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Abstract: Through analysing the optical requirements of wide beam and high uniformity light beads, which
are currently used in displays, and packaging micro Light-Emitting Diode (LED) chips with a novel non-
Lambertian distribution, we realized the production of wide beam and high uniformity micro-LED chip light
beads. The light output efficiency and beam angle of fixed beads were simulated using brackets made of cop-
per, titanium, aluminium and silver, as well as materials that were completely reflecting and absorbing. The
simulations were conducted at various fixture angles, packaging heights, packaging materials, sapphire thick-
nesses, and patterned sapphire substrate sizes. By adjusting the chip and packaging parameters, we can ob-
tain one, two, or three light beams with Surface Mounted Device (SMD) lamp beads characteristics that
provide wide angles, high uniformity, and far-field light distribution. These characteristics can meet the cur-

rent display requirements for LED and LCD.
Key words: non-lambertian distribution; lambertian distribution; displays; SMD lamp beads
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1 Introduction

Backlight displays that use Light-Emitting Di-
ode (LED) and Liquid-Crystal Display (LCD) tech-
nologies have several advantages such as high en-
ergy efficiency and improved contrast, low cost, and
a better spliceability! .. Consequently, these dis-
plays have entered a stage of rapid development.
However, backlight displays using LED and LCD
technologies have certain drawbacks, including the
inability to be fabricated in ultra-thin formats®™!?,
This impedes the utilization of various backlight
displays, such as laptops and mobile phones, in ul-
trathin display technology.

The term “micro-LEDs” refers to LEDs that
have chip sizes smaller than 100 pmx100 pm!"’. Re-
search has shown that micro-LED chips exhibit high
uniformity and wide beam angles, thereby enabling
their deployment in ultrathin displays. However,

certain difficulties hinder the direct installation of

doi: 10.37188/CO.EN-2023-0017

micro-LED chips on display screens. Typical solu-
tion is to install a micro-LED chip directly on a
Chip-On-Board (COB), and then create a display by
splicing the COB or SMD LED + LCD. However,
COB technology has seveval disadvantages, includ-
ing difficulties in achieving its primary optical
design. Many COB-based devices use secondary op-
tical designs and lenses to adjust the mixing dis-
tance, which makes it difficult to achieve ultrathin

mixing distances!'*"*

1. The integration of micro-LED
chips into COBs through display technology re-
mains under research and has not yet been widely
adopted. After reviewing pre-existing technical
methods, we propose a technological path that com-
bines micro-LED chips with Surface-Mount Tech-
nology (SMT) packaging to fulfil the current de-
mand for ultrathin displays and mounted devices. As
typical LEDs follow the Lambert distribution!'>",
the illumination is stronger at mid-angles but weak-
er on both sides. The optical design of supplement-

ary lighting requires consideration of modifications
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to light direction and redistribution of intensity, in
conjunction with using precision optical lenses
which poses significant challenges to image pro-
cessing. Numerous studies reveal that under certain
conditions?"?!, micro-LEDs conform to a non-Lam-
bert distribution and have uniform light distribu-
tions™” >, It would be advantageous to develop low-
cost, standard SMD beads that generate wide-beam
and large-angle light output. Using these beads in
displays reduces the reliance on lenses and mixing
distances, thus providing a better display experi-
ence. The objective of this study is to determine an
appropriate parameters that satisfies the optical re-
quirements of displays that utilize large-angle, high-
uniformity SMT beads with micro-LED cells to
minimize cell sizes and costs. In addition, micro-
LEDs minimize the mixing distance and produce ul-
trathin displays.

To perform optical simulations, we implemen-
ted the Monte Carlo approach in conjunction with
the ray-tracing method using TracePro software.
Figure 1 presents a detailed illustration of the specif-
ic model, and a schematic of the structure of the
SMD lamp bead is shown in Figure 2. For the pur-
pose of this study, we set 0° as the direction perpen-
dicular to the light-emitting plane in front of the
chip and downward. This study suggests that an op-
tical design for LED + lenses can be achieved
through simulation calculations using a new patch
LED. The optical design technology of the novel
patch LED can meet display requirements by redu-
cing material costs, light loss, weight, and shorten-

ing the mixing distance.

5 mm

5 mm

Fig. 1 Top view of the LED device structure rendered us-

ing TracePro software

ITO 300 nm
P-GaN 150 nm
MQW 100 nm

N-GaN 6.75 pm

Sapphire 30 pm

Fig.2 Sectional view of the unpacked micro-LED device

structure

Table 1-3 present the model parameters. The
refractive indices of sapphire, N-type GaN, MQW,
P-type GaN, and ITO were 1.7, 2.45, 2.54, 2.45, and
1.5, respectively. The absorption coefficients of sap-
phire, N-type GaN, MQW, P-type GaN, and ITO
were 0.004, 2.3, 25, 2.3, and 0 mm™', respectively.
The thicknesses of the sapphire, N-type GaN,
MQW, P-type GaN, and ITO layers were 30, 6.75,
0.1, 0.15, and 0.3 pum, respectively?**>%, Micro-
LED chips with diameters of 10, 20, 30, 40, and 50
um were fabricated, while sapphire beads with dia-
meters of 2, 3, and 4 pm were constructed as hemi-
spherical microstructures. SMD lamp-bead holders
of 5 mmx 5 mm were designed interiors featuring a
four-sided conical platform inclined at angles of 5°,
15°, 25°, 35°, 45°, 55°, 65°, 75°, and 85°. The chip
size was 30 pm, with packaging heights of 10, 20,
40, 60, and 80 um. Brackets were fabricated using
various materials including copper, aluminium, sil-
ver, and titanium, along with fully absorbing and
fully reflective materials. The refractive and absorp-
tion indices of each material are listed in Table 1.
For packaging, epoxy, PMMA, and silica were used
with their respective refractive and absorption in-
dices listed in Table 2P for a 30 um chip. All chips
used were micro-LED chips with suitable pack-
aging sizes in accordance with the 5050 chip pack-
aging requirements. The structure of the LED device
is depicted in Figs. 1-3. The wave-length of SMD
LED is 450 nm, and the distance between the
sample and the detector is about 1000 mm. To cal-
culate light extraction efficiency, we divide the
number of photons emitted to the outside of the
SMD per unit time by the number of photons emit-

ted by the active region per unit time.
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Tab.1 Simulated optical parameters of different bra-

cket materials

Material Refractive index Absorption index/(mm™")
Cu 1.15 65889
Al 0.7278 152263
Ag 0.886 113067
Ti 1.71 62667

Perfect absorption - 1

Perfect reflection 1 -

Tab.2 Simulated optical parameters of different pack-

aging materials

Material Refractive index Absorption index/(mm ")
Epoxy 2.605 0.0078

PMMA 1.499 0
Silica 1.41 0.01

Tab.3 Simulated optical parameters of light-emitting

diodes with different sizes

Material Thickness Re.fractlve Absorptlor}l index/
index (mm™")
Sapphire 30 um 1.70 0.004
ITO 300 nm 1.50 0
p-GaN 150 nm 2.45 2.300
Active layer (MQW) 100 nm 2.54 25
n-GaN 6.75 ym 2.45 23

Packaging materials

Sapphire

N-GaN

Support materials
Fig.3 Sectional view of the packaged 5050 SMD beads.

Figs 1 to 3 show images of the unmodified
chip’s original structure used in this study. Figure 1
depicts a top view of the packaged 5050 chip
rendered in TracePro software. Figure 2 shows a
cross-sectional view of the structure of the unpack-
aged chip, and Figure 3 offers a cross-sectional view

of the packaged 5050 chip. The size of the chip was

set to 10 um. The inclination angle of the internal
packaging was altered across a range of 5°— 85°.
The beam angles and output efficiencies of the SMD
LEDs were simulated and calculated for inclination
angles of 5°, 15°, 25°, 35°, 45°, 55°, 65°, 75°, and
85°. An assembly comprising Al support material,
PMMA packaging material and a chip size of 10 um
was simulated with a fixed inclination angle of 85°.
The resulting calculations included the beam angles
and output efficiencies of SMT LEDs of 10, 20, 40,
60, and 80 um, with different packaging heights.
The SMD with a packaging height of 0.05 mm was
analyzed by fixing the inclination angle at 85° and
utilizing Al as the support material and PMMA,
epoxy, and silicone as the packaging materials. This
analysis resulted in the calculation of the beam
angle and output efficiency. The chip size was set to
30 um with a fixed inclination angle of 85°. The
support material was changed from Cu to Al, Ag,
and Ti. The inner cone of the packaging was set to
full absorption and reflection while utilizing silic-
one as a packaging material. Therefore, the beam
angle and output efficiency of a 0.08 mm high pack-
aged SMD were calculated. At an 85° fixed inclina-
tion angle, the bracket was made of Al and PMMA
was used as the packaging material. We calculated
the beam angle and output efficiency of a 0.1 mm
high SMD package at chip sizes of 0.01, 0.03, 0.05,
and 0.1 mm. It is noteworthy that the size of the
transformed chip is relatively large when the angle
is 85°, which allows for the largest possible place-
ment area in the middle position of the chip. In the
following simulation, we set the fixed inclination
angle to 85°, the bracket material to Al, the pack-
aging material to PMMA, and the thickness of the
sapphire substrate to 0.03 mm. We changed the mi-
crostructure dimensions on the sapphire substrate to
0.002, 0.003, and 0.004 mm and then calculated the
beam angle and output efficiency of a 0.1 mm high
packaged SMD for packaging. Finally, a simulation
was conducted with an inclination angle fixed at 85°

for the aluminium bracket material, and PMMA was
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used as the packaging material. The beam angle and
output efficiency of an SMT LED with a packaging
height of 0.08 pm were calculated for sapphire
thicknesses at 0.01, 0.03, and 0.05 mm.

2 Optical simulation results and ana-
lysis

Table 4 shows the results for the 5050 SMT
beads with Al bracket and PMMA packaging mater-
ials at different angles. It is evident that at the inclin-
ation angles of 45°, 55° and 65°, the chip size
measured 10 um, and the far-field light distribution
of the SMD LED emitted a single beam. These out-
comes were confirmed at beam angles of 160°,
140°, and 120°. The far-field light distribution of the
SMD LED emitted a dual beam at the angles of 5,
15, 25, 35, 75, and 85°, as depicted in Figure 4. The
corresponding beam angles were 70° x 2, 50° x 2,
70° x 2,70° x 2, 50° x 2, and 30° x 2, respectively.
Fig. 4 shows how the light extraction efficiency first
increased and then decreased as the inclination angle
increased. The highest light extraction efficiency, at
0.654, was achieved when the inclination angle was
65°.

Tab.4 Far-field beam angle and output efficiency of
5050 SMT beads with Al bracket and PMMA

packaging materials at different angles

Width of Light-beam Light extraction Number of
square/mm angle efficiency light beams

5 70 0.288 2

15 50 0.400 2

25 70 0.489 2

35 70 0.505 2

45 160 0.508 1

55 140 0.652 1

65 120 0.654 1

75 50 0.645 2

85 30 0.454 2

Table 5 lists the results for 10 pm chips with
different packaging heights. The far-field light dis-
tribution of the SMD LED is a single beam at pack-

aging heights of 0.01, 0.02, 0.04, 0.06, and
0.08 mm. Figure 5 verifies this for beam angles of
160°, 140°, 140°, and 120°. When the packaging
height decreased, the beam angle of the packaged
chip LED increased from 120° to 160°, however,
the light output efficiency decreased from 0.638 to
0.369.

—5
90
0.5 Py e 15
120 60 Y
0.4- L : - 35
i - 45
5037 150 - .30 - 55
Z 0.2 65
Q iy i
201 gg
& 0180 [0
201-
® 03 210 330
B
0.5 240 " | =300
‘ 270

Fig. 4 Schematic diagram of far-field light distributions of
5050 surface-mount technology (SMT) beads with
Al brackets and PMMA packaging material at dif-

ferent inclination angles

Tab.5 Far-field beam angles and output efficiencies of
5050 SMT beads with different packaging
heights and Al brackets and PMMA packaging

material at an inclination of 85°

Width of Light beam angle  Light extraction =~ Number of

square/mm  without reflection efficiency light beams
0.01 160 0.369 1
0.02 140 0.477 1
0.04 140 0.570 1
0.06 120 0.612 1
0.08 120 0.638 1

Table 6 presents the outcomes for 30 um chips
packaged with different materials. A dual beam was
observed in the far-field light distribution of the
SMT LED when the packaging material or the in-
ner surface of the package was made of aluminium,
silver, or completely reflective materials. This is
confirmed in Figure 5, and the corresponding beam
angles were 20° x 2, 20° x 2, and 30° x 2, respect-

ively. When the packaging material or inner surface
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of the package consisted of copper, titanium, or
fully absorptive materials, the far-field light distri-
bution of the SMD LED produced a single beam, as
displayed in Figure 6. The corresponding beam
angles measured 140°, 160°, and 120°, respectively.
According to Table 6, the maximum light output ef-
ficiency was 0.813 when the inner surface of the

package was fully reflective, and 0.175 when it was

fully absorptive.
——0.01 mm
90 0.02 mm
0.4- 120 T ™~ 60 - = - 0.04 mm
: S = =0.06 mm
03- 4 ] . ==-:0.08 mm
> . 150 e X430
F 02 ST N
% | £ \
E0.1- .
5 0180 <o
201 7
35 02 TR
24210 ' 330
0.3 .
041 240 ~7300

270
Fig. 5 Far-field light distributions of 5050 SMT beads with

different packaging heights, Al brackets, and
PMMA packaging materials at an inclination of 85°.

0.6~ 120 " el 60 —--Ag
L . . —---Perfect absorb
t . ==~ -Perfect reflect

N30

06 270

Fig. 6 Far-field light distributions of 5050 SMT beads with
different support materials, a packaging height of

0.08 mm, and Al support at an inclination of 85°

Table 7 presents the outcomes for silicone-sup-
ported beads with varying packaging materials. The
far-field light distribution of the SMD LED was ob-
served to be a dual beam when the packaging mater-
ial or inner surface was made of epoxy, PMMA, or

silica. Figure 7 confirms this for the beam angles of

30° x 2, 20° x 2, and 30° x 2, respectively. When
silicone was used as the packaging material, the
light extraction efficiency reached a maximum of
0.874, and when epoxy was used as the packaging
material, the light extraction efficiency reached a

minimum of 0.511.

Tab. 6 Far-field beam angles and output efficiencies of
5050 SMT beads with different packaging ma-
terials, and a packaging height of 0.08 mm, Al

brackets at an inclination of 85°

Light beam angle Light extraction Number of light

Material without reflection efficiency beams
Cu 140 0.247 1
Al 20 0.574 2
Ag 20 0.615 2
Ti 160 0.194 1
Perfect 120 0.175 1
absorption
Perfect 30 0.813 2
reflection

Tab.7 Far-field beam angles and output efficiencies of
5050 SMT beads with different materials, a
packaging height of 0.08 mm, and a sapphire
thickness of 0.05 mm packaged with silicone

supports at an inclination of 85°

Width of
square/(mm)

Epoxy 30 0.511 2

Light beam angle
without reflection

Light extraction ~ Number of
efficiency light beams

PMMA 30 0.555 2

Silica 20 0.574 2

—— Expoxy
- — PMMA

0.35- 120 727 60
P 5 - Silica

coocooo
O == W
Sounond
:
it

coo
—_ O
(=N}

Relative light intensity
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»

(=]

(3]

(=]
[N}
—_
(=}

0.25 R
0.30 N
0.35 240 i o 300

Fig. 7 Far-field light distributions of 5050 SMT beads with
different material supports and silicone, a pack-
aging height of 0.08 mm, and a sapphire thickness

of 0.05 mm at an inclination angle of 85°
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Table 8 presents the results obtained for chips
with a sapphire thickness of 10 wm, Al brackets, and
PMMA packaging material at an inclination angle
of 85°. The far-field light distribution of the SMD
LED was a dual beam when the chip dimensions
were 0.03, 0.04, 0.05, or 0.1 mm. Figure 8 confirms
this, with the corresponding beam angles being
30° x 2. Furthermore, as the chip size decreased, the
light output efficiency increased from 0.456 to
0.521.

Tab.8 Beam angles and output efficiencies of 5050
SMT beads with different chip sizes and Al
brackets and PMMA packaging materials at an

inclination of 85°

Cell siz Light beam angle Light extraction Number of
el size without reflection efficiency light beams
30 30 0.521 2
40 30 0.505 2
50 30 0.490 2
100 30 0.456 2

0.35 120 7
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0.25 R
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0.307 E ] i g
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270

Fig. 8 Far-field light distributions of 5050 SMT beads with
different chip sizes and Al brackets, and PMMA

packaging materials at an inclination angle of 85°

Table 9 shows the findings obtained from us-
ing Al brackets to fix 30 um sapphire-thick beads
with PMMA packaging material at an inclination
angle of 85°. The sapphire substrate has hemispher-
ical microstructures with diameters of 0.002, 0.003,
and 0.004 mm. Each case led to the acquisition of
dual-beam far-field SMT LED light distributions, as

shown in Figure 9. This is confirmed in Figure 9
with corresponding beam angles of 30° x 2. As the
chip size decreased, the efficiency of light output in-
creased from 0.553 to 0.555.

Tab.9 Beam angles and output efficiencies of 5050
SMT beads with a sapphire thickness of 30 pm,
Al brackets, and PMMA packaging materials at

an inclination angle of 85°

Angle of light Light
beam without extraction
reflection efficiency

Diameter of
sapphire square
structure

2 30 0.555 2

Number of
light beams

3 30 0.554 2

4 30 0.553 2
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0.40- 120 = = 60 i

150 .~

SO0
O — b P Lo
GoOUnShSh
1 1 1 1 ' 1

Relative light intensity
(=)
%
)

- 210

cooooo
W ==
SHSuoh
ol 1 1 '

(=]
W
W

0.40 240 300

270

Fig. 9 Far-field light distributions of 5050 SMT beads with
a sapphire thickness of 30 um Al brackets, and
PMMA packaging materials at an inclination angle
of 85°.

Table 10 presents the outcomes obtained while
using beads with Al brackets and PMMA pack-
aging material at an inclination of 85° with the sap-
phire thicknesses varying from 0.01, 0.03, and
0.05 mm. In all instances, there were SMT LED,
dual-beam, and far-field light distributions, as con-
firmed by Figure 10, showing corresponding beam
angles of 30° x 2. As the chip size decreased, the
light output efficiency increased from 0.553 to
0.547.

The simulation results indicate that variations
in reflection angles and materials impact the num-

ber of light beams.
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Tab.10 Beam angles and output efficiencies of 5050

SMT beads with different sapphire thick-

3 Conclusion of optical simulation
nesses and Al brackets and PMMA packaging

materials at an inclination angle of 85°

Sapphire Light beam angle without Light extraction Number of light

The simulations conducted in this study re-

length reflection cfficiency bearns vealed that using silicone packaging material resul-
10 30 0.547 2
ted in the highest light output efficiency. Moreover,
30 30 0.553 2 . . . .
employing completely absorptive packaging materi-
%0 30 0333 : als on the inner cone improved output efficiency,
90 — 10 while using wholly reflective surface materials de-
0.40+ 120 " T T 60 = =30 ; o
gg(s)_ Tl a 50 creased it. As the angle of the cone within the pack-
ggg 1150 .30 age increased, the output changed from dual-beam
> 0. .~ g .
Z 015 to single beam and then back to the dual-beam.
2 0.10- )
€005 | Also, when the angle of the inner cone of the pack-
= ]
0 . . . .
%‘) 0.05;180[ | :0 age increased, the light output efficiency first in-
S 3 i
g g':g_ creased, peaked at 65°, and then fell. Although re-
& 020" L . . .
gég_ 210 . 330 duction in chip size led to increased light output ef-
ggg- N - P ficiency, the light extraction efficiency witnessed a
0.40 240 e L300 rise and then plateaued as the sapphire thickness in-

creased. Finally, as the diameter of the microstruc-

Fig. 10 Far-field light distributions of 5050 SMT beads

with different sapphire thicknesses, Al brackets ture in the rear hemisphere of the sapphire substrate

and PMMA packaging materials at an inclination increased, there was a slight reduction in the effi-
of 85° ciency of light output.
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