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The authors propose a simple Ar plasma treatment method to selectively damage the
area underneath p-pad electrode of GaN-based light-emitting diodes (LEDs). It was
found that we could form a highly resistive area so that the injected carriers will be
forced to spread out horizontally for the LED. Under 20 mA current injection, it was found
that the output powers were 16.0, 17.9 and 17.3 mW while the forward voltages were 3.17,
3.19 and 3.20 V for conventional LED and LED with SiO> layer, respectively. Moreover,
the LED with Ar plasma treatment is superior to the other LEDs while operating at a
higher injection current.
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1. INTRODUCTION

GaN-based light-emitting diodes (LEDs) are importantdevices that are being used extensively
in our daily life. For example, these devices are used in traffic light lamps, outdoor full-color
displays and backlight of liquid crystal display panels [1-5]. In order to replace the
conventionalfluorescent lighting source with solid-state lighting, a great effort for improving the
light extraction efficiency is still needed. To approach solid-state lighting, the easiest way to
improve output efficiency of GaN-based LEDs is to improve the current spreading due to the
insufficient current spreading between p-GaN and transparent conductive layer. Most
commercial GaN-based LEDs use an Mg-doped GaN layer as the top p-contact material [6-9].
However, the operation voltage of such LEDs is still high due to the low Mg ionization
percentage. The low Mg ionizationpercentage will result in a highly resistive top p-GaN layer.
Thus, current spreading is still an important issue for GaN-based LEDs. Even with the
transparent current spreading layer, such as Ni/Au or indium-tin—oxide (ITO), portion of the
injected carriers will still be confined underneath the thick metal bonding pad. As a result, a
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significant amount ofcurrent will be crowded around the p-pad electrode.

To solve this problem, Hu et al. inserted an insulating SiO2 current blocking layer (CBL)
underneath the p-pad electrode [10]. To form this CBL, however, it is necessary toadd an extra
dry etching step to partially remove the epitaxial layer followed by an extra plasma
enhanced chemical vapor deposition (PECVD) step to refill the etched area with SiOo.
Instead of the CBL, Chang et al. simply inserted a PECVD SiO; layer between the p-pad andp-
GaN to improve current spreading and enhance the light output intensity by 22% [11]. It is
also possible to solve this problem by selectively activating the p-GaN layer and form a
highly resistive un-activated region underneath the p-pad electrode [12]. Although this method is
low cost and easy to implement, one needs to carefully control the activation temperature of
the p-GaN layer. The other possible method to form a highly resistive region is to
selectively introduce damages underneath the p-contactpad. It has been reported previously
that one can use Arplasma treatment to form highly resistive GaN region by significantly
reducing carrier density in the GaN epitaxial layer [13]. Similar to hydrogen treatment, the
decrease incarrier density was attributed to the deactivation of dopants by Ar plasma [14]. In
this study, we report the useof Ar plasma treatment to selectively damage the area underneath
p-pad electrode of GaN-based LEDs. Comparedwith the deposition of a PECVD SiO; layer, it
should be noted that introducing Ar plasma treatment should be easier. Optical and
electrical properties of the fabricated LEDs will also be discussed.

2. EXPERIMENT

Samples used in this study were all grown by metalor-ganic chemical vapor deposition on 2 in
sapphire (0001) substrates. Details of the growth procedures can be found elsewhere [13-15].
The LED structure consists of a 50-nm-thick GaN nucleation layer grown at 550 1C, a 3-
mm-thick Si-doped n-GaN buffer layer grown at 1050 1C, an undoped InGaN/GaN
multiquantum well (MQW) active region grown at 770 1C, a 50-nm-thick Mg- doped p-
Alo.15GaogsN electron blocking layer grown at 1050 1C, a 0.6-mm-thick Mg-doped p-GaN layer
grown at 1050 1C and a Si-doped nP short-period-superlattice (SPS) tunnel contact structure [16—
18]. The InGaN/GaN MQW active region consists of five pairs of 3-nm-thick
Ino23Gao77N well layers and 7-nm-thick GaN barrier layers. The as-grown samples were
subsequently annealed at 750 1C in N2 ambient to activate Mg in the p-type layers.

Using standard photolithography, the samples were then partly etched by an inductively
coupled plasma (ICP) etcher until the n-GaN layer was exposed. Standard photolithography
was then used again to expose the p-contact region. The samples were subsequently loaded
onto a reactive ion etching (RIE) system and treated with Ar plasma for 2 min. During plasma
treatment, the flow rate of inlet Ar gas, rf power, bias power and chamber pressure were kept
at 100 sccm, 100 W, 100 W and 8 mTorr, respectively. It should be noted that these para-
meters were optimized. A higher discharge, larger bias powers and/or longer treatment time
will all cause severedamage on the sample surface. This consequently will result in degraded
device performances. After plasma treatment, an ITO layer was deposited onto the sample
surface to serve as the transparent p-contact layer. Furthermore, Ti/Al/Ti/Au was deposited
on top of the ITO layer and the exposed n-GaN layer to serve as the p-pad electrode and n-
pad electrode, respectively. For comparison, conventional LED and LED with a PECVD
SiO; layer were also fabricated. Fig. 1(a), (b) and (c) showsschematic diagrams of conventional
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LED (i.e., LEDI), LED with Ar plasma treatment (i.e., LEDII) and LED with SiO: layer (i.e.,
LEDIII), respectively. It should be noted that the plasma treated area shown in Fig. 1(b) and
the area of SiO2 layer shown in Fig. 1(c) were both around 100 mm?.The fabricated epitaxial
wafer was then lapped down to about 100 mm and cut into the size of 250 mm x 580 mm
chips. These LED chips were then packaged into LED lamps. Current—voltage (I-V)
measurements of the fabricated LEDs were then performed by an HP2400 semiconductor
parameter analyzer. Intensity—current (L-I) characteristics were also measured from the
top of the devices using molded LEDs with an integrated sphere detector by injecting
different amounts of DC current into these LED samples. Circular transmission line model
(CTLM) was also used to determine the contact properties between ITO and the LEDs
with/without Ar plasmatreatment.

Sapphire

Sapphire

Figure 1 Schematic diagram of (a) conventional LED (i.e., LEDI), (b) LED with Ar
plasma treatment (i.e., LEDII) and (c) LED with SiO: layer (i.e., LEDIII).
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Figure 2 1-V characteristics of ITO deposited on LEDs with/without Ar plasma
treatment.

3. RESULTS AND DISCUSSION

Fig. 2 shows |-V characteristics of ITO deposited on LEDs with/ without Ar plasma
treatment. These data were measured with a CTLM spacing of 25 mm. Without Ar
plasma treatment, it was found ITO deposited on LED surface shows an ohmic contact
property that could be confirmed from the linear curve of 1-V characteristics (i.e., the nP-
SPStunnel contact structure) [16]. With Ar plasma treatment, however, it was found
that sample surface became insulated and almost no current could be injected into the
LED. Such an insulating nature should be attributed to the damages induced by the Ar
plasma treatment. As shown in Fig. 1(a), current crowding would occur since most
carriersinjected from the p-pad electrode will flow vertically downward for conventional
LEDs. With the highly resistive layer formed underneath the p-pad electrode, the
injected carriers would be forced to spread out horizontally for the LED with Ar plasma
treatment, as shown in Fig. 1(b). The enhanced current spreading would also occur for
the LED with SiO:layer, as shown in Fig. 1(c).

Fig. 3 shows intensity—current-voltage (L—I-V) characteristics of the three fabricated
LEDs measured at room temperature. It could be seen that the output powers of all these
three LEDs increased with the injection current initially, reached a maximum and then
started to decrease as the current was further increased. It should be noted that
electroluminescence (EL) peak position occurred at 450 nm for all these three LEDs
when injected with 20 mA DC current. Under the same injection current, it was found
that the largest output power was obtained from LEDII with Ar plasma treatment,
followed by LEDIII with SiO> layer while output power of the conventional LEDI was
the smallest. Under 20 mA current injection, it was found that the output powers were
16.0, 17.9 and 17.3 mW for LEDI, LEDII and LEDIII, respectively. It was also found that
the maximum output powers occurred at 120, 150 and 130 mA for LEDI, LEDII and
LEDIII, respectively. For the conventional LEDI, a significant amount of heat would
be generated and accumulated around the p-pad electrode due to current crowding. As a
result, the smallest output power and the earliest occurrence of the maximum output
power could be observed. Compared with LEDIII, it should be noted that the output
power was larger while the maximum output power occurred later for LEDII. Under high
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currentinjection, the SiO> layer inserted underneath the p-pad electrode could result in a
large thermal resistance for LEDIII. Thus, LEDII with Ar plasma treatment achieved the
largest output power instead of LEDIII with SiOzlayer. Under 20 mA current injection, it
was also found that forward voltages were 3.17, 3.19 and 3.20 V for LEDI, LEDII and
LEDIII, respectively. The slightly larger forward voltage observed from the LEDII and
LEDIII should be attributed to the reduction of total contact area between the epitaxial
layer and the p-pad electrode. It should be noted that the 3.19 V operation voltages
observed from LEDII with Ar plasma treatment are still electrically acceptable.

Fig. 4(a) and (b) shows output power mappings for these LEDs

injected with 20 and 100 mA DC current, respectively, measured by a charge-couple-
device (CCD) image sensor. It could be seen again that the output power of LEDII was
the largest followed by LEDIII while the output power of LEDI was the smallest. As
shown in Fig. 4(a) with 20 mA current injection, it was found that light output power
distributed more uniformly for LEDII, as compared to LEDI and LEDIII. Such a
difference became more apparent as the injection current increased to 100 mA, as shown
in Fig. 4(b). It was demonstrated that LEDs with the Ar plasma treated p-GaN surface
could perform a better and uniform current spreading result under a higher current
injection. This could be attributed to a higher operation current accompanied with a
larger saturated current injection.
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Figure 3 L-1-V characteristics of the three fabricated LEDs measured at room
temperature.
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Figure 4 Output power intensity mappings for conventional LED (LEDI), LED with
Ar plasma treatment (LEDII) and LED with SiO> layer (LEDIII) injected with (a) 20
and (b) 100 mA DC current.

4. CONCLUSION

In summary, we proposed a simple Ar plasma treatment method to selectively damage the
area underneath p-pad electrode of GaN-based LEDs. It was found that we could form a
highly resistive area so that the injected carriers would be forced to spread out horizontally
for the LED. Using the Ar plasma treatment method, it was found that we could effectively
increase LED output power while still achieving good forward voltage.
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