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The light output characteristics of GaN-based vertical light emitting diodes (1 X 1 mm) fabricated by the multifunctional bond-
ing material system have been investigated as a function of the linewidth of a SiO, current blocking layer (CBL). As the CBL
width increases from 0 to 20 wm, the forward voltage increases from 2.82 to 2.88 V at 350 mA, whereas the reverse leakage
current decreases from 4.90 X 1077 to 3.05 X 1077 A at —10 V. The output power increases with increasing CBL linewidth.
Furthermore, the output power of all the samples continuously increases without saturation across the current range of 0—1000 mA.
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GaN-based light emitting diodes (LEDs) are of considerable im-
portance for applications in displays and solid-state lighting. In par-
ticular, for general illumination application, the optimization of
larger chip area and higher driving current is essential. Conventional
GaN-based lateral-type LEDs were known to be unsuitable for
solid-state lighting applications because they suffer from poor heat
dissipation and current spreading.l'3 Thus, to solve the problems, the
vertical-type LED configuration has been developed.S' For vertical-
type configuration, the laser lift-off (LLO) and chemical lift-off
methods have been used to separate LED epitaxial layers from the
sapphire substrate, which were then transferred to electrically and
thermally conducting metal supporters. For example, Huang et al.,’
investigating high power GaN-based vertical LEDs, reported that
the vertical LEDs fabricated with a textured n-GaN surface pro-
duced 65% higher extraction efficiency compared to conventional
GaN-based LEDs at an injection current of 20 mA. Wang et al.'®
fabricated vertical-structure metallic-substrate GaN-based LEDs by
combining the electroplating process with a patterned LLO tech-
nique. Compared to conventional lateral LEDs, the vertical LEDs
gave higher current spreading ability, larger extraction efficiency,
and smaller forward voltage drop. Recently, our group also reported
on the fabrication of 2 in. wafer level GaN-based vertical LEDs by
employing a multifunctional bonding material system, which is
composed of a thick Cu diffusion barrier and a bonding 1ayer.11
Fully packaged vertical LEDs fabricated with an indium tin oxide
(ITO)/AgCu contact by the bonding material system gave an oper-
ating voltage of 3.35 V at 350 mA. Even after over 1800 h, the
operating voltages remained stable and the reverse currents were
slightly increased to 3-8 X 1077 A at —5 V.

The output power performance of lateral LEDs was significantly
improved by minimizing current crowding around the p-pad elec-
trode and photon absorption.lz'14 Current crowding results in an
irregular and segregated light emission, lowering the luminous lu-
minance efficiency of LEDs. Thus, to reduce the injection current
underneath the opaque p-pad electrode, different methods were em-
ployed. For example, Huh et al.'? introduced an insulating SiO,
current blocking layer (CBL) beneath the p-electrode and showed
that the external quantum efficiency of lateral LED chips with a
CBL was significantly increased compared to those for the conven-
tional LED chips. Liu et al.,"? also investigating a Ni catalytic pro-
cess to form a high resistance region under the p-electrode, showed
that the use of the selective activation resulted in about 15% in-
crease in the light-output power compared to conventional LEDs.
For vertical LEDs, recently, Uang et al.” introduced a SiO, CBL
beneath the n-pad electrode, where the CBL was formed by induc-
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tively coupled plasma (ICP) etching and plasma-enhanced chemical
vapor deposition (PECVD) processes. They showed that the inser-
tion of the CBL was very effective in improving the light output
power of vertical LEDs. In this work, we have investigated the
electrical and optical properties of wafer level fabricated GaN-based
vertical LEDs as a function of the width of the SiO, CBL. In this
work, the CBLs are not defined by an ICP etching process. The
results show that the use of the CBL is fairly effective in improving
the light output power, which increases with increasing linewidth of
the CBL.

GaN-based epilayer stacks for vertical-type configuration LEDs
were grown on (0001) sapphire substrate by metallorganic chemical
vapor deposition. The LED epilayer stacks consisted of a 30 nm
thick GaN nucleation layer, a 3 pm thick undoped GaN layer, and a
2 pm thick Si-doped n-GaN layer, an active region with seven pe-
riods of InGaN/GaN multiquantum wells (MQWs), 0.1 pm thick
Mg-doped AlGaN, and a 0.2 um Mg-doped p-GaN layer. The de-
vice fabrication steps were as follows: First, the samples were im-
mersed into boiling aqua regia (HCI:HNO; = 3:1) for 10 min and
then rinsed in running deionized (DI) water. Before lithography, the
samples were ultrasonically degreased using acetone, methanol, and
DI water for 5 min in each step followed by N, blowing. After the
cleaning process, a square mesa structure (1 X 1 mm) was fabri-
cated using an ICP etcher for electric current isolation. The ICP
process was used to etch away the p-GaN, MQWs, and n-GaN to
expose the sapphire surface. A SiO, passivation layer was deposited
by PECVD. Before the deposition of reflectors, CBLs were defined
by photoresistor patterning on the p-GaN surface using the standard
photolithographic and wet-etching processes, where the vertical cen-
ters of the CBLs and the n-pad electrodes were aligned, as shown in
Fig. 1a. The CBLs varied from 8§ to 20 pm in width. After that, an
ITO (50 nm) contact layer and a AgCu (200 nm) (2 atom % Cu)
reflective layer were then deposited on the p-GaN layer by radio-
frequency magnetron sputtering and electron-beam (E-beam) sys-
tems, respectively. After annealing, 50 nm thick Ti (an adhesion
layer) and 1 wm thick Cu layers were deposited onto the AgCu
reflective layer. A bonding metal alloy, consisting of Au, Sn, and Cu,
was then deposited on the Ti/Cu layer by a dual E-beam system.
This was followed by the deposition of a Ti layer onto the p-Si
wafer, where the Ti metal was used as an ohmic contact layer to the
p-Si wafer. After completing the LED structures, the whole wafer (2
in.) was bonded to the Si wafer by thermal compression at 300°C.
An LLO process was then performed using an ArF excimer laser
operated at a wavelength of 193 nm to separate the sapphire sub-
strate from the LED structure, where an undoped GaN epilayer was
exposed to air. The undoped GaN was etched to expose the n-GaN
layer by wet chemical etching and ICP. A heated KOH solution was
then used to roughen the n-GaN surface. A Cr/Al/Ti/Au film (n-
contact) and a Ti/Au film (p-contact) were then deposited onto the
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Figure 1. (Color online) (a) Schematic diagram of GaN-based vertical LEDs
fabricated with CBL and (b) a plan-view optical micrograph of a vertical

LED chip.

roughened n-GaN surface and the back surface of the p-Si wafer,
respectively. Figure 1 illustrates the schematic diagram of GaN-
based vertical LEDs fabricated with CBLs and a plan-view optical
micrograph of the vertical LED chip. The linewidth of the n-contact
electrode was fixed at 20 wm, whereas the width of the CBL was 0
(referred to here as “Ref. LED”), 8 wm (LED I), 14 pm (LED II),
and 20 wm (LED III). To investigate the electrical, optical, and
structural characteristics, the vertical LED chips (Fig. 1b) were en-
capsulated into standard LED lamps.

Figure 2 shows the typical forward current-voltage (/-V) char-
acteristics of vertical LEDs as a function of the linewidth of the
CBL. The forward voltages of Ref. LED, LED I, LED II, and LED
IIT are measured to be 2.82, 2.83, 2.86, and 2.88 V, respectively, at
an injection current of 350 mA. The forward voltage increases with
increasing CBL width; Ref. LED shows the lowest forward voltage
across the whole current range of 0—1 A. The forward voltages of all
the samples slowly increase with increasing injection current up to 1
A. The finding that the LEDs with the narrower CBL give better
electrical property could be attributed to an increase in the area for
current flow and a reduction in the current conduction path.

Figure 3 exhibits the typical reverse characteristics of the vertical
LEDs as a function of the linewidth of the CBL. All the samples
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Figure 2. (Color online) The typical forward I-V characteristics of vertical
LEDs as function of the linewidth of the CBL.

give almost the same reverse current up to approximately —8 V. As
the voltage exceeds —8 V, the reverse currents gradually increase.
As the width of the CBL increases, the reverse leakage current de-
creases. For example, the reverse current of Ref. LED, LED I, LED
II, and LED II are measured to be 4.90 X 1077, 4.69 X 1077,
3.01 X 1077, and 3.05 X 1077 A, respectively at —10 V. The use of
the CBL is effective in improving the reverse characteristics, indi-
cating that the SiO, CBL serves as a passivation layer.
Figure 4 shows the light output power—current (P-I) characteris-
tics of the vertical LEDs with and without the CBL. The output
power increases with increasing linewidth of the CBL. The output
powers of Ref. LED, LED I, LED II, and LED III are estimated to
be 250, 264, 266, and 275 mW, respectively, at an injection current
of 350 mA. LED III (namely, use of the CBL having the same width
as that of the n-pad electrode) gives 10% improvement in the light-
output power at 350 mA as compared to Ref. LED. The improve-
ment could be attributed to a decrease in the vertical current under
the n-pad electrode and an increase in the spreading current. This is
consistent with the results previously reported by Kim et al.,'* show-
ing that the relation between the vertical current under the
n-electrode and the spreading current across the n-GaN layer was
closely related to the electrical and optical performance of GaN-
based LEDs. They showed that the increased vertical current re-
sulted in lower light output power because most of the light emitted
can be absorbed by the n-electrode. The output power of all the
samples continuously increases without saturation across the whole
current range of 0-1000 mA (Fig. 4). The appliance of high driving
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Figure 3. (Color online) The typical reverse characteristics of the vertical
LEDs as function of the linewidth of the CBL.
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Figure 4. (Color online) The light output P-I characteristics of the vertical
LEDs with and without the CBL.

currents can cause a large reduction in the efficiency in GaN/InGaN-
based LEDs, namely, the so-called efficiency droop. Different
mechanisms have been proposed to describe the efﬁcienc;f droop,
including carrier leakage at high forward currents,’ Auger
recombination,'® carrier overflow at high currents,'”!® current leak-
age via structural defects,'®?° carrier delocalization from In-rich low
defect density regions,21 and the effect of built-in piezoelectric fields
in a quantum well.” Each of the mechanisms could only explain the
electrical characteristics of related LEDs; there is no universal
mechanism by which the efficiency droop in all different GaN/
InGaN-based LEDs can be clearly understood. The precise mecha-
nism for the efficiency droop in our vertical LEDs remains to be
further investigated. However, considering the fact that the overheat-
ing of an LED limits the output power,1 the output power charac-
teristics (Fig. 4) indicate that the multifunctionally bonded Si sub-
mount combined with the CBL might alleviate the droop effect by
serving as effective current spreader and heat dissipater.

To summarize, we investigated the light output performance of
GaN-based vertical LEDs (1 X 1 mm) fabricated by the multifunc-
tional bonding material system as a function of the linewidth of a
SiO, CBL. As the width of the CBL increased, the forward voltage
increased. However, the reverse leakage current decreased. The out-
put power increased with increasing width of the CBL. The output
power of all the samples continuously increased without saturation
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across the whole current range of 0—1000 mA. The result indicates
that the use of the CBL could represent a promising tool for fabri-
cating high power GaN-based vertical LEDs.
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