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1. Introduction 

GaN-based semiconductor material has gone from in-
vestigation research to commercial products [1], [2]. Re-
cently, the concept of the resonant-cavity light-emitting 
diodes (RCLEDs) [3]-[5] have been demonstrated to have a 
narrower spectrum linewidth, superior directionality of the 
emitted light, larger bandwidth, better fiber-coupling effi-
ciency and high light extraction efficiency as observed 
from a comparison with conventional light-emitting diodes. 
Conventional nitride-based RCLEDs use semi-transparent 
Ni/Au on p-GaN as the transparent conductive layer (TCL). 
However, the transmittance of such semi-transparent Ni/Au 
conductive layer is only around 60-75%. In this work, we 
have utilized transparent indium-tin oxide (ITO), instead of 
Ni/Au, as the TCL to increase the probability of transparent 
light and improve the light-extraction efficiency. This paper 
describes the characteristics of InGaN-based green 
RCLEDs on a Si substrate using a wafer bonding technique. 
The optical and electrical characteristics of these RCLEDs 
with ITO or Ni/Au TCLs will be discussed. 

 
2. Experimental 

The RCLED sample used in this research had a chip 
size of 356 × 356 μm2. The electron beam evaporation of 
ITO and Ni/Au film onto the p-type GaN surface to form 
the TCL. A SiO2 insulation layer was evaporated as a cur-
rent confinement layer to define the aperture region and the 
mesa region. The LEDs epi-wafer was bonded to a glass 
carrier using an adhesive, subjected to the laser lift-off 
process. The lift-off process was performed using a 
Q-switched Nd:YAG laser. A total 10/15 (top/bottom) di-
electric distributed Bragg reflectors (DBRs) layer was 
evaporated as the mirror to fabrication the RCLEDs device. 
The transmittance spectra of the evaporated films were 
measured by the n&k ultraviolet visible spectrometer. A 
schematic diagram of the RCLEDs structure with ITO and 
Ni/Au TCL were shown in Fig. 1. A field-emission scan-
ning electron micrograph (FE-SEM) of 5-pairs dielectric 
DBRs is also illustrated. 
 
3. Results and discussion 

Fig. 2 shows the light transmittance spectra of the ITO 
(200 nm) and Ni (5 nm)/Au (4 nm) film after annealed. As 
can be seen, the transmittance of the ITO conductive layer 
is about 90% at the 494 nm peak wavelength. Compared to 

ITO conductive layer, the smaller transmittance obtained 
from Ni/Au conductive layer could be attributed to the 
more opaque property of Ni/Au layer. Fig. 3 shows the 
current-voltage (I-V) characteristics of ITO and Ni/Au con-
tacts on p-GaN after annealed. It can be seen clearly, there 
was obtain a nonlinear characteristic when we deposited 
ITO directly onto p-GaN. However, a much more linear 
behavior of the I-V characteristics of Ni/Au can be obtained, 
which indicates the formation of a superior ohmic contact. 
We are also measurements to obtain that the specific con-
tact resistance of the ITO contacts is 1.96×10-4 Ω⋅cm2 when 
annealed at 550°C, which is to be close to the 1.58×10-4 
Ω⋅cm2 used Ni/Au contacts. Such a result suggests the I-V 
characteristic of ITO contacts on p-GaN is similar to that of 
the Ni/Au contacts. Therefore, the ITO also preserves high 
conductivity and can be used as the p-contact material of 
InGaN-based LEDs. 

The optical properties of the InGaN RCLED with an 
ITO TCL were studied using electroluminescence (EL) 
measurements as shown in Fig. 4. The emission peak 
wavelength was located at 494 nm under an injection cur-
rent of 20 mA. It was found that the EL spectra of the 
RCLEDs with ITO TCL were modulated strongly for the 
MQW structure to agree with stopband width of the ITO 
with top-DBRs and presence of four resonant cavity modes. 
Moreover, the mode spacing about 8 nm between 494 and 
501 nm resulted in the resonant cavity formed during the 
top and bottom DBRs structure. In addition, the quality 
factor for this resonant cavity structure can be obtained, we 
was estimated to be approximately 120. A comparison on 
the RCLEDs with ITO and Ni/Au TCLs was also shown in 
the inset in this figure. The EL emission spectra of the 
RCLED with an ITO TCL structure shows superior peri-
odically modulation than that of the RCLED with a Ni/Au 
TCL structure due to the high transmittance of ITO. 

Fig. 5 shows the EL intensity as a function of injection 
current density for the RCLEDs with ITO and Ni/Au TCLs. 
The EL intensity of the RCLED with an ITO TCL is 1.7 
times that of the RCLED with Ni/Au TCL under a forward 
current of 0.6 kA/cm2. The improvement of optical output 
was attributed to the high transmittance of the ITO TCL. 
This result indicated that the Ni/Au metal layer for trans-
parent ohmic contact decreases the EL intensity of the 
RCLED sample due to the small transmittance of the Ni/Au 
TCL.  
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Fig. 2 Transmittance spectra of Ni(5 nm)/Au(4 nm) and 
ITO (200 nm) film after annealed.  

  

 

 

 
 

Wavelength (nm) 

 

400 200 600 800 1000
0 

20 

40 

60 

80 

100 

Tr
an

sm
itt

an
ce

 (%
) 

Ni/Au 
ITO 

Fig. 4 Room-temperature EL spectrum of InGaN RCLED with 
an ITO TCL at 20-mA injection current. The inset shows EL 
spectra of RCLEDs with Ni/Au and ITO TCLs. 
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Fig. 5. EL intensity as a function of injection current density for 
RCLEDs with ITO and Ni/Au TCLs.  

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
4. Conclusion 

The characteristics of the InGaN-based RCLEDs with 
ITO and Ni/Au TCLs fabricated on a Si substrate were re-
ported. The ITO TCL on p-GaN shows specific contact 
resistance of 1.96×10-4 Ω⋅cm2 with high light transmittance 
of about 90% at 494 nm peak wavelength. The EL intensity 
of the RCLEDs with an ITO TCL at 0.6 kA/cm2 showed an 
enhancement by a factor of 1.7 times, as compared with 
that of the RCLED with a Ni/Au TCL. The quality factor of 

this resonant cavity structure was estimated to be approxi-
mately 120. These results indicate that the ITO can be used 
as a suitable TCL for the high-performance InGaN-based 
RCLEDs. 
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Fig. 3. I-V characteristics of Ni/Au and ITO contacts on 
p-GaN  
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Fig. 1. Schematic diagram of RCLED structure with a 
cross-section FE-SEM of top-DBRs. 
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