
2156-3950 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCPMT.2019.2917048, IEEE
Transactions on Components, Packaging and Manufacturing Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

1 

Abstract— Light-emitting diodes (LEDs) are emerging lighting 

sources. However, it is still difficult to obtain good optical 

consistency of LEDs from the same batch owing to phosphor 

sedimentation. In this study, we introduce the centrifugation 

method to enhance the optical consistency of LEDs. The phosphor 

gradient concentration model is proposed to simulate the changes 

of phosphor concentration in different centrifugation time and 

acceleration. Moreover, the effect of these parameters on the 

optical performance of LEDs is discussed. The simulation results 

reveal that increasing centrifugal acceleration and time can 

enhance the optical consistency of LEDs by changing the 

phosphor distributions. It is suggested that the centrifugation 

parameters with 20 times gravitational acceleration and 6 min 

centrifugation time can ensure high optical consistency for LEDs, 

which can be taken as reference to balance optical performance 

and consistency. Experimental results validate that the proposed 

method is beneficial to improve the optical consistency, including 

luminous flux and color coordinates, compared to LEDs without 

centrifugation. 

 
Index Terms—Light-emitting diodes (LEDs), Optical 

consistency, Centrifugation method, Phosphor sedimentation 

 

I. INTRODUCTION 

OWADAYS, white light-emitting diodes (LEDs) based 

on blue GaN chip and down-converting phosphor are 

emerging solid-state lighting sources owing to their advantages 

such as high efficiency, long lifetime and environmental 

friendliness [1].The phosphor coating method has been 

demonstrated as a key to determine the optical performance of 

white LEDs. Several methods, such as dispensing method [2], 

coating method [3, 4], capillary method [5], and external 

microstructure method [6], are available for this purpose. 

Among these methods, dispensing method is promising for 

producing white LEDs owing to its low cost. This method 

dispenses phosphor slurry on blue LED chips, so that the white 
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light comprises a mixed spectrum [7]. However, the dispensing 

method causes some issues on light quality owing to the 

uncontrollable phosphor distribution; for example, the 

correlated color temperature is inconsistent because of the 

mismatching between phosphor slurry shape and light 

irradiance distribution, and the light efficiency is low because 

of phosphor clustering [8] [9]. Therefore, many researchers 

optimized the LEDs based on dispensing method, creating new 

packaging structures to improve optical performance of LEDs 

[10]. Actually, LEDs are often used in batches in high-power 

lighting, backlight and other applications. Now 7 standard 

deviation of color matching (SDCM) are maintained for one set 

of LEDs basically [11], but this standard is far from meeting 

current consumers’ demands, and it is even needed to be 1-2 

SDCM in some high-level situations. In LED display industry, 

the allowable brightness error is 25%, and the brightness 

difference between the adjacent two areas should be controlled 

at approximately 20% to meet the current market demand. To 

achieve that, it is necessary to use LED binning to satisfy the 

demand of high optical consistency [12]. However, it is 

troublesome for manufacturers to inspect, process, and manage. 

Furthermore, it exhibits the low qualified rate in this method. 

By far, most of the researches have not considered the optical 

consistency of LEDs when optimizing packaging structures, so 

that it is difficult to satisfy the production requirement. 

Phosphor sedimentation is the main reason for low optical 

consistency of the LEDs produced by dispensing method, this 

is due to the different process time in the mass production. LED 

phosphor settlement primarily occurs in four stages: during 

vacuum deaeration, before dropping the phosphor slurry in 

dropper, before locating LED into vacuum drying oven, and 

LED curing. Even if LEDs are in the same batch, settling time 

of these four stages is different. In addition, phosphor settling 

speed is affected by silicone viscosity, environmental 

temperature, phosphor particle size and phosphor concentration. 

Therefore, it is difficult to ensure the high optical consistency 

of LEDs [13]. In view of the settlement phenomenon, an 

optimized method was proposed by Lei et al., they grinded 

cured phosphor slurry as powders, then mixed them into the 

uncured silicone as the excitation material of LED [14]. 

However, the shape of the grinded particles is stochastic, which 

may degrade the optical consistency. From a theoretical point 

of view, there have been some studies about LED phosphor 

sedimentation. Sommer et al. indicated that the concentration 

of phosphor layer influences the homogeneity of the light. They 

have investigated the impact of phosphor settling on the 

performance of LEDs, and a 2D two-layer phosphor slurry 
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model considering phosphor settling was proposed initially 

[15]. Furthermore, Hu et al. also established an essential 

settling model for phosphor slurry. The model comprises three 

layers, and the entire LED substrate was considered to be 

covered. In this model, the middle concentration was constant, 

and the top and bottom varied linearly with time [16]. This 

model was used considering short settling time and did not 

exhibit evident settlement. Based on this model, Hu et al. 

improved the model of the phosphor settlement to be two-layer, 

considering the possibility of concentration change in the 

middle layer [17]. In the later research of Wang et al., the 

settling model focused on single phosphor particle, and the 

change of silicone viscosity with time was considered [18]. 

Recently, Yu et al. proposed a multilayer sedimentation model, 

and further studied the optical result affected by sedimentation, 

more convincing than before studies [19]. However, these 

studies only consider the natural sedimentation of phosphor, 

and the optical consistency of LEDs was not discussed there. 

Therefore, a feasible manufacturing method is expected to 

improve the optical consistency of LEDs considering the 

phosphor sedimentation phenomenon. 

In this study, we introduce a centrifuged method to improve 

the optical consistency of LED. Moreover, a phosphor gradient 

concentration model is established to study the effect of 

centrifuged parameters on the optical performance and 

consistency of LEDs. 

II. MODELING METHOD 

A. Math Modeling 

The centrifugation method is shown in Fig. 1, which is 

performed immediately after dispensing. LED device is located 

into a centrifugal machine, under certain velocity. The yttrium 

aluminate garnet (YAG) phosphor particle is regarded as a 

sphere with uniform grain size. The distribution of phosphor 

radius is similar to Gaussian distribution, in which mean size μ 

= 6.5 μm and standard deviation σ = 4 μm, respectively, as 

shown in Fig. 2. Under static condition, the forces on the single 

phosphor particle include gravity   G mg (1) and viscosity 

6StokesF rv (2), and the forces under centrifugation 

condition can be regarded as n times G and Fstokes. The 

relationship between forces and velocity of a single phosphor 

can be concluded as follows: 
34/3 /Stokes phosphornG F ma r dv dt               (3) 

According to Formula (1), the function between velocity and 

time can be calculated in the following equation: 

 
3 3( ) 4 / 3 ( )(1 exp( 6 / (4 / 3 ))) / 6phosphor silicone phosphorv t r g rt r rn                                              (4)

 
Fig. 1.  Diagram of centrifuged method for LED devices. F: centrifuged force, v: 

centrifuged velocity, m: mass, t: centrifugation time.  

where r is the radius of the phosphor particle; η is the 

viscosity of silicone; v is the velocity of the phosphor particle; 

m is the mass of the phosphor particle; t is the sedimentation 

time. 

We calculate the settling distance by integrating the velocity 

in settling time. In order to simplify calculation, the sampling 

interval is fixed as τ = 30 s instead of continuing calculation, 

and the settling distance can be calculated according to the 

following equation: 
0

0

( ) ( )
t

t

s t v t 


                          (5) 

The upper formula is under the ideal condition. However, 

when a large amount of phosphor particles settles at the same 

time, it is possible that the particles may collide with each other. 

This causes a variation in the motion state of phosphor particles, 

and influences sedimentation at different time. Therefore, it is 

necessary to consider the collision of phosphor particles during 

settling. At the following conditions, collision occurs: 

1. The distance in the vertical direction between two 

phosphor particles is not larger than the center distance.  

2. Define that the upper phosphor particle is Pn, the lower 

phosphor particle is Pn+1, and the velocity of Pn is larger than 

Pn+1. 

3.  1pn pn sediv v t d   , where v is the velocity, t is the 

settling time, and d is the distance in the vertical direction 

between the two phosphor particles. It should be noticed that 

the value d will be changed when considering phosphor 

particles with different shape, while the shape is simplified to 

be spherical for convenience in this study. 

If two phosphor particles collide with each other, the internal 

force far exceeds the external force. According to the 

Momentum theorem, the velocity after collision can be 

expressed as follows: 

1 1 1 1' [( ) 2 ] / ( )n n n n n n n nv m m v m v m m              (6) 

1 1 1' [( ) 2 ] / ( )n n n n n n n nv m m v m v m m              (7) 

Therefore, the actual displacement of the particle colliding in 

the motion process is 
0

0

( ) ( ) ( )
tx t

t t tx

s t v t v t 
 

                            (8) 

where xt  is the sampling interval point-in-time when the 

collision occurs. 

According to the above formula, we establish the phosphor 

sedimentation model. Based on the results, we can observe the 

settling distance of the phosphor particle in t time, as shown in 

Fig. 3. After a certain time, the gravity will be equal to viscous 
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force, and the velocity of the phosphor particle is maintained 

constant. 

 
Fig. 2.  Gaussian distribution of phosphor particle size in the LED device, 

the mean size μ is 6.5×10-6 m and the standard deviation σ is 4×10-6 m, 

respectively. 

 

Fig. 3.  Phosphor settling distance versus settling time with different phosphor 

particle size d under 20 g centrifugation conditions. 

 

B. Optical Modeling 

We construct an optical model by combining the FDTD and 

Monte Carlo ray tracing method, which can be observed in the 

previous studies [6, 20]. The molar concentration is assigned to 

ray-tracing geometry, which is defined as the material 

properties of the phosphor slurry in a specific time. The 

concentration of each layer is determined by the number of 

phosphor particles, as shown in Fig.4. As phosphor particles 

settle, the phosphor layer closer to the bottom have a higher 

concentration, resulting in a lager scattering coefficient and 

absorption coefficient. Therefore, the changes in optical 

parameters, including refractive index, scattering coefficient, 

absorption coefficient, and scattering phase function of each 

layer after phosphor settling have been considered in this model. 

In the ray tracing process, 3×105 rays are used for simulating 

the light emission of LEDs. 

 

Fig. 4.  Model of LED devices with multi-layer phosphor slurry: Area I is where 

the phosphor on chip, Area II is where the phosphor around chip. 

According to the simplified methods in previous researches 

[12, 21, 22], we select a typical wavelength instead of a range 

of values of wavelength: the wavelength of blue light is 455 nm, 

and the wavelength of yellow light excited by the blue light is 

565 nm. The light power is 0.4 W, and the quantum yield of the 

phosphor is 75%. The exit surface is sufficiently large (1 meter) 

to ensure that the random ray is uniform in the system. As the 

blue light of LED emits in the Lambertian distribution, the 

emitting angle is related to phosphor excitation in different area. 

We classified the LED region into area I and area II based on 

light excitation: the vertical part is area I, and the remaining 

part is area II. 

We define that LEDs in a round cup with 0.56 × 0.76 mm 

size. Moreover, the phosphor concentration is approximately 

5 %wt. We selected Dow Corning OE-6650 silicone, whose 

viscosity is approximately 4.2 Pa·s. We used the proximity 

coefficient (PRC) to define the optical consistency. 

Considering YBR (The ratio of yellow radiant power to blue 

radiant power) as an example, PRCYBR can be calculated by the 

following formula: 

=1 ( ) /YBR b a bPRC YBR YBR YBR                (9) 

where YBRb is the original yellow to blue light ratio of an 

LED, and YBRa is the ratio after the centrifugation process. The 

higher the PRC, the higher is the consistency. In a similar 

manner, the consistency of intensity can be expressed by PRCint 

as expressed in the following equation: 

int =1 (int int ) / intb a bPRC                  (10) 

Fig. 5 can be used for concluding the former modeling 

method. 

III. RESULTS AND DISCUSSION 

A. Effect of Centrifugal Acceleration on Optical 

Consistency 

By maintaining the centrifugation time at 2 minutes, we 

study the optical performance of LEDs under different 

centrifugal acceleration conditions: 1 time, 5 times, 10 times, 

20 times, 50 times, 100 times, and 300 times gravitational 

acceleration.  

The YBR, light intensity distributions, and radiant power are 

used for evaluating the optical consistency of LEDs, as shown 

in Fig. 6(a), (b), and (c), respectively. It can be observed from 

Fig. 6(a) that the YBR at area I (observed from center angles) is 

lower than that in area II (observed from edge angles) with 

different centrifugal acceleration, indicating that the excitation 

of the yellow light is higher in the central area. However, the 

YBR entirely decreases with increase in centrifugal 
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acceleration. Compared with the static condition (under which the original downward acceleration is 1 g), the 
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Fig. 5.  Flow chart of modeling method for LED devices considering phosphor settling.  

 

maximum and average YBR decrease to 22.14% and 20.9%, 

respectively. Furthermore, the PRCYBR increases with increase 

in centrifugal acceleration, and becomes saturated when the 

centrifugal acceleration is greater than 100 g, as shown in Fig. 

6(d). We conclude that a larger centrifugal acceleration can 

influence the color of the light significantly. In addition, the 

different of YBR with large and small emitting angles is 

reduced as the centrifugal acceleration increases as shown in 

Fig. 6(a). However, the YBR is still with a similar distribution 

after increasing the centrifugal acceleration, which shows lower 

YBR values in the center compared with that in the edge. 

Therefore, it is hard to effectively improve the color uniformity 

by increasing the centrifugal acceleration. 

The above results reveal that the centrifugal acceleration 

evidently leads to bluish color in LEDs. In contrast, when the 

centrifugal acceleration is sufficiently large, LEDs with high 

YBR consistency are obtained. In addition, Fig. 6(b) shows the 

relationship between light intensity and centrifugal acceleration. 

The light intensity in area I decreases with increase in 

centrifugal force; whereas, in area II, it increases with increase 

in centrifugal force. The maximum intensity is in the range of 

30-40°, and the value increases from 0.045 W to 0.048 W, 

indicating that centrifugation can contribute to higher light 

intensity around the LED chip. Meanwhile, the PRCint increases 

with increase in acceleration. Moreover, the trend is similar 

with PRCYBR, as shown in Fig. 6(e). It is because the phosphor 

particles gather in the bottom when the centrifugal force 

increases. In the vertical direction, the light intensity decreases, 

because the increase in phosphor concentration in the top of the 

LED chip leads to lower light emission even though the 

excitation efficiency decreases. Meanwhile, the light intensity 

increases in the other direction, because a decrease in the 

phosphor concentration leads to a reduction in the loss of light 

emission. Therefore, the light intensity around the chip 

increases with the status changing from uniform distribution to 

complete sedimentation.  

As for the radiant power, Fig. 6(c) shows the overall energy 

efficiency of the LED device with light power. Initially, the 

power of yellow light increases, then decreases with increase in 

centrifugal acceleration, and finally reaches 0.115 W. 

Meanwhile the power of the blue light increases continuously 

and finally reaches 0.064 W, and the YBR decreases from 2.25 

to 1.80. However, the total light power increases from 0.166 W 

to 0.179 W, and the light efficiency increases from 41.50% to 

44.75%. The centrifugal acceleration reduces the loss of light 

emission, which stems from phosphor excitation. With lower 

centrifugal acceleration, the concentration of phosphor 

decreases, and the effective excitation phosphor increases. 

When the centrifugal acceleration exceeds 20 g, the number of 

effectively excited phosphors decreases, the blue light power 

increases further, and the total power increases. 

To have a better understanding on these results, the 

irradiance distributions of the blue light and yellow light are 

presented in Fig. 7(a) and (b), respectively. The irradiance of 

the blue light totally increases with increase in centrifugal 

acceleration, which is completely different with that of the 

yellow light. One explanation is that the irradiance of the blue 

light is decided by the loss of excitation in emission, while the 

irradiance of the yellow light is decided by the efficiency of 

excitation. The blue light of the LED is Lambertian, which 

leads to a higher efficiency in area I and a lower efficiency in 

area II. 

Moreover, the irradiance of the blue light at large angles 

(30-40°) increases more than at center angles. This indicates 

that the blue light in area I is under the higher influence of 

acceleration than that in area II. In contrast, the irradiance of 

yellow light at center angles decreases more than at large angles 

(30-40°), which indicates that the excitation of the yellow light 

is stronger in the central area, and the trend is essentially 
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consistent under static and centrifugation conditions (the 

original downward acceleration is greater than 1 g). This 

indicates that when the centrifugal acceleration gradually 

increases from the static state to 20 g, the degree of phosphor 

sedimentation increases and the phosphor particles concentrate 

at the bottom. To demonstrate this effect, the concentration of 

every phosphor layer is shown in Fig. 7(c). The concentration 

exhibits the trend that the bottom phosphor layer increases 

prominently and the top layer decreases gradually. When the 

acceleration reaches a certain value (more than 20 g), the 

middle layer decreases, because the entire concentration of area 

I, in the vertical direction, remains unchanged. Meanwhile, in 

the other light emitting direction, the concentration decreases 

slightly. The effective concentration in area II decreases, 

because the phosphors in the bottom cannot be excited by 

Lambertian blue light directly. Therefore, the loss of blue light 

in area II reduces, causing increase of the blue light irradiance. 

In addition, the yellow light irradiance extremum offsets 

outward from 27.96° under static condition to 33.15° under 20 

g conditions. When the centrifugal acceleration increases to 

more than 20 g, the total blue irradiance increases and the 

upward trend in area II is more obvious. It can be explained that 

most of the phosphor settles on the LED chip in area I, and the 

dense phosphor layer leads to lower exciting efficiency, while 

the concentration in the extracting direction decreases with 

increase in acceleration, so that the loss of blue light decreases 

and the irradiance increases. Moreover, the yellow light 

irradiance extremum in area II offsets outward from 33.15° 

under 20 g conditions to 34.23° under 300 g conditions, the 

degree is less than the former condition, and the value of 

extremum decreases when the acceleration increases. It can be 

explained that in a smaller range of acceleration, the degree of 

increase in the phosphor sedimentation can only change the 

concentration in the top and bottom layers, as the sedimentation 

model mentioned in Hu’s research [16], and the concentration 

of the middle phosphor layers changes randomly. However, 

when the acceleration increases and becomes larger than a 

certain value, the concentration increases in the bottom layer 

and decreases in the top and middle layers. 
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Fig. 6. Distributions of: (a) YBR and (b) light intensity for LED devices with different centrifugal acceleration. (c) The total power, blue power, and yellow 

power of LED devices with different centrifugal acceleration. Proximity coefficient (PRC) of (d) YBR and (e) light intensity for LED devices with different 

centrifugal acceleration. 
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Fig. 7. Irradiance distributions of (a) blue light and (b) yellow light for LED devices with different centrifugal acceleration; phosphor concentration at (c) area I 

and (d) area II of LED devices with different centrifugal acceleration; (e) spatial distributions of phosphor particles for LED devices with different centrifugal 

acceleration. 

 

 

B. Effect of Centrifugation time on Optical Consistency 

The optical performance of LEDs in different time range 

under 20 g centrifugation conditions is studied, as shown in Fig. 

8(a) and (b). It can be observed from Fig. 8(a) that when the 

centrifugation time reaches a maximum value of 12 min, the 

maximum YBR exhibits a decrease of 27.0%, and the average 

YBR exhibits a decrease of 23.4% compared with that under 

static condition, which indicates that the light color 

performance varies with centrifugation time. Meanwhile, the 

difference in the maximum value of the YBR exhibits a 

decrease of 33.56%, and the difference in the average of the 

YBR exhibits a decrease of 21.40% compared with that under 

static condition, which indicates that the homogeneity of the 

light color increases with increase in the centrifugation time. 

Similar to the discussion in centrifugal acceleration, the color 
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uniformity can be slightly improved by increasing the 

centrifugal time, while a lower YBR in the centered are still 

observed compared with that in the edge after increasing the 

centrifugal time. As for the YBR decrease rate, the YBR 

declines in the rate of 0.12/min in the range of 1-2 min, and it 

declines in the rate of 0.01/min in the range of 10-12 min, 

which is less than the measurement error. Therefore, it can be 

considered that the YBR decreases fast first then slowly, and 

becomes stable in 12 min. On the other hand, the decrease of 

YBR in area I is less than that in area II. Furthermore, the 

PRCYBR increases gradually with increase in the centrifugation 

time, and the trend tends to be stable when the centrifugation 

time is more than 8 min, which can be learned from that the 

similarity between the value of 8 min and 10 min is 99%. It can 

be considered that the complete sedimentation of phosphor is 

achieved when the centrifugation time reaches a maximum of 

10 min. 

Fig. 8(b) shows the light intensity under 20 g centrifugal 

acceleration. It is noted that the light intensity decreases in area 

I from 0.042 to 0.040 W, which can be explained that the light 

in area I is affected by phosphor clustering, and the efficient 

phosphor concentration in area II decreases so that the loss of 

light decreases and the light intensity increases, according to 

the fact that the maximum light intensity increases from 0.046 

to 0.049 W. Furthermore, PRCintensity exhibits a similar trend 

with that in section III-A, as shown in Fig. 8(d). With the 

increase of the centrifugation time, PRCintensity and PRCYBR 

remain in the same trend, that is, increases initially and then 

becomes stable.  

According to the above conclusion, we can observe that the 

centrifugation time exhibits a similar function with centrifugal 

acceleration on the optical performances. To further illustrate 

the effect of the centrifugation time, the yellow light and blue 

light are discussed, as shown in Fig. 9(a) and (b), respectively. 

It is evident that the blue light irradiance in area II is higher than 

that in area I, and the yellow light irradiance in area II is lower 

than that in area I, which causes that the overall YBR decreases 

while the light homogeneity increases. Therefore, we consider 

that the effect of centrifugation time on the light is related the 

phosphor concentration. The settling degree increases 

gradually with increase in time, which leads to an increase in 

the concentration gradient. According to the conclusion in 

section III-A, the irradiance of the blue light depends on the 

phosphor excitation, and the irradiance of the yellow light 

depends on the excitation efficiency.  

To further explain the rule of the above optical performance 

change, the phosphor distribution in each layer under 20 g 

centrifugal acceleration is shown in Fig. 9(a) and (b). Owing to 

the centrifugal acceleration, the concentration distribution at 

each centrifugal stage turns to be gradient. The concentration at 

the top layer is close to 0, and the concentration gradually 

increases from the top to the bottom layer. As the phosphor 

particles concentrate in the bottom, there exists a sudden 

increase in concentration. With the increase of the 

centrifugation time, the concentration in the middle layer 

decreases gradually but the trend keeps to be gradient that 

increases from the top layer to the bottom layer, and the bottom 

concentration increases evidently. When the centrifugation 

time reaches 10 min, the bottom concentration reaches 0.067 

g/cm3. Moreover, when the concentration of the middle layers 

is below 10−3 g/cm3 and close to 0, we consider that the 

phosphor particles have completely settled. 

 
Fig. 8.  Distributions of: (a) YBR and (b) light intensity for LED devices with different centrifugation time. Proximity coefficient(PRC) of (c)YBR and (d) light 

intensity for LED devices with different centrifugation time. 
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Fig. 9.  Irradiance distributions of (a) blue light and (b) yellow light for LED devices with different centrifugation time; phosphor concentration at (c) area I and 

(d) area II of LED devices with different centrifugation time; (e) spatial distributions of phosphor particles for LED devices with different centrifugation time. 

 

 

C. Comparison with Static Condition 

The LEDs at centrifugation condition are compared with that 

at static condition (without centrifugation) after natural settling. 

According to the former analysis, it can be observed that the 

optical consistency of LEDs with different phosphor settling 

degree can be improved by the centrifugation method. Based on 

the conclusion in section III-B, centrifugation for 6 min in 20 g 

acceleration can help LEDs to exhibit a similarity of 95%, 

which is considered as a good optical consistency. Initially, the 

same LED devices are located under static condition for 

different time. Then the LEDs at centrifugation condition are 

located in a centrifugal acceleration of 20 g for 6 min.  

The optical performance before and after centrifugation is 

discussed, respectively, as shown in Figs. 10-12. Comparing 

the trend of YBR in (a) and (b), we can observe that the average 

YBR exhibits a less decrease with increase in the settling time. 

Moreover, the average YBR exhibits a maximum decrease of 

0.5 after centrifugation when the rest time is 10 min, and the 

decrease is only 0.06 after centrifugation when the rest time 

reaches 180 min. This indicates that the centrifugation can 

decrease the total phosphor exciting efficiency. Moreover, the 

influence of centrifugation on the exciting efficiency is less 

with increase in the settling time. Meanwhile, the homogeneity 

of the YBR is affected by centrifugation, as well. Same as the 

decrease range, the maximum difference of YBR decreasing is 

less when the settling time increases, the maximum difference 

of YBR exhibits a decrease of 0.39 after centrifugation when 

the rest time is 10 min, and the decrease is only 0.06 when rest 

time reaches 180 min. It can be concluded that centrifugation 

can enhance both the color temperature and homogeneity of 
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white LEDs, and the enhancement is higher when the settling 

time is shorter, which causes a set of LEDs in different settling 

time having the highest optical consistency. The above 

conclusion can be exhibited from the PRCYBR trend, as shown 

in Fig. 10(e) and (f). The PRCYBR promotes evidently after 

centrifugation and remains at a value greater than 0.95, which 

indicates that the consistency of LED could be enhanced on a 

higher level under such centrifugation condition.  

The above results demonstrate that the total YBR 

consistency can be enhanced by centrifugation. Furthermore, 

the consistency of the color distribution inside LED devices is 

worthy to discuss. To explain this, we derive the YBR curves, 

as shown in Fig. 10(c) and (d). The overall slope of the YBR 

shows a fluctuation growth state, and there is invariantly a 

maximum. When the resting time is relatively short, the 

maximum position occurs at random. When the length is longer 

than a certain value, the maximum value offsets inward. After 

centrifugation, the maximum slope tends to be a fixed value. 

However, the difference of maximum value still exists. It can be 

concluded that the centrifugation does not completely offset the 

settling effect on phosphors, because time influences the 

sedimentation displacement in exponential function, while 

centrifugal acceleration influences the sedimentation 

displacement in linear function. Therefore, centrifugation can 

significantly enhance the consistency, but cannot completely 

offset the effect of time on the settlement. 

Fig. 11(a) and (b) show the relationship between light 

intensity and centrifugation. The LEDs with different resting 

time exhibit the closer light intensity value after centrifugation, 

and the total value comes out to be reduced. Therefore, 

centrifugation is also helpful for the consistency of light 

intensity. 

In addition, the light power increases as the static time 

increases, and the blue light power exhibits the same trend as 

the total power. Meanwhile the yellow light power decrease 

slightly with increase in static time, as shown in Fig. 12(a) and 

(b). The trend is same as the light power mentioned in section 

III-A. Therefore, we infer that the settling causes the reduction 

in the concentration of the phosphor layer, decreasing the 

excitation of the yellow light. 

To demonstrate the above conclusion, we consider the 

change of concentration in different settling time in area II as an 

example, as shown in Fig. 13(a) and (b). Because the 

centrifugation causes the entire phosphor particles to move 

downward, if the centrifugation time is long enough, the 

phosphor concentration distribution will tend to be consistent, 

which the bottom concentration is high and the upper 

concentration is low in the same batch. On the other hand, 

although the average YBRs of LEDs in different static time 

tend to be consistent, their variation in some area cannot be 

reduced by the centrifugal force. 
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Fig. 10.  YBR distributions of LED devices with (a) natural settling and (b) centrifuged settling versus settling time. Slope of color distributions for LED devices 

with (c) natural settling and (d) centrifuged settling versus settling time. (e) Proximity coefficient(PRC) of YBR for LED devices with natural settling and 

centrifuged settling versus settling time. 

 

Fig. 11.  Light intensity distributions of LED devices with (a) natural settling and (b) centrifuged settling versus settling time. 
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Fig. 12. Light power of LED devices with (a) natural settling and (b) centrifuged settling versus settling time. 

 

 

Fig. 13.  Phosphor concentration at the area II for LED devices with (a) natural settling and (b) centrifuged settling versus settling time. Spatial distributions of 

phosphor particles for LED devices with (a) natural settling and (b) centrifuged settling versus settling time. 
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D. Experiments and Test  

 
Fig.14. Experimental test results of (a) CIE coordinate distribution before 

and after centrifugation; (b) lumen distribution before and after centrifugation; 

(c) standard deviation of CIE coordinate and lumen distribution before and after 

centrifugation. 

To verify the conclusion of the centrifugation effect discussed 

former, two special batches of 980 pcs. TOP 3528 LED devices 

were prepared and the experimental group was centrifuged, 

while the control group kept statics. The parameter of LED was 

the same as that in the simulation, and the devices were all 

filled with phosphor slurry. After simplifying the experimental 

parameters of the experimental group, our experiments focued 

on the following two key issues: (1) whether the influence on 

the optical consistency exists as simulated; (2) whether the 

tendency of optical performance influenced by centrifugation is 

same as simulation. The commercial LED centrifugation 

machine used in the experiment was KDD centrifuge, with the 

centrifugation speed and centrifugation time set as 3000 r/min 

and 130 s respectively. After centrifugation, the phosphor 

distribution obviously changed as expected. Then the optical 

performance was achieved by commercial LED devices, and 

the test current was maintained at 300 mA. The distribution of 

color coordinates and the lumen distribution are shown in 

Fig.14 (a)-(b). The color coordinates and the luminous flux are 

slightly decreased after centrifugation, this is because that the 

excitation propability of phosphor is decreased after settling to 

the bottom of the lead-frame. In addition, it can be investigated 

from the CIE coordinate distribution that the concentration of 

coordinate distribution increase after centrifugation. To 

compare the degree of verification of consistency before and 

after centrifugation accurately, we calculate the standard 

deviation of the value of CIE-x and CIE-y respectively as 

Fig.14(c). It can be found that the standard deviation of CIE 

coordinate in the control batch decreases, in which the standard 

deviation of CIE-x decreases from 0.0015 to 0.00133, and the 

standard deviation of CIE-y decreases from 0.00336 to 0.00294. 

This means that the consistency of color coordinates increases 

after centrifugation. Simultaneously, the standard deviation of 

lumen decreases from 1.77 to 1.66, which means that the 

consistency of lumen also increases. Consequently, the 

centrifugation method can improve the optical consistency of 

LEDs. 

IV. CONCLUSION 

In this study, we have investigated the effect of the 

centrifugation method on LEDs. The results reveal that the 

centrifugal acceleration and time can both influence the optical 

performance of LEDs. The optical consistency of LEDs 

increases as the centrifugal acceleration and time increases, 

when the centrifugal acceleration and centrifugation time is 

more than 100 times gravity and 10 min, respectively, the 

proximity coefficient is up to 99%. Especially, increasing 

centrifugal acceleration will lead a rapid increase of optical 

consistency in the previous stage under 2 min centrifugation 

time; while under 20 times gravitational acceleration, the 

increasing centrifugation time will lead a moderate increase of 

optical consistency in the previous stage. Therefore, it will be a 

better solution for improving consistency by increasing the 

acceleration preferentially assisted with enhancement in time; 

20 times gravitational acceleration and 6 min could be regarded 

as a typical solution. However, the optical performance, such as 

YBR, exhibits a decrease with increasing the centrifugal 

acceleration and centrifugation time. For examples, 300 times 

gravitational acceleration would lead to 20.9% decrease of 

average YBR, and 12 min centrifugation time would lead to 

23.4% decrease of average YBR. This is because centrifugation 

would gather phosphor in the bottom of LED device, which 

lowers the number of effective excited phosphor. To balance 

the optical performance and consistency, we can properly 

decrease the consistency by lowering acceleration or time, in 

which lowering acceleration is suggested because it mainly 

determines change in phosphor distribution, and time mainly 

determines the degree of phosphor settling. According to the 

comparison of static condition and centrifugation condition, it 

can be found that the max difference of PRC decreases from 

0.27 to 0.03, which means that centrifugation could improve 

the optical consistency of LED under different natural settling 

conditions. 

In future, we will attempt to use a new optical structure to 

enhance both optical performance and optical consistency of 

LEDs. 
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