multiple phosphor blends with yellow and red phosphors
could be used in laser-driven, phosphor-converted white light to enhance the red lumi-
nescence of white light with a low CCT. Therefore, we characterized the cylindrical rod
containing both yellow and red phosphors for laser-driven white lighting in this study, as
illustrated in Figure 1c. We also investigated the surrounding transparent layer around
the cylindrical rod containing both yellow and red phosphors, as illustrated in Figure 1d.
However, experimental observations revealed that multiple phosphor blends reduce the
luminescence of individual phosphors and their corresponding luminous efficiency due to
the reabsorption of light in pc-LEDs [20,21]. For the cylindrical rod containing yellow and
red phosphors for laser-driven white lighting in this study, the structure may also exhibit
low luminous efficiency due to the reabsorption of light in the structure. Therefore, certain
photons emitted from yellow phosphor are absorbed by red phosphor particles in the same
structure before they are extracted from the device. We propose a phosphor design involv-
ing a surrounding red phosphor layer in which yellow and red phosphors are separated
for use in laser-driven white lighting. The yellow cylindrical rod and surrounding red
phosphor layer are then separately illuminated by blue light emitted from the blue LD, as
displayed in Figure 1e.
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Figure 1. Schematic diagrams of (a) yellow phosphor cylindrical rod, (b) yellow phosphor cylindrical
rod with surrounding transparent layer, (c) yellow and red phosphors cylindrical rod, (d) yellow and
red phosphors cylindrical rod with surrounding transparent layer and (e) yellow cylindrical rod and
surrounding red phosphor layer used in this study.

2. Materials and Methods

To apply the laser-driven, phosphor-converted white light, the phosphor–silicon
mixture was used to fabricate the cylindrical rod containing phosphor. Figure 2 presents
the process flowcharts. The yellow phosphor gel (mixture of DC-184 from Dow Corning
and YAG4EL phosphor from Intematix) was injected into a cavity mold with an interior
diameter of 14 mm and depth of 50 mm and then heated in an oven at 100 ◦C for 30 min to
cure the cylindrical rod containing yellow phosphor at concentrations of 0.1%, 0.3%, 0.5%,
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0.7%, and 0.9%. Then, we fabricated a yellow cylindrical rod with a diameter of 14 mm
and length of 50 mm, as displayed in Figure 2b. We also fabricated a transparent layer
surrounding the yellow cylindrical rod. A typical two-step molding process was used to
fabricate the transparent layer surrounding the central yellow cylindrical rod. The central
yellow cylindrical rod was also formed using the cavity mold with an interior diameter
of 14 mm and length of 50 mm. The second step involved molding the surrounding
transparent layer around the central yellow cylindrical rod. To prevent the formation of
air bubbles/voids in the transparent layer, a part of the cylindrical mold with an exterior
diameter of 16 mm and a depth of 50 mm was injected with transparent gel (mixture
of OE-6370 HF from Dow Corning) before the central cylindrical rod was sealed in the
cylindrical mold. After the central cylindrical rod was pressed up from the cylindrical
mold, the transparent gel surrounded a part of the central yellow cylindrical rod. Then, we
injected more transparent gel into the cylindrical mold with a needle, filling the cylindrical
mold to surround the central yellow cylindrical rod, as displayed in Figure 2d. This study
used 1-millimeter-thick transparent layers. After curing at 150 ◦C for 30 min, the fabrication
of the surrounding transparent layer around the yellow cylindrical rod was completed, as
displayed in Figure 2e. To apply the laser-driven, phosphor-converted white light with
a low CCT, the cylindrical rod containing both yellow (YAG4EL) and red (RR6436 from
Intematix) phosphors was fabricated. For the yellow phosphor (YAG4EL) concentration
of 0.5%, the yellow (YAG4EL) to red (RR6436) phosphor weight ratios (Y:R) of 3:1, 6:1,
9:1, 12:1, and 15:1 were applied to the cylindrical rod containing both yellow and red
phosphors. The fabrication of the cylindrical rod samples containing two phosphors was
similar to that of the cylindrical rod containing yellow phosphor only. Thus, the cylindrical
rod samples containing two phosphors without or with the surrounding transparent layer
were obtained, as illustrated in Figure 2b,e. The red phosphor layer around the central
yellow cylindrical rod sample (Figure 1e) was also fabricated through a two-step molding
process. After the fabrication of the central yellow cylindrical rod with a diameter of
14 mm and a length of 50 mm, the central yellow cylindrical rod was sealed in the cylindrical
mold filled with red phosphor gel (mixture of OE-6370 HF from Dow Corning and RR6436
phosphor from Intematix) and then pressed up from the cylindrical mold to surround the
central yellow cylindrical rod, as illustrated in Figure 2f. At the selected yellow (YAG4EL)
phosphor concentration of 0.5%, the weights of the yellow phosphor in the central yellow
cylindrical rod and red phosphor in the surrounding red phosphor layer were the same
as those of the phosphors used in the cylindrical rod containing both yellow and red
phosphors, and the Y:R ratios were maintained at 3:1, 6:1, 9:1, 12:1 and 15:1, respectively.
The thickness of the red phosphor layers was also set to 1 mm. After curing at 150 ◦C for
30 min, the fabrication of the surrounding red phosphor layer surrounding the central
yellow cylindrical rod was complete, as illustrated in Figure 2g. For laser-driven, phosphor-
converted white light with a low CCT using the same yellow phosphor concentration, the
fabricated cylindrical rod containing both yellow and red phosphors or the surrounding
red phosphor layer around the central yellow cylindrical rod contained the same amount
of yellow phosphor, red phosphor, and silicone gel. The cylindrical rod samples with all
different structures are illustrated in Figure 3a. To determine the optical characteristics of
the cylindrical rod sample for laser-driven white lighting, the cylindrical rod sample was
mounted on a blue LD (OSRAM PL TB450) operating at a peak wavelength of 450 nm and
with a current of 350 mA, as depicted in Figure 3b. The corresponding input power was
approximately 1.3 W. The blue LD was modeled using the full-width at half-maximum
(FWHM) value of the Gaussian function. The divergence angles along the perpendicular
and parallel transverse directions of the LDs were not identical. The FWHM values of
the PL TB450 LD along each direction were assumed to be 23◦ and 6◦ [22]. The optical
characteristics of the cylindrical rod samples were evaluated using an Agilent E3634A and
a high-resolution spectrometer (Tristan USB) equipped with a 30 cm integrating sphere.
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3. Results and Discussion

Table 1 summarizes the optical characteristics of the cylindrical rod containing yel-
low phosphor with or without the surrounding transparent layer at different phosphor
concentrations. The luminous fluxes of the cylindrical rod containing yellow phosphor
with or without the surrounding transparent layer initially increased with the phosphor
concentration and then decreased. Thus, a threshold yellow phosphor concentration was
present. The human eye is more sensitive to yellow emission than to blue light, and a
yellow cylindrical rod with a higher phosphor concentration exhibits a higher luminous
flux, as depicted in Figure 4a,b. For yellow phosphor concentrations greater than the
threshold concentration, the high scattering of phosphor prevents the yellow light emitted
from the phosphor particles from escaping the yellow cylindrical rod with more phosphor
particles, resulting in a decrease in the output luminous flux. Meanwhile, the luminous
fluxes of the yellow cylindrical rod with the surrounding transparent layer were higher
than those without the transparent layer. The surrounding transparent layer redirects the
blue light exiting the central cylindrical rod because of the TIR to the region away from
the LD and then increases the possibility of the blue light absorption by yellow phosphor
and the output power of the cylindrical rod. Furthermore, the CCTs of the cylindrical rod
containing yellow phosphor with or without the surrounding transparent layer decrease
with the increasing phosphor concentration. The increase in the blue laser light absorption
and yellow emission from the yellow cylindrical rod was responsible for the decrease in the
CCT with increasing phosphor concentration. However, the trend of the decrease in CCT with
phosphor concentration is different from the decrease in yellow emissions, as illustrated in
Figure 4a,b. The yellow emissions of the cylindrical rod containing yellow phosphor with or
without the surrounding transparent layer initially increased with the phosphor concentration
and then decreased. The high phosphor scattering prevents both the blue and yellow light
from escaping the yellow cylindrical rod with more phosphor particles, resulting in a decrease
in the blue and yellow emissions when phosphor concentration is high. This, in turn, leads
to a decreasing CCT of the cylindrical rod containing yellow phosphor with or without the
surrounding transparent layer with increasing phosphor concentration. The chromaticity co-
ordinates of the cylindrical rod containing yellow phosphor with or without the surrounding
transparent layer are displayed in Figure 4c. The CCT decreased from 11,590 to 4276 K for the
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yellow cylindrical rod without the surrounding transparent layer and from 7902 to 4292 K for
the yellow cylindrical rod with the surrounding transparent layer.

Table 1. Optical characteristics of the cylindrical rod containing yellow phosphor with or without
surrounding transparent layer for laser-driven white lighting.

Cylindrical Rod
Containing Yellow

Phosphor

Phosphor
Concentration

(%)

CIE Coordinates
(x, y) CCT (K) Luminous

Flux (lm)

Without surrounding
transparent layer

0.1 (0.2831, 0.2613) 11,590 29.9
0.3 (0.3603, 0.4117) 4719 39.9
0.5 (0.3761, 0.4405) 4444 42.1
0.7 (0.3817, 0.4503) 4360 41.9
0.9 (0.3872, 0.4574) 4276 40.7

With surrounding
transparent layer

0.1 (0.3019, 0.2996) 7902 30.6
0.3 (0.3502, 0.3922) 4946 41.4
0.5 (0.3677, 0.4244) 4578 43.3
0.7 (0.3782, 0.4426) 4405 42.3
0.9 (0.3856, 0.4532) 4292 41.5

Table 2 summarizes the optical characteristics of the cylindrical rod containing both
the yellow and red phosphors with or without the surrounding transparent layer and the
surrounding red phosphor layer around the central yellow cylindrical rod with different
Y:R ratios. At a yellow phosphor concentration of 0.5%, the CCTs of all the structures
containing both yellow and red phosphors were lower than those of the cylindrical rod
containing only yellow phosphor. The enhancement in the red emission of the cylindrical
rod structure containing red phosphor resulted in white light emission with a low CCT.
With the increasing Y:R ratios for the cylindrical rod structure, the CCT increases in the
cylindrical rod containing both yellow and red phosphors with or without the surrounding
transparent layer. The increase in the Y:R ratios indicates an increase in yellow phosphor
weight with a corresponding decrease in red phosphor. Thus, the red emission from the
red phosphor is low when the Y:R ratio is high. Furthermore, the CCT of the cylindrical
rod containing both yellow and red phosphors with a high Y:R ratio was high. Moreover,
the quantum yield of the red phosphor was lower than that of the yellow phosphor. In
addition, the cylindrical rod containing less red phosphor (or high Y:R ratio) can cause high
yellow emission with corresponding high-output power, as illustrated in Figure 5a,b. Thus,
the luminous flux increases with the increasing Y:R ratio for the cylindrical rod containing
both yellow and red phosphors. However, the luminous fluxes of the yellow cylindrical
rod with the surrounding transparent layer were higher than those of the rod without
the transparent layer. The surrounding transparent layer redirects the blue light escaping
the central cylindrical rod because of the TIR to the region away from the LD and then
increases the possibility of blue light absorption by the yellow and red phosphors and the
output power of the cylindrical rod. Compared with the cylindrical rod containing both
yellow and red phosphors with or without a transparent layer, the red phosphor layer
surrounding the central yellow cylindrical rod yielded high luminous flux at different Y:R
ratios. With the decrease in reabsorption in the two phosphor systems, the surrounding
red phosphor layer around the central yellow cylindrical rod yielded a high luminous flux.
However, most of the light emitted by the blue LD hit the yellow phosphor particles in the
central yellow cylindrical rod; only part of the blue light emitting from the LD or scattered
by the yellow phosphor particles hit the red phosphor particles in the surrounding red
phosphor layer. The low divergence angle of the blue LD causes the low possibility of
the blue light hitting the red phosphor particles in the surrounding red phosphor layer.
Thus, the red emission observed in the surrounding red phosphor layer was negligible
around the central yellow cylindrical rod, as illustrated in Figure 5c. Figure 5d illustrates
the low variations in chromaticity coordinates and CCT of the surrounding red phosphor
layer around the central yellow cylindrical rod with different Y:R ratios. The chromaticity
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coordinates of the cylindrical rod containing both yellow and red phosphors with or
without the surrounding transparent layer changed from natural white to warm white,
which were in close proximity to the Planckian locus, as displayed in Figure 5d. The
CCT increased from 2263 to 4089 K for the cylindrical rod containing both yellow and
red phosphors without the surrounding transparent layer and from 2493 to 4524 K for the
phosphors with the surrounding transparent layer.

Table 2. Optical characteristics of the cylindrical rod containing both yellow and red phosphors with
or without surrounding transparent layer, and the surrounding red phosphor layer around the central
yellow cylindrical rod for laser-driven white lighting.

Cylindrical Rod Containing Mixed
Yellow and Red Phosphors Y:R Ratio CIE Coordinates (x, y) CCT (K) Luminous Flux (lm)

Without surrounding transparent layer

3:1 (0.4591, 0.3762) 2263 29.3
6:1 (0.4248, 0.3957) 3196 35.6
9:1 (0.4027, 0.4022) 3695 38.0

12:1 (0.4101, 0.3996) 3863 39.5
15:1 (0.3946, 0.4017) 4089 41.2

With surrounding transparent layer

3:1 (0.4431, 0.3665) 2493 30.2
6:1 (0.4103, 0.3805) 3264 36.7
9:1 (0.3951, 0.3888) 3852 39.7

12:1 (0.3859, 0.3902) 4096 41.1
15:1 (0.3877, 0.3914) 4524 42.0

Surrounding red phosphor layer around
central yellow cylindrical rod

3:1 (0.3915, 0.3981) 3867 37.5
6:1 (0.3825, 0.407) 4133 40.1
9:1 (0.3781, 0.4125) 4267 40.6

12:1 (0.3762, 0.4142) 4321 41.4
15:1 (0.3741, 0.4151) 4376 42.1

Coatings 2022, 12, x FOR PEER REVIEW 8 of 15 
 

 

the cylindrical rod containing yellow phosphor with or without the surrounding trans-
parent layer are displayed in Figure 4c. The CCT decreased from 11,590 to 4276 K for the 
yellow cylindrical rod without the surrounding transparent layer and from 7902 to 4292 
K for the yellow cylindrical rod with the surrounding transparent layer. 

Table 1. Optical characteristics of the cylindrical rod containing yellow phosphor with or without 
surrounding transparent layer for laser-driven white lighting. 

Cylindrical Rod 
Containing Yel-
low Phosphor 

Phosphor Concen-
tration (%) 

CIE Coordinates 
(x, y) 

CCT (K) 
Luminous Flux 

(lm) 

Without sur-
rounding trans-

parent layer 

0.1 (0.2831, 0.2613) 11,590 29.9 
0.3 (0.3603, 0.4117) 4719 39.9 
0.5 (0.3761, 0.4405) 4444 42.1 
0.7 (0.3817, 0.4503) 4360 41.9 
0.9 (0.3872, 0.4574) 4276 40.7 

With surrounding 
transparent layer 

0.1 (0.3019, 0.2996) 7902 30.6 
0.3 (0.3502, 0.3922) 4946 41.4 
0.5 (0.3677, 0.4244) 4578 43.3 
0.7 (0.3782, 0.4426) 4405 42.3 
0.9 (0.3856, 0.4532) 4292 41.5 

 

 
(a) 

Figure 4. Cont.



Coatings 2022, 12, 1637 10 of 14

Coatings 2022, 12, x FOR PEER REVIEW 9 of 15 
 

 

 
(b) 

 
(c) 

Figure 4. Emission spectra of cylindrical rod containing yellow phosphor (a) without and (b) with 
surrounding transparent layer for laser-driven white lighting. (c) CIE chromaticity coordinates of Figure 4. Emission spectra of cylindrical rod containing yellow phosphor (a) without and (b) with

surrounding transparent layer for laser-driven white lighting. (c) CIE chromaticity coordinates
of cylindrical rod containing yellow phosphor with or without surrounding transparent layer for
laser-driven white lighting.



Coatings 2022, 12, 1637 11 of 14

Coatings 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

Table 2. Optical characteristics of the cylindrical rod containing both yellow and red phosphors 
with or without surrounding transparent layer, and the surrounding red phosphor layer around 
the central yellow cylindrical rod for laser-driven white lighting. 

Cylindrical Rod Con-
taining Mixed Yellow 

and Red Phosphors 
Y:R Ratio CIE Coordinates (x, y) CCT (K) Luminous Flux (lm) 

Without surrounding 
transparent layer 

3:1 (0.4591, 0.3762) 2263  29.3  
6:1 (0.4248, 0.3957) 3196  35.6  
9:1 (0.4027, 0.4022) 3695  38.0  

12:1 (0.4101, 0.3996) 3863  39.5  
15:1 (0.3946, 0.4017) 4089  41.2  

With surrounding 
transparent layer 

3:1 (0.4431, 0.3665) 2493  30.2  
6:1 (0.4103, 0.3805) 3264  36.7  
9:1 (0.3951, 0.3888) 3852  39.7  

12:1 (0.3859, 0.3902) 4096  41.1  
15:1 (0.3877, 0.3914) 4524  42.0  

Surrounding red phos-
phor layer around cen-
tral yellow cylindrical 

rod 

3:1 (0.3915, 0.3981) 3867  37.5 
6:1 (0.3825, 0.407) 4133  40.1 
9:1 (0.3781, 0.4125) 4267  40.6 

12:1 (0.3762, 0.4142) 4321  41.4 
15:1 (0.3741, 0.4151) 4376  42.1 

 
(a) 

Coatings 2022, 12, x FOR PEER REVIEW 12 of 15 
 

 

 
(b) 

 
(c) 

Figure 5. Cont.



Coatings 2022, 12, 1637 12 of 14

Coatings 2022, 12, x FOR PEER REVIEW 13 of 15 
 

 

 
(d) 

Figure 5. Emission spectra of (a) cylindrical rod containing both yellow and red phosphors with-
out surrounding transparent layer, (b) cylindrical rod containing both yellow and red phosphors 
with surrounding transparent layer, and (c) surrounding red phosphor layer around central yel-
low cylindrical rod for laser-driven white lighting. (d) CIE chromaticity coordinates of all the 
samples containing both yellow and red phosphors in this study. 

4. Conclusions 
We demonstrated a cylindrical rod phosphor structure for laser-driven white light-

ing. Without the use of a focal lens, the blue light emitting from the LD with limited di-
vergence enters the cylindrical rod containing phosphor and excites the yellow phos-
phor particles in the cylindrical rod to generate white light. For the cylindrical rod 
phosphor structure, the specific dimensions of the cylindrical rod should be determined. 
In this study, the FWHM values along the perpendicular and parallel transverse direc-
tions were assumed to be 23 and 6. To enhance the usage rate of the emitting light 
from the LD into the cylindrical rod, the diameter of the cylindrical rod was set to 14 
mm. The length of the cylindrical rod should also be specified. The scattering of the yel-
low phosphor in the cylindrical rod results in the scattering of the blue and yellow light 
propagating in the rod, thereby resulting in uniform illumination. However, the scatter-
ing of the yellow phosphor in the cylindrical rod may also prevent the blue light from 
the LD from exciting the phosphor particles away from the LD when the phosphor con-
centration is high. Thus, the specific length of the cylindrical rod was set to 50 mm. An 
advanced structure with a surrounding transparent layer around the central cylindrical 
rod containing phosphor was also investigated to enhance the possibility of the blue 
light absorption by yellow phosphor in the cylindrical rod region away from the LD. 
Furthermore, multiple phosphor blends with yellow and red phosphors were applied to 
the cylindrical rod phosphor structure for laser-driven, phosphor-converted white light 
to enhance the red luminescence of white light with a low CCT. Finally, a cylindrical rod 

Figure 5. Emission spectra of (a) cylindrical rod containing both yellow and red phosphors with-
out surrounding transparent layer, (b) cylindrical rod containing both yellow and red phosphors
with surrounding transparent layer, and (c) surrounding red phosphor layer around central yellow
cylindrical rod for laser-driven white lighting. (d) CIE chromaticity coordinates of all the samples
containing both yellow and red phosphors in this study.

4. Conclusions

We demonstrated a cylindrical rod phosphor structure for laser-driven white lighting.
Without the use of a focal lens, the blue light emitting from the LD with limited divergence
enters the cylindrical rod containing phosphor and excites the yellow phosphor particles
in the cylindrical rod to generate white light. For the cylindrical rod phosphor structure,
the specific dimensions of the cylindrical rod should be determined. In this study, the
FWHM values along the perpendicular and parallel transverse directions were assumed
to be 23◦ and 6◦. To enhance the usage rate of the emitting light from the LD into the
cylindrical rod, the diameter of the cylindrical rod was set to 14 mm. The length of the
cylindrical rod should also be specified. The scattering of the yellow phosphor in the
cylindrical rod results in the scattering of the blue and yellow light propagating in the
rod, thereby resulting in uniform illumination. However, the scattering of the yellow
phosphor in the cylindrical rod may also prevent the blue light from the LD from exciting
the phosphor particles away from the LD when the phosphor concentration is high. Thus,
the specific length of the cylindrical rod was set to 50 mm. An advanced structure with a
surrounding transparent layer around the central cylindrical rod containing phosphor was
also investigated to enhance the possibility of the blue light absorption by yellow phosphor
in the cylindrical rod region away from the LD. Furthermore, multiple phosphor blends
with yellow and red phosphors were applied to the cylindrical rod phosphor structure for
laser-driven, phosphor-converted white light to enhance the red luminescence of white
light with a low CCT. Finally, a cylindrical rod phosphor structure with a red phosphor
layer surrounding the central yellow cylindrical rod was observed. The samples with the
cylindrical rod phosphor structures with or without the surrounding transparent layer were
fabricated for laser-driven white lighting. For the cylindrical rod containing only yellow
phosphor, the luminous fluxes of the cylindrical rod with or without the surrounding
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transparent layer initially increased with the phosphor concentration and then decreased.
The human eye’s response to light results in an increase in luminous flux with increases
at the yellow phosphor concentrations less than the threshold concentration. When the
phosphor concentration is high, the high scattering of phosphor prevents the yellow light
emitted by the phosphor particles from escaping the yellow cylindrical rod with more
phosphor particles, thereby resulting in a decrease in the output luminous flux. Moreover,
the luminous fluxes of the yellow cylindrical rod with the surrounding transparent layer
were higher than those of the rods without the transparent layer. The use of the surrounding
transparent layer redirects the blue light leaving the central cylindrical rod because of the
TIR to the region away from the LD and then increases the possibility of the blue light
absorption by yellow phosphor and the output power of the cylindrical rod. Although
the maximum luminous efficiency is lower than those of other laser-driven white light
structures, our structure is simpler and more compact [12,13]. We also investigated the
cylindrical rod containing yellow and red phosphors with or without the surrounding
transparent layer and the surrounding red phosphor layer around the central yellow
cylindrical rod with different Y:R ratios. At a yellow phosphor concentration of 0.5%,
the CCTs of all the structures containing both yellow and red phosphors were lower
than the CCTs of the cylindrical rod containing only yellow phosphor. The luminous
flux of the cylindrical rod containing both yellow and red phosphors increased with the
increasing Y:R ratio. Additionally, the luminous fluxes of the yellow cylindrical rod with the
surrounding transparent layer were higher than those of the rods without the transparent
layer. Compared with the cylindrical rod containing both yellow and red phosphors with
or without the transparent layer, the surrounding red phosphor layer around the central
yellow cylindrical rod exhibited higher luminous fluxes at different Y:R ratios. However,
the chromaticity coordinates and CCT variations of the surrounding red phosphor layer
around the central yellow cylindrical rod with different Y:R ratios were low.
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