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Abstract
Ti/Al/Ni/Au (30/120/20/100 nm) non-alloyed ohmic contacts on reactively ion-etched n-GaN have been obtained by ther-
mal annealing in N2 + O2 ambient prior to metal contacts deposition. After surface treatment, contacts show the linear cur-
rent–voltage (I–V) characteristics with specific contact resistance (SCR) of 2.91 × 10−5 Ω-cm2 without any post-deposition 
annealing, whereas, SCR of untreated sample has been found 1.02 × 10−4 Ω-cm2. The improvement in SCR of Ti/Al/Ni/Au 
contacts with this process may be attributed to formation of n+-highly doped layer due to presence of oxygen during thermal 
annealing. A further increase in SCR of non-treated sample from 1.02 × 10−4 Ω-cm2 to 3.54 × 10−4 Ω-cm2, has been observed 
on further annealing of contacts at 550 °C in N2 + O2 ambient for 5 min, which is generally an essential condition for forma-
tion of low-resistance highly transparent p-contact on p-GaN during fabrication of conventional GaN light-emitting diodes 
(LEDs). Based on X-ray photoelectron spectroscopy results, we found that there is increase in Ga 3d photoelectron binding 
energy with this surface treatment, which indicates a shift of Fermi level closure to conduction band, resulting in decrease 
of Schottky barrier height (SBH). The reduction in SBH is responsible for formation of low-resistance Ohmic contacts on 
n-GaN. Such non-alloyed n-contacts formed on thermally annealed reactively etched n-GaN surface may open for fabrica-
tion of more efficient conventional GaN LEDs. In addition, the forward voltage of GaN LED fabricated by present suggested 
process lowered by an amount of 0.37 V at 100 mA compared to standard process.

1  Introduction

GaN-based semiconductors have attracted great attention 
due to their wide applications for optoelectronic devices 
in ultraviolet, blue, and green wavelength regions. GaN-
based light-emitting diodes (LEDs) are playing more and 
more important role in many applications like back lighting 
sources, automobile lighting, traffic lights and solid-state 

lightings [1, 2]. For fabrication of reliable and high-bright-
ness GaN LEDs, low-resistance Ohmic contacts (n and p) 
are essential. Low-resistance contacts can be easily achieved 
to p- and n-type GaN layers separately [3–9]. The major 
problem for these contacts (n and p) arises due to differences 
in their annealing temperatures and ambient conditions, e.g., 
for formation of low-resistance (10−5–10−6 Ω-cm2) n-con-
tacts on n-GaN, Ti/Al-based metal stacks are widely used, 
but this metal stack requires a rapid thermal annealing (RTA) 
in N2 ambient in the temperature range of 800–900 °C. Due 
to the high temperature annealing of these metal contacts, 
surface morphology of contacts becomes very rough. On 
the other hand, to form low-resistance contacts on p-type 
GaN typically requires RTA in the temperature range of 
400–600 °C in O2 or air ambient [10–14].

There are two possibilities to fabricate conventional GaN 
blue LED chips on sapphire substrates; case-I, n-contact is 
formed, followed by annealing in the temperature range of 
800–900 °C in N2 ambient to form low-resistance ohmic 
contact. After annealing, metallic layers are deposited on 
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p-GaN to form high transparent ohmic contact. However, to 
form low-resistance highly transparent contacts (> 75% near 
460 nm wavelength), it is essential to anneal the p-contact 
in the temperature range of 400–600 °C in O2 or air ambient 
Though, the annealing of p-contacts in O2 ambient helps 
to form low-resistance high-transparent ohmic contacts on 
p-GaN, it degrades the quality of n-contact due to presence 
of oxygen [15]. On the other hand (case-II), if p-contact is 
formed earlier than n-contact formation then the annealing 
of n-contact will degrade the quality of p-contact. It is clear 
that annealing of n and p-contacts degrades their electrical 
properties.

In this work, we present a possible solution using dif-
ferent fabrication process sequence for formation of low-
resistance Ti/Al/Ni/Au contacts on n-GaN and fabrication 
of GaN blue LEDs on c-plane sapphire substrate to avoid 
such degradation of n-contacts due to presence of O2 dur-
ing thermal annealing of p-contacts on p-type GaN to form 
low-resistance high-transparent contacts. In this process, 
after mesa etching, p-transparent contact is formed prior 
to n-contact and followed by thermal annealing in N2 + O2 
ambient at 550 °C in RTA to create highly doped n+-GaN 
surface and then n-contact is formed. In addition, the elec-
trical and surface properties of Ti/Al/Ni/Au n-contacts on 
n-GaN were measured and discussed along with electrical 
properties of fabricated InGaN/GaN MQWs blue LEDs on 
c-plane sapphire substrate with standard and new process.

2 � Experimental details

The epilayer LED structure used in present work was grown 
by metal organic chemical vapor deposition (MOCVD) 
system (Thomos Swan 3″ x 2″ CCS) on c-plane sapphire 
substrate. The LED structure consists of a ~ 25 nm GaN 
nucleation layer, ~ 2 µm thick undoped GaN, ~ 2 µm thick 
Si-doped n-GaN, an active region, ~ 30 nm thick Mg-doped 
AlGaN electron blocking layer (EBL) and 150 nm Mg-
doped p-GaN. The active region consists of a five period 
InGaN/GaN multiquantum wells, embedded between n-GaN 
and p-GaN layers. The thicknesses of InGaN QW and GaN 
barrier were about 3 nm and 10 nm, respectively. Trimethyl-
indium (TMIn), gallium (TMGa), trimethylalumium (TMAl) 
and ammonia (NH3) were used as the source materials of 
In, Ga, Al, and N, respectively. Bicylopentadienyl magne-
sium (CP2-Mg) and silane (SiH4) were used as the p-type 
and n-type dopants. For activation of Mg, grown wafer was 
annealed at 700 °C for 1 min in N2 ambient in rapid ther-
mal annealing system. The doping concentration of holes 
and electrons measured at room temperature by Hall-effect 
measurement system (Nanometrics HL 5550) were 2 × 1017 
cm−3 and 4 × 1018 cm−3, respectively. Figure 1 shows the 
schematic diagram of LED structure used in present study.

Transmission line method (TLM) [16] was used to deter-
mine the specific contact resistance of Ti/Al/Ni/Au contacts. 
To determine the specific contact resistance, first, grown 
wafer was diced into pieces of ~ 1 cm × 1 cm. To form TLM 
structure on n-GaN, first epitaxilly grown layers (p-GaN, 
AlGaN electron blocking layer, InGaN/GaN MQWs and 
partially n-GaN) were etched in reactive ion etching sys-
tem (Sentech SI 591). Chlorine chemistry (BCl3, Cl2 and 
Ar) was used for etching of GaN layers. After reactive ion 
etching, one sample was thermally treated at 550 °C for 
5 min in N2 + O2 ambient in rapid thermal annealing system 
(Annealsys As-One 100) while, other was kept untreated. 
After reactive ion etching, TLM structures with pads of size 
200 µm × 200 µm with contact spacing 5, 10, 15, 20, 25 and 
30 µm were defined by UV lithography on these two sam-
ples. Before loading the samples in e-beam chamber, sam-
ples were pre-etched in HCl and de-ionized water solution in 
ratio of 1:1 for 1 min to remove the native oxide on n-GaN 
surface. After pre-etching, both samples were loaded in 
chamber of electron beam evaporation system (VST TFDS 
462B). Ti/Al/Ni/Au (30/120/20/100 nm) multilayer metals 
were evaporated by e-beam system at the base pressure of 
1.3 × 10−6 Torr. After deposition of metal layers, lift-off pro-
cess was carried out for realization of TLM contact pads. 
Figure 2 shows the detailed process sequences for formation 
of n-contacts.

Current–voltage (I–V) data were measured using probe 
station (Ecopia EPS-1000). The surface morphology of 
n-GaN surface and Ti/Al/Ni/Au contacts were evaluated by 
means of atomic force microscopy (CSI-Nano Observer) and 
scanning electron microscopy (JEOL JCM 5700). VG make 
CLAM 2 system was used for X-ray photoelectron spectros-
copy (XPS) to explain the effect of thermal treatment on 
specific contact resistance.

To study the impact of Ti/Al/Ni/Au n-contacts formed 
on reactively ion-etched n-GaN with different processes 

Fig. 1   Schematic diagram of LED structure grown by MOCVD sys-
tem
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on electrical properties of LEDs, InGaN/GaN MQWs blue 
LEDs on c-plane sapphire substrate with two processes 
were also fabricated. For fabrication of LEDs, mesa etch 
was performed in both samples by reactive ion etching and 
followed by HCl:H2O clean. For mesa etching, photoresist 
(Shipley-1818) was used as masking layer. In standard GaN 
LED fabrication process, n-contact metals (Ti/Al/Ni/Au) 
were evaporated by e-beam, followed by annealing at 830 °C 
for 30 s in N2 ambient. The transparent p-contact (Ni/ITO, 
5/50 nm) was then evaporated and followed by annealing 
at 550 °C for 5 min in N2 + O2 ambient. After formation of 
transparent p-contact, p-pad (Ti/Au, 30/200 nm) was formed 
for electrical connections. In present process, after mesa 
etch, the p-metals (Ni/ITO, 5/50 nm) were evaporated first, 
followed by annealing at 550 °C for 5 min in N2 + O2 ambi-
ent. This annealing step also serves as the surface treatment 
on n-GaN surface before deposition of n-contact metals. 
The n-contact metals (Ti/Al/Ni/Au) were then evaporated. 
No post-deposition annealing at higher temperature in N2 
ambient was performed. Figure 3 shows the detailed fabrica-
tion process flow of GaN LEDs on sapphire substrate with 
standard and new process.

3 � Results and discussion

The electrical characterization of contacts was performed 
by means of current–voltage (I–V) measurements using 
TLM structures. Figure 4 shows the room temperature I–V 

characteristics of contacts, measured between two adja-
cent TLM pads with a gap spacing of 10 µm. It is clear 
that as-deposited n-metals on reactively ion-etched n-GaN 
(sample A, red circles), exhibits a nonlinear I–V behav-
iour, i.e., rectifying behavior. This rectifying behavior 

Sample A Sample B Sample C Sample D

Etching of GaN layers up 
to  exposure of n-GaN 

layer

Thermal annealing of 
sample at 550 0C for 5 min 
in RTA in N2+O2 ambient 

Ti/Al/Ni/Au metals 
deposition (n-contact) 

LED structure on c-plane 
sapphire 

Etching of GaN layers 
up to  exposure of n-

GaN 

Ti/Al/Ni/Au metals 
deposition (n-contact) 

LED structure  

Annealing of n-contact 
at 830 0C in N2 ambient 

Etching of epi-GaN 
layers up to  exposure of 

n-GaN 

Ti/Al/Ni/Au metals 
deposition (n-contact) 

LED structure  

Annealing of n-contact at 
830 0C in N2 ambient 

Etching of epi-GaN layers 
up to  exposure of n-GaN 

Ti/Al/Ni/Au metals 
deposition (n-contact) 

LED structure on c-plane 
sapphire  

Annealing of n-contact at 
550 0C in N2+O2 ambient 

Fig. 2   Illustration of process sequences for formation of contacts with standard and new processes
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Fig. 3   GaN LED fabrication; a standard b new process
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may be attributed to a large Schottky barrier between Ti 
and GaN [17]. After rapid thermal annealing (RTA) of 
contacts at 830 °C for 30 s in N2 ambient, the I–V behav-
iour of contacts becomes linear, i.e., Ohmic (sample B, 
blue triangles). This linear behavior may be attributed to 
formation of a highly doped TiN [18–20], Al3Ti [21] and 
other microstructural changes, e.g., formation of Al–Ni 
grains, Al–Au phases such as Al2Au and AlTi(Au) com-
pound [20] during RTA at higher temperatures. During 
annealing of contacts at higher temperature, out-diffusion 
of N atoms from GaN leads the formation of N vacancies. 
These N vacancies produced a very thin highly n-doped 
interfacial layer. The formation of such highly doped TiN 
interface layer and other microstructural changes not only 
reduces the Schottky barrier height (SBH) but increases 
the contact area of contacts and thus, leads to form the 
linear I–V behavior. Further, the I–V curve of contacts 
degraded, when they were further annealed at 550 °C in 
N2 + O2 ambient, which is an essential condition for stand-
ard GaN LEDs fabrication (sample C, inverted triangle). 

The possible cause of degradation of I–V behavior of con-
tacts may be attributed to oxidation of Al and to form a 
very thin layer of Al2O3 during annealing, because Al can 
be easily oxidized in the presence of oxygen at higher tem-
perature. On the other hand, the I–V curve of contacts with 
new process shows better and linear characteristics, i.e., 
Ohmic even without any high-temperature annealing after 
deposition of contacts on reactively ion-etched n-GaN sur-
face (sample D, black squares). The ohmic behaviour of 
contacts may be due to formation of highly n+-doped sur-
face on n-GaN as a result of thermal annealing at 550 °C in 
N2 + O2 ambient after reactive ion etching, because oxygen 
is well known donor for GaN material [22]. This highly 
n+-doped surface reduces the SBH between metal (Ti) and 
n-GaN, resulting in the increase in tunneling of electrons 
through the barrier. The increase in tunneling of electrons 
through barrier is a cause of formation of ohmic contacts.

The specific contact resistances (SCR) of contacts were 
extracted from TLM data. Table 1 shows the specific con-
tact resistances of Ti/Al/Ni/Au contacts made on reactively 
ion-etched n-GaN material with different conditions. The 
SCR of sample B (without thermal treatment) was found 
1.02 × 10−4 Ω-cm2. However, when these contacts were fur-
ther annealed in N2 + O2 ambient at 550 °C for 5 min, as 
described in Fig. 3a, it was found that SCR was increased 
from 1.02 × 10−4 to 3.54 × 10−4 Ω-cm2, i.e., nearly 3.5 times 
increase in SCR. The further annealing step is an essential 
condition for formation of low-resistance highly transparent 
ohmic contacts to p-GaN during standard GaN LED fabrica-
tion process. The increase in SCR of further annealed con-
tacts in N2 + O2 ambient may be attributed again to forma-
tion of a very thin layer of Al2O3 during annealing [23, 24]. 
However, SCR of thermally treated sample D was obtained 
as 2.91 × 10−5 Ω-cm2, i.e., nearly 3.5 times lower compared 
to standard process for n-contact formation (sample B). 
This is the lowest value reported for non-alloyed contacts 
on n-GaN [15, 25, 26]. This reduction in SCR of thermally 
treated contacts may be again attributed to reduction of SBH 
between Ti and n-GaN because, during thermal treatment of 
n-GaN in N2 + O2 ambient in RTA, because oxygen creates 
additional donors at the top of n-GaN surface.
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Fig. 4   Room temperature I–V characteristics of Ti/Al/Ni/Au contacts 
using TLM pads with gap spacing of 10 µm with standard and new 
processes

Table 1   Specific contact resistance of Ti/Al/Ni/Au contacts on reactively ion-etched n-GaN under different conditions

Process Specific contact 
resistance 
(Ω-cm2)

RIE of LED structure up to exposure of n-GaN/Ti/Al/Ni/Au contact formation/contact annealing at 830 °C
N2 ambient (standard process for n-ohmic contact formation)

1.02 × 10−4

RIE of LED structure up to exposure of n-GaN/Ti/Al/Ni/Au contact formation/ annealing of contact at 830 °C N2 ambient/ 
annealing at 550 °C N2 + O2 ambient (standard GaN LED fabrication process)

3.54 × 10−4

RIE of LED structure up to exposure of n-GaN/thermal annealing at 550 °C in N2 + O2 ambient /Ti/Al/Ni/Au contact forma-
tion/no annealing of contacts (New LED fabrication process)

2.91 × 10−5
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To analyze the surface morphology of n-GaN surface 
for non-treated and thermally treated samples, atomic force 
microscopy was performed. Figure 5a, b shows the AFM 
images of reactive ion-etched n-GaN surface before and 
after thermal annealing of n-GaN samples. The root mean 
square (RMS) roughness for non-treated n-GaN surface was 
23.646 nm. On the other hand, RMS roughness of thermally 
treated n-GaN surface was 41.179 nm. The increase in sur-
face roughness after thermal treatment of n-GaN surface 
may be related to the formation of new surface structure, 
i.e., surface might undergo reconstruction and turn to the 
ordered structure. The energy needed for reconstruction of 
surface is provided by thermal annealing. The surface mor-
phology of Ti/Al/Ni/Au contacts was also characterized by 
scanning electron microscopy (SEM). Figure 6 shows the 
change in surface morphology of contacts on n-GaN under 
different process measured by SEM. Figure 6a shows the 
SEM image of annealed Ti/Al/Ni/Au contacts at 830 °C for 
30 s in N2 ambient, Fig. 6b shows SEM image of contacts 
annealed in two steps, i.e., first annealed at 830 °C for 30 s 

in N2 ambient and followed by 550 °C for 5 min in N2 + O2 
ambient, while Fig. 6c shows the SEM image of contacts, 
which were formed on thermally annealed (550 °C for 5 
min in N2 + O2 ambient) reactively ion-etched n-GaN surface 
without post-deposition annealing of contacts. However, sur-
face of annealed contacts at 830 °C was very rough. The 
pits can be seen on the n-GaN surface (Fig. 6a). One of the 
major causes of such roughed surface of contacts is due to 
balling up of melted Al and surface burst due to low melting 
point of Al (~ 660 °C) metal [19, 24]. The other probable 
causes of roughed surface of contacts after annealing may be 
attributed to intermixing of metals and formation of different 
phases like Au–Al–Ti, Al2Au, AlNi etc, during annealing 
[20]. The roughness of contacts further increased when, con-
tacts were further annealed at 550 °C for 5 min in N2 + O2 
ambient (Fig. 6b). The increase in roughness of contacts 
may be attributed to reaction of O2 with different phases 
formed during annealing. From SEM image (Fig. 6c), it is 
clear that balling up problem can be eliminated using present 
suggested process for formation of Ti/Al/Ni/Au contacts on 

Fig. 5   AFM images of reactive 
ion-etched n-GaN surface; a 
non-treated, b treated samples

Fig. 6   SEM images of Ti/Al/Ni/Au contacts; a formed on reactively 
ion-etched n-GaN and then annealed at 830 °C in N2 ambient, b two-
step annealed, i.e., first at 830 °C in N2 ambient and then at 550 °C 

for 5 min in N2 + O2 ambient (as in case of standard LED fabrication 
process), c formed on thermally treated n-GaN surface (new process)
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reactively ion-etched n-GaN surface. The smooth surface 
obtained with this new process may be attributed to no fur-
ther annealing requirement after deposition of Ti/Al/Ni/Au 
contacts.

To investigate the effect of N2 + O2 thermal annealing 
on reactively ion-etched n-GaN surface, an A1 Kα X-ray 
source of energy 1486.6 eV was used to characterize the 
surface analysis. The samples were scanned from energy 
range 0–1000 eV at vacuum of 1 × 10−8 Torr at Fig. 7 shows 
the XPS survey spectra for treated and untreated n-GaN 
samples. The C 1 s peaks are at 284.44 eV and 284.49 for 
untreated and treated samples. Since change in binding 
energy after thermal treatment is almost negligible, there-
fore, it may be assumed that after treatment, the hydrocarbon 
contaminants are almost same on n-GaN surface. Since the 
Ga 3d core-level peak is closely associated with the surface 
Fermi level (EF) position, hence, XPS spectra of the Ga 3d 
photoelectrons for treated and untreated n-GaN samples are 
important. Figure 8 shows the high-resolution XPS spectra 
of Ga 3d photoelectrons for thermally treated in N2 + O2 
ambient and untreated n-GaN samples. The black line and 
red line (dotted) show the experimental and fitted data. The 
peak of Ga 3d (GaN) photoelectron for non-treated sample 
is positioned at 19.384 eV. On the other hand, the peak of 
Ga 3d (GaN) photoelectron for treated sample is positioned 
at 19.613 eV. From XPS data, it is clear that peak for Ga 3d 
shifts by 0.229 eV towards higher binding energy for ther-
mally treated n-GaN sample. For detailed surface analysis 
of treated sample, Ga 3d peak was deconvoluted into three 
peaks, Ga–N, Ga–O and Ga–Ga metal. Figure 9 shows the 
deconvoluted XPS spectra of Ga 3d for thermally treated 
n-GaN sample. It is clear that Ga–Ga (18.68 eV) and Ga–O 
(20.69 eV) peaks were clearly observed. The high-resolution 
XPS spectra of O 1 s photoelectrons for thermally treated 
and untreated samples are shown in Fig. 10. From XPS 
data of O 1 s photoelectrons, it is clear that peak intensity 

corresponding to O 1 s photoelectrons increases for ther-
mally treated n-GaN sample.

The shift of the Ga 3d core-level peak to higher binding 
energy indicates the shifting of Fermi level towards the con-
duction band edge, resulting in a creation of highly n+-doped 
layer on the reactively ion-etched n-GaN surface. This phe-
nomenon is responsible for decrease of SBH between Ti and 
GaN. Thus, from XPS data, it is clear that thermal treatment 
of reactive ion-etched n-GaN surface in N2 + O2 ambient at 
550 °C leads to form non-alloyed Ti/Al/Ni/Au metal-based 
low-resistance Ohmic contacts on n-GaN.

Figure 11 shows room temperature I–V characteristics of 
fabricated GaN blue LEDs with standard and new process. 
It is clear that LEDs fabricated with new process has bet-
ter I–V characteristics. This better I–V of LED device with 
new process may be attributed to lower series resistance of 
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device, because SCR of n-contact with new process was 
2.91 × 10−5 Ω-cm2, which was ~ 12 times lower (3.54 × 10−4 
Ω-cm2) compared to standard process. It is well known that 
the forward voltage of GaN LED devices depends on device 
series resistance and in-device series resistance, the SCR 
of n- and p-contacts has major contribution. In new pro-
cess, the SCR of n-contact (one of the major components 
of device resistance) was achieved much lower compared 
to standard process. Due to lower SCR of n-contacts with 
new process, forward voltage of LED device at injection 
current of 100 mA, was about 0.37 V lower compared to 
LED with standard process. Thus, with new process, not 
only the better surface morphology of contacts has been 
achieved but post-deposition annealing is also not required 
as in case of standard process. These results indicate that 
significant improvements in the performance of the n-type 
contacts were achieved with new process. RTA annealing 

in N2 + O2 ambient at 550 °C as generally used for p-metal 
contact annealing for formation of low-resistance and high-
transparent ohmic contacts on p-GaN, also assists in the 
formation of non-alloyed Ti/Al/Ni/Au ohmic contacts on 
n-GaN without any post-deposition annealing.

4 � Conclusions

In presented work, non-alloyed Ti/Al/Ni/Au ohmic contacts 
on reactively ion-etched n-GaN surface have been success-
fully deposited with a different approach. The new surface 
treatment consisting of RTA at 550 °C in N2 + O2 ambient 
for 5 min on reactively ion-etched n-GaN creates a highly 
doped n-GaN surface at metal–semiconductor interface, 
which is responsible for formation of non-alloyed ohmic 
contacts on n-GaN. This process of formation of ohmic 
contacts on n-GaN is found better than n-contact annealed 
in RTA at higher temperature in N2 ambient. The SCR of 
Ti/Al/Ni/Au n-contacts with new process is ~ 3.5 times 
lower (2.91 × 10−5 Ω-cm2) compared to n-contact formed on 
reactively ion-etched n-GaN (1.02 × 10−4 Ω-cm2) and ~ 12 
times lower for process adopted for standard LED process. 
Moreover, the surface morphology of n-GaN treated with 
new process is much better as compared to the standard GaN 
LED fabrication process due to absence of post-deposition 
annealing of Ti/Al/Ni/Au contacts at 830 °C in N2 ambi-
ent. XPS analysis shows that the Fermi level at n-GaN sur-
face shifts towards the conduction band edge for thermally 
treated n-GaN sample in N2 + O2 ambient, which results in a 
reduction of SBH and SCR. With new process, the forward 
voltage of fabricated GaN blue LED at 100 mA is lower by 
~ 0.37 V compared to the standard process. It means that 
series resistance of LED device is lowered by significant 
amount with new process. These results strongly indicate 
that new process may be suitable for the fabrication high-
performance GaN LEDs.
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