
 

ASME Journal of Electronic Packaging

1 

Improving ambient contrast ratio and color 
uniformity of mini full color light-emitting 
diodes using an SiO2/graphite bi-layered 

packaging structure 

Zong-Tao Li 
National & Local Joint Engineering Research Center of Semiconductor Display and 
Optical Communication Devices, South China University of Technology, Guangzhou 
510641, China. 
Guangdong Provincial Key Laboratory of Semiconductor Micro Display, Foshan 
Nationstar Optoelectronics Company Ltd.,  
Foshan 528000, China. 
meztli@scut.edu.cn 

Jun-Hao Wu 
National & Local Joint Engineering Research Center of Semiconductor Display and 
Optical Communication Devices, South China University of Technology, Guangzhou 
510641, China. 
mejhwu@mail.scut.edu.cn 

Zhi-yao Ren 
National & Local Joint Engineering Research Center of Semiconductor Display and 
Optical Communication Devices, South China University of Technology, Guangzhou 
510641, China. 
201864040304@mail.scut.edu.cn

Yao-xing Song 
National & Local Joint Engineering Research Center of Semiconductor Display and 
Optical Communication Devices, South China University of Technology, Guangzhou 
510641, China. 
202020100046@mail.scut.edu.cn

Jia-Sheng Li1 
National & Local Joint Engineering Research Center of Semiconductor Display and 
Optical Communication Devices, South China University of Technology, Guangzhou 
510641, China. 

1 Corresponding author. 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Electronic Packaging. Received November 21, 2020; 
Accepted manuscript posted February 16, 2021. doi:10.1115/1.4050202 
Copyright (c) 2021 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/doi/10.1115/1.4050202/6636496/ep-20-1129.pdf by South C

hina U
niversity of Technology user on 03 M

arch 2021

https://crossmark.crossref.org/dialog/?doi=10.1115/1.4050202&domain=pdf&date_stamp=2021-02-16


 

ASME Journal of Electronic Packaging 

 

2 
 

Guangdong Provincial Key Laboratory of Semiconductor Micro Display, Foshan 
Nationstar Optoelectronics Company Ltd.,  
Foshan 528000, China. 
Jiasli@foxmail.com 
 

 

 

 

ABSTRACT 

 

Mini full-color light-emitting diodes (mini-fc-LEDs) are a promising solution for display applications, 

including outdoor, cinema, and wearable devices, owing to their high resolution. However, it is difficult to 

simultaneously obtain high color uniformity and ambient contrast ratio (ACR). To solve this issue, we report 

a bi-layered packaging structure with an SiO2 scattering layer on the bottom and a graphite extinction layer 

on the top. The bi-layered packaging structure combines the scattering effect of SiO2 nanoparticles and the 

extinction effect of graphite nanoparticles, wherein the scattering effect improves the color uniformity, and 

the extinction effect improves the ACR. The color uniformity and ACR of the mini-fc-LEDs were selectively 

adjusted by changing the nanoparticle concentration and the thickness ratio of the bi-layer. Compared to 

conventional devices, the inhomogeneity of the bi-layered devices reduced by 65.9%, the ACR increased by 

32.9%, and the figure of merit (FOM, representing the overall performance of the device) increased by 

168.8%. We believe that the proposed packaging structure can also be applied to other LEDs such as OLEDs 

and micro-LEDs. 

 

Keywords: mini fc-LEDs, SiO2 nanoparticles, Graphite nanoparticles, Ambient contrast ratio (ACR) , 
Inhomogeneity 

 

INTRODUCTION 

 

LEDs offer the advantages of low-voltage drive, high energy utilization, small size, 

high response speed, environmental protection, and brightness control [1, 2], thereby 

leading to their widespread usage in various full-color display scenarios [3-5]. Early LED 

full-color display technology mainly used LEDs as the backlight source of liquid crystal 

displays (LCDs), which have the advantages of low power consumption, long life, and low 
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cost [6]. However because LCDs are non-emissive technologies, they suffer from the 

disadvantages of low contrast ratio, long response time, and narrow color gamut, 

therefore, cannot achieve high dynamic range (HDR) displays and high quality full-color 

displays [7, 8]. Organic LEDs (OLEDs) based on organic electroluminescence (EL) make up 

for these shortcomings of LCDs and achieve full-color displays with higher resolution, 

faster response, and flexibility [9]. The difficulty of OLEDs mainly lies in the short working 

life of the blue pixel and the low contrast ratio caused by low peak brightness [10, 11]. In 

recent years, mini- and micro-LEDs-based full-color display technologies have received 

widespread attention because of their simple structure, high response speed, and good 

stability[12]. Mini-LEDs are LEDs with a chip size of 75-300 μm, and micro-LEDs are LEDs 

with a chip size of less than 75 μm. The extremely small size also guarantees extremely 

high resolution. Because they can achieve an excellent dark state and the peak brightness 

is higher than that of LCDs and OLEDs, the contrast ratio of mini- and micro-LEDs is 

significantly better than that of LCDs and OLEDs, thereby presenting tremendous 

application prospects of mini- and micro-LEDs in future HDR full-color displays [13, 14]. 

Owing to the small size of the micro-LEDs, the massive chip transfer process is still in the 

research stage, and the low-cost mass production cannot be achieved in the short term 

[15]. The production process of mini-LEDs has been relatively mature, and its 

performance is better than that of LCDs and OLEDs on the market, so it has the potential 

to become an emerging display technology. 

Similar to OLEDs, mini full-color LEDs (mini-fc-LEDs) also need to further improve the 

contrast ratio to meet the requirements of HDR high-quality displays. Contrast ratio 
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calculation, in the traditional sense, uses the ratio of the peak brightness to the minimum 

brightness of the device itself [16]. Therefore, when improving the contrast ratio, the 

main consideration is to increase the difference between the peak brightness and the 

minimum brightness of the device itself, without considering the actual environmental 

factors and the influence of the device transmittance [17]. In practical applications such 

as outdoor displays, mobile devices, and wearable display devices, the display quality is 

affected by ambient light and the transmittance of the device itself [18]. Therefore, the 

ambient contrast ratio (ACR) is often used to express the performance of the device [19]. 

To improve ACR, a direct method is to reduce the reflectivity of the device to reduce the 

reflection of ambient light on the device surface. For example, chemical methods or 

physical methods can be used to reduce the reflectivity of the device [20]. Jin Hwan Park 

et al. found that the lactone ring structure would oxidize at low voltage to make the 

material black [21], and prepared an electrochromic device with controllable ACR and 

transparency, which improved the display quality of Augmented Reality devices. At the 

same time, it is also possible to reduce the reflectivity of the device to improve the ACR 

by adjusting the degree of resonant bonding of the crystal and the alignment of the liquid 

crystal [22, 23]. Considering the ACR loss that occurs at the oblique angle, a circular 

polarizer can be used to solve this problem [24]. 

In addition, mini-fc-LEDs cannot achieve optical color mixing because of the 

differences in the positions of the red, blue, and green chips, which reduces display quality. 

In tiny mini-fc-LEDs, color mixing is more sensitive to the difference in position, therefore 

making color uniformity an urgently needed improvement. The conventional color mixing 
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methods need to add complex optical elements such as light pipes, diffusers, total internal 

reflection lenses, and color mixing bars [25-28], which makes the display device is not 

suitable for mobile display, outdoor display and other applications. In LED packaging, 

scattering powder can be doped into the encapsulant to scatter light to improve the light 

distribution [29-32], the radiation power of the device, and the uniformity of correlated 

color temperature [33-37]. However, the methods that improve the color uniformity and 

the ACR simultaneously or improve the ACR and the light efficiency simultaneously are 

rare [38-41], thereby greatly limiting the overall performance improvement of mini-fc-

LED displays.     

In this study, we propose a bi-layered packaging structure, with a scattering layer on 

the bottom and an extinction layer on the top, to achieve the simultaneous improvement 

of the color uniformity and ACR of mini-fc-LEDs. Among them, SiO2 nanoparticles are 

doped in the scattering layer to improve color uniformity, and graphite nanoparticles are 

doped in the extinction layer to improve ACR. The graphite nanoparticles was selected 

because it is a commonly used material with a high extinction coefficient, which meets 

the conditions for improving ACR. Furthermore, the influence of the concentration of SiO2 

nanoparticles and graphite nanoparticles on the performance of mini-fc-LEDs with 

conventional packaging structure was analyzed, and the optical mechanism of these two 

nanoparticles on mini-fc-LED displays was revealed. Accordingly, an appropriate 

concentration was selected to prepare mini-fc-LEDs with a bi-layered packaging structure. 

We analyzed the influence of the particle concentration of the scattering/extinction layer 

and the thickness ratio of the two layers on the radiation power, inhomogeneity, and ACR 
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of the device. By optimizing the nanoparticle concentration and thickness ratio of the bi-

layered device, mini-fc-LEDs with excellent color uniformity and ACR were prepared. 

EXPERIMENTAL 

 

Material Preparation 

The mini fc-LEDs used in this study are shown in Fig. 1(a). The substrate size is 2 x 2 

mm, the size of the green chip and blue chip is 170 x 120 μm, and the size of the red chip 

is 130 x 130 μm. The photograph, schematic and SEM image of the prepared mini fc-LEDs 

with bi-layered packaging structure are shown in Fig. 1(b), (c) and (d). The conventional 

devices with silicone-only encapsulation is used as the reference device in this study. The 

scanning electron microscope (SEM) images of the SiO2 nanoparticles and graphite 

nanoparticles used in this study are shown in Fig. 1 (e) and (f). The average particle size of 

the SiO2 nanoparticles was 136 nm, and that of the graphite nanoparticles was 56 nm. 

The refractive index of the silicon adhesive, SiO2 and graphite nanoparticles are 1.40, 1.54 

and 2.41, respectively. The CIE chromaticity coordinates of (0.4778, 0.34), (0.1598, 

0.1176), (0.0546, 0.3762) corresponding to the red light, blue light, and green light of the 

mini fc-LEDs are showed in Fig. 1(g). The inset of Fig. 1(g) shows the emission spectrum 

and chromaticity coordinates of the mini-fc-LEDs, in which the emission peaks of red light, 

blue light, and green light are 613 nm, 475 nm, and 523 nm, respectively, and the full 

widths at half maximum (FWHM) are 17 nm, 30 nm, and 20 nm, respectively. To prepare 

bi-layered mini-fc-LEDs, the mixture of nanoparticles and silicone was first degassed by a 

vacuum de-aeration machine to obtain SiO2-doped silicone and graphite-doped silicone. 

Then, the SiO2-doped silicone was dispensed into the device package and cured at 150 °C 
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for 3 h, and then the graphite-doped silicone was dispensed into the same device package 

and cured at 150 °C for 3 h. The thickness ratio of the scattering layer to the extinction 

layer is changed by controlling the amount of SiO2-doped silicone and graphite-doped 

silicone, the total dispensing amount of the encapsulant was 1.2 mg. After the device is 

completely curing, the thickness ratio of the scattering layer to the extinction layer is 

obtained from the cross-sectional view of the device. To characterize the optical 

performance of the device, the film was prepared using a scraper coating machine. The 

reflectivity, transmittance, and haze of the film were measured using an ultraviolet 

spectrophotometer. The radiant power and spatial intensity distributions of the devices 

were tested by an integration system under the working conditions of 10 mA and 3 V 

(rated working conditions). 

 

Parameter Characterization  

ACR is an important parameter of display devices, and its definition is as follows[42]:  

 𝐴𝐶𝑅 =
𝐿on+𝑅𝐿ambient

0+𝑅𝐿ambient
, (1) 

 

where Lon is the brightness of the device when it is working, Lambient is the ambient 

brightness, and R is the reflection coefficient. The calculation formula is 

 𝑅 =
∫ 𝑉(λ)

760
400 𝑆(λ)𝑅(λ)d(λ)

∫ 𝑉(λ)
760

400 𝑆(λ)d(λ)
, (2) 

 

 

where V(λ) represents the human eye sensitivity function, R(λ) is the spectral reflectance 

of the device, and S(λ) is the spectrum of the ambient light (the CIE standard D65 light 

source spectrum is used in this study).   
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This study uses non-uniformity to quantify color uniformity [26]. We measure the spatial 

intensity distributions of the red, green, and blue LED chips, and then calculated the sum 

of the dispersion among these distributions, which is defined as inhomogeneity 𝐼0. A 

smaller inhomogeneity demonstrates better color uniformity of the device. For 

convenience, we take ninety points on each spatial intensity distribution and mark them 

as R(i), G(i), and B(i) for red, blue, and green light, respectively. Therefore, the 

inhomogeneity is defined as 

 𝐼0 = ∑ （|𝑅(𝑖) − 𝐺(𝑖)| + |𝑅(𝑖) − 𝐵(𝑖)| + |𝐺(𝑖) − 𝐵(𝑖)|）90
𝑖=1 ,1≤i≤90 (3) 

 

RESULTS AND DISCUSSION 

 

To study the scattering effect of SiO2 nanoparticles and the extinction effect of 

graphite nanoparticles, SiO2-only devices with a SiO2 concentration ranging from 0 to 50 

wt% and graphite-only devices with graphite concentrations ranging from 0 to 0.4 wt% 

were prepared. The ambient contrast ratio (ACR) of SiO2-only devices with different SiO2 

concentrations and graphite-only devices with different graphite concentrations are 

shown in Fig. 2(a). The ACR of the SiO2-only devices decreased slightly with increasing SiO2 

concentration, and dropped below 100 when the ambient light was greater than 100 lux. 

This demonstrates that the increase in the SiO2 concentration does not help increase the 

ACR of the SiO2-only devices, and the reasons are explained subsequently. Fig. 2(b) shows 

the radiation power of the SiO2-only devices with different SiO2 concentrations, in which 

the radiation power proportion is the percentage of the SiO2-only devices/graphite-only 

devices relative to the conventional device. As the SiO2 concentration increased, the 
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radiation power increased and reached a maximum at a SiO2 concentration of 2.4 wt%, 

which is 6.7% higher than that of the conventional devices. This is because light with a 

large emission angle from chips is susceptible to scattering due to the long light path in 

the encapsulant. This means that a portion of light with a large emission angle can be 

converted into a small emission angle, and then escape from the device with less Fresnel 

loss or total internal reflection. As the SiO2 concentration further increased, the radiation 

power of the SiO2-only devices decreased, owing to the stronger backscattering effect, 

while it still maintains over 60% of the radiation power of the conventional devices. In 

addition, the scattering effect of SiO2 nanoparticles can also significantly reduce the 

inhomogeneity of the SiO2-only devices, as shown in Fig. 2 (c). The inhomogeneity of the 

SiO2-only devices decreased with an increase in the SiO2 concentration, and the lowest 

value was obtained when the SiO2 concentration was 25 wt%. From the sub-figures in Fig. 

2(c), it is evident that the red, green, and blue spatial intensity distributions of mini-fc-

LEDs tend to be consistent with increasing SiO2 concentration. These results demonstrate 

that the color uniformity of SiO2-only devices improved owing to the stronger scattering 

effect of SiO2 nanoparticles. Furthermore, when the SiO2 concentration was greater than 

25 wt%, the inhomogeneity increased as the SiO2 concentration continued to increase, 

indicating that the scattering effect had a critical point in reducing the inhomogeneity. A 

more detailed discussion of the critical point is provided in the subsequent section. 

As for the graphite-only devices, their ACR increased significantly as the graphite 

concentration increased, as shown in Fig. 2(a). For example, the ACR of the graphite-only 

devices with a graphite concentration of 0.4 wt% was 942.9 at an ambient brightness of 
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100 lux, which is 989.4% higher than that of conventional devices. Therefore, a larger 

graphite concentration proved more beneficial for eliminating the influence of ambient 

light. Figs. 2(d) and (e) show the radiation power and inhomogeneity of graphite-only 

devices, respectively. With the increase in the graphite concentration, the radiation 

power of the graphite-only devices dropped sharply, i.e., only 3.0% of the radiation power 

remained at a graphite concentration of 0.4 wt%. This means that the reduction in 

radiation power cannot be neglected when using graphite nanoparticles to improve the 

ACR of the devices. Therefore, the graphite concentration was subsequently selected to 

be lower than 0.4 wt%. The graphite concentration also influenced the inhomogeneity of 

the devices, which can be divided into three phases, as shown in Fig. 2 (e). In phase I, the 

low graphite concentration led to a weak extinction effect, and graphite nanoparticles in 

this phase were mainly used as scattering particles to slightly reduce the inhomogeneity 

of the graphite-only devices. In phase II, as the graphite concentration further increased, 

the extinction effect gradually became stronger, with the graphite nanoparticles exhibited 

a high probability to absorb light. In addition, the light scattered by graphite nanoparticles 

led to a long optical path, contributing to much more extinction events. This means that 

the uniform light distribution formed by the scattering effect was destroyed by the 

extinction effect, which increased the inhomogeneity. In phase III, when the graphite 

concentration was too high, the light with a large emission angle and light after multiple 

scattering was absorbed completely because of the long light path. It reduced the 

influence of stray light on the light distribution, so the light was concentrated in an area 

with a small emission angle to slightly reduce the inhomogeneity. These results show that 
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although doping graphite nanoparticles in mini-fc-LED packaging can greatly improve the 

ACR of the devices, it significantly reduces the radiation power and cannot reduce the 

inhomogeneity. 

From the previous discussion, it is demonstrable that the doping of SiO2 nanoparticles 

in the encapsulant can effectively reduce the inhomogeneity of mini fc-LEDs, while the 

doping of graphite nanoparticles can significantly improve the ACR. To ascertain the 

mechanism of these phenomena, SiO2-only films with a SiO2 concentration range of 0-50 

wt% and graphite-only films with a graphite concentration range of–0-0.4 wt% were 

prepared, both of which had a thickness of 0.5 mm (the value is equivalent to the 

encapsulant thickness of the SiO2-only devices and graphite-only devices). Fig. 3 shows 

the reflectivity, transmittance, and haze of the SiO2-only films and the graphite-only films, 

which were tested using an ultraviolet spectrophotometer. The photographs of SiO2-only 

films are shown in Fig. 3 (a), where the visible light transmittance decreased as the SiO2 

concentration increased. Fig. 3 (b) shows that when the SiO2 concentration increased in 

the interval of 0-25 wt%, the transmittance of the SiO2-only films decreased slightly, which 

corresponds to the slight reduction in the radiation power of the SiO2-only devices in Fig. 

2. The haze of SiO2-only films increased significantly as the SiO2 concentration increased 

in the interval of 0-25 wt%, which corresponds to a significant reduction in inhomogeneity 

of the SiO2-only devices in Fig. 2. This means that the scattering effect of SiO2 

nanoparticles is the reason why the spatial intensity distributions of SiO2-only devices 

become uniform. It can be observed that the decrease in transmittance was nearly equal 

to the increase in haze as the SiO2 concentration increased in the interval of 25-50 wt%. 
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Therefore, the amount of scattered light, which is defined as the value of transmittance 

multiplied by haze, hardly changed in the SiO2 concentration interval of 25 -50 wt%. This 

demonstrates that the scattering effect of the SiO2 nanoparticles was saturated when the 

SiO2 concentration was 25 wt%. When the SiO2 concentration was greater than 25 wt%, 

multi-scattering and severe total internal reflection destroyed the uniform spatial 

intensity distributions of the SiO2-only devices, which reasonably explains why the 

inhomogeneity of SiO2-only devices achieved a minimum at the SiO2 concentration of 25 

wt%. Fig. 3(c) shows photographs of the graphite-only films with different graphite 

concentrations, where a strong visible light extinction was observed at a high graphite 

concentration. Fig. 3(d) shows the transmittance and haze of graphite-only films with 

different graphite concentrations. The transmittance of the graphite-only films decreased 

sharply and the haze increased slightly as the graphite concentration increased, which 

means that the amount of scattered light was less. This shows that the graphite 

nanoparticles mainly play a role of extinction rather than scattering in the encapsulant, 

which is consistent with the results of the poor color uniformity and excellent ACR of the 

graphite-only devices in Fig. 2.  

Fig. 3(e) shows the visible light reflectance spectrum of SiO2-only films and graphite-

only films. The reflectivity of SiO2-only films increased monotonically as the SiO2 

concentration increased, at most 24.6% higher than that of the 0 wt% films. This is 

because the ambient light is reflected by the scattering effect, which is similar to total 

internal reflection. It is worth noting that the reflectivity of the SiO2-only films with a SiO2 

concentration of 25 wt% and a SiO2 concentration of 50 wt% was very close, indicating 
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that the scattering effect was saturated when the SiO2 concentration was 25 wt%. As for 

the graphite-only films, their reflectivity decreased monotonously as the graphite 

concentration increased, at most 44.4% lower than that of the 0 wt% films. It can be 

inferred that the scattering effect of the SiO2 nanoparticles increased the reflectivity of 

the SiO2-only devices, reducing the ACR of the devices, while the strong extinction effect 

of the graphite nanoparticles reduced the reflectivity of the graphite-only devices, 

thereby increasing the ACR of the devices. 

Based on the above discussion, the inhomogeneity of mini fc-LEDs was reduced by 

doping with SiO2 nanoparticles in the encapsulant, which slightly reduced the ACR of the 

devices simultaneously, as shown in Fig. 4(a). Doping graphite nanoparticles in the 

encapsulant can greatly increase the ACR of mini fc-LEDs, which seriously reduced the 

radiation power and the color uniformity of the devices, as shown in Fig. 4(b). The 

advantages and disadvantages of SiO2 nanoparticles and graphite nanoparticles are 

complementary, so the advantages of the two nanoparticles can be combined through a 

suitable packaging structure. In the discussion of graphite-only devices in Fig. 2, it is 

proven that the scattering effect will extend the optical path, which causes more light to 

become extinct by the extinction effect. Therefore, a device with high ACR and low 

inhomogeneity cannot be obtained by simply doping SiO2 nanoparticles and graphite 

nanoparticles simultaneously. Consequently, this study designs a bi-layered packaging 

structure to combine the advantages of SiO2 nanoparticles and graphite nanoparticles. 

From the previous analysis, the scattering effect of SiO2 nanoparticles will increase 

the reflectivity of the devices, while the extinction effect of graphite nanoparticles will 
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cause a sharp drop in the transmittance of the devices. Therefore, if the bi-layered 

packaging structure has a scattering layer on top and an extinction layer on the bottom, 

as shown in Fig. 4(c), most of the ambient light will be reflected on the scattering layer, 

which reduces the ACR of the devices. Meanwhile, most of the light emitted by the chips 

was extinct in the extinction layer, and only a small part of the light was scattered in the 

scattering layer for color mixing. The color uniformity improvement effect was not as 

good as when a large amount of light was scattered. If the bi-layered packaging structure 

has a scattering layer on the bottom and the extinction layer on the top, as shown in Fig . 

4(d), the above problems can be avoided. The ambient light will be mostly extinct in the 

top extinction layer, which effectively improves the ACR of the devices. A large amount of 

light emitted by the chip was fully scattered in the bottom scattering layer, which 

improved the color uniformity improvement effect. Therefore, a bi-layered packaging 

structure with a bottom scattering layer and a top extinction layer was used for 

subsequent studies.

 

By fixing the SiO2 concentration of the scattering layer, we studied the optical 

performance of the bi-layered mini-fc-LEDs by changing the graphite concentration of the 

extinction layer and the thickness ratio of the scattering layer to the extinction layer. 

Similar to the previous study, the bi-layered devices and films were prepared to test the 

performance, and the results are shown in Fig. 5, where the thickness ratio refers to the 

value of the scattering layer thickness divided by the extinction layer thickness. According 

to the discussion of SiO2-only devices in Fig. 2, the SiO2-only devices with 25 wt% SiO2 

concentration had the best color uniformity and the preferable radiation power 
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proportion (71.2%). Therefore, 25 wt% was selected as the SiO2 concentration of the 

scattering layer, and the graphite concentration of the extinction layer ranged from 0 to 

0.4 wt%. As the graphite concentration increased and the thickness ratio decreased, the 

ACR of the bi-layered devices increased significantly, as shown in Fig. 5 (a), while the 

radiation power of the bi-layered devices decreased significantly, as shown in Fig. 5(b). 

Increasing the graphite concentration or reducing the thickness ratio actually increased 

the graphite nanoparticle content in the device encapsulant, i.e., it enhanced the 

extinction effect of the extinction layer. The transmittance and reflectivity of the bi-

layered films were tested, and the results are shown in Fig. 5(c) and (d). The transmittance 

and reflectivity of the bi-layered films decreased as the graphite concentration increased 

and the thickness ratio decreased, indicating that the extinction effect of the extinction 

layer was the key factor affecting the ACR and the radiation power of the bi-layered 

devices. These results show that the scattering layer does not affect the extinction effect 

of the extinction layer in the bi-layered devices.  

 The inhomogeneity of the bi-layered devices is shown in Fig. 5 (e). Except for the 

device with a thickness ratio of 5:1, the inhomogeneity of the bi-layered devices with 

other thickness ratios initially exhibited a decreasing trend and then increased as the 

graphite concentration of the extinction layer increased. The minimum of inhomogeneity 

were obtained at the graphite concentration of 0.05 wt% (thickness ratio is 2:1 and 3:1) 

and 0.1 wt% (thickness ratio is 1:1). Similar to the case of graphite-only devices in Fig. 2(e), 

when the graphite concentration of the extinction layer was low, the graphite 

nanoparticles reduced the inhomogeneity to a small extent by scattering. When the 
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graphite concentration of the extinction layer was high, the inhomogeneity increased due 

to the mixed effect of extinction and scattering. However, when the thickness ratio was 

5:1, the extinction layer was too thin to reduce inhomogeneity by scattering. Therefore, 

the inhomogeneity increased monotonically with the increase in the graphite 

concentration as the thickness ratio approached 5:1. In the case of 0 wt% graphite 

concentration, the inhomogeneity of the bi-layered devices dropped from 13.4 to 7.7 as 

the thickness ratio increased, which was higher than the inhomogeneity of the SiO2-only 

devices with 25 wt% SiO2 concentration (5.5). It is worth noting that when the thickness 

ratio was 5:1, the scattering layer thickness of the bi-layered devices was close to the 

encapsulant thickness of the SiO2-only devices, but the inhomogeneity between the two 

devices was significantly different. This means that the scattering effect of the scattering 

layer was affected by the extinction layer and the Fresnel refraction between the two 

layers, causing an increase in the thickness of the scattering layer that could only slightly 

reduce the inhomogeneity. To determine the relationship between the inhomogeneity 

and the graphite concentration of the extinction layer, the haze of the bi-layered films 

was tested, as shown in Fig. 5 (f). The haze of the bi-layered films was almost unchanged 

as the graphite concentration increased, which demonstrates that the extinction layer 

only slightly interfered with the scattering effect of the scattering layer and then affected 

the spatial intensity distributions of the bi-layered devices to a small extent. However, the 

inhomogeneity of the bi-layered devices is sensitive to the spatial intensity distributions, 

which results in the fact that although the haze of the bi-layered films was basically 

unchanged, the inhomogeneity of the bi-layered devices was greatly affected as the 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Electronic Packaging. Received November 21, 2020; 
Accepted manuscript posted February 16, 2021. doi:10.1115/1.4050202 
Copyright (c) 2021 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/doi/10.1115/1.4050202/6636496/ep-20-1129.pdf by South C

hina U
niversity of Technology user on 03 M

arch 2021



 

ASME Journal of Electronic Packaging 

 

17 
 

graphite concentration increased

According to the above analysis, the extinction layer weakens the effect of the 

scattering layer on improving the color uniformity. Subsequently, this weakening was 

compensated by changing the SiO2 concentration of the scattering layer, when the 

thickness ratio and the top graphite concentration were fixed. The figure of merit (FOM) 

was introduced to select the thickness ratio and the top graphite concentration, defined 

as 

 𝐹𝑂𝑀 =
𝐹∗𝐴

𝐼
, (4) 

 

where F, A, and I are the normalized radiation power, ACR (device brightness is 1500 nits 

and the ambient brightness is 50 lux) and inhomogeneity, respectively. FOM is a 

comprehensive evaluation of radiation power, inhomogeneity, and ACR. A higher FOM 

indicates a better comprehensive performance of the device. The FOM calculation results 

are listed in Table 1. 

According to Table 1, devices A and B are preferred, while device A has lower 

inhomogeneity and device B has better ACR. In the discussion on SiO2-only devices, it has 

been proved that the SiO2 nanoparticles predominantly affect the inhomogeneity of the 

devices rather than the ACR. Therefore, a device with a higher ACR should be selected in 

this section, in which the inhomogeneity can be further improved by changing the SiO2 

concentration. Consequently, the configuration of device B was used in this section, i.e., 

the graphite concentration of the extinction layer was 0.1 wt% and the thickness ratio 

was 2:1. Subsequent research was carried out in this configuration. 

The ACR of the bi-layered devices reduced slightly when the SiO2 concentration of 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Electronic Packaging. Received November 21, 2020; 
Accepted manuscript posted February 16, 2021. doi:10.1115/1.4050202 
Copyright (c) 2021 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/doi/10.1115/1.4050202/6636496/ep-20-1129.pdf by South C

hina U
niversity of Technology user on 03 M

arch 2021



 

ASME Journal of Electronic Packaging 

 

18 
 

the scattering layer increased, as shown in Fig. 6 (a). Therefore, the SiO2 concentration of 

the scattering layer is not an important factor affecting the ACR of bi-layered devices. As 

shown in Fig. 6 (b), the inhomogeneity of the bi-layered devices decreased monotonically 

with an increase in the SiO2 concentration, reaching 5.8 at 40 wt% SiO2 concentration, 

which is close to the inhomogeneity of the SiO2-only devices with 25 wt% SiO2 

concentration(5.5). Unlike SiO2-only devices, increasing the SiO2 concentration of the 

scattering layer in the range of 25 wt% to 40 wt% did not increase the inhomogeneity of 

the bi-layered devices. This is because the scattering layer thickness of the bi-layered 

devices was lower than that of the SiO2-only devices, so a higher SiO2 concentration was 

required in the bi-layered devices to achieve the same saturated state. Fig. 6 (c) shows 

that the radiation power of the bi-layered devices increased slightly and then decreased 

as the SiO2 concentration increased. The transmittance of the bi-layered films decreased 

slightly and the haze increased with the enhancement of the SiO2 concentration as shown 

in Fig. 6(d). The trends of the bi-layered devices in ACR, radiation power, haze, and 

transmittance were both similar to those of the SiO2-only devices. Therefore, we conclude 

that the extinction layer only weakens the reduction effect of the scattering layer on the 

inhomogeneity of the bi-layered devices, and this weakening can be compensated by 

increasing the SiO2 concentration of the scattering layer within a certain range. This 

means that the SiO2 concentration is an important factor determining the inhomogeneity 

of the bi-layered devices.  

In summary, it is feasible to obtain a device with a good ACR and inhomogeneity by 

combining the scattering effect of SiO2 nanoparticles and the extinction effect of graphite 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Electronic Packaging. Received November 21, 2020; 
Accepted manuscript posted February 16, 2021. doi:10.1115/1.4050202 
Copyright (c) 2021 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/doi/10.1115/1.4050202/6636496/ep-20-1129.pdf by South C

hina U
niversity of Technology user on 03 M

arch 2021



 

ASME Journal of Electronic Packaging 

 

19 
 

nanoparticles through a bi-layered packaging structure. To compare the optical 

performance of devices with different packaging structures, Table 2 lists the optical 

performance of four devices with different packaging structures. Compared to the SiO2-

only devices, the inhomogeneity of the bi-layered devices only increased by 5.5%, but ACR 

increased by 96.1%. Compared to the graphite-only devices, the ACR of the bi-layered 

devices dropped by 54.9%, but the inhomogeneity dropped by 74.9%. Compared to 

conventional devices, the inhomogeneity of the bi-layered devices decreased by 65.9%, 

and ACR increased by 32.9%. The FOM of the bi-layered device was 168.8%, 89.7%, and 

130.1% higher than those of conventional devices, SiO2-only devices, and graphite-only 

devices, respectively. The calculation result of the FOM shows that the overall 

performance of the bi-layered device is the best. 

 

CONCLUSIONS 

In this study, a bi-layered packaging structure combining extinction and scattering 

was introduced to simultaneously improve the ACR and the inhomogeneity of the mini-

fc-LEDs. According to the discussion on SiO2-only devices and graphite-only devices, the 

inhomogeneity of mini-fc-LEDs significantly improved due to the scattering effect of SiO2 

nanoparticles, while it also increased the reflectivity of the SiO2-only devices, resulting in 

a reduction in the ACR. In the SiO2-only devices, the scattering effect of the SiO2 

nanoparticles was saturated as the SiO2 concentration was greater than 25 wt%. The 

extinction effect of graphite nanoparticles can greatly reduce the reflectivity of the 

graphite-only devices and improve the ACR, while resulting in low radiation power and 
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high inhomogeneity. To combine the advantages of the two kinds of nanoparticles, we 

carefully designed a bi-layered packaging structure with a scattering layer on the bottom 

and an extinction layer on the top. We demonstrated that the scattering layer did not 

affect the extinction effect of the extinction layer; in fact, the extinction layer weakened 

the reduction effect of the scattering layer on the inhomogeneity, which can be 

compensated by increasing the SiO2 concentration of the scattering layer. The decisive 

factors affecting the radiation power and ACR of the bi-layered devices were the graphite 

concentration and thickness of the extinction layer, while the decisive factors affecting 

the inhomogeneity of the bi-layered devices were the SiO2 concentration of the scattering 

layer. According to the FOM, the graphite concentration, SiO2 concentration, and 

thickness ratio of the bi-layered devices were optimized to be 0.1 wt%, 40 wt%, and 2:1, 

respectively. The results showed that the FOM of the optimized bi-layered devices was 

168.8%, 89.7%, and 130.1% higher than that of conventional devices, SiO2-only devices 

(SiO2 concentration of 25 wt%), and graphite-only devices (graphite concentrations of 0.1 

wt%) respectively, which proves that the bi-layered packaging structure can achieve 

excellent comprehensive performance. This discovery can also contribute to display 

applications of other LED devices, including micro-LEDs, OLEDs, and quantum dot-LEDs. 
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Figure Captions List 
 

Fig. 1 Structures and color gamut of mini-fc-LEDs with bi-layered packaging 

structures. (a) Photograph of the mini-fc-LEDs without packaging. (b) 

Photographs, (c) schematic and (d) SEM image of cross-sectional views of 

mini-fc-LEDs with bi-layered packaging structure. The red dashed line is 

the boundary between the scattering layer and the extinction layer. (e) 

SEM image of SiO2 nanoparticles. The inset shows the particle size 

distribution with an average size of 136 nm. (f) SEM image of graphite 

nanoparticles. The inset shows the particle size distribution with an 

average size of 56 nm. (g) CIE chromaticity coordinates and color gamut 

(red line) of the mini-fc-LEDs. The inset shows normalized luminescence 

spectrum of the mini-fc-LEDs. 

 

Fig. 2 Effects of doped nanoparticles on the optical performances of SiO2-only 

devices and graphite-only devices. (a) Ambient contrast ratio (device 

brightness is 1500 nits) of device with different nanoparticle 

concentrations: upper, SiO2 nanoparticles; lower, graphite nanoparticles. 

The inset shows the details of Fig. 2. (a). (b) Radiation power of SiO2-only 

devices with different SiO2 concentration. (c) Inhomogeneity of SiO2-only 

devices with different SiO2 concentration. The inset shows the spatial light 

distribution curves of the red, blue, and green light corresponding to the 
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degree of inhomogeneity. (d) Radiation power of graphite-only devices 

with different graphite concentration. (e) Inhomogeneity of graphite-only 

devices with different graphite concentration. In Fig. 2. (b) and (d), the 

radiation power proportion is the percentage of the SiO2-only 

devices/graphite-only devices relative to the conventional device.  

 

Fig. 3 Effects of doped nanoparticles on the optical performances of films. (a) 

Photograph of SiO2-only films with different SiO2 concentration. (b) 

Transmittance and haze of SiO2-only films with different SiO2 

concentration. (c) Photograph of graphite-only films with different 

graphite concentration. (d) Transmittance and haze of graphite-only films 

with different graphite concentration. (e) Visible light reflectance 

spectrum of SiO2-only films (solid lines) and graphite-only films (dashed 

lines).      

 

Fig. 4 The structure and effect of different bi-layered devices. (a) The SiO2-only 

device (b) The graphite-only device (c) The bi-layered device with a top 

scattering layer and a bottom extinction layer. (d) The bi-layered device 

with a top extinction layer and a bottom scattering layer. 

Fig. 5 Effects of graphite concentration of top extinction layer and thickness 

ratio on the optical performances of bi-layered devices and bi-layered 
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films. (a) ACR (device brightness is 1500 nits and the ambient brightness is 

50 lux), (b) radiation power and (d) inhomogeneity of bi-layered devices 

with different graphite concentration and different thickness ratio. 

(c)Transmittance, (e) reflectivity and (f) haze of bi-layered films with 

different graphite concentration and different thickness ratio. In (a)-(f), 

the blue dashed line represents the performance of the conventional 

devices or films; the red dashed line represents the performance of the 

SiO2-only device or films (SiO2 concentration is 25 wt%); the blue dashed 

line represents the performance of the graphite-only device or films 

(graphite concentration is 0.4 wt%). All the SiO2 concentration of the 

bottom scattering layer is 25 wt%; the thickness ratio refers to the value 

of the thickness of the scattering layer divided by the thickness of the 

extinction layer. 

 

Fig. 6 Effects of SiO2 concentration on performance of bi-layered devices. (a) 

ACR (device brightness is 1500 nits), (b) inhomogeneity and (c) radiation 

power of bi-layered devices with different SiO2 concentration. (d) 

Transmittance and haze of bi-layered films with different SiO2 

concentration. In (a)-(d), the blue dashed line represents the performance 

of the conventional devices or films; the red dashed line represents the 

performance of the SiO2-only devices or films (SiO2 concentration is 25 
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wt%); the blue dashed line represents the performance of the graphite-

only devices or films (graphite concentration is 0.4 wt%). All the graphite 

concentration of top extinction layer is 0.1 wt% and the thickness ratio is 

2:1. 
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Table Caption List 

 

Table 1 FOM of bi-layered devices with different graphite concentration and 

thickness ratio 

Table 2 Comparison of devices with different encapsulation structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Electronic Packaging. Received November 21, 2020; 
Accepted manuscript posted February 16, 2021. doi:10.1115/1.4050202 
Copyright (c) 2021 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/doi/10.1115/1.4050202/6636496/ep-20-1129.pdf by South C

hina U
niversity of Technology user on 03 M

arch 2021



 

ASME Journal of Electronic Packaging 

 

30 
 

Figures 

 

 

Figure 1. Structures and color gamut of mini-fc-LEDs with bi-layered packaging structures. 

(a) Photograph of the mini-fc-LEDs without packaging. (b) Photographs, (c) schematic and 

(d) SEM image of cross-sectional views of mini-fc-LEDs with bi-layered packaging structure. 

The red dashed line is the boundary between the scattering layer and the extinction layer. 

(e) SEM image of SiO2 nanoparticles. The inset shows the particle size distribution with an 

average size of 136 nm. (f) SEM image of graphite nanoparticles. The inset shows the 

particle size distribution with an average size of 56 nm. (g) CIE chromaticity coordinates 

and color gamut (red line) of the mini-fc-LEDs. The inset shows normalized luminescence 

spectrum of the mini-fc-LEDs. 
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Figure 2. Effects of doped nanoparticles on the optical performances of SiO2-only devices 

and graphite-only devices. (a) Ambient contrast ratio (device brightness is 1500 nits) of 

device with different nanoparticle concentrations: upper, SiO2 nanoparticles; lower, 

graphite nanoparticles. The inset shows the details of Fig. 2. (a). (b) Radiation power of 

SiO2-only devices with different SiO2 concentration. (c) Inhomogeneity of SiO2-only 

devices with different SiO2 concentration. The inset shows the spatial light distribution 

curves of the red, blue, and green light corresponding to the degree of inhomogeneity. (d) 

Radiation power of graphite-only devices with different graphite concentration. (e) 

Inhomogeneity of graphite-only devices with different graphite concentration. In Fig. 2. 

(b) and (d), the radiation power proportion is the percentage of the SiO2-only 

devices/graphite-only devices relative to the conventional device. 
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Figure 3. Effects of doped nanoparticles on the optical performances of films. (a) 

Photograph of SiO2-only films with different SiO2 concentration. (b) Transmittance and 

haze of SiO2-only films with different SiO2 concentration. (c) Photograph of graphite-only 

films with different graphite concentration. (d) Transmittance and haze of graphite-only 

films with different graphite concentration. (e) Visible light reflectance spectrum of SiO2-

only films (solid lines) and graphite-only films (dashed lines). 
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Figure 4. The structure and effect of different bi-layered devices. (a) The SiO2-only device 

(b) The graphite-only device (c) The bi-layered device with a top scattering layer and a 

bottom extinction layer. (d) The bi-layered device with a top extinction layer and a bottom 

scattering layer. 
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Figure 5. Effects of graphite concentration of top extinction layer and thickness ratio on 

the optical performances of bi-layered devices and bi-layered films. (a) ACR (device 

brightness is 1500 nits and the ambient brightness is 50 lux), (b) radiation power and (d) 

inhomogeneity of bi-layered devices with different graphite concentration and different 

thickness ratio. (c)Transmittance, (e) reflectivity and (f) haze of bi-layered films with 

different graphite concentration and different thickness ratio. In (a)-(f), the blue dashed 

line represents the performance of the conventional devices or films; the red dashed line 

represents the performance of the SiO2-only device or films (SiO2 concentration is 25 wt%); 

the blue dashed line represents the performance of the graphite-only device or films 

(graphite concentration is 0.4 wt%). All the SiO2 concentration of the bottom scattering 

layer is 25 wt%; the thickness ratio refers to the value of the thickness of the scattering 

layer divided by the thickness of the extinction layer. 
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Figure 6. Effects of SiO2 concentration on performance of bi-layered devices. (a) ACR 

(device brightness is 1500 nits), (b) inhomogeneity and (c) radiation power of bi-layered 

devices with different SiO2 concentration. (d) Transmittance and haze of bi-layered films 

with different SiO2 concentration. In (a)-(d), the blue dashed line represents the 

performance of the conventional devices or films; the red dashed line represents the 

performance of the SiO2-only devices or films (SiO2 concentration is 25 wt%); the blue 

dashed line represents the performance of the graphite-only devices or films (graphite 

concentration is 0.4 wt%). All the graphite concentration of top extinction layer is 0.1 wt% 

and the thickness ratio is 2:1. 
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Table 1 FOM of bi-layered devices with different graphite concentration and thickness 

ratio 

Graphite concentration 

(wt%) 

Thickness ratio 

5:1 3:1 2:1 1:1 

0 0.72 0.61 0.60 0.48 

0.05 0.57 0.89 1.30（device A） 0.84 

0.1 0.45 0.65 1.15（device B） 0.82 

0.2 0.36 0.24 0.14 0.07 

0.4 0.14 0.05 0.06 0.04 
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Table 2 Comparison of devices with different encapsulation structure 

Devices 

Radiation power 

(mW) 

Inhomogeneity 

(a.u.) 

ACR 

(device brightness: 

1500 nits; ambient 

brightness: 50 

lux)(a.u.) 

FOM (a.u.) 

Value Growth Value Growth Value Growth Value Growth 

Conventional devices 10.7 -30.8% 17.0 -65.9% 187.9 32.9% 0.48 168.8% 

SiO2-only devices (25 wt%) 7.3 0.01% 5.5 5.5% 127.4 96.1% 0.68 89.7% 

Graphite-only devices (0.1 

wt%) 
5.8 27.6% 23.1 -74.9% 554.6 -54.9% 0.56 130.1% 

Bi-layered devices (thickness 

ratio: 2:1; graphite 

concentration: 0.1 wt%;SiO2 

concentration: 40 wt%) 

7.4 - 5.8 - 249.9 - 1.29 - 
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