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Novel Electrode Design for Integrated Thin-Film
GaN LED Package With Efficiency Improvement

Yao-Jun Tsai, Re-Ching Lin, Hung-Lieh Hu, Chen-Peng Hsu, Shih-Yi Wen, and Chi-Chin Yang

Abstract—This letter proposes a novel electrode structure
for thin-GaN LED applications. The structure enhances light
extraction and wall-plug efficiency in thin-GaN LEDs. To enhance
light extraction in thin-GaN LEDs and solve current crowding
effects caused by electrodes composed of metal, conventional
n-GaN electrodes were replaced with ITO conductive films
because of their high optical transparency. Simulation results
show that the thin-GaN LEDs that use ITO as the nonshielded
electrode have a more uniform current density distribution on the
n-GaN surface and a higher average internal quantum efficiency
than conventional metal electrodes. Furthermore, when a current
of 200 mA was applied, the thin-GaN LEDs using the proposed
electrode had a 40% increase in light-output power and a
significant decrease in chip temperature compared to the use of
conventional electrodes. The results indicate that the nonshielded
ITO electrode design enhances the light extraction efficiency and
avoids the accumulation of heat because of its uniform current
density distribution.

Index Terms— LED, nonshielding electrode, thin-film package
LED (TFP LED).

I. INTRODUCTION

ECENTLY, LEDs with a vertical structure, or vertical
LEDs (VLEDs), have been widely researched as a high-
potential replacement for conventional LEDs manufactured
with sapphire substrates. In conventional LEDs with sapphire
substrates, p- and nelectrodes must be placed on the same
side, and, consequently, current and heat crowding around the
electrodes result in lower internal quantum efficiency (IQE)
because of the insulating sapphire substrates [1]-[2]. VLEDs,
however, allow an epitaxial layer to form between two metal
electrodes to adhere to submount substrates. Because currents
travel to the submount substrates vertically through n-GaN,
VLEDs have a more uniform current density distribution and
can be operated at higher injection powers compared with
conventional structures [3]-[4]. However, metal electrodes
in VLEDs shield the light that is emitted by the multiple
quantum wells (MQWs), reducing light extraction efficiency
and increasing the current crowding effect [S]-[6].
This letter proposes a thin-film-packaging (TFP) LED struc-
ture packaging LED epitaxial thin-films on Si substrates with
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Fig. 1. Current density and IQE simulation results taken from (a) TFP LED
and (b) original VLED.

through-silicon vias (TSV) by employing the flip chip method
and a laser lift-off process. In addition, n-GaN electrodes
were replaced with ITO thin films to prevent light from
being shielded by the electrodes. Regarding TFP LEDs and
conventional VLEDs, analyses using simulation software were
conducted comparing the distribution of current density and
IQE. Finally, this letter discusses the light emissions and
thermal characteristics of the two LED types.

II. SIMULATION AND EXPERIMENTS

SpeCLED was adopted to simulate the distribution of
the current density and IQE in the TFP LEDs, which use
nonshielded electrodes, and in the conventional VLEDs that
use shielded electrodes. Fig. 1 shows the results of the
simulation. A light-emitting area of 0.36x 0.36 mm? and a
grid of 10 x 10 were established for both the TFP LEDs
and VLEDs. The GaN LEDs (4, = 455 nm) are mounted
on (100) Si substrate. The structure consisted of a 2.5 um-
thick Au&Sn bonding metal, a 0.3 um-thick Mg-doped GaN
layer, an InGaN/GaN MQW stack, a 3um-thick Si-doped
GaN layer and a 400 nm-thick ITO layer (TFP LED) or
a lum-thick Au electrode (VLED). The injection current
is set at 50 mA. The results show a uniform distribution
of the current density for TFP Because current crowding
was prevented by replacing n-GaN electrodes with ITO thin
films Correspondingly, the distribution graph shows a uniform
distribution of the IQE in the TFP. A nonuniform distribu-
tion of the IQE is frequently observed in VLEDs because
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Fig. 2. Schematic diagram and photographs of TFP LED (a) without wire
bond, and (b) with wire bond.

of crowded currents around the electrodes. Based on the
results shown in Fig. 1, the current density in the TFP
LEDs ranged from 25 — 40 Alem? (Fig. 1 (a)), whereas the
current density in the VLEDs ranged from 4 — 340 A/cm?
(Fig. 1(b)). The VLEDs show a significant current crowding
effect that reduces their IQE, life expectancy, and reliability.
Fig. 1 (b) shows high-density current crowding around the
metal electrodes and a decrease in the IQE around these
electrodes.

Fig. 2 (a) shows the schematics of a TFP LED. This
structure has no bonding wire, and ITO transparent conductive
films were adopted to replace the n-GaN metal electrodes. The
films were connected to the contact metal using conduction
rings. The fabrication process of the TFP LED was as follows.

Prepared LED dies were mounted on a TSV substrate using
metal bonding, and the sapphire substrate was removed using
a laser lift-off process to complete an n-side-up thin GaN
LED structure with a light-emitting area of 0.36x 0.36 mm?
In order to avoid bonding problems in the vertical direction
between epitaxial layer and substrate, the PTS (Planarized
Thermally Stable) technology was adopted to fabricate a
planarizing protection layer [7]. The planarized protection
layer improves the reliability of electrical connection between
conduction ring, epitaxial layer and ITO. Next, a protective
insulating layer was coated on the side of the epitaxial layer,
and conduction rings were produced to enable connection
with the metal contact of the TSV substrate. Thereafter,
the ITO transparent conductive films that were deposited on
n-GaN contacted the conduction rings to uniformly distribute
the injection current on the n-GaN surface through the ITO
films. Fig. 2 (b) shows a conventional VLED structure. In this
structure, n-GaN electrodes were connected with the contact
metal of the n-Gan via gold wires. Extraction was affected
because the light was shielded by both the n-GaN metal
and gold wires. In the conventional GaN film transformation
process in VLED fabrication, metal bonding and laser lift-off
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Fig. 3. Light output powers and wall-plug efficiency as a function of injection
current for the TFP LED and original LED.

techniques were adopted. Metal electrodes were deposited on
the surface of the n-GaN following the removal of the sapphire
substrates, and the n-GaN electrodes were connected to the
TSV conduction via using wire bonding.

To form control groups, the TFP LEDs and VLEDs were
packaged on metal core PCBs (MCPCBs). Light emission
was measured using integrating spheres at room temperature,
and the transient thermal resistance was measured using the
T3Ster Master System. In a thermal equilibrium state and by
injecting a current of 50 mA into the TFP LEDs and VLEDs,
a thermal infrared image analysis was performed to analyze
the distribution of the surface temperature.

III. RESULTS AND DISCUSSION

Fig. 3 shows the relationship between the output power
and wall-plug efficiency of the TFP LEDs and VLEDs
with various injections current. When a current greater than
40 mA was injected, the VLEDs showed significant signs
of current droop, and the TFP LEDs, because they did not
have bonding wires, demonstrated superior output power and
wall-plug efficiency compared to the VLEDs. The output
power of the TFP LEDs increased with the injection current,
and, at 200 mA, no significant sign of current droop was
observed. This was because, in the TFP LEDs, highly efficient
light extraction was achieved through the nonshielded ITO
films adopted as the n-GaN electrodes, whereas the metal
wires and electrodes in the conventional VLEDs shielded
the light and lowered the efficiency of light extraction, and
unextracted light was absorbed and converted into heat by
the epitaxial layers [8]. Fig. 4 summarizes the results of the
thermal resistance analysis for the TFP LEDs and VLEDs.
The thermal resistance of the TFP LEDs and VLEDs between
the epitaxial layers and submount substrates was measured
as 18 and 20.5 kW, respectively. The epitaxial layer was the
primary cause of the thermal resistance difference between the
TFP LEDs and VLEDs because heat spreading by ITO and the
conduction ring is more efficient than through the thin bond
wire. Consequently, the thermal resistance of VLEDs, which
have bonding wires, increased.
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Fig. 4. Thermal resistance measured by T3ster and compared with the TFP
LED and original VLED.

Fig. 5. Surface temperature distribution at an injection current of 50 mA
for the LEDs with (a) TFP LED without electrode shielding and (b) original
VLED with electrode shielding.

As shown in Fig. 5, the infrared temperature measurement
showed a surface temperature of 34.3 and 49.0 °C for the
TFP LEDs and VLEDs, respectively, matching the results of
the thermal resistance analysis. The light emitted by MQW
in the conventional VLEDs was reflected or absorbed by the
metal electrodes. Reflected light entered the epitaxial layer and
was converted to heat through accumulation in the GaN thin
films. Light absorbed by metal was converted to heat through
accumulation on the LED chip surface. The TFP LEDs were
highly effective regarding light extraction because no light was
shielded by metal Besides, the conduction ring and the contact
metal of TFP LED provide two channels for heat transfer from
the EPI to ITO then to the submount substrate. Therefore,
the reduction of heat accumulation significantly enhanced the
optical and thermal characteristics of the TFP LEDs.

A comparison of the measured results between the TFP
LEDs and VLEDs suggested that the light-shielding metal
electrodes reduced the efficiency of light extraction, increased
heat accumulation, and shortened the life expectancy of LEDs.
Furthermore, bonding wires in LED dies alter the uniformity
and forms of phosphor distribution, and any alteration in the
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phosphor distribution changes the correlated color temperature
(CCT) [9]. Therefore, TFP LEDs, which do not possess light-
shielding metal, are an excellent electrode design that enhances
the reliability of the color-mixing processes.

IV. CONCLUSION

This letter developed a novel electrode structure using thin
films to manufacture LEDs. In the TFP LEDs, the proposed
electrode design, using ITO transparent conductive films as
nonshielded n-GaN electrodes, enhanced the light extraction
efficiency and lightoutput power. In addition, the uniform
current density distribution in the design enhanced the IQE of
the epitaxial layers and reduced heat accumulation. The optical
and thermal characteristics were improved, and, accordingly,
the wall plug efficiency was increased. Color temperature
and lumen as critical factors in LED lighting products, are
determined by the quality of the phosphor distribution. The
structure of the TFP LEDs, which have no bonding wires,
proposed in this letter enable a uniform distribution of phos-
phor on the surface of the LED chip. By adopting this design,
the distortion of phosphor can be prevented, and improved
stability for LED color temperature is expected. Furthermore,
gold consumption in producing TFP LEDs and VLEDs is
2.8 x 1077 gand 1.9 x 107> g, respectively. The TFP LEDs,
which have no bonding wires, are more economical than
the VLEDs in their manufacturing process and can replace
conventional VLEDs.
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