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  1   .  Introduction 

 Indium-doped tin oxides (ITOs) have been widely used as 
transparent conductive electrodes (TCEs) for various types of 
optoelectronic devices, including light-emitting diodes (LEDs), 
organic LEDs, and solar cells, that operate in the visible (VIS)-
to-infrared (IR) light wave bands (>400 nm). [  1–5  ]  However, 
directly applying the ITO fi lms to optoelectronic devices oper-
ating in the ultraviolet (UV) A to C regimes (200–400 nm) is 
quite challenging because of their large light absorption; the 
bandgap of ITOs is  ∼ 3.4 eV, which fundamentally produces 
a cut-off wavelength of 365 nm. [  6,7  ]  In particular, UV-C LEDs 
operating at shorter wavelengths (<280 nm) are of special 
interest, because UV light with a wavelength of 254 nm or less 

is highly effective in killing microbes. 
However, AlGaN-based UV-C LEDs 
require higher aluminum compositions 
in both the contact and the active layers. 
This makes it diffi cult to obtain Ohmic 
contact between the TCEs and the  p -GaN 
(or  p -AlGaN) layers with high optical 
transmittance in the UV regimes, even-
tually resulting in low external quantum 
effi ciency (EQE). [  8–14  ]  

 Basically, to achieve a highly desir-
able quantum jump in the deep UV LED 
technologies, a new method must be 
developed to form direct Ohmic contacts 
to the  p -AlGaN layers with low contact 
resistance and high transmittance in the 
UV-C regime. However, with the conven-
tional methods, it is almost impossible 

to form direct Ohmic contacts to the  p -AlGaN layers because 
of the large work-function difference between the metals and 
the  p -(Al)GaN layers and the diffi culties in increasing doping 
concentration in the  p -(Al)GaN layers. In addition to the Ohmic 
contact issues, it is equally important to achieve high transmit-
tance in the UV regions to minimize light absorption via elec-
trodes using wide-bandgap materials as TCEs. However, if such 
materials as oxide and nitride groups with bandgap energy (E g ) 
of over 5.6 eV are used as  p -type TCEs to increase the trans-
mittance, the conductivity of the TCEs would become extremely 
low because of the trade-offs between the electrical conductivity 
and optical transmittance. [  15,16  ]  

 To provide a fundamental solution to these problems, we pre-
sent a novel method for achieving both high electrical conduc-
tivity and high optical transmittance in the UV A to C regimes 
by introducing the electrical breakdown (EBD) (or forming) 
process into the wide-bandgap materials.  

  2   .  Results and Discussion 

  Figure   1 a shows the schematic drawing of an AlGaN-based 
UV LED after EBD, where the zoom-in fi gure shows that con-
ductive fi laments (CFs) can be formed via oxygen or nitrogen 
vacancies within the TCEs to provide a current path between 
the TCEs and the  p -AlGaN layers. To form the CFs within the 
TCEs, we applied relatively large bias voltages ( ∼ 17.5 V) to the 
two metal pads on the TCEs using the Keithley 4200 semicon-
ductor parameter analyzer (SPA). More specifi cally, we fi rst 
mechanically connected two nickel electrodes on the TCE using 
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the  I–V  characteristic curves with a compliance current of 
100 mA, measured under a DC voltage sweep from 0–20 V on 
a Ni/AlN/ p -GaN structure at room temperature. Initially, the 
sample remained in the high resistance state (HRS). However, 
following the EBD process with electrical voltages from 0–20 V, 
a sudden increase in the current was observed at  ∼ 17.5 V (V EBD ) 
with a current compliance of 100 mA (red line). The sample 
was thereby switched to the low resistance state (LRS). As the 
voltage was then re-swept from 0–20 V (cobalt blue line), the 
current level abruptly increased until the sample was switched 
back to the HRS at  ∼ 6.5 V. The HRS was maintained up to 
 ∼ 12 V and again switched back to the LRS above 12 V. This 
EBD behavior was also observed under reverse biases in the 
same manner, as shown in Figure S4a. This phenomenon can 

Keithley 4200 SPA, and applied forward biases from 0 V to 
20 V in a current–voltage ( I–V ) sweep mode to fi nd a condi-
tion for EBD. Then, we swept the voltage again from 0 V to 
20 V to check if the CF is formed within the TCE after EBD 
by observing the linear increase of current level from the  I–V  
curve. The details of the CF fabrication steps are shown in 
Figures S1 and S2 of the Supplementary Information. In this 
experiment, various types of insulators consisting of the oxide 
and nitride groups (i.e., ZrN, ZnO, ITO, Ga 2 O 3 , SiN, ZrO 2 , 
AlN, Al 2 O 3 , and SiO 2 ) were investigated to gather more general 
information on the electrical and optical properties of the pro-
posed TCEs for the UV LEDs.  

 Next, we describe the process of making the wide-bandgap 
materials conductive (or metallic) using EBD. Figure  1 b shows 

  Figure 1.  Conduction mechanism and its evidence for the proposed TCEs. a) Artist’s view of the AlGaN-based UV LED after EBD, where the zoom-in 
fi gure shows that CFs can be formed within the TCEs. b) Current–voltage characteristic curves measured for an 80-nm-thick AlN TCE before and after 
EBD. c) Retention characteristics of the set state at 1 V as a function of the retention time. d) Nitrogen concentration of the AlN fi lms and the inter-
face between the AlN TCE and the  p -GaN layer before and after EBD, analyzed by Auger electron spectroscopy. e) Temperature-dependent resistance 
characteristics of the ITO, Al 2 O 3 , ZnO, Ga 2 O 3 , ZrO 2 , SiO 2 , ZrN, SiN, and AlN TCEs after EBD in the temperature range of 300 – 420 K. 
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Figure  1 d and Figures S5a–S5i. Figure  1 d shows the nitrogen 
concentration of the AlN fi lms before and after EBD. Com-
pared with the TCE fi lms before EBD, the nitrogen concentra-
tion decreased on an average by  ∼ 5% after EBD. Furthermore, 
the nitrogen concentration near the interface between the TCEs 
and the  p -GaN layers was reduced more prominently. This 
observation indicates that the CFs might have been formed 
during the EBD process by the creation of nitride (or oxygen) 
vacancies in the TCEs, similar to the case of resistance change 
memory, [  17–20  ]  particularly near the  p -GaN surface, which facili-
tated the formation of Ohmic contact between the TCEs and the 
 p -GaN layers. This result agrees well with the oxygen-mapping 
result observed by the electron energy-loss spectroscopy and 
transmission electron microscopy analyses after the EBD. [  21,22  ]  

 We also examined the temperature-dependent resistance 
properties to demonstrate the metallic behavior of the proposed 
TCEs after EBD process. Figure  1 e shows the resistance as 
a function of temperature in the range from 300 K to 420 K, 
measured for all the TCE samples. This result indicates that the 
resistance at the set state after EBD process increased with an 
increase in temperature, similar to the typical electronic trans-
port observed in conductive materials. [  22–24  ]  

 Next, to examine the contact ability of the CF-based TCEs 
on the  p -GaN wafer, we fi rst measured the  I–V  characteristic 
curves of the ZrN, ZnO, ITO, Ga 2 O 3 , SiN, ZrO 2 , AlN, Al 2 O 3 , 
and SiO 2  fi lms deposited on the  p -GaN layers before and 
after EBD, as shown in  Figures   2 a and b, respectively. Before 
EBD, the non-linear  I–V  characteristics at the current levels 
of  ∼ 10 −9  A at 1 V for all samples were attributed to the large 

be explained by a soft breakdown process (Supplementary Sec-
tion SI), often observed in resistance change memory mate-
rials. [  17–22  ]  The V EBD  (or V SET /V RESET ) can be adjusted, if nec-
essary, by changing the thickness and composition of the AlN 
TCE fi lms. Under these conditions, to confi rm the availability 
of the CFs in increasing the conductivity of the AlN TCEs, we 
fi rst measured the current level at the set state (or LRS), which 
revealed that the current level increased from a few nano-
amperes to  ∼ 18 mA and attained the LRS when a voltage of 1 
V was applied, as shown in Figure  1 b. To examine the long-
term stability at the LRS, we then measured the retention char-
acteristics at 1 V in terms of the read delay time, as shown in 
Figure  1 c. The results of this measurement revealed that the 
low-resistant set state could be maintained for >10 6  s. We also 
extrapolated the result against the read delay time to predict 
the long-term retention of the sample, and we confi rmed that 
a current level of  ∼ 18 mA could be stably maintained for 3 × 
10 8  s ( ∼ 10 years) at room temperature. On the other hand, con-
sidering typical operating voltages of GaN-based UV LEDs, [  15  ]  
we investigated the electrical stability of the CF-based AlN 
TCEs under stress biases (V ST ) of 3–5 V in pulse height and 
1–1000 s in pulse width, as shown in Figures S4b and S4c, and 
confi rmed that the initial set-state current ( ∼ 18 mA) at 1 V was 
well maintained even after the application of pulse biases of 
3 V/1000 s, 4 V/1000 s, and 5 V/1000 s. 

 To understand the phenomenon of the abrupt change 
in resistance, we then investigated the change in atomic 
concentration in the TCE fi lms using Auger electron spectros-
copy analysis before and after the EBD process, as shown in 

      Figure 2.  Ohmic behavior of the proposed TCEs on  p -GaN layers before and after EBD. Typical  I–V  characteristic curves measured from ITO, Al 2 O 3 , 
ZnO, Ga 2 O 3 , ZrO 2 , SiO 2 , ZrN, SiN, and AlN TCEs deposited on  p -GaN layers a) before and b) after EBD. Each of the plots was measured for the 2- μ m-
gap metal pads. Typical  I–V  characteristic curves measured for the different TLM spacing of the AlN TCEs deposited on  p -GaN layers c) before and 
d) after the EBD process at room temperature. The inset fi gure shows an optical microscope image of the linear TLM pattern for the   ρ   c  measurement. 
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to the relatively deep acceptor level of the Mg atoms. How-
ever, in this case, most UV light emitted from the AlGaN-
based multiple quantum well (MQW) layers is absorbed via 
the  p -GaN contact layers, resulting in an extremely low EQE 
(5–11%).  Figures   3 a and b show the  I–V  characteristic curves 
measured for the ZrN, ZnO, ITO, Ga 2 O 3 , SiN, ZrO 2 , AlN, 
Al 2 O 3 , and SiO 2  fi lms deposited on the  p -Al 0.5 Ga 0.5 N contact 
layers before and after EBD. Before the EBD, non-Ohmic 
properties were observed at current levels of  ∼ 5 nA at 1 V 
for all samples, as shown in Figure  3 a. However, after EBD, 
the current levels increased for all CF-based TCEs on the 
 p -Al 0.5 Ga 0.5 N wafer, and they showed linear (or sub-linear)  I–V  
characteristic curves at current levels of over  ∼ 10 −4  A at 1 V, as 
shown in Figure  3 b. Each of the plots was measured for the 
2- μ m-gap metal pads.  

 We also measured the   ρ   c  of the TCE fi lms deposited on the 
 p -Al 0.5 Ga 0.5 N layers by TLM, as shown in Figures  3 c–d and 
Figures S14–S21. Figures  3 c and d show the typical  I–V  char-
acteristic curves measured for different TLM spacing of the 
AlN fi lm contacts before and after EBD process at room tem-
perature. The AlN-based TCEs with CFs showed sub-linear 
 I–V  characteristics after EBD, from which we can determine 
the total resistance between two neighboring contact pads. For 
the other materials, we also observed improved linearity and 
increased current levels from tens of picoamperes to tens of 
microamperes after EBD process. In particular, in the case of 
the Al 2 O 3 -based TCEs, the current at 1 V was measured to be 
over 0.3 mA. 

Schottky barrier height (SBH) between the TCE and the  p -GaN 
layer, as well as the extremely low conductivity of the TCEs. 
However, after EBD, all CF-based TCEs deposited on the  p -GaN 
wafer surprisingly showed perfect Ohmic behaviors at cur-
rent levels of  ∼ 10 −2  A at 1 V in the  I–V  characteristic curve, as 
shown in Figure  2 b. Each of the plots was measured for the 
2- μ m-gap metal pads.  

 We also measured the specifi c contact resistance (  ρ   c ) of the 
ZrN, ZnO, ITO, Ga 2 O 3 , SiN, ZrO 2 , AlN, Al 2 O 3 , and SiO 2  fi lms 
deposited on the  p -GaN layers by the linear transfer length 
method (TLM). The inset in Figure  2 c shows an optical micro-
scope image of the linear TLM pattern obtained at the surface 
of the AlN fi lm with the CFs. [  25–27  ]  Figures  2 c and d show the 
typical  I–V  characteristic curves measured for the different 
TLM spacing of the AlN fi lm contacts before and after EBD at 
room temperature. After EBD, the AlN-based TCEs with CFs 
show perfect, linear  I–V  characteristics with Ohmic behavior, 
where we can deduce the total resistance between any two 
neighboring contact pads. 

 Then, we examined the contact ability of the proposed CF-
based TCEs on the  p -Al 0.5 Ga 0.5 N wafer, which has never been 
tried yet because of technical barriers such as the  p -AlGaN 
surface oxidation, extremely low Mg doping concentration, 
and large work function of the  p -AlGaN, to extend their usage 
to the deep UV regimes. In the present technology, the  p -GaN 
capping layers are inevitably grown on  p -AlGaN for the Ohmic 
contact in the AlGaN-based deep UV LEDs because it is dif-
fi cult to increase the hole concentration of the AlGaN, due 

      Figure 3.  Ohmic behavior of the proposed TCEs on  p -AlGaN layers before and after EBD. Typical  I–V  characteristic curves measured from ITO, Al 2 O 3 , 
ZnO, Ga 2 O 3 , ZrO 2 , SiO 2 , ZrN, SiN, and AlN fi lms deposited on  p -Al 0.5 Ga 0.5 N layers a) before and b) after EBD. Each of the plots was measured for 
the 2- μ m-gap metal pads. Typical  I–V  characteristic curves measured for the different TLM spacing of the AlN TCEs deposited on  p -Al 0.5 Ga 0.5 N layers 
c) before and d) after EBD at room temperature. The inset fi gure shows an optical microscope image of the linear TLM pattern for the   ρ   c  measurement. 

Adv. Funct. Mater. 2014, 24, 1575–1581



FU
LL P

A
P
ER

1579

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a fi rst-time demonstration of the direct Ohmic contacts in the 
 p -Al 0.5 Ga 0.5 N layers but also a critical turning point in deliv-
ering a technical breakthrough in the deep UV LED.  

 On the other hand, to quantitatively evaluate the transpar-
ency of the proposed CF-based TCEs, we measured the optical 
transmittance as a function of the wavelength in the ZrN, ZnO, 
ITO, Ga 2 O 3 , SiN, ZrO 2 , AlN, Al 2 O 3 , and SiO 2  fi lms deposited 
on quartz substrates, as shown in  Figures    4  a and b. From the 
photograph of the samples placed against the background logo 
in Figure  4 a, we can confi rm the very high transmission rates 
even with a naked eye. The optical transmittance of the TCEs, 
including the quartz substrate, is measured to be  ∼ 95%, on 
an average, in the deep UV-to-IR wavelength regimes (220–
800 nm) for all samples, except for the ITO (3.4 eV), ZnO 
(3.1 eV), and ZrN (2.8 eV) fi lms because of the bandgap limit 
of these materials. In particular, for the SiN (5.6 eV), ZrO 2  
(5.8 eV), AlN (6.2 eV), Al 2 O 3  (8.7 eV), and SiO 2  (8.9 eV) fi lms 
with a E g  of over  ∼ 5.6 eV, we observed a very high transmittance 
of over 95% at a wavelength of 220 nm.  

 Finally, we summarize the relationship between the transmit-
tance and the   ρ   c  with respect to the E g  of each material.  Figure    5   
shows the transmittance measured at 250 nm for the various 
TCE materials with different E g  deposited on the quartz sub-
strates (Figures  5 a and b) and the   ρ   c  measured for the Ohmic 
contacts between the TCEs and the  p -GaN layers (Figure  5 a) and 
between the TCEs and the  p -Al 0.5 Ga 0.5 N layers (Figure  5 b). First, 
the transmittance of the TCEs is basically determined by the 
fundamental E g  of each material. For instance, as far as the UV 
bands are concerned, the ITO-based TCEs with a E g  of 3.4 eV can 
cover the UV A regime of 365–400 nm, whereas the SiO 2 -based 
TCEs with a E g  of 8.9 eV can cover the UV B to C regimes of 
140–365 nm. That is, the wider the bandgap of the materials we 
choose, the deeper are the UV bands that we can utilize. Second, 
the overall   ρ   c  also depends on the E g  of the TCEs used in this 
study. In the proposed Ohmic method, to obtain Ohmic contact 
between the TCEs and the  p -type semiconductors with a large 
E g , such as  p -AlGaN (7.5 eV), it is advised to use the TCE mate-
rials with a E g  of larger than (or similar to) the  p -type semicon-
ductor, so more electrons/holes could be easily moved from the 
semiconductors to the TCEs, or vice versa, via the CFs formed 

  Table   1  shows the average   ρ   c  measured for the proposed 
TCEs deposited on the  p -GaN (left) and  p -AlGaN layers (right) 
before and after EBD from six different TLM sets in each 
sample. The average   ρ   c  between the CF-based TCEs and the 
 p -GaN layers was on the order of  ∼ 10 −5   Ω ·cm 2  for all samples, 
as shown in Figure S22a. These values are comparable with (or 
lower than) the best result reported from the metal-based  p -
GaN electrodes, [  28–30  ]  with the additional benefi t of high trans-
mittance of over 95% at 365 nm. For the   ρ   c  between the CF-
based TCEs and the  p -Al 0.5 Ga 0.5 N layers, we observed acceptable 
values of   ρ   c  ( ∼ 10 −3   Ω ·cm 2  on average) for the AlN, Al 2 O 3 , SiO 2  
fi lms, as shown in Figure S22b. However, for the ZrN, ZnO, 
and ITO fi lms with relatively lower E g  below  ∼ 3.4 eV, although 
the current levels increased by more than 10 3  times compared 
with those before EBD, we observed Schottky-like behavior in 
the  I–V  characteristic curves, as shown in Figures S13b–S15b, 
respectively. These results can be explained by the role of the 
CFs formed within the TCEs and near the CF-based TCEs/ p -
type (Al)GaN interface. As schematically shown in Figure  1 a, 
the electrons/holes can be injected to the  p -Al 0.5 Ga 0.5 N surface 
across the TCEs via the CFs and then further injected into the 
 p -Al 0.5 Ga 0.5 N layers using a vacancy (or defect)-assisted car-
rier tunneling effect. Because the electrons/holes can be easily 
transported between the TCEs and the  p -Al 0.5 Ga 0.5 N layers via 
the CFs (not via the fi eld emission through the thin poten-
tial barrier), conventional Ohmic conditions should not be 
necessarily satisfi ed; we can possibly achieve Ohmic contact 
between the TCEs and the lightly doped  p -AlGaN layers even 
if the work function of the TCEs is smaller than that of the 
 p -AlGaN. Furthermore, the relatively large amount of oxygen 
or nitride vacancies generated near the CF-based TCEs/ p -type 
(Al)GaN interface after EBD process (shown in Figure  1 d and 
Figures S5a–S5h) increases the carrier density at the interface, 
which leads to the formation of a thin degenerated layer (like 
delta doping) near the  p- AlGaN surface and eventually facili-
tates carrier injection or Ohmic contact formation. Although a 
perfect Ohmic behavior similar to that observed in the  p -GaN 
layers has not been obtained yet for the  p -AlGaN contact layers 
(probably because of the still immature technology of the 
heavily doped  p -AlGaN layers), the obtained result is not only 

  Table 1.   Average specifi c contact resistance,   ρ   c , measured between the TCEs and the  p -GaN layers, calculated from Figures  2 c–d and Figures S6–S13, 
and between the TCEs and  p -AlGaN layers, calculated from Figures  3 c–d and Figures S14–S21, respectively.  

Materials 
[E g ]     

Average specifi c contact resistance,  ρ  c  [ Ω ·cm 2 ]   

on  p -GaN layer   on  p -AlGaN layer   

   Before EBD  After EBD  Before EBD  After EBD  

ZrN [2.8 eV]  Non-Ohmic  4.91 × 10 −5   Non-Ohmic  Non-Ohmic  

ZnO [3.1 eV]  Non-Ohmic  2.81 × 10 −5   Non-Ohmic  Non-Ohmic  

ITO [3.8 eV]  Non-Ohmic  8.68 × 10 −5   Non-Ohmic  Non-Ohmic  

Ga 2 O 3  [4.8 eV]  Non-Ohmic  7.56 × 10 −5   Non-Ohmic  2.42 × 10 −2   

SiN [5.6 eV]  Non-Ohmic  1.01 × 10 −5   Non-Ohmic  2.55 × 10 −2   

ZrO 2  [5.8 eV]  Non-Ohmic  4.79 × 10 −4   Non-Ohmic  2.75 × 10 −1   

AlN [6.2 eV]  Non-Ohmic  2.41 × 10 −5   Non-Ohmic  4.55 × 10 −3   

Al 2 O 3  [7 eV]  Non-Ohmic  5.67 × 10 −5   Non-Ohmic  7.10 × 10 −3   

SiO 2  [8.9 eV]  Non-Ohmic  1.99 × 10 −5   Non-Ohmic  4.55 × 10 −3   
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to form conducting fi laments (CFs) providing a current path 
between the TCEs and the semiconductor, which leads to a 
large reduction in their contact resistance. As a result, we 
found the contact resistance between the TCEs and the  p -GaN 
layers (or  p -AlGaN layers) to be on the order of 10 −5   Ω ·cm 2  (or 
10 −3   Ω ·cm 2 ) while optical transmittance is maintained at up to 
95% for the AlN-based TCEs at 250 nm. We believe that this 
result is not only a fi rst-time demonstration of direct Ohmic 
contacts to  p -Al 0.5 Ga 0.5 N layers but also a critical turning point 
in delivering a technical breakthrough for deep UV LED tech-
nologies (as well as wherever conventional ITO is used.)  

  4   .  Experimental Section 
  Wafer Preparation for Ohmic Contact to p-GaN Layers : UV LED 

structures with an emission wavelength of 380 nm were grown by 

within the TCEs and at the TCEs/semiconductor interface. At 
this condition, Ohmic contact can be easily achieved although 
the conventional work function condition  ϕ  for Ohmic contact 
( ϕ  metal  >  ϕ  semiconductor ) is not perfectly satisfi ed. Therefore, we 
highly expect that the proposed CF-based TCEs can be imme-
diately applied to many types of optoelectronic devices (and sys-
tems), including LEDs, organic LEDs, solar cells, and even large-
area display panels that require TCEs with high conductivity and 
high transmittance in the UV-to-IR wavelength regimes.   

  3   .  Conclusions 

 In this article, we present a universal method of producing 
transparent electrodes with high conductivity and high optical 
transmittance in the UV regimes using electrical breakdown 

      Figure 5.  Correlation between the contact resistance,   ρ  c  , and transmittance at 250 nm measured for the proposed TCEs after EBD. The measurement 
was done on both (a) the  p -GaN and (b) the  p -Al 0.5 Ga 0.5 N layers. 

      Figure 4.  Optical transmittance of the proposed TCEs after EBD. a) Photograph of each sample placed onto a background logo. The upper fi gure shows 
the structure for taking photographs. b) Optical transmission spectra measured for the proposed TCEs deposited on quartz substrates in wavelength 
ranges of 230 – 800 nm. 
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metal organic chemical vapor deposition (MOCVD) on a c-plane 
sapphire substrate. As shown in Figure S1, the LED structures consist 
of a low-temperature GaN buffer layer, a 2- μ m-thick undoped GaN 
layer, a 3- μ m-thick Si-doped  n -type GaN layer followed by a 0.1- μ m-thick 
In 0.03 Al 0.16 Ga 0.81 N/In 0.3 Ga 0.7 N MQW with fi ve periods, a 10-nm-thick 
 p -Al 0.2 Ga 0.8 N layer, and a 0.2- μ m-thick Mg-doped  p -type GaN contact (or 
capping) layer. In this sample, a hole concentration of 1 × 10 19  cm −3  was 
designed to be achieved after thermal annealing of the  p -GaN layer. 

  Wafer Preparation for Direct Ohmic Contact to p-Al 0.5 Ga 0.5 N Layers : UV 
LED structures with an emission wavelength of 280 nm were grown by 
MOCVD on a buffer layer which consists of 20-nm-thick low-temperature 
( ∼ 700  ° C) AlN buffer layer and a 350-nm thick high-temperature AlN 
layer, as shown in Figure S2. For the epitaxial layers, a 1.8- μ m-thick 
 n  + -Al 0.6 Ga 0.4 N layer was fi rst grown on the buffer layer to form an  n -
type contact layer with a Si concentration of 2 × 10 19  cm −3 . Then, the 
active region consisted of a 7-nm-thick Al 0.45 Ga 0.55 N barrier, after which 
3.5-nm-thick Al 0.42 Ga 0.58 N QWs with six periods were grown, ending 
with a second 8-nm-thick Al 0.45 Ga 0.55 N barrier. A 12-nm-thick Al 0.6 Ga 0.4 N 
current-blocking layer was then deposited to prevent overfl ow of the 
electrons out of the active region. The structure was then completed 
with a 12-nm-thick  p -Al 0.5 Ga 0.5 N layer with a Mg concentration of 1 × 
10 19  cm −3  (not confi rmed) for the  p -type contact layer. 

  Electrical and Optical Characterizations : First of all, TLM was used to 
evaluate the Ohmic contact capability of the proposed CF-based TCEs 
deposited on both the  p -GaN and  p -Al 0.5 Ga 0.5 N layers. To fabricate the 
TLM patterns, mesa isolation was fi rst performed using an inductively 
coupled plasma etcher. Then, the TLM patterns of the Ni contact pad 
(100 × 100  μ m 2 ) with varied spacing from 2  μ m to 10  μ m were defi ned 
by photolithography and a development process. In more detail, 
80-nm-thick TCE fi lms (ITO, Al 2 O 3 , ZnO, Ga 2 O 3 , ZrO 2 , SiO 2 , ZrN, 
SiN, and AlN) with isolated mesa structures were deposited on the  p -
GaN and  p -Al 0.5 Ga 0.5 N layers using a radio frequency (RF) magnetron 
sputtering system in ambient Ar–O 2  (or Ar–N 2 ) gas at a base pressure of 
 ∼ 2 × 10 −7  torr and a working pressure of  ∼ 3 × 10 −3  torr. The samples were 
then annealed using rapid thermal processes (RTP) in N 2  gas ambient 
at 600  ° C for 30 s for recrystallization. The Ni top-metal electrode was 
deposited using an electron beam evaporator, and after that, the lift-off 
process was performed using acetone. As a result, 18 TLM patterns 
were transferred onto either  p -GaN or  p -Al 0.5 Ga 0.5 N wafers of 10 × 
10 mm 2 . Figure S3 shows a microscopic image taken for the TLM mask; 
each mask has 18 TLM patterns at different locations. The electrical 
characteristics of the contacts were measured using a Keithley 4200 SPA. 

 Next, to quantitatively evaluate the transmittance of the proposed 
CF-based TCEs, 80-nm-thick TCE fi lms (ITO, Al 2 O 3 , ZnO, Ga 2 O 3 , ZrO 2 , 
SiO 2 , ZrN, SiN, and AlN) were deposited on the quartz substrates using 
the RF sputtering system, after which the samples were then annealed 
using RTP for recrystallization. Then, we measured the transmittance of 
the TCE fi lms on the quartz substrates as a function of the wavelength 
using the  Lambda 35 UV/VIS Spectrometer  with an operating wavelength 
range from 190 nm to 1100 nm.  
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