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Abstract 

The remote phosphor caps (RPCs) have been studied theoretically and experimentally based 

on chip-on-board (COB) devices. We have investigated the effect of RPCs on the blue light and the 

yellow light emission distributions by ray-tracing. Moreover, the geometry of RPCs have been 

optimized to simultaneously achieve an excellent optical performance and color uniformity. 

Corresponding to simulation results, both the optimized (conical shape without straight side) and 

the reference (semi-spherical shape with straight side) RPCs have been manufactured by the 

compression molding method. These RPCs were assembled to the same blue COB source and then 

the COB devices have been measured. Compared with the reference RPC, the optimized RPC is 

able to significantly increase the radiant power and the luminous flux by 15.9% and 17.0% at a 

driving current of 350 mA, respectively, and it can also decrease the standard deviation of the 

correlated color temperature (CCT) by 48.9% for a total CCT about 4800 K. Hence, the proposed 

RPCs can provide a superior improvement in optical performance and color uniformity to COB 

devices. 

Key words: Remote phosphor, chip-on board (COB), light-emitting diodes (LEDs), optical 

performance, color uniformity. 

 

1. Introduction 

With the phase-out of the traditional light source with low luminous efficiency and high energy 
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consumption, white light-emitting diodes (WLEDs) has been widely used to the lighting 

applications given their advantages such as long life and low environmental impact [1]. To satisfy 

the demands on various lighting applications, it’s significantly necessary to improve the optical 

performance [2] and color quality [3] of WLEDs. At the present, it’s one of the most important 

technique to generate white light by stimulating the phosphor layer (PL) through blue LED chips, 

and the PL is generally consisted with phosphor powders and silicone. Since the PL has strong 

scattering and absorption effect, its structure has great influence on WLEDs optical performance 

and color quality, especially in terms of the luminous flux (LF) and the color uniformity (CU). 

Generally, the conformal structure of the PL helps to achieve a high CU as the blue light emitted 

from LED chips can be uniformly and entirely scattered by the PL [4-6]; however, it’s difficult to 

achieve a high LF simultaneously because of the serious backward scattering effect in the PL [7, 8]. 

To reduce the probability that the back scattered light is absorbed by LED chips, the remote structure 

of the PL introduces an isolated layer to discrete the PL and LED chips, which is one of the most 

promising method to improve the performance of WLEDs [9, 10], especially the LF [11-14] and the 

thermal stability [15, 16]. In order to achieve a higher LF and CU simultaneously, the remote 

structure of the PL has been widely studied. On one hand, the remote hybrid structure of the PL is 

put forward, which combines the remote PL with special optical elements such as the micro-

patterned film [17], the ZrO2 nano-particles coating [18] and the light-recycling filter [19]. But it’s 

not convenient to manufacture WLEDs with these additional optical elements by the traditional 

packaging technique. On the other hand, it has been more common to investigate the geometry of 

remote PLs [20-23], which is effective to improve the 𝐿𝐹 and the 𝐶𝑈 of WLEDs.  

These studies on the PL mentioned above are all based on the discrete components which is 

commonly comprised of a single LED chip, lead frame and ensapsulant. Practically, the multiple 

discrete components are demanded to achieve sufficient LF by surface-mounting assemble, which 

simultaneously forms the multi-shadow pattern [24] and decrease the lighting quality. Contrarily, 

chip-on-board (COB) devices [25] can obtain a sufficiently high LF by utilizing only one source, 

avoiding complex assemble processes and the multi-shadow pattern in illumination areas. There are 

also some studies focusing towards the PL of COB devices in order to further improve its optical 

performance. H. –T. Huang [26] has formed the PL on a plastic substrate with micro line lenticular 
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arrays, greatly improving the LF and the CU of lighting systems with COB devices. H. –C. Kuo [27] 

has improve the CU of COB devices by coating a micro-cone patterned PDMS film on the PL. Z. 

Chen [28] has designed a microscale-roughness-controlled-surface module to simultaneously 

achieve high optical and chromatic uniformity of lighting modules with COB devices. Similar to 

the discrete components, it’s somehow difficult to obtain these optical elements, which potentially 

increase the manufacture cost of COB devices. Generally, it’s more common to manufacture COB 

devices improved by the optimized PL geometry instead of special optical elements on the basic of 

the traditional packaging technique. Though there have been lots of studies focusing on the PL 

geometry according to discrete components [20-23], studies focusing on the PL geometry based on 

COB devices are barely found, especially for remote PLs. This has extremely limited the 

improvement in the optical performance and color quality of COB devices. Recently, Y. –H. Wang 

[15] has found that COB devices with remote PLs is able to achieve a much higher LE, CU and 

thermal stability compared with the multiple discrete components, which foreshadows a possible 

improvement in the optical performance and color quality of COB devices by investigating their 

remote PLs. In this paper, the remote phosphor caps (RPCs) have been studied theoretically and 

experimentally based on COB devices. We have investigated the effect of the phosphor 

concentration and the thickness of RPCs on the optical performance of COB devices by ray-tracing, 

mechanisms of the emission light affected by RPCs are discussed. Furthermore, we have optimized 

the straight side height and the radius of RPCs in order to gain a high LF and CU. Finally, the 

optimized and the reference RPCs have been manufactured by the compression molding method, 

COB devices with these RPCs were measured and discussed. 

 

2. Experiment and Simulation Setups 

RPCs were manufactured by the compression molding method, as shown in Fig. 1(a). Both the 

terrace die and concave die were pre-adhered with less surface energy coating (LSEC) in order to 

release conveniently, then the phosphor slurry consisted with YAG:Ce phosphor [29] and silicone 

was uniformly injected upon the concave die preheated to 80℃. Meanwhile, the terrace die was 

pressed to close the cavity between two dies with a constant force 55 kN. After that, the phosphor 

slurry was immediately cured at a temperature of 130℃ for 400 second in order to preform RPCs 



and minimize the effect of the phosphor settling [30] . It should be noticed that the vacuum of the 

cavity between two dies was kept by vacuum pumps during preheating and curing processes, 

avoiding the formation of air bubble inside RPCs. Finally, dies were released and RPCs were 

transferred to be entirely cured at the oven at a temperature of 150℃ for 3 hours. On the basic of 

this method, RPCs with various geometry can be conveniently manufactured through reasonable 

designs of dies, as shown in Fig. 1(b). Moreover, RPCs were assembled to the same COB source 

that was packaged by the silicone and with 42 square-shaped and horizontal blue LED chips. COB 

devices with these RPCs, which were mounted to a heat sink in order to minimize the effect of the 

increased junction temperature, were then spectrally measured with an integrating sphere from 

Instrument System. The drive current was provided by a Keithley adjustable DC source. The radiant 

power, luminous flux, typical spectrum at a drive current of 350 mA, and the CCT as well as its 

angular distributions were measured. 

To study the effect of RPCs on the radiant efficiency 𝑅𝐸  (the ratio of radiant power to 

electrical power) and color uniformity 𝐶𝑈 of COB devices, the commercial software Tracepro was 

adopted to conduct optical simulations, the model of COB devices is shown in Fig. 2. The RPC was 

mixed with silicone (refractive index (RI) 1.54) and YAG phosphor (RI 1.78, mean particles size 

16μm, a single peak emission wavelength 565nm), its scattering, absorption cross-sections, and 

scattering phase function were achieve by the finite difference time domain (FDTD) method [31]. 

The COB was packaged by the silicone and it has a circular light-emitting surface which was 

produced by horizontal blue LED chips (size 0.76 x 0.56 mm, a single peak emission wavelength 

455 nm) distributed in a 6 x 7 array. What’s more, the horizontal blue LED chip was simplified to 

be consisted with p-GaN (RI 2.43), MQW (RI 2.37), n-GaN (RI 2.43), sapphire substrate (RI 1.8) 

and reflection layer (reflection 95%); the MQW layer has an absorption coefficient of 0.8mm−1 

[32]. The output radiant power from the MQW layer of each LED chip is 1 watt in our model (totally 

42 watt for a COB source). Besides, the reflection of the base mounting surface was assumed to be 

80% and a spherical detector was 500 mm far from the center of the COB device. Subsequently, this 

model was used to study the effect of the phosphor concentration 𝑐, the thickness 𝑡, the height of 

the straight side ℎ and the radius 𝑟 of RPCs on COB devices. 
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3. Results and Discussion 

As we just focus on the effect of RPCs on COB devices, the 𝑅𝐸 of COB devices is normalized 

to the 𝑅𝐸 of the COB source that is kept as a constant. Hence, the 𝑅𝐸 of COB devices discussed 

below is ranged from 0 to1, the radiant power of these COB devices can be easily obtain when 

adopting a COB source with certain radiant power. Moreover, the 𝑅𝐸TW (𝑅𝐸TY, 𝑅𝐸TB) is defined 

as the total white (yellow, blue) light radiant efficiency of COB devices ranging from viewing angels 

−180° to 180°; the 𝑅𝐸FW (𝑅𝐸FY , 𝑅𝐸FB) is defined as the forward white (yellow, blue) light 

radiant efficiency of COB devices ranging from viewing angles -90° to 90°; 𝐹𝜂W (𝐹𝜂Y, 𝐹𝜂B) is 

defined as the percentage of the 𝑅𝐸FW to the 𝑅𝐸TW. The 𝑅𝐸  and 𝐹𝜂 of COB devices with 

different 𝑐 is shown in Fig. 3. It can be seen that the 𝑅𝐸FW is totally lower than the 𝑅𝐸TW, which 

means that some proportion of light emits towards the backward direction of COB devices. 

Moreover, the 𝐹𝜂W  obviously decreases with the increasing 𝑐 ; when the 𝑐  increases from 

0.1 g/cm3to 0.3 g/cm3, the 𝐹𝜂W decreases from 86.8 % to 73.4 %, indicating that the increasing 

𝑐 suppresses the white light emitting towards the forward direction of COB devices. To divide the 

white light into yellow light (emitted from phosphors) and blue light (emitted from the COB source), 

it’s shown that the 𝐹𝜂Y almost keeps constant (about 67%) with increasing 𝑐. However, the  𝐹𝜂B 

decreases from 96.2 % to 90.1 % with increasing 𝑐 , meaning that the decrease of 𝐹𝜂W  with 

increasing 𝑐 is mainly depended on the blue light. This behavior occurs because that the scattering 

ability of RPCs increase with increasing 𝑐, resulting more blue light is scatted to larger angles by 

phosphors; but the yellow light distribution is almost independent of the scattering ability of RPCs 

for the isotropy of the yellow light excitation emission direction.  

In addition, both the 𝑅𝐸FW  and the 𝑅𝐸TW  decreases as 𝑐  increases, there are two 

reasonable explanations. One reason is that the down-conversion loss increases as the higher 

probability of absorption events occurring inside RPCs with larger amount of phosphor particles. 

The other reason is that the light is more easily absorbed by the packaged elements, such as chips 

and the lead-frame, resulted from the stronger backward scatter of RPCs. What’s more, it should be 

noticed that the 𝑅𝐸TW  and the 𝑅𝐸FW  decreases by 15.25% and 28.3% as 𝑐  increases from 



0.1  g/cm3  to 0.3  g/cm3 , respectively. It’s evident that the 𝑅𝐸FW  is more sensitive to the 

increasing 𝑐 due to the increase of blue light with large scattering angles mentioned above. 

To have a better understanding of how RPCs influence the emission light of COB devices, we 

further discuss the blue light radiant power 𝑃B and the yellow light radiant power 𝑃Y distributions, 

as shown in Fig. 4(a) and (b), respectively. It should be noticed that both the 𝑃B and the 𝑃Y are 

also normalized to the total radiant power of the COB source. According to Fig. 4(a), it’s interesting 

that the 𝑃B in center angles is smaller than that in half angles (about ±45°) where peak values 

appear, obviously when 𝑐 = 0.1 g/cm3. There are two reasonable explanations. One reason is that 

the normal of straight sides of RPCs is parallel to the light-emitting surface of the COB source. As 

for the blue light that is emitted from edge areas of the COB source with small emission angles, it 

reaches the straight sides of RPCs with an extremely large incident angle (even close to 90°), 

causing a high Fresnel reflection loss at the interface between the RPC and air. Hence, this blue light 

with small emission angles from the COB source is difficult to emit to the center angles. The other 

reason is that the blue light, emitting from the COB source with large emission angles, is difficult 

to be scattered to the center angles due to the limitation of the RPC geometry when it propagates 

into the straight sides of RPCs. As the 𝑐 increases, the peak values of the 𝑃B mentioned above 

show slightly obvious for the reason that more blue light is converted to yellow light and the 𝑃B 

decreases totally; moreover, angles where the peak values appear also slightly increase due to the 

stronger scattering ability of RPCs.  

Similar to 𝑃B distributions, the 𝑃Y in center angles is also smaller than that in half angles 

where the peak values appear, as shown in Fig. 4(b). As mentioned above, the yellow light emitting 

from phosphor is isotropic, which is of lower probability to be scattered if its excitation emission 

direction is closer to the normal direction of the RPC unit where it occurs, because the light-path of 

the yellow light is shorter along the normal direction of the RPC unit. This is contributed that the 

yellow light escapes from the RPC unit with its initial excitation emission direction, otherwise, the 

yellow light deviates from its excitation emission direction due to the more serious scattering effect. 

Therefore, it can be considered that the smaller the angle between the escaping emission direction 

of the yellow light and the normal direction of the RPC unit 𝜃en, the higher the power of the yellow 

light escaping from the RPC unit where it occurs. As for the 𝑃Y in center angles, it’s produced by 
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the yellow light escaping from the semi-spherical part of the RPC with large 𝜃en (most of the 𝜃en 

is larger than 45°); as for the 𝑃Y in half angles, it’s produced by the yellow light escaping from 

both the semi-spherical part and the straight side of the RPC with small 𝜃en (most of the 𝜃en is 

smaller than 45°), as shown in Fig. 5(a). Similarly, the 𝑃Y in edge angles (about ±90°) is produced 

by less amount of the yellow light escaping from the semi-spherical part of the RPC compared with 

that in half angles. What’s more, the yellow light emitting from the inside of the RPC hardly reaches 

the detector in edge angles through the inner reflection, especially the yellow light excited in the 

semi-spherical part of the RPC as shown in Fig. 5(b). Consequently, the 𝑃Y in half angles is much 

higher. In addition, the 𝑃Y totally increases while its distribution shows slightly difference with the 

increasing 𝑐, also indicating that distributions of the yellow light is barely affected by the 𝑐. In 

conclusion, the 𝑃B is depended on Fresnel reflection loss and the scattering effect in RPCs, which 

is greatly affected by the 𝑐; while the 𝑃Y is depended on the normal direction of each RPC unit, 

which is slightly affected by the 𝑐.  

We have also studied the effect of the 𝑡  of RPCs with (ℎ = 6 mm , 𝑟 = 8.5 mm , 𝑐 =

0.2 g/cm3) on the 𝑅𝐸 and the 𝐹𝜂 of COB devices, as shown in Fig. 6. Similar to the influence of 

the 𝑐, the 𝐹𝜂W and the 𝐹𝜂B decreases as the 𝑡 increases; when the 𝑡 increases from 1.0 mm 

to 2.0 mm, the 𝐹𝜂W  and the 𝐹𝜂B  decreases by 10.4% and 4.4%, respectively. And the 𝐹𝜂Y 

almost keeps constants (about 68%) with the increasing 𝑐. Besides, it shows that both the 𝑅𝐸TW 

and 𝑅𝐸FB decreases as the 𝑡 increases from 1.0mm to 2.0mm, which decreases by 10.0% and 

19.3%, respectively. This is present because that the increasing 𝑡 also leads to a higher probability 

of absorption and scattering events occurring.  

Fig. 7(b) and (c) shows the 𝑃B and the 𝑃Y distributions with the increasing 𝑡, respectively. 

As the 𝑡 increases, the 𝑃B decreases totally and the peak angles increase slightly, which is the 

same as the effect of the increasing 𝑐 . Moreover, it’s interesting that the 𝑃B  in center angles 

obviously decreases as the 𝑡  increases. Some explanations are given. As the 𝑡  increases, the 

emergent surface unit of the blue light propagating from the RPC to air is much more far away from 

the incident surface unit. As for the blue light that propagates from air into the straight side of RPCs, 

its emergent angle is the same as the incident angle since the normal direction of the emergent 



surface unit and the incident surface unit is the same. However, when the blue light, with small 

emission angle from COB devices, propagates from the air into the semi-spherical part of RPCs, its 

emergent angle becomes larger than the incident angle due to the difference of the normal direction 

of the emergent surface unit and the incident surface unit, resulting a lower 𝑃B in center angles. In 

addition, the 𝑃Y increases totally while its distributions show barely changes with the increasing 𝑡, 

which is the same as the effect of the increasing 𝑐 as discussed above. 

On the basic of the discussion above, it can be inferred that the geometry has great influence 

on both the 𝑃B and the 𝑃Y distributions due to different mechanisms. Therefore, the 𝐶𝑈 is also 

presented in the succeeding discussion about the geometry of RPCs, including the parameters ℎ 

and 𝑟. As the 𝐶𝑈 is depended on the balance of the 𝑃Y and the 𝑃B in different viewing angles, 

its mathematical representation is defined as the maximum deviation of ratio of 𝑃Y to 𝑃B. The 

effect of the ℎ  of RPCs ( 𝑡 = 1.5 mm , 𝑟 = 8.5 mm , 𝑐 = 0.2 g/cm3 ) on the 𝑃B  and 𝑃Y 

distributions of COB devices is studied, as shown in Fig. 8 (a) and (b), respectively. It’s evident that 

the peak values of the 𝑃B and 𝑃Y in half angles disappear when the ℎ = 0mm, which further 

reveals that the straight side of RPCs has great influence on the 𝑃B and 𝑃Y in center angles. Fig. 

8(a) shows that the 𝑃B in center angles decrease as the ℎ increases obviously. As discussed in Fig. 

4(b), the straight side of RPCs cause much Fresnel reflection loss for the blue light that is emitted 

from the edge areas of the COB source with small emission angles. As the ℎ increases, it’s obvious 

that much more blue light propagates into the straight side of RPCs with larger incident angles as 

shown in Fig. 9(a), causing the more serious Fresnel reflection loss. Also, the blue light propagates 

into the straight side instead of the semi-spherical part of RPCs with increasing ℎ, which is more 

difficultly scattered to the center angles due to the limitation of the geometry of RPCs. Similarly, 

Fig. 8(b) also shows that the 𝑃Y in center angles decrease as the ℎ increases obviously, however, 

its mechanism is different. On one hand, the blue light propagating into the semi-spherical part of 

RPCs becomes less with the increasing ℎ as shown in Fig. 9(b), which decreases the amount of the 

yellow light excited in the semi-spherical part of RPCs. Therefore, the 𝑃Y in center angles, which 

is mainly depended on the yellow light that emitted from the semi-spherical part of RPCs as 

discussed in Fig. 5(a), decreases with the increasing ℎ. On the other hand, the increasing ℎ helps 

that the yellow light escaping from the inside of RPCs emits to the backward of COB devices with 



increasing ℎ, as shown in Fig. 5(c), which also decreases the 𝑃Y in center angles.  

Figure 10(a) has given the 𝑅𝐸 and the 𝐹𝜂 of the blue light and the yellow light of COB 

devices with different ℎ of RPCs. As the ℎ increases, the 𝑅𝐸TY becomes higher while the 𝑅𝐸TB 

becomes lower, and their differences appear more obviously; when ℎ = 0 mm, the 𝑅𝐸TY is 19.1 % 

higher than the 𝑅𝐸TB, and when ℎ = 12 mm, the 𝑅𝐸TY is even 46.1% higher. It means that the 

increasing ℎ contributes a lot to the blue light converting to the yellow light. This is caused by the 

increasing Fresnel reflection loss as discussed in Fig. 9(a). In other words, there is much more 

reflection for the blue light that propagates from the straight side of RPCs to air. Therefore, the light-

path of the blue light in RPCs is longer, leading to a higher probability that the blue light is absorbed 

by phosphors. Contrary to the 𝑅𝐸TY, the 𝑅𝐸FY decreases as the ℎ increases. It shows that the 

𝐹𝜂Y decreases from 78.0 % to 63.5 % as the ℎ increases from 0 mm to 12 mm, which means that 

the yellow light that occurs in the straight side of RPCs is more likely to emit to the backward of 

COB devices. Moreover, the effect that discussed in Fig. 9(c) also contributes to a lower 𝐹𝜂Y 

(𝑅𝐸FY). In addition, the 𝑅𝐸FB also decreases as the ℎ increases. But it shows that the 𝐹𝜂B only 

decreases from 95.0% to 92.2%, which means that most of the blue light still emits to the forward 

of COB devices in different ℎ.  

The 𝑅𝐸TW, the 𝑅𝐸FW and the 𝐶𝑈 of COB devices with different ℎ of RPCs are given in 

Fig. 10(b). It can be seen that the 𝑅𝐸TW decreases no more than 1% as the ℎ increases from 0 mm 

to 12 mm, which indicates that both the down-conversion loss and the absorption loss caused by the 

packaging elements show slight changes. Actually, we should pay more attentions to the 𝑅𝐸FW as 

it’s tightly related to lighting applications. It shows that the 𝑅𝐸FW has decreased by 13.1% as the 

ℎ increases, this means that the increase of the ℎ significantly decreases the amount of the forward 

emission light. Besides, the 𝐶𝑈 decreases as the ℎ increases from 0 mm to 6 mm while it increases 

as the ℎ increases from 6 mm to 12 mm, resulted from the difference of the 𝑃B  and the 𝑃Y 

distributions as shown in Fig. 8(a) and (b), respectively. In conclusion, the 𝑅𝐸FW and the 𝐶𝑈 of 

COB devices can be further increased to 0.61 and 85.8%, respectively, when the RPC is without the 

straight side (ℎ = 0). 

According to the above discussion, the geometry of RPCs can affect the amount of the radiant 

power and its distribution by changing the Fresnel reflection loss, the incident light-path of blue 



light and the scattered angles. It can be expected that optimization in the curvature of RPCs also 

helps to gain a high optical performance and color quality for COB devices. Therefore, the 𝑟 of 

RPCs ( 𝑡 = 1.5 mm , ℎ = 0 mm , 𝑐 = 0.2 g/cm3 ) is also studied in a systematic way. For 

convenience, the 𝑟x, 𝑟z and 𝑟xz and is defined as the radius of RPCs with the curvature center 

along the 𝑥, 𝑧 and 𝑥𝑧 axis direction, respectively, their detailed parameters are shown in table 1. 

It should be noticed that the 𝑟x and 𝑟z mainly influences the curvature of RPC units at the center 

part and at the edge part, respectively, while the 𝑟xz influences the curvature of all RPC units. To 

more conveniently compare our results with the common RPC with straight side in previous studies 

[15], we have selected the RPC with straight side (𝑡 = 1.5 mm, ℎ = 6 mm, 𝑟 = 8.5 mm, 𝑐 =

0.2 g/cm3) as the reference RPC. The 𝑅𝐸𝐼 and the 𝐶𝑈𝐼 is defined as the increase of the 𝑅𝐸 and 

the 𝐶𝑈 of COB devices compared with that with the reference RPC, as shown in Fig. 11(a) and 

(b), respectively. From Fig. 11(a), it can be seen that the 𝑅𝐸𝐼TW is smaller than 0 when the 𝑟x 

decreases to 5.1 mm, this is because that the blue light emitting from the edge area of the COB 

source surfers from larger Fresnel reflection loss when propagation into the flatten center part of the 

RPC. Much more reflection blue light is absorbed by the packaged elements, on the other hand, the 

increasing light-path of the blue light in RPCs also leads to a larger down-conversion loss. As the 

𝑟x increases, the 𝑅𝐸𝐼TW has a slight increase, which comes from the fact that the center part of 

RPCs becomes sharpen and it is helpful to decrease the Fresnel reflection loss for the blue light 

emitting from the edge area of the COB source. However, when the 𝑟x  keeps increasing and 

becomes larger than 13.5 mm, the 𝑅𝐸𝐼TW decreases obviously. One explanation is that the blue 

light emitting from the edge area of the COB source hardly reaches the sharpen center part of RPCs 

due to the increasing distance between these RPC units and the COB source. Moreover, the sharpen 

center part of RPCs somehow suppresses the escape of blue light emitting from the center area of 

the COB source. Therefore, it can be considered that the key to reduction in the internal absorption 

loss is decreasing the Fresnel reflection loss for blue light emitting from the edge area of the COB 

source without sacrificing too much blue light emitting from the center area of the COB source. 

This is quite different to the optimization in phosphor geometry for discrete components, which 

only need to consider the light emitting from the center point of the source [22]. Fig. 11(a) also 

shows that the 𝑅𝐸𝐼TW  totally increases as the 𝑟z  increases, which is similar to the effect of 
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decreasing ℎ on the 𝑅𝐸TW. Much more blue light emitting from the edge area of the COB source 

with small emission angles can propagation into the units at the edge part of the RPC with smaller 

incident angles, causing a smaller Fresnel reflection loss. This indicates that the flatten edge part of 

RPCs, with curvature direction tending to be perpendicular to the lighting surface of the COB source, 

is also helpful to decrease the internal absorption loss.  

To further decrease the Fresnel reflection loss for the blue light emitting from the edge area of 

the COB source, we change the 𝑟xz in order to obtain RPCs with sharpen center part and flatten 

edge part according to studies on the 𝑟x and 𝑟z. Results show that the 𝑅𝐸𝐼TW increases as the 𝑟xz 

increases. As discussed above, this is caused by the effect of the sharpen center part and the flatten 

edge part of the RPC on the Fresnel reflection loss for blue light. Moreover, the 𝑅𝐸𝐼TW  has 

increased by 3.3% as the 𝑟xz increases from 8.5 mm to infinite, demonstrating that the conical RPC 

is more helpful for the blue light escaping from RPCs. It should be noticed that this improvement 

can be even larger when the quantum yield of the phosphor and the reflection of the packaged 

elements is much lower. Besides, the 𝑅𝐸𝐼FW decreases from 12.5% to 4.3% as the 𝑟x increases. 

One reasonable explanation is that the normal direction of the RPC unit tends to be parallel to the 

lighting surface of the COB source with increasing 𝑟x, similar to the effect of increasing ℎ, causing 

much more yellow light and scattered blue light emitting to the backward of COB devices. 

Contrarily, the 𝑅𝐸𝐼FW  has increased to 22.7% and 22.3% as the 𝑟xz  and the 𝑟z  increases, 

respectively. It’s evident that the conical shape and the flat round shape of RPCs much more 

contributes to the increases of the amount of the forward emission light. According to Fig. 11(b), it 

can be seen that the 𝐶𝑈𝐼  totally decreases as the 𝑟x  and the 𝑟z  increases while the 𝐶𝑈𝐼 

obviously increases as the 𝑟xz increases. This means that the RPC with conical shape is also much 

more contributed to the balance between the blue light and yellow light. One explanation is that 

much more yellow light can emit to the middle angles of ~45° since the converted light from 

phosphor with isotropic emission direction is concentrated on the normal direction of each RPC unit. 

In conclusion, the 𝑅𝐸𝐼TW, the 𝑅𝐸𝐼FW and the 𝐶𝑈𝐼 of COB devices with the conical RPC can be 

increased to 3.3%, 22.7% and 18.8%, its corresponding 𝑅𝐸WT, 𝑅𝐸WF and 𝐶𝑈 is 0.73, 0.68 and 

90.9%, respectively. Compared with the semi-spherical RPC ( 𝑟 = 8.5 mm , ℎ = 0 mm) , the 

conical RPC (𝑟xz = ∞, ℎ = 0 mm) can further increase the 𝑅𝐸TW, 𝑅𝐸FW and the 𝐶𝑈 by 2.0%, 



11.7% and 6.0%, respectively.  

Finally, the RPC is optimized to be conical and without the straight side corresponding to 

simulation results. Both the optimized RPC (conical RPC without straight side) and the reference 

RPC (semi-spherical RPC with straight side) mentioned above have been manufactured by the 

compression molding method for comparisons. From the practical point of view, their phosphor 

concentrations (optimized RPCs: 8wt%; reference RPCs: 6wt%) were adjusted to obtain a total 

correlated color temperature (CCT) around 5000K in our experiments, which is a typical CCT 

widely adopted in COB devices. The radiant power and the luminous flux of COB devices at 

different drive current are shown in Fig. 12 (a) and (b), respectively. It shows that the optimized 

RPC can significantly increase the radiant power and luminous flux by 15.9% and 17.0%, 

respectively, compared with the reference RPC. This is present because that the optimized RPC 

much more contributes to the reductions in absorption loss caused by the Fresnel reflection loss and 

the backward emission as discussed above. However, the luminous efficacy of these COB devices 

is relatively low due to the serious total internal reflection occurring inside the COB source, causing 

a small amount of yellow light converted by the blue light. Moreover, it can be seen that the 

optimized RPC can achieve a similar spectrum as the reference RPC when assembling to a same 

COB source. As a result, both of their chromaticity coordinates are almost the same, as shown in 

Fig. 13 (a); the total CCT of the COB devices with the optimized RPC and reference RPC is 4780 

K and 4827 K, respectively. It indicates that the optimized RPC is able to gain a brighter lighting 

environment even at the situation demanding the same lighting color. Fig. 13 (b) has given the CCT 

distributions and the illumination spots of COB devices with the optimized RPC and the reference 

RPC. The optimized RPC can achieve a CCT standard deviation of 235.2 K, which decreases the 

CCT standard deviation by 48.9% compared with the reference RPC for a total CCT about 4800 K. 

It’s evident that the illumination spot obtained by the optimized RPC shows a relatively uniform 

color distribution instead of the seriously discrete color distribution obtained by the reference RPC. 

This means that the optimized RPC can provide both the excellent optical performance and color 

quality for lighting applications. 
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4. Conclusions 

This study has theoretically and experimentally investigated the RPCs based on COB device. 

The ray-tracing has been performed to study the effect of RPCs on the 𝑃B and the 𝑃Y distributions 

of COB devices. Results show that the 𝑃B  is depended on the Fresnel reflection loss and the 

scattering events in RPCs while the 𝑃Y is depended on the normal direction of each RPC unit due 

to the isotropy of the yellow light excitation emission direction. In addition, the geometry of RPCs 

have been optimized to obtain a high 𝑅𝐸FW and 𝐶𝑈 for COB devices. Our results show that the 

semi-spherical RPC without the straight side (ℎ = 0) is able to increase the 𝑅𝐸FW and the 𝐶𝑈 of 

COB devices to 0.61 and 85.8%, respectively, which is more outstanding than the semi-spherical 

RPC with the straight side. Moreover, the conical RPC without the straight side can further improve 

the optical performance and color quality of the COB devices. Compared with the semi-spherical 

RPC without the straight side, the conical RPC without the straight side can increase the 𝑅𝐸TW, the 

𝑅𝐸FW and the 𝐶𝑈 by 2.0%, 11.7% and 6.0%, respectively. For convenience, the common semi-

spherical RPC (𝑟 = 8.5 mm, ℎ = 6 mm) was selected as the reference RPC to be compared with. 

The 𝑅𝐸𝐼TW, the 𝑅𝐸𝐼FW and the 𝐶𝑈𝐼 of COB devices with the conical RPC (𝑟xz = ∞, ℎ = 0 mm) 

can be increased to 3.3%, 22.7% and 18.8%, its corresponding 𝑅𝐸TW, 𝑅𝐸FW and 𝐶𝑈 is 0.73, 

0.68 and 90.9%, respectively. Corresponding to simulation results, the RPC is optimized to be 

conical and without straight side. Both the optimized and the reference RPC have been 

manufactured by the compression molding method, their radiant power, luminous flux, chromaticity 

coordinates, and CCT, as well as its angular distribution were measured and compared. Experiments 

results show that the optimized RPC is able to significantly increase the radiant power and the 

luminous flux by 15.9% and 17.0% compared with the reference RPC, respectively. This is because 

that the optimized RPC much more contributes to the reductions in absorption loss caused by the 

Fresnel reflection loss and the backward emission. What’s more, the optimized RPC can obtain a 

CCT standard deviation of 235.2 K for the COB devices, which is decreased by 48.9% compared 

with the reference RPC for a similar total CCT about 4800 K. Consequently, both the excellent 

optical performance and color uniformity of COB devices can be achieved by the optimized RPC 

proposed in this paper. 
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Fig. 1 (a) The compression molding process of remote phosphor caps (RPCs) and (b) the RPCs 

manufactured by compression molding.  

Fig. 2 Model of the COB device with a remote phosphor cap (RPC). 

Fig. 3 The radiant efficiency 𝑅𝐸 and the percentage of the forward light radiant efficiency 𝐹𝜂 of 

COB devices with different phosphor concentrations 𝑐  of remote phosphor caps (RPCs) (ℎ =

6 mm, 𝑟 = 8.5 mm, 𝑡 = 1.5mm). 

Fig. 4 (a) The blue light radiant power 𝑃B and (c) the yellow light radiant power 𝑃Y distributions 

of COB devices with different phosphor concentration 𝑐 of remote phosphor caps (RPCs) (ℎ =

6 mm, 𝑟 = 8.5 mm, 𝑡 = 1.5mm). 

Fig. 5 (a) Forward and (b) backward yellow rays (Y-Rays) dynamic analysis of the COB devices. 

Fig. 6 The radiant efficiency 𝑅𝐸 and the percentage of the forward light radiant efficiency 𝐹𝜂 of 

the COB devices with different thickness 𝑡 of remote phosphor caps (RPCs) (ℎ = 6 mm, 𝑟 =

8.5 mm, 𝑐 = 0.2 g/cm3). 

Fig. 7 (a) The blue light radiant power 𝑃B and (b) the yellow light radiant power 𝑃Y distributions 

of COB devices with different thickness 𝑡 of remote phosphor caps (RPCs) (ℎ = 6 mm, 𝑟 =

8.5 mm, 𝑐 = 0.2 g/cm3). 

Fig. 8 (a) The blue light radiant power 𝑃B and (c) the yellow light radiant power 𝑃Y distributions 

of COB devices with different straight side height ℎ of remote phosphor caps (RPCs) (𝑡 = 1.5 mm, 

𝑟 = 8.5 mm, 𝑐 = 0.2 g/cm3). 

Fig. 9 (a) Blue rays (B-rays), (b) forward and (c) backward yellow rays (Y-rays) dynamic analysis 

of COB devices. 

Fig. 10 (a) The radiant efficiency 𝑅𝐸 and the percentage of the forward light radiant efficiency 𝐹𝜂 

of the blue light and the yellow light; (b) the radiant efficiency 𝑅𝐸 and the color uniformity 𝐶𝑈 

of white light of COB devices with different straight side height ℎ of remote phosphor caps (RPCs) 

(𝑡 = 1.5 mm, 𝑟 = 8.5 mm, 𝑐 = 0.2 g/cm3). 

Fig. 11 (a) The increase of the light radiant efficiency 𝑅𝐸𝐼  and (b) the increase of the color 

uniformity 𝐶𝑈𝐼 of COB devices with different types of remote phosphor caps (RPCs) compared 

with that of the reference RPC (𝑡 = 1.5 mm, ℎ = 6 mm, 𝑟 = 8.5 mm, 𝑐 = 0.2 g/cm3). 



Fig. 12 (a) The radiant power and (b) the luminous flux of COB devices with the reference RPC 

(semi-spherical RPC with straight side) and the optimized RPC (conical RPC without straight side) 

at different drive current; the insert in Fig. 12 (b) is the spectrum of COB devices at a drive current 

of 350 mA. 

Fig. 13 (a) The chromaticity coordinates in the CIE 1931 chromaticity diagram and (b) the correlated 

color temperature (CCT) angular distributions of COB devices with the reference RPC (semi-

spherical RPC with straight side) and the optimized RPC (conical RPC without straight side) at a 

drive current of 350 mA. 
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Table. 1 The detailed parameters of remote phosphor caps (RPCs) geometry with different radius 

𝑟x, 𝑟z and 𝑟xz. The unit for radius is mm. 

Type 𝑟x 𝑟z 𝑟xz 

1 

   

2 

   

3 

 
  

4 

 
  

5 
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