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ABSTRACT

Large-area (10001000 pm?) p-side down InGaN light-emitting diodes (LEDs) have been fabricated by laser lift-off
(LLO) technique. The p-sde down LEDs with different geometric patterns of n-electrode were fabricated to investigate
electrode pattern-dependent optical characteristics. Current crowding effect was first observed in in the p-side down
InGaN LLO-LEDs. The LEDs with well designed n-electrode shows a uniform distribution of light-emitting pattern and
higher out put power due to uniform current spreading and minimization of thermal effect. The output power saturation
induced by current crowding in the LEDs with simplest geometric n-electrode was demonstrated. In absent of transparent
contact layer for current spreading, the n-electrode pattern has remarkable influence on the current distribution and

consequently the light output power of the large-area p-side down LEDs.
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1. INTRODUCTION

GaN based devices such as light-emitting diodes (LEDs), laser diodes (LDs), and filed effect transistors (FETS) with high
power operation have attracted considerable interest and have seen significant development. Especiadly, GaN based
LEDs are being marketed and used for a variety of applications, including traffic signals, full-color displays, back
lighting in liquid-crystal displays, and white LEDs. Recently, high-efficiency white LEDs made by blue LEDs and
phosphor have gained much interest because the replacement of fluorescent lamps will be realistic in the near future
[1]-[4]. However, for illumination applications, where dozens, hundreds or even thousands of lumens are required in a
single light source, can hardly be realized by smply accumulating appropriate numbers of conventional size
(about 350x350 pm?) LEDs. Therefore, the size of a single LED chip is desired to be enlarged to provide higher light
output power. For GaN-based LEDs epitaxially grown on sapphire, the chip size was restricted by the low thermal
conductivity of the sapphire and low conductivity of the p-type GaN. In the recently reports [5]-[9], the p-side down
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GaN laser-lift-off LEDs (LLO-LEDs) on Cu substrate have been reported with superior performance over the
conventiona p-side up LEDs on sapphire due to eliminating the constrain of the sapphire substrate and p-GaN. The
large-area light-emitting p-side down LLO-LEDs with the size of 2000x1000 um? on Cu substrate was also demonstrated
in our previous report [10]. In the p-sde down LLO-LEDs configuration, n-GaN layer serves as a better current
spreading layer than p-GaN layer in the p-up configuration on sapphire substrate due to higher electron mobility and
thicker thickness of n-GaN layer. However, the influence of n-electrode pattern on current spreading in the p-side down
LLO-LEDs was not investigated. Since the light emission intensity is directly proportiona to the current density [11],
uniform current distribution in n-GaN layer for providing uniform light emitting pattern is desired. In this work, the
wafer bonding and LLO techniques were used to fabricate large-area p-side down LLO-LEDs with the size of
1000x1000 pm?. Four types of different geometric n-electrode patterns were deposited on n-GaN without transparent
contact layer. We firgt observe and study the current crowding phenomenon in the p-side down GaN LLO-LEDs under
high current injection level. The light emission patterns of LEDs with different n-electrode patterns were compared. The

€l ectrode pattern dependent light output power was al so discussed.

2. EXPERIMENTAL

The LED structure was grown by metalorganic chemical vapor deposition on a (0001) sapphire substrate. The LED
structure consigts of a4-um-thick Si-doped GaN layer, a multi-quantum-wells (MQWS) region consisting of five pairs of
INg.25GaNg 75 well (3nm) and GaN barrier (10nm), and a 0.1-pum-thick Mg-doped GaN layer. The origina LED wafer with
backside polished sapphire substrate was cleaved to the size of 1.5x1.5 cm® The Si,Ny, film was deposited on the
samples and then patterned SNy« served as etching mask were defined by a standard photolithographic and etching
process. The 1000x1000 um? mesas were then formed by inductively coupled plasmareactiveion etching. The Ni/AwNi
(20 nm/20 nm/150 nm) layers were then deposited on the defined mesas. The first Ni/Au layersis p-GaN contact and the
final Ni layer serves as the bonding metal. The LED sample with a structure of sapphire/GaN-LED/Ni/Au/Ni was then
bonded with a Ni-coated Cu substrate by a fixture in argon atmosphere a 400°C for 30 min. The bonded structure was
then subjected to the LLO process. A KrF excimer laser at wavelength of 248 nm with pulse width of 25 ns was used to
separate the sapphire substrate from the epitaxil LED structure. The incident laser with a beam size of 1.2 mm x 1.2 mm
was incident from the polished backside of the sapphire substrate onto the sapphire/GaN interface. In this process, the
beam size of KrF laser was larger than that of the size of LEDs. Therefore, the laser irradiation on the interface of
sapphire and GaN was uniform. After the LLO process, the n-GaN/MQW/p-GaN/Ni/Au/Ni gtructure was transferred
onto the Cu substrate as shown in Fig.1(a). Finally, Ti/Al layers with different patterns were deposited on n-GaN as the
n-type contact without additional transparent contact layer. The top view of the LED devices with four different
n-electrode patterns were shown as Fig. 1(b). The diameter of the circular electrodes centered at the mesas for the four
types LEDs is 120 um. In LED b, the width and length of the straight electrode is 20 pm and 700 um, respectively. The
dimension of the cross-shaped electrode is the same in LED b, LED c and LED d. In LED c, the width of the squareis
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520 pm. In LED d, the width of the inner and outer squares is 350 pm and 700 um, respectively.

3. RESULT and DI SCUSSION

The scanning electron microscope (SEM) image of the LED ¢ on Cu substrate was shown in Fig. 2. Complete and
smooth LED film on the Cu substrate without peeling or cracks were observed despite the large different thermal
expansion coefficients of GaN (4.4x10°K™) and Cu (16.9x10°K ™). The smooth and well adhesive bonding interface was
also obtained. These results are essential for providing good optical and electrical characteristics of the LLO-LEDs.
Surface light-emitting patterns of the four LEDs with different n-electrode were shown as Fig. 3. The light-emitting
patterns were obtained and analyzed at driving current of 450 mA by a near field microscope with a charge couple device
(CCD) and a video analyzer linked to the computer. The solid curves in the bottom of the images stand for the relative
light-output power measured along the dash lines. The reative light-output power was obtained by the BeamView
Analyzer 2.2 (Coherent Inc.). The light intensty were normalized with the peak values, which are at the edges of the
circular electrodes in four LEDs respectively. In Fig. 3(a), the light emission distributed near around the circular
electrode showed intenser intensity, which reveals that the injection current clouded around the electrode pad. As shown
by the relative intensity curve, the output power drops to /e of the maximum value as the distance from the edge of
circular electrode increased to about 190 pm. In absence of transparent contact layer for current spreading, the
n-electrode of LED a is insufficient for uniform current spreading in the large-area p-down LEDs configuration. In Fig.
3(b), the intenser light emission around the extended cross-shaped el ectrode was al so observed. With the enhancement of
the cross-shaped eectrode for current spreading, the distribution of light emission was more uniform compared with
LED a as show by the intensity curve. The extended cross-shaped electrode improved the current spreading over the
large-area mesa and consequently provided a more uniform light emission pattern. For more extended el ectrode patterns,
the light emission patterns were shown as Fig. 3(c) and Fg. 3(d). In Fig. 3(c), the light intensity of LED ¢ showed
decrease near the edge of the mesa, in contrast, the light intensity of LED d showed uniform distribution from the center
to the edge of the mesa. The image aso showed that emission pattern of LED d is more uniform compared to the
emission pattern of LED c in which the intenser emission distributed inside the square el ectrode.

In Fig.4, the light output power-current (L-1) characteristics of the LEDs with four different n-electrode patterns were
compared. This output power measurement was performed from the upper side of the chip using a large area S
photodiode placed 5mm above the test samples. All L-I curves showed linear characteristics up to 250 mA. The light
output power of the four LEDs were also approximate equal when the driving current was bel ow 250 mA. The injection
current were supposed to spread uniformly over the mesas in the four LEDs, which results in the light output powers
were equal as the driving current was below 250 mA. Asthe injection current increased above 400 mA, the light output
power of LED a started to saturate and decrease due to current crowding effect as shown by the image in Fig. 3(a). In
addition, the thermal effect caused by high current density distributed around the circular eectrode aso degraded the

light output power. In LED b, the output power saturation was also observed under higher current injection level above
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600 mA. The L-I curve of LED d performed superior characteristic over the other LEDs due to well designed eectrode
for providing uniform current spreading. The well designed electrode in LED d not only provide better current spreading
but also reduce the thermal effect caused by localized high injection current density. As the injection current was driven
at 1000mA, the light output power of LED d shows 1.15, 1.30 and 3.15 times larger than that of LED ¢, LED b and LED
a, respectively.

In order to verify the thermal effect caused by high current density, the L-I characterisic of LED a under
continuous-wave (cw) and pulse operation varying duty cycles were compared. As seen in Fig. 5, the output power was
increased as the operation duty cycle was decreased. The result indicates that the thermal effect induced by crowed

current around the circular electrode responds in power rollover of LED a.

4. CONCLUSION

In summary, we first report and observe the effect of n-electrode patterns on optical characteristics of the large-area
p-side down LLO LEDs. The light emitting patterns showed obvious current crowding effect in the LEDs with non-well
designed n-electrode. The LEDs with well designed n-electrode showed a uniform distribution of light-emitting pattern
and higher out put power attribute to uniform current spreading resulting in minimizing therma effect. The rollover of
output power induced by current crowding effect in the LEDs was demonstrated. The geometric pattern of the
n-electrode has remarkabl e influence on the current digtribution and consequently the light output power of the large-area

p-side down LEDs without transparent contact layer.
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Figure 1: The schematic structure of the p-side down LLO-LED on copper substrate (a) and top view of the LED
devices with four types n-dectrode patterns (b).
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Figure 2: The SEM images of the transferred LED c on Cu substrate. No peeling or cracks were
observed on the LED film.
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Figure 3: Light-emitting patterns of the p-side down LLO-LEDs with four different geometric
n-electrode patterns: (8) LED a, (b) LED b, (c) LED c and (d) LED d. The solid curvesin the
bottom of the images stand for the relative light-output power measured a ong the dash lines
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Figure 4: Light output power as afunction of driving current for the four types p-side down LEDs.
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Figure 5: Light output power vs. driving current for cw and pulse operation of the LED a.
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