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Abstract: In order to improve the color uniformity of multi-chip LEDs, a patterned phosphor 
configuration has been proposed by using pulsing spray process. The patterned phosphor has 
detached yellow and red phosphor regions matching every single LED chip. Optical 
performances of different phosphor parameters are experimentally investigated. The results 
show that the yellow central coating (YCC) configuration produces outstanding performance 
not only in chromatic uniformity but also in luminous. In comparison with the conventional 
phosphor coating, the YCC patterned phosphor LED can improve the luminous flux by 
20.6%, and decrease the difference of the correlated color temperature (CCT) distribution 
from 1362K to 489K. We believe that the patterned phosphor configuration can be used for 
improving optical properties of multi-chip LEDs. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 
White light emitting diode (WLED) with blue-chip coated with phosphor has been widely 
used for general lighting, display, and communication [1, 2]. This innovation played a major 
role in accelerating the illumination revolution. After more than two decades of development, 
the quality of the WLED has been greatly enhanced on their efficiency, lifetime, and 
consistency. However, there are some limitations that need to be addressed, such as limited 
efficiency of phosphor and lack of color uniformity [3]. The GaN-based blue WLEDs are 
fabricated on a sapphire (Al2O3), silicon (Si) or carborundum (SiC) wafer using epitaxy 
method by metal organic chemical vapor deposition (MOCVD). The LED wafers need to be 
cut into small dies and classified into different bins for the application. Even though the 
highest commercial power for a single LED chip can reach over 10W from CREE© EZ1950-P 
[4], it is still insufficient for high-power applications. Multi-chip LED package with chip on 
board (COB) technology is a preferable solution for high power applications. 

In conventional multi-chip LEDs, a multi-color phosphor is usually blended with the 
silicone and coated around the LED chips. The scattering and absorption of the phosphor 
particles limit the phosphor conversion efficiency [5, 6]. Color uniformity is another 
important quality index of the WLED. Since the white light is the combination of short 
wavelength light from the WLED chip and long wavelength light from the phosphor, the 
mixture of different colors is difficult to be made uniform [7]. 

In order to solve the above issues, some approaches have been developed. One solution is 
to enhance the surface scattering to uniformly mix the color, such as using an electrospinning 
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nano-fiber scattering enhanced film [8], micropatterned array optical structures [7] and micro-
scale roughness controlled surfaces [9, 10]. Another solution is to improve the particle 
scattering performance. In our previous work, we studied the particle scattering property 
using the particle shape through the finite difference time domain (FDTD) and ray tracing 
(RT) methods [11]. The results showed that the particle shape had a significant impact on the 
performance. Subsequently, we used different shapes of ZnO nanoparticles to improve the re-
scattering performance in order to enhance the angular color uniformity (ACU) [12]. 
However, strong scattering usually comes with strong absorption, which decreases the 
luminous efficiency. Therefore, various phosphor structures have been produced, such as 
remote phosphor cap [13–15], pyramidal remote phosphor layer [16, 17], ring-shaped remote 
phosphor layer [18, 19] and freeform phosphor layer [20]. Z.T. Li’s group proposed a 
multilayer phosphor conformal structure with the red phosphor layer on the bottom and the 
yellow phosphor layer on the top. This interesting concept for fabricating a low correlated 
color temperature (CCT) and high color rendering index (CRI) WLED device not only 
decreases the dosage of high-cost nitride phosphor but also results in good CCT uniformity 
[21]. Nevertheless, there is a large spectral overlap between the yellow emitted spectrum and 
the red excited spectrum. Patterned phosphor structure is one of the best solutions to solve 
this problem. Some researchers developed a screen printing method to prepare a phosphor-in-
glass remote phosphor plate with some rotational symmetry patterns for improving the color 
uniformity [5, 22–24]. Chen et al. developed a color tunable multi-chip LED by using double 
rings shaped phosphor structure [25]. However, the above researchers did not consider the 
matching between the patterned phosphor structures and emitting distribution of every single 
LED chip, which limited the chromatic performance of the patterned phosphor structures. In 
this work, a patterned phosphor configuration by using pulsing spray process has been studied 
to characterize the color uniformity of multi-chip LEDs, which is expected to improve optical 
properties of multi-chip LEDs. 

2. Experimental setups 
A commercial P2828 multichip LED from Nationstar© was selected for this work. It contains 
25 blue LED chips with a chip size of 43μm*89μm, a peak wavelength of 455nm and 5-
series, 5-parallel wire bonding connections. Yellow YAG: Ce phosphor (type: YAG04 from 
Intematix©) and red nitride phosphor (type: 0764 from Grinm©) were selected for converting 
blue light to yellow light and red light, respectively. The weight ratio of the red and yellow 
phosphor is 0.284:1.000. The total phosphor weight on each sample is controlled to be 45.00 
± 0.01mg through pulse spraying equipment. The fabrication process is demonstrated in Fig. 
1(a). 1) The multichip LED was covered with transparent silicone after the die bonding and 
wire bonding process. The dam decides the distance between the phosphor layer and the top 
of the LED chip, which is represented by H as shown in Fig. 2. The dam is controlled by the 
distance between the syringe needle and the LED base plate through a high precision 
dispensing machine (Musashi 300DS). In this work, we chose 0.42mm, 0.54mm and 0.66mm 
three distances as comparisons. 2) Three masks as shown in Fig. 1(b) were applied to carry 
out the phosphor spraying process. The mask A has 25 square holes with five different side 
lengths (0.9mm, 1.2mm, 1.5mm, 1.8mm, 2.1mm, 2.4mm) and spatial period of 3mm, same as 
the spatial period of the LED chips. After the first spraying round through mask A, 25 square 
phosphor islands were coated on the silicone surface. 3) Mask B for the second spraying 
round covered the 25 square phosphor islands and allowed the other phosphor to be coated in 
the surrounding areas. 4) Mask C for the third spraying round covered the already sprayed 
area and exposed the remaining area without the coating. After the third round spraying, the 
whole surface of the COB was coated with phosphors without any overlap. Finally, the 
devices were baked for 2 hours at 150°C. 
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Fig. 1. The fabricating process of the patterned phosphor multi-chip LED, (a) the cross-section 
view of the LED structure, (b) three spraying process with three matched masks. 

Fig. 2. Two configurations of patterned phosphor, (a) yellow central coating (YCC), and (b) 
red central coating. 

There are two configurations for the red and yellow patterned phosphor as shown in Fig. 
2. One configuration is named as the yellow central coating (YCC) and the other one is
named as the red central coating (RCC). The phosphor mass on each sample was kept
constant by measuring the area of each color, and the weight of the phosphor and silicon
before each spray process. The sprayed material on each multi-chip LED includes 1.72mg red
nitride phosphor, 6.04mg yellow YAG phosphor, and 11.09mg silicone.
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The measurement system (Instrument system®) includes a 0.5m integrating sphere, a 
spectrometer, a Keithley® 2420 DC adjustable source and a computer for data collection. To 
reduce the thermal effect from the LED chips, a cold plate with temperature controller was 
applied in this work. The plate temperature was kept at 25 ± 0.5°C during the measurement. 

3. Results and discussion

Fig. 3. The luminous flux of YCC and RCC LEDs at different input currents. 

Luminous flux is an important property of multi-chip LEDs. The sample with the side length 
of 2.1mm of the phosphor island and 0.54mm silicone thickness was chosen to contrast the 
YCC and RCC phosphor configurations. Figure 3 shows the luminous flux of the YCC and 
the RCC LEDs at different currents. The luminous flux curves increase linearly with input 
current, which indicates the non-radiative recombination is not serious under the current of 
1000mA. The luminous flux of the YCC type of the phosphor configuration is higher than the 
RCC type. The average improvement is 11.1%. At the current of 1000mA, the luminous 
fluxes of the YCC and RCC LED are 1571.4lm and 1414.4lm, respectively. Intuitively, this is 
the consequence of the fact that yellow phosphor can converse more blue light than the red 
phosphor. The Lambertian distribution of the blue light from the LED chip is mainly 
concentrated on the top of the LED chip. Therefore, the central yellow phosphor will convert 
most of the blue light down to the green and yellow light, which is more sensitive to the 
human eyes. In the inserted spectrum plot of Fig. 3 (right bottom corner), the radiant power of 
the YCC LED from 490nm to 610nm is higher than that of the RCC LED, and it is lower than 
the RCC LED in the range of 610nm to 780nm. Interestingly, the two types of the phosphor 
configurations have the similar correlative color temperatures (CCT). At the current of 
1000mA, the CCTs of the YCC and the RCC are 4875K and 4853K, respectively. Although 
the red phosphor in the RCC configuration converts most of the blue light down to red light 
(above 620nm), the radiant power from 610nm of the RCC LED is lightly higher than that of 
the YCC LED. One possible explanation for this is the spectral overlap, which implies the red 
phosphor in the YCC LED can re-absorb and re-emit the back-scattering yellow light from 
the central yellow phosphor [11], and can convert the yellow light down to red light. While in 
the RCC LED, the back-scattered red light is still re-absorbed by the surrounding yellow 
phosphor, however, it is not re-emitted as the yellow light. The schematic diagram is inserted 
in Fig. 3 (left top corner). Even though the spectral overlap still exists, it is weaker than the 
conventional mixture or multi-layer phosphor structures. It can be seen that the YCC 
configuration is better than the RCC configuration on luminous flux at the same CCT value. 
Therefore, in the following discussion, we will focus on the YCC configuration. 

Vol. 26, No. 6 | 19 Mar 2018 | OPTICS EXPRESS A287 



 

Fig. 4. The spectra of different phosphor island side length, the insert is the Pphosphor/Pchip ratio 
of different phosphor island side length 

 

Fig. 5. The radiant power (left) and luminous flux (right) of different side length phosphor 
islands 

Figure 4 shows the spectrum of the YCC multi-chip LEDs with different side lengths of 
the 25 square YAG phosphor islands. The measurement current is 1000mA. According to the 
spectrums, it can be divided into three wavebands: blue emission (380-490nm), yellow and 
green emission (490nm-610nm) and red emission (above 610nm). As can be seen from Fig. 4, 
the blue emission is decreased with the increase of the side length. This variation means that 
the phosphor is not saturated. For the yellow and green emission, the power increases with the 
increasing side length of the YAG phosphor island. The emission of the red light with a side 
length of the YAG phosphor island varies inversely to that of the yellow and green emission, 
but the variation in the red emission is less than in the yellow and green emission. Here, the 
spectrum is divided into two parts at 490nm (black dash line). The radiant power of 
wavelength less than 490nm is defined as Pchip, and the radiant power of wavelength larger 
than 490nm is defined as Pphosphor. The ratios of Pphosphor/Pchip of different phosphor island side 
length are shown in the inserted diagram in Fig. 4. The results indicate that the conversion 
ratio of the large phosphor area is higher than that of the small phosphor area. The main 
reason leading to this results is that the Lambertian blue emission converges mostly to the 
center of the structure. More blue emission can be converted into yellow-green light with 
large YAG phosphor area. Moreover, since the red and yellow phosphor ratio and total 
phosphor weight are the same, the sample with a small side length of the YAG phosphor 
island has a thick YAG phosphor layer and a thin Nitride phosphor layer. Even though the 
thicker phosphor helps in improving the conversion of the yellow phosphor under unsaturated 
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conditions, the spectral results also imply that the area of the phosphor is the dominant factor 
affecting the conversion compared with the phosphor thickness. 

 

Fig. 6. The chromatic coordinates of different phosphor island side lengths on the CIE1931 
chromatic map 

 

Fig. 7. Luminous fluxes and CCT values of three different silicone thicknesses (H), (a) the 
schematic diagram about rays emitted at different H, (b) the CCTs and (c) the luminous flux at 
different H 

Figure 5 displays the radiant power and luminous flux of the YCC LED with different 
YAG phosphor island side lengths. The radiant power varies slightly with different yellow 
phosphor side lengths at an average power of 5.8W. However, the luminous fluxes increase 
with the YAG phosphor island side lengths significantly. The reason is that at the same power 
level, the more human sensitive emission is converted by the phosphor with large phosphor 
island side lengths than that converted by smaller YAG phosphor island side lengths. The 
chromatic coordinates of different phosphor island side lengths on the CIE1931 chromatic 

                                                                              Vol. 26, No. 6 | 19 Mar 2018 | OPTICS EXPRESS A289 



map are shown in Fig. 6. With the increasing YAG phosphor island side length, the color 
shifts from blue to yellow, in addition, the color rendering index (CRI) increases from 35 to 
93. Generally, the LED light with CCT from 3000K to 6000K and CRI above 70 is suitable
for lighting applications. Therefore, in this work, the optimal side length of the square
phosphor island should be larger than 1.8mm. Observing from another side, by changing the
patterned size of the mask, the CCT and CRI can be adjusted. It is convenient for the industry
because it is not necessary to prepare different red and yellow ratio phosphors when
producing different CCT or CRI products.

The thickness of the silicone is another parameter that can affect the properties of the 
patterned phosphor. Three thicknesses, 0.42mm, 0.54mm, and 0.66mm, were selected in this 
work to investigate the influence of the silicone thickness. Figures 7(b) and 7(c) shows the 
CCTs and luminous fluxes of different silicone thicknesses at 1000mA. The CCT values of 
the thickness of 0.42mm, 0.54mm, and 0.66mm are 4874K, 5530K and 6066K, respectively. 
It demonstrates that more phosphor is stimulated when the phosphor layer is close to the LED 
chip. The luminous fluxes of the patterned phosphor with silicone thickness of 0.42mm, 
0.54mm, and 0.66mm are 1657.6lm, 1571.4lm, and 1472.9lm, respectively. When the 
phosphor is close to the LED chip, the vertex angles (α for YAG, β for Nitride, the schematic 
diagram is shown in Fig. 7 (a)) increase, thereby, more phosphor is stimulated, which 
increases the luminous flux of the LED. 

Further, the YCC and RCC patterned phosphor LED, conventional mixed phosphor and 
remote phosphor configurations are compared to investigate their optical characteristics. For 
the conventional mixed phosphor LED, the red and yellow phosphor was uniformly mixed 
with silicone and coated onto the LED chips. For the remote phosphor LED, the red and 
yellow phosphor was sprayed on to the transparent silicone layer. Both of the conventional 
and remote phosphor configurations have the same total phosphor weight and the weight ratio 
of red and yellow phosphor as YCC and RCC LEDs. The schematic diagram of the four 
LEDs is shown in the bottom of Fig. 8. The luminous fluxes at 1000mA of YCC, RCC, 
conventional and remote phosphor samples are shown in Fig. 8. The YCC configuration 
performs the best luminous property with a luminous flux of 1571.4lm. The luminous flux 
produced by the RCC configuration is worse than that of the remote phosphor configuration. 
At 1000mA, the luminous flux produced by the remote phosphor LED 1478.0lm whereas the 
luminous flux produced by the RCC phosphor LED is 1414.4lm. The conventional 
configuration showed the worst luminous performance with the production of 1303.0lm of 
luminous flux at 1000mA. The result indicates that the luminous flux can be improved 
approximately 20.6% by applying YCC patterned phosphor. 

Fig. 8. The luminous flux of four types of multi-chip LEDs 
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The distribution of the CCT and normalized intensity are shown in Fig. 9 and Fig. 10, 
respectively. Among the three CCT distributions, the highest CCT values appear in the center 
of the LEDs, and the CCT values decrease with the increasing vertex angles. Similar 
distributions can be observed in the normalized intensity as well. The largest CCT differences 
of the conventional, remote phosphor and YCC configuration are 1362K, 3257K and 489K, 
respectively. The YCC configuration illustrates the best CCT uniformity with average CCT 
value of 4251K. The average CCT of the remote and conventional phosphor configuration are 
6535K and 5369K, respectively. The CCT value of the YCC configuration is the lowest 
among the three phosphor configurations, which indicates that in the same phosphor mass 
condition, the YCC phosphor configuration can make the phosphor more efficient. The results 
of the normalized intensity are different from the CCT distributions. The conventional 
phosphor configuration LED shows the best uniformity of intensity, while the YCC 
configuration performs the worst intensity distribution. However, the differences between the 
normalized intensities of the three phosphor configurations are within 10% of each other, 
which is low enough that can be ignored for practical application. The full angle at half 
maximum (FAHM) for all of the three configurations is around 120°, which is a typical value 
for such a secondary optical design. 

Fig. 9. The correlated color temperature distributions of different types of multi-chip LEDs 

Fig. 10. The normalized intensity distributions of different types of multi-chip LEDs 
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4. Conclusions
In this work, a patterned phosphor configuration for high power multi-chip LEDs were 
proposed by a pulsing spray process, which improves the chromatic and luminous 
performance. The parameters of the patterned phosphor configurations were experimentally 
investigated and optimized. The results showed that the yellow central coating (YCC) 
configuration produced outstanding performance not only in chromatic uniformity but also in 
luminous. In comparison with the conventional phosphor coating, the YCC patterned 
phosphor LED can improve the luminous flux by 20.6%, and decrease the difference of the 
CCT distribution from 1362K to 489K. The YCC configuration is also capable of decreasing 
the average CCT value compared to other phosphor configurations in the same phosphor 
mass condition, which means that the YCC phosphor configuration is conducive to convert 
short wavelength light down to long wavelength light. Through this study, we believe that the 
application of the patterned phosphor configurations can enhance the optical properties of 
multi-chip LEDs. 
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