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Abstract: In this study, a PdAl (20 nm)/Au (30 nm) metal stack scheme is used for forming
low-ohmic-resistance contact on Mg-doped (1.5 × 1017 cm−3) p-type AlGaN at various annealing
temperatures. Using a circular-transmission line model, the specific contact resistance (ρc) of
PdAl/Au/p-AlGaN ohmic contact is determined via the current–voltage (I–V) characteristics.
As-deposited contacts demonstrate non-linear behavior. However, the contact exhibits linear I–V
characteristics with excellent ohmic contact of ρc = 1.74 × 10−4 Ω cm2, when annealed at 600 ◦C for
1 min in a N2 atmosphere. The Ga and Al vacancies created at the PdAl/Au and p-AlGaN interfaces,
which act as acceptors to increase the hole concentration at the interface. The out-diffusion of Ga as
well as in-diffusion of Pd and Au to form interfacial chemical reactions at the interface is observed by
X-ray photoelectron spectroscopy (XPS) measurements. The phases of the Ga–Pd and Ga–Au phases
are detected by X-ray diffraction (XRD) analysis. Morphological results show that the surface of the
contact is reasonably smooth with the root-mean-square roughness of 2.89 nm despite annealing
at 600 ◦C. Based on the above experimental considerations, PdAl/Au/p-AlGaN contact annealed at
600 ◦C is a suitable p-ohmic contact for the development of high-performance electronic devices.

Keywords: ohmic contact; p-AlGaN; PdAl metal-compound; Ga-phase; Core level binding
energy shift

1. Introduction

The development of high-performance ohmic metal contacts on n/p-type AlGaN and n/p-type
InGaN is increasing their potential for use in high-quality electro-optic devices, such as laser diodes,
light-emitting diodes, and high-power/frequency high-electron-mobility transistors (HEMTs) [1–4].
Various metallization schemes, such as the use of Ti/Al, Ti/Ta/Al, Ta/Ti/Al, and Ti/Al/(Ti, Ni, Mo, Pd,
and Pt)/Au, were used as ohmic contacts for n-type AlGaN [5–8]. For the aforementioned metallization
schemes, the specific contact resistivity (ρc) obtained is low, ranging from ~10−5 to 10−8 Ω cm2 [5–8],
making them highly applicable to electronic devices, such as HEMTs and metal-semiconductor
field-effect transistors MESFETs.

In particular, solid-state ultraviolet (UV) emitters for general lighting application require AlGaN
layers with relatively high Al composition and hence the formation of ohmic contact on these
layers, especially on p-AlGaN layer, is much more difficult. Two main problems arise regarding the
construction of good ohmic contact; (i) it is very difficult to grow a highly Mg-doped p-AlGaN, (ii) metal
with work function higher than p-AlGaN is rare. Due to these obstacles, only a few studies have
been conducted so far [9–14]. For example, Blank et al. [9] found a potential barrier of approximately
2.3 V at the Pd/p-Al0.06Ga0.94N contact after the thermal treatment. Jun et al. [10] applied a Pd/Au
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(35/100 nm) metal scheme on p-type Al0.15Ga0.85N with an acceptor concentration of 6 × 1016 cm−3.
They observed a linear current–voltage (I–V) curve after thermal annealing at 700 ◦C for 2 min in a
N2 atmosphere. Kim et al. [11] demonstrated a low-resistance ohmic contact with a specific contact
resistivity of 3.1 × 10−4 Ω cm2 on the moderately doped p-AlGaN:Mg (1.5 × 1017 cm−3) applying a
Pt/Pd/Au (5/5/10 nm) metal scheme and annealing at 600 ◦C for 1 min in a N2 atmosphere. Chary et
al. [12] investigated the Au/Ni layer to achieve an ohmic contact on p-type GaN and AlGaN, which is
annealed at 500 ◦C for 10 min in a N2 (90%) and O2 (10%) atmosphere, and found the lowest specific
contact resistance (ρc) of ~9.2 × 10−6 and 1.8 × 10−4 Ω cm2 for p-GaN and p-AlGaN, respectively.

In the present study, we applied a PdAl/Au metallization contact to p-type AlGaN to obtain
reliable, low-ohmic-resistance contacts. A PdAl metallic alloy was used as the first layer because it has
a heat of formation (∆H = –92 kJ/g atom) as well as low chemical reactivity with AlGaN. In addition,
Au was used as a top coating film to protect the metal stack scheme from the ambient during annealing
process. The main focus of this study was to investigate a reliable, low-ohmic-resistance contact of
PdAl/Au metallic stacks on p-type AlGaN, which was characterized before and after annealing by
using the rapid thermal process (RTP). The mixing of the metallic alloyed contacts with the diffusion of
Ga, N, Pd, Al, and Au from the PdAl/Au metallic stacks and p-type Al0.15Ga0.85N was observed via
X-ray photoelectron spectroscopy (XPS) depth profiles. The interface products were determined by an
X-ray diffractometer (XRD), and the roughness of the contact’s surface was observed with a scanning
probe microscopy (SPM) measurement.

2. Materials and Methods

The epitaxial structure studied in this work consisted of 1.5 µm-thick undoped GaN and
0.2 µm-thick Mg-doped Al0.15Ga0.85N layers with carrier concentration of ~1.5 × 1017 cm−3, which were
sequentially grown on c-plane Al2O3 sapphire using a metal–organic chemical vapor deposition
method. Prior to the metallization, the p-AlGaN films were ultrasonically cleaned with warm acetone,
followed by isopropyl alcohol, for 5 min each. The films were then dipped into a buffer-oxide-etch
solution for 10 min to remove the native surface oxides, and then dipped in deionized water. The patterns
for the circular transmission line model (CTLM) were arranged on the p-AlGaN film with standard
photolithography. A PdAl (20 nm)/Au (30 nm) metallic scheme comprising a PdAl metal alloy as the
first layer (90 wt% of Pd/10 wt% of Al) and Au as the second layer were deposited on the p-AlGaN
surface using the electron beam evaporation method followed by rapid thermal annealing (RTA) for
1 min at 400 ◦C, 500 ◦C, 600 ◦C, and 700 ◦C for each sample in a N2 atmosphere. I–V curves were
measured with a Keithley 4200 semiconductor parameter analyzer. XPS (Thermo Fisher Scientific
Inc.) was performed to observe the in-/out-diffusion of the metal stacks and p-AlGaN before and
after annealing using Al Kα radiation (1486.6 eV). We used the sputter with each rate ~5.34 nm/min
for the characterization of atomic compositions of XPS depth profiles. XRD (PANalytical) with Cu
Kα energy was used to illustrate the interface phases between the stack metals and p-AlGaN films.
The morphological roughness of the contacts was analyzed using scanning probe microscopy (NX-20
SPM Controller, Park Systems) before and after annealing.

3. Results and Discussion

Figure 1a displays the I–V curves of the PdAl/Au metallization contacts on p-AlGaN annealed
at various temperatures, using CTLM with a spacing of 5 µm. A non-linear I–V behavior was
observed in the as-deposited PdAl/Au/p-AlGaN ohmic contact, but the curve became linear when the
contact was annealed at 400 ◦C and the slope of the curve increased as the annealing temperature
increased up to 600 ◦C. When the temperature increased to 700 ◦C, however, the contact was apparently
deteriorated showing non-linear I-V characteristics again. As shown in Figure 1b, the estimated ρc

is 1.23 × 10−2 Ω cm2 for the as-deposited film. For the samples annealed at 400, 500, 600, and 700 ◦C,
the ρc values are 1.16 × 10−3, 5.27 × 10−4, 1.74 × 10−4, and 1.01 × 10−2 Ω cm2, respectively. The lowest
ρc is achieved when the contact is annealed at 600 ◦C, meaning that the best annealing temperature is
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600 ◦C for PdAl/Au metallic contacts on p-AlGaN. It is also noticed that the ρc of 1.74× 10−4 Ω cm2 is the
lowest value, even compared to those of various ohmic schemes obtained from other research groups
as summarized in Table 1 [9–14]. The degradation of the contact annealed at 700 ◦C can be attributed
to rough surface morphology at the ohmic contact, caused by the severe amalgamation between the
PdAl/Au metal and p-AlGaN may be due to the instability of p-AlGaN crystal structure [15].

Crystals 2020, 10, x FOR PEER REVIEW 3 of 7 

temperature is 600 °C for PdAl/Au metallic contacts on p-AlGaN. It is also noticed that the ρc of 1.74 × 
10−4 Ω cm2 is the lowest value, even compared to those of various ohmic schemes obtained from 
other research groups as summarized in Table 1 [9–14]. The degradation of the contact annealed at 
700 °C can be attributed to rough surface morphology at the ohmic contact, caused by the severe 
amalgamation between the PdAl/Au metal and p-AlGaN may be due to the instability of p-AlGaN 
crystal structure [15]. 

 

 

Figure 1. (a) Current–voltage (I–V) curves of the PdAl/Au metal stack contacts to p-AlGaN as a 
function of annealing temperature. (b) Specific contact resistance (ρc) as a function of annealing 
temperature of PdAl/Au/p-AlGaN ohmic contacts. 

Table 1. Electrical characteristics of metal alloyed ohmic contact on p-AlGaN with various 
metallization schemes. 

Metallization 
scheme 

Annealing 
temperature 

(°C) 

Anneal 
time (s) Ambient ρc (Ωcm2) Ref 

Pd 800 20 N2 – [9] 
Pd/Au 700 120 N2 – [10] 

Pt/Pd/Au 600 60 N2 3.1 × 10−4 [11] 

Au/Ni 500 600 N2(90%) + 
O2(10%) 1.8 × 10−4 [12] 

Ni/Ag/Ni 450 – – 1.5 × 10−2 [13] 
Ni/Au/Ni/Au 550 + 750 180 + 30 Air + N2 – [14] 

PdAl/Au 600 60 N2 1.7 × 10−4 [This 
work] 

XRD examination was performed to study the interfacial phases formed between the PdAl/Au 
metal alloyed layers and GaN films before and after annealing at 600 °C. Figure 2a illustrates the 
XRD plot of the as-deposited contact. The diffraction plot reveals the distinctive substrate peaks of 
GaN (002) and AlGaN (002) were observed. In addition, superposition of peaks from pure metals Al 
(111), Pd (111) and Au (111) were observed at ~38.25°. Furthermore, a diffraction peak of Au (222) 
was observed at ~81.85°. After annealing at 600 °C (Figure 2b), additional interfacial peaks were 
identified compared to the as-deposited contacts. These interfacial peaks were identified as Ga3Pd5 
(020), Ga2Pd5 (420), Au7Ga2 (205), and Au7Ga2 (226), which provide the Ga–Pd and Ga–Au 
metal-compound phases.  

Figure 1. (a) Current–voltage (I–V) curves of the PdAl/Au metal stack contacts to p-AlGaN as a function
of annealing temperature. (b) Specific contact resistance (ρc) as a function of annealing temperature of
PdAl/Au/p-AlGaN ohmic contacts.

Table 1. Electrical characteristics of metal alloyed ohmic contact on p-AlGaN with various
metallization schemes.

Metallization
Scheme

Annealing
Temperature

(◦C)

Anneal Time
(s) Ambient ρc (Ωcm2) Ref

Pd 800 20 N2 – [9]
Pd/Au 700 120 N2 – [10]

Pt/Pd/Au 600 60 N2 3.1 × 10−4 [11]
Au/Ni 500 600 N2(90%) + O2(10%) 1.8 × 10−4 [12]

Ni/Ag/Ni 450 – – 1.5 × 10−2 [13]
Ni/Au/Ni/Au 550 + 750 180 + 30 Air + N2 – [14]

PdAl/Au 600 60 N2 1.7 × 10−4 [This work]

XRD examination was performed to study the interfacial phases formed between the PdAl/Au
metal alloyed layers and GaN films before and after annealing at 600 ◦C. Figure 2a illustrates the XRD
plot of the as-deposited contact. The diffraction plot reveals the distinctive substrate peaks of GaN (002)
and AlGaN (002) were observed. In addition, superposition of peaks from pure metals Al (111), Pd (111)
and Au (111) were observed at ~38.25◦. Furthermore, a diffraction peak of Au (222) was observed at
~81.85◦. After annealing at 600 ◦C (Figure 2b), additional interfacial peaks were identified compared
to the as-deposited contacts. These interfacial peaks were identified as Ga3Pd5 (020), Ga2Pd5 (420),
Au7Ga2 (205), and Au7Ga2 (226), which provide the Ga–Pd and Ga–Au metal-compound phases.
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Figure 2. X-ray diffraction (XRD) plots of the PdAl/Au metal stack on p-AlGaN (a) as-deposited and
(b) annealed at 600 ◦C.

XPS analyses were conducted to elucidate the surface changes at the interface of the PdAl/Au metal
stack and p-AlGaN films. Figure 3 shows depth-profiling of the PdAl/Au metal stack before and after
annealing at 600 ◦C. The depth profiling of the as-deposited PdAl/Au metal stack (Figure 3a) shows
that the transitions of Pd, Al, and Au films are clearly observable. When the metal stack is annealed at
600 ◦C, as shown in Figure 3b, a clear variation is observed: compared to the as-deposited contacts,
a large quantity of the Ga is out-diffused through the Pd and Au metals. This means that a large
chemical reaction occurs between the PdAl metal alloy and Au, and Ga metallic content, which causes
the interfacial phases of metallic Ga-Pd and Ga-Au to occur at the interface as confirmed from XRD
results (Figure 2b). In addition, there is no clear evidence that the nitrogen content is out-diffused
through the metal layers. This indicates that the chemically reacted layers making up the p-AlGaN
surface can prevent the out-diffusion of the nitrogen content, which determines the performance of the
p-ohmic metal contact. Thus, from the result obtained by XPS depth profiles we confirm that the 600 ◦C
sample shows that the enhancement in the I-V characteristics is due to formation of the Ga-related
phases, causing the generation of Ga vacancies near the p-AlGaN surface. Here, Ga vacancies are
known to act as acceptors in p-AlGaN.
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Figure 3. Depth-profiling of the PdAl/Au metal stack on p-AlGaN using X-ray photoelectron
spectroscopy (XPS): (a) as-deposited and (b) annealed at 600 ◦C.

To further analyze the surface spectra of metallic Ga states, XPS measurements are performed
before and after annealing at 600 ◦C. Figure 4a shows a characteristic wide spectrum of the XPS survey,
where all core-level and energy features with electronic transitions of Ga, N, and Al are evident.
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As shown Figure 4b, the Ga-metallic 2p surface-energy-level spectra are found on the interface of
PdAl/Au and p-type AlGaN before and after annealing at 600 ◦C. Unlike the as-deposited contact,
the Ga-metallic 2p surface energy level of the annealed contact (600 ◦C) shifts in the direction of the
lower binding energy side. The ~0.36 eV binding energy shift of the metallic Ga 2p XPS peak is
observed compared to the as-deposited contact. This behavior is related to the fact that the surface
Fermi energy level moves toward the valence band side [16]. The reason for the reduction in energy
band bending (i.e., the bending of the surface Fermi energy level toward the valence band side) in the
600 ◦C annealed contacts could be due to reduction in the Schottky barrier height between the PdAl/Au
metals and p-AlGaN films, which results in a low ρc value. This surface Fermi energy-level shift can
be initiated to increase Ga vacancies in p-AlGaN, which act like acceptors to enhance the acceptor
concentration near the p-AlGaN surface of the annealed contact. A similar influence of annealing was
observed in the Pt/Pd/Au and Pd/Au contacts on p-AlGaN [10,11].
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Figure 4. (a) Wide survey spectrum and (b) Ga 2p energy level of XPS for the PdAl/Au metal stack on
p-AlGaN before and after annealing at 600 ◦C.

To explain the annealing behavior and understand the mechanism of ohmic contact formation on
p-AlGaN, the samples were morphologically characterized using SPM measurements. Figure 5 shows
the morphological images of the samples before and after annealing at 600 ◦C, obtained on a 5 µm × 5 µm
(scanned image size). Figure 5a illustrates that the morphological image of the as-deposited contact is a
very rough surface, with a root-mean-square (RMS) roughness of 13.53 nm. When the ohmic contact is
annealed at 600 ◦C (Figure 5b), its surface roughness decreases, demonstrating an RMS roughness of 2.89
nm compared to the as-deposited contact. These results indicate that, overall, the surface morphology
of PdAl/Au contacts on p-AlGaN is fairly smooth despite the annealing conducted at 600 ◦C.Crystals 2020, 10, x FOR PEER REVIEW 6 of 7 
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4. Conclusions

We experimentally studied the PdAl/Au metal stack on Mg-doped p-AlGaN for fabricating
high-performance, highly reliable ohmic contacts. The results revealed that a high-quality ohmic
contact was achieved with annealing compared to as-deposited contact. The contact resistance was
1.74 × 10−4 Ω cm2 when annealed at 600 ◦C for 1 min in a high-purity N2 atmosphere. XPS and XRD
systematic analyses showed that Ga–Pd and Ga–Au phases created when the contacts were annealed
at 600 ◦C causing the generation of Ga vacancies near the p-AlGaN surface were responsible for the
enhanced acceptor (hole) concentration near the p-AlGaN surface. The SPM results specified that the
RMS roughness of the metal contact was reasonably low for 600 ◦C annealed contacts. Annealing gives
potential benefits of the presence of low-resistance p-ohmic contacts between the PdAl/Au metal stack
and p-AlGaN including improved performance.
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