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Abstract: Traditional backlights are designed with new dot patterns, and then injection molding, laser
beam fabrication, or UV (Ultraviolet) roll-to-plate imprinting is used to apply dot patterns to a light
guide plate—the process consumes considerable time and resources. Therefore, we propose a novel
light guide design that does not use a dot pattern. We designed an asymmetric intensity distribution
of mini-LEDs (Light Emitting Diode) and a light guide plate with a fully printed diffusion reflection
on the bottom surface for a planar illuminator. The design rules for the proposed architecture are
described in this paper. The archetype design with a 152.4 mm circular down-light has a diameter of
143 mm for the planar light source module. The experiment achieved a total efficiency of 85% and
uniformity of 92.6%.

Keywords: planar illuminators; diffusion reflection; asymmetric; mini-LED; asymmetric
intensity distribution

1. Introduction

Light-emitting diodes (LEDs) are a popular light source, because they offer many advantages
such as a high energy efficiency and good color performance; however, an LED is a point light and
thus requires a backlight module in order to transform it into a planar light source. A backlight
module is composed of a light source, light guide plate, reflection film, diffusion film, and prism
film. Many studies have been conducted on the design of dot patterns in the interest of achieving a
high uniformity and efficiency for the light guide plate. The materials used in light guides, such as
polycarbonate (PC) and polymethyl methacrylate, have refractive indexes higher than the external
refractive index, and thus generate a total internal reflection. To change the incidence angle of the rays,
the dot patterns should be applied on the top or bottom surface of the light guide. Some studies have
focused on using silicon-based micro-features to optimize fabrication, and using fuzzy optimization to
obtain dot pattern designs [1]. Dot patterns have been applied on light guide plates using molecular
potential energy. This method employs a molecular potential energy model to generate random dot
patterns for the light guide [2]. An adaptive neuro-fuzzy inference system was used for generating
diffuser dot patterns in light guides in one study [3]. Another study designed an integrated light guide
plate with periodic diamond-shaped and single-sized microstructures. [4]. A simulation technique
was used to optimize the distribution of the micropatterns, using injection-molded light guide plates
to improve the luminance uniformity [5]. Other methods have involved a highly directional light
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guide plate based on a V-Groove microstructure [6–8], a directional backlighting system using a light
guide with prism microstructures [9–11], a hybrid light guide plate design for backlights [12–14], a
multilayer planar light guide design [15], a method of harnessing the diffraction characteristics of a
submicrometer grating for backlight [16], a novel feasible digital laser-blasting method to fabricate a
light guide plate [17], and using UV roll-to-plate imprint lithography to fabricate light guide plates
with microdot patterns [18].

2. Asymmetric Intensity Distribution of Mini-LED Packaging Process

Using flip chips offers many advantages, such as no wire bonding, a lower thermal resistance of
packages, the ability to withstand a high current density, and the absence of a lead frame, all of which
help in the design of asymmetric intensity distribution (AID) for the packaging process. This study
used an AID mini-LED of the flip chip type, employing a chip size of 740 µm × 260 µm × 150 µm. The
mini-LED packaged size was 1000 µm × 410 µm, which is illustrated in Figure 1. Figure 2 presents the
mini-LED packaging process. The first step of the packaging process involves depositing a phosphor
film on a glass substrate. The second step entails arranging the chip and die bonding, followed by
cutting along the chip sidewalk. The third step involves applying molding white glue along the long
side of the chip, and then cutting along the long side. The final step entails separating the mini-LEDs
from the glass substrate by baking or UV curing.

Figure 4 illustrates that the angles relative to the horizontal and vertical axes were 150◦ and
120◦, respectively.
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3. Simulation of Light Guide Plate with Asymmetric Intensity Distribution of Mini-LEDs

A traditional backlight includes a light guide plate, reflector film, dot pattern, diffusion film, and
prism films, and the dot pattern design is a key factor for obtaining a high efficiency and uniformity,
because the dot patterns prevent the total internal reflection. Among these aforementioned elements,
dot pattern design is the most time-consuming and resource-heavy work, because the density of the
dots must be adjusted several times in order to achieve a uniform light output for the light guide plate.
We proposed removing the dot pattern design and replacing it with a fully printed diffusion reflection
on the bottom surface of the light guide plate using AID mini-LEDs. The surface property of a dot
pattern layer and a fully printed diffusion reflection layer is the Lambertian reflectance.

The proposed light guide plate without dot pattern architecture does not have any of these
components or films; instead, it only involves a prism film. Figure 5 presents a comparison of a
traditional solid light guide and the proposed fully printed diffusion reflection light guide without dot
patterns for use as planar light modules. This design avoids the time required for fabricating the dot
pattern design, and is more convenient to use in general lighting.
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Figure 5. (a) Solid light guide module for backlight applications and (b) proposed fully printed
diffusion reflection light guide module without dot patterns for backlight applications.

Table 1 lists the surface and material parameters of all of the components of the light source
module used in the simulation.

The uniformity is defined in Equation (1) [19]. Here, the minimum and maximum are the
illuminance (E) values that can be measured from the detection surface.

Uniformity = 100%
minimum E (lux)
maximum E (lux)

(1)
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Table 1. TracePro Simulation setting parameters.

Components Specifications

Surface Characteristics Material

Light guide plate Polish
Refraction index (n) = 1.59 polycarbonate (PC)

Bottom surface of light
guide plate (fully printed
diffusion reflection)

Diffusion white reflection: R = 94%
BRDF: 0.94,
(BRDF=bidirectional reflectance distribution function)
BRDF g = 0,
BRDF B = 0.1,
BRDF A = 0.329132
BRDF define:
Diffusion type: Lambertian
Thickness (mm): 1.5mm
Transmittance ratio: 0.33
Diffusion type: Lambertian
Manufacturer: Entire Technology Company Limited

PC

Prism film

Index = 1.59
Surface: polished
Prism Angle (degrees): 90
Prism Pitch (µm): 50
Caliper (µm): 152
Thickness(µm): 155
Model: 3M AEF-155
Manufacturer: (3M; MN, USA)

polyethylene terephthalate
(PET)

Circular Shape Light Guide Plate with Fully Printed Diffusion Reflection on Bottom Surface

A simulation was conducted to demonstrate the effectiveness of the proposed light guide plate
without a dot pattern. Specifically, a ray-tracing simulation was performed using the TracePro
(LAMBDA Corp., Littleton, MA, USA). The module containing the proposed light guide plate without
a dot pattern had a thickness of 9.8 mm (H0), a length of 143 mm (L0), and a diameter of 143 mm (W0),
as depicted, and using an AID mini-LED in 60 pcs, the ring arrangement had the same pitch as in
Figure 6.
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Figure 6. Three-dimensional view of AID mini-LEDs and the dimensions of the module for a circular
shaped planar light source.

In our simulation, we set the length (L0) as constant and varied the height in order to evaluate the
best ASR (Aspect ratio) of the optical cavity. Table 2 presents the efficiency and uniformity simulated
at various ASR values.
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Table 2. Simulated efficiency and uniformity with aspect ratio.

Aspect Ratio (ASR = W0/H0) Uniformity (%) Efficiency (%)

20.4 65 86.1
17.9 76 85.7
15.9 82 85.1
15.1 87 85
14.6 90 84.8
14.3 90.3 82

Figure 7 illustrates the relationship between efficiency and uniformity at various ASR values.
At an ASR value of 14.6, the observed uniformity was superior to the efficiency; nevertheless, the
efficiency was still reasonably high.
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Figure 7. Relationship between efficiency and uniformity at various ASR (aspect ratio) values for a
light guide plate with a fully printed diffusion reflection on the bottom surface.

Figure 8 shows TracePro simulating and using six million rays, and the smoothing properties
setting pixels 30 illustrates the illumination map observed for the light guide plate with a fully printed
diffusion reflection on the bottom surface, a height of 35 cm, an input of 5 W, and an LED total input of
400 lm. Figure 9 depicts the intensity distribution curve in the detector. The uniformity was 92% and
the overall efficiency was 84.8%.
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Figure 10. Normalize intensity distribution curve in the detector with one prism film.

From the simulation results, we obtained the ASR of a circular shape planar light source where
the optimized maximum value was 14.6.

4. Experiment

Figure 11 presents the archetype of the circular shaped light guide plate with a fully printed
diffusion reflection on the bottom surface.
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Figure 11. Archetype of the light guide plate with a fully printed diffusion reflection on the
bottom surface.

Figure 12 presents the illumination map that was observed when the module was shut down and
in operation, respectively.
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The measured intensity curve without a prism film is depicted in Figure 13, using the
approximation simulation data from Figure 9, the intensity curve with one prism film from Figure 14,
and the approximation simulation data from Figure 10.
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Nine equidistant points were established in order to evaluate the uniformity (depicted in
Figure 15), which was obtained using a BM-7 luminance meter (Topcon Corporation, Tokyo, Japan).
The uniformity was evaluated in order to determine Lmin/Lmax × 100%. Table 3 lists the measurement
results. The relative luminance (L) measured at point 1 was 92.6%.Crystals 2019, 9, x FOR PEER REVIEW  9 of 11 
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Light source 0.3293 0.3125 400 100 

Light source module  0.3203 0.3136 340 85 

Table 5 lists the simulation and measurement values, which indicate a high coincidence.  

Table 5. Comparison of the simulation and measured data. 

Item Simulation  Measured 

Uniformity (%) 92 92.6 
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Figure 15. Measurement points on a light source for uniformity evaluation.

Table 3. Relative luminance measured at nine points.

Position Relative Luminance (L; unit: nits)

P1 1
P2 0.976
P3 0.965
P4 0.947
P5 0.926
P6 0.938
P7 0.963
P8 0.971
P9 0.992
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Table 4 lists the measured data of the optical characteristics. The data in Table 4 was measured
using an integrating sphere (Isuzu Optical, Hsinchu, Taiwan); the efficiency was 85% and the CIE 1931
chromaticity was coordinated at x = 0.3203, y = 0.3136.

Table 4. Measured data of optical characteristics.

CIE x CIE y Flux (lm) Efficiency (%)

Light source 0.3293 0.3125 400 100
Light source module 0.3203 0.3136 340 85

Table 5 lists the simulation and measurement values, which indicate a high coincidence.

Table 5. Comparison of the simulation and measured data.

Item Simulation Measured

Uniformity (%) 92 92.6
Efficiency (%) 84.8 85

Horizontal axis (degree) 90 88
Vertical axis (degree) 62 60

5. Conclusions

A novel planar light source module designed using a light guide plate without a dot pattern was
proposed. The designs involved an AID with mini-LEDs and a light guide plate with fully printed
diffusion reflection on the bottom surface, in order to achieve high efficiency and uniformity. The
prototype demonstrated a uniformity of 92.6% and an efficiency of 85%. The proposed architecture is
feasible as a high efficiency and uniformity solution for a six-inch planar illuminator, and is thus more
suitable for the downlight in general lighting applications.
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