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Abstract: The low light extraction efficiency (LEE) has become a bottleneck factor limiting the performance of
near ultraviolet (NUV) face-up light-emitting diodes (LEDs). In this study, we systematically investigated the influ-

ence of liquid encapsulation configuration, sapphire substrate thickness, and chip size on the optical output charac-
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teristics of NUV face-up LEDs utilizing a new kind of fluorine-based oil encapsulation material with high ultraviolet

transmittance and high viscosity. Both simulation and experimental results demonstrate that the chip-level liquid cup

packaging can effectively mitigate total internal reflection at the chip surface and substrate sidewalls, and redirect es-

caped light toward the center of the quartz hemispherical lens, thereby maximizing LEE. Furthermore, thin sapphire

substrate and large chip size can facilitate upward propagation of light within the chip, thus reducing optical absorp-

tion losses in the bracket dam and enhancing LEE. After the systematic optimization, the light output power density

and external quantum efficiency (EQE) of the NUV face-up LED chip are improved by 70.55% and 70.25%, re-

spectively. These findings provide critical insights for developing high-efficiency NUV face-up LED devices.

Keywords: Near Ultraviolet light-emitting diode; Face-up chip; liquid packaging; light extraction efficiency; Sap-

phire substrate
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Fig 1 Schematic diagrams of four packaging structures: (a)
Device 1 without liquid, (b) Device 2 with liquid on-
ly on the chip top, (c¢) Device 3 with a liquid cup
around the chip, and (d) Device 4 completely filled
with liquid.
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Tab 1 Thickness, refractive index and optical absorption coefficient for each layer in the simulation model

#1 ) JEJE/(nm) PR /(a u.) W 2%/ (em™)
n/p I JEE L AR 200 0.3987 1.51x10°
ITO 70 2.0987 1
p-GaN 20 2.73 10
IR TEEY = 10 2.51 0
R X 2 130 2.9 100
n-AlGaN 2 1000 2.52 0
HEARIK 2.5%10°~4x10° 1.78 0
AL 5B 500 0.3987 1.51x10°
£ ERGE B 2.8x10° 1.43 0
I I TR - 1.3 0

3 %R 5tk

3.1 REEHERXKI M

P2 J 7R T D ot 2 T 2 ) G R IO R ) BT
GEEL CH P AN IE S LED O R 95 A R A R
BE 4 — % B N 400 wm. X} T Device 1, i F 4 4E
B EFEASERN N R T %22,
28w B ) 7 PN TE A T, 4R BORR AT
22. 81%. TEIT2EHMERE LED S A 4 1F 1 LA K i) B
53 B i SRS I M VA S BT 4 S A0 % i

w
N

w
o

N
[e3)

N
o

N
~

Light Extraction Efficiency(%)

-

Device 1 Device 2 Device 3 Device 4
K2 R SRR Y RLGE 205 FLAY Device 1~4 1632
BUHCRFDGLR - .

Fig 2 Simulated light extraction efficiency and light ray dia-
grams of Device 1~4 using the Monte Carlo ray trac-

ing method.
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(a) Experimentally measured LOP and voltage as function of the injection current for near-ultraviolet face-up LEDs with

four packaging structures, all with a chip size of 15 milx15 milx400 pm. (b) Normalized far-field distributions of four

packaging structures. (¢) Schematic diagrams of representative light propagation in Device 3 and Device 4. (d) Light

emission microscopy images of four devices under an injection current of 2 mA.
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Fig5 Near-ultraviolet face-up LEDs with different sapphire thicknesses: (a) Experimentally measured LOP and voltage as

function of current; Light emission microscopy images and schematic diagrams of light propagation paths in LEDs with

(b) thick and (¢) thin sapphire substrates.
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Fig 8 (a) Schematic diagram of light propagation paths as the chip area increases. (b) Light emission images of near-ultraviolet

face-up LEDs with different physical dimensions,

specifically 15 mil X 15 mil X 250 pm,

15 mil X 15 mil X 250 pm,

and 15 mil X 45 mil x 250 pum, respectively. (¢) Measured optical power density and EQE as a function of the current

density for LEDs with different sizes.
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