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Mechanism of Ti/Al/Ni/Au ohmic contacts to AlGaN/GaN
heterostructures via laser annealing∗
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The physical mechanisms of Ti/Al/Ni/Au ohmic contacts to AlGaN/GaN heterostructures by laser annealing and
rapid thermal annealing are systematically investigated. The microstructures indicate that a better surface morphology and
an intact contact interface are formed after laser annealing. None of the TiN alloy spikes are formed at the interface of
the laser annealing sample. The experimental results show that the current transport mechanism through the ohmic contact
after laser annealing is different from the conventional spike mechanism, and it is dominated by thermionic field emission.
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1. Introduction

GaN high electron mobility transistors (HEMTs) are
promising devices for high-power and high-frequency
applications.[1] Conventional AlGaN/GaN HEMTs are typi-
cally fabricated with Ti/Al/X /Au (X = Ni, Pt, Ti, Mo, etc.)
ohmic contacts followed by a rapid thermal annealing (RTA) at
above 800 ◦C.[2–9] The current transport mechanisms through
the ohmic contact have been widely investigated.[10–15] The
TiN protrusions are formed in correspondence with thread-
ing dislocations during the annealing process. A direct con-
tact between metal and two-dimensional electron gas (2DEG)
is established for the current flow. However, the TiN protru-
sions will cause undesired local electric field peaks and induce
leakage current.[16–18] The large leakage current is undesired
for the high-power applications. In addition, the conventional
RTA process is responsible for rough morphology and metal
boundary.[19] It will cause issues to the scaling down of the
devices and will limit the high frequency performance.[20] In
this case, it is highly desirable to develop high quality ohmic
contacts for AlGaN/GaN HEMTs to enhance the performance
and the reliability of the devices.

Laser annealing (LA) is widely used in device fabrica-
tion due to its high laser energy density and high annealing
selectivity. The activation can be applied in a micron-scale
area or a thin wafer instead of the whole wafer. Therefore, it
significantly limits the induced thermal budget to the rest of
a wafer. In the past few years, LA is used in the GaN-on-
Si ohmic contact process.[21,22] However, it is more suitable
for the GaN-on-SiC ohmic contact process. Because the en-
ergy band gaps of Al0.25Ga0.75N barrier layer (3.9 eV), GaN
channel layer (3.4 eV), and SiC substrate (3.25 eV) are all

larger than the photon energy of the laser with a wavelength of
532 nm (2.33 eV), the wafer will not absorb the laser energy.
Thus, it can avoid the thermal decomposition of GaN in the ac-
tive region. Meanwhile, for the nitride-first technique, the sta-
bility of the electrical characteristics of the epitaxial materials
and the stress in passivation layer can be improved. The ohmic
contact formation process for AlGaN/GaN HEMTs based on
pulsed laser annealing is reported in our previous work.[23] But
a systematic investigation of the microstructure and physical
mechanism of laser annealed ohmic contacts to AlGaN/GaN
heterostructure is lacking. In this work, electrical measure-
ments and a range of physical analysis tools including atomic
force microscopy (AFM), focused ion beam (FIB), transmis-
sion electron microscopy (TEM), and energy dispersive x-ray
spectroscopy (EDS) are used to investigate the morphology
and composition of the ohmic contacts. The electrical and
the structural results are coincident, which indicates that the
current transport mechanism after laser annealing is different
from the conventional spike mechanism.

2. Device fabrication
Both the LA samples and the conventional RTA sam-

ples are fabricated on AlGaN/GaN heterostructure grown on
SiC substrate by NTT Corporation. The epitaxial structure
consists of a 2 nm GaN cap layer, a 20 nm Al0.25Ga0.75N
barrier layer, a 200 nm unintentionally doped (UID) GaN
channel layer, and a 1.8 µm carbon-doped GaN buffer layer.
The AlGaN/GaN heterostructure features a 2DEG sheet re-
sistance of 463.2 Ω/square and an electron mobility of
1360 cm2·V−1·s−1. The mesa isolation is done by using dry
etching with Cl2/BCl3 mixture gas. The ohmic contacts are
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formed with Ti/Al/Ni/Au by electron beam evaporation and
then followed by LA. A laser with a wavelength of 532 nm,
a pulse duration of 20 ns, a pulse frequency of 100 kHz, and
an energy density of up to 3.22 J/cm2 is used. The spot size is
5 mm × 5 µm and the scan speed is 40 mm/s. The reference
sample is annealed by RTA at 840 ◦C–880 ◦C for 30 s in N2

ambient.

3. Results and discussion
The I–V characteristics of the LA sample with various

distance of transmission line measurement (TLM) patterns are
illustrated in Fig. 1. The linear characteristics indicate that
good ohmic contacts are formed between metal and semicon-
ductor.
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Fig. 1. I–V characteristics of TLM structures after LA at a laser energy
density of 2.99 J/cm2.

The contact resistances RC are extracted from TLM. RC

with various annealing temperatures and various laser energy
densities is shown in Fig. 2. As a result, a gradual reduction
of contact resistance is observed as the annealing temperature

and the laser energy density increase. The best results are ob-
tained at the annealing temperature of 860 ◦C and the laser
energy density of 2.99 J/cm2. A further increase of the anneal-
ing temperature and the laser energy density results in a small
increase of contact resistance because of the intermixing of the
metal layers.[24,25]
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Fig. 2. The contact resistance as a function of the annealing tempera-
ture for the RTA sample and the laser energy density for the LA sample,
respectively.

The AFM and optical microscope images of the surface
morphology for the ohmic structure without annealing, after
RTA at 860 ◦C for 30 s in N2 ambient, and after LA at a laser
energy density of 2.99 J/cm2 are shown in Figs. 3(a), 3(b), and
3(c), respectively. The surface morphology of the RTA sample
becomes rougher during the annealing, because the Al metal
of the stacked Ti/Al/Ni/Au metal melts at above 800 ◦C and
the large alloy grains are formed. In contrast, the surface mor-
phology of the LA sample is smooth during the annealing as a
result of the extremely short annealing time of LA.

RMS: 5.09 nm RMS: 101 nm RMS: 16.5 nm

(a) (b) (c)

Fig. 3. The AFM and optical microscope images of the surface morphology for the ohmic structure (a) without annealing, (b) after RTA at
860 ◦C for 30 s in N2 ambient, and (c) after LA at a laser energy density of 2.99 J/cm2. RMS in the figure stands for root mean square.

In order to obtain a quantitative description of the trans-
port mechanisms through the ohmic contact, the temperature
dependence of the specific contact resistance ρC is studied for
the RTA sample and the LA sample. The ρC values are moni-
tored in a temperature range between 25 ◦C and 200 ◦C. As we
can see in Fig. 4, for the samples with RTA, an increase of ρC

with the increase of the measurement temperature is observed.
For this annealing condition, the experimental data are fitted
by the function ρC ∼ T α , with α = 1.38. This dependence
suggests a “metal-like” behavior which has already been ob-

served by other authors.[10,26] The resistance varies following
a similar power law with 1< α < 5 in metallic systems.

On the contrary, a different behavior is observed after
LA, where ρC decreases as the measurement temperature in-
creases. In this case, the behavior could be explained in terms
of thermionic field emission (TFE) model. Accordingly, ρC is
expressed as[27]

ρC =C1
k

qA∗T
eqφB/E0 , (1)
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where E0 in Eq. (1) is related to E00 by

E0 = E00 coth(E00/kT ) . (2)

The characteristic energy E00 is defined by

E00 =
qh
4π

√
ND

m∗ε
, (3)

where m∗ is the tunneling effective mass, φB is the barrier
height, ND is the carrier concentration, and C1 is a function
of ND, T , and φB. The values of φB = 0.58 eV and ND = 0.82
×1019 cm−3 are extracted, which are similar to the experimen-
tal values obtained by other authors.[10,28,29]
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Fig. 4. The specific contact resistance as a function of the measured
temperature for the RTA sample and LA sample, respectively.

In order to explain the experimental data of the elec-
trical measurements, a structural analysis of both annealed
metal/AlGaN/GaN stacks is carried out by means of TEM.
The cross-sectional TEM micrographs of the samples with
RTA and LA are shown in Figs. 5(a)–5(d). The surface of
the metal layers is marked by the red dashed line in Figs. 5(a)
and 5(b). The material outside the red dashed line is Pt. It is
deposited during the FIB fabrication. As can be seen, a rough
morphology of the metal layers is observed in the RTA sample
in Fig. 5(a). A large quantity of alloy aggregations are formed
during the RTA process. On the contrary, a smoother surface
of the metal layers is observed in the LA sample in Fig. 5(b).
The dividing lines of the metal layers are clear.

Moreover, in the RTA sample, obvious metal spikes are
observed at the contact interface, probably along dislocations
in Fig. 5(c). The metal spikes penetrate the AlGaN layer
and direct contact the 2DEG. They create preferential paths
for the current flow and make the current transport more effi-
cient. Thus, the current transport mechanism of RTA sample
is dominated by spike mechanism. On the contrary, a distinct
ohmic contact interface can be observed in the LA sample in
Fig. 5(d). None of the metal spikes are observed at the inter-
face between the Ti layer and the AlGaN layer. In this case,
the current transport mechanism should be different from the
conventional spike mechanism. Electrons transport through
the AlGaN barrier by thermionic emission due to the lack of

spike. Meanwhile, Ti absorbs nitrogen from the AlGaN layer
during the interface reaction which results in the creation of
nitrogen vacancies within the AlGaN layer. These vacancies
in turn play the role of n-type dopants. As a result, an addi-
tional path is formed for electron transport via trap assisted
tunneling in AlGaN/GaN heterostructures.[30] Therefore, the
current transport mechanism of LA sample is dominated by
TFE. According to our description, a schematic of the energy
band diagram is shown in Fig. 6.

(a) (b)

(c) (d)

200 nm 200 nm

50 nm50 nm

Fig. 5. The cross-sectional TEM micrographs of ohmic contacts to Al-
GaN/GaN heterostructures annealed by (a) RTA and (b) LA. Higher
magnification is acquired in the proximity of the interface for (c) RTA
sample and (d) LA sample.

thermionic field emission
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GaNAlGaNmetal

e-
EC
EF

Fig. 6. Schematic of the energy band diagram for the contacts annealed
by LA.

EDS is carried out in order to investigate the composi-
tion of different layers. Figure 7 shows the EDS mappings of
the metal layers of RTA and LA samples. In the RTA sam-
ple, Al–Au alloy aggregation and Al–Ni alloy aggregation are
formed in the metal stack layers. They are responsible for a
rough morphology. However, in the LA sample, it is clear that
none of the alloy aggregations are observed in the metal stack
layers. An intact Al–Ni–Au alloy layer is formed during laser
annealing. Thus, the surface morphology is improved. In ad-
dition, a Ti–Al alloy layer is formed between the Al–Ni–Au
alloy layer and the AlGaN layer. It is conducive to reduce the
contact resistance.
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Fig. 7. The compound images of the scanning transmission electron microscope (STEM) and the EDS mappings for the metal layers of the (a)
RTA sample and the (b) LA sample.

Figure 8 shows the EDS mappings of the interface of the
contact in the RTA and the LA samples. In the RTA sample,
TiN spike is clearly visible in the AlGaN/GaN heterostructure
after the interfacial reactions. The EDS mappings show that
the TiN spike is surrounded by a thin AlN layer. At the same
time, Au is diffused to the interface of the contact through Ni

barrier layer. On the contrary, in the LA sample, the bound-
aries of the Al–Ni–Au alloy layer, the Ti–Al alloy layer, the
AlGaN layer, and the GaN layer are intact. None of the TiN
spikes are observed at the contact interface. It is conducive to
reduce the leakage current and improve the reliability of the
devices.

Ti Ga Al

AuAu

Al

NiNi

Ti Ga

(a) (b)

Fig. 8. The compound images of the STEM and the EDS mappings for the contact interface of the (a) RTA sample and the (b) LA sample.

4. Conclusion
In summary, for the RTA and the LA samples, the cor-

relation between the electrical and the structural properties of
Ti/Al/Ni/Au ohmic contacts to AlGaN/GaN heterostructures
is reported. The physical mechanism is systematically investi-
gated by a range of physical analysis tools, such as AFM, FIB,
TEM, and EDS. The current transport mechanism through the
ohmic contact after laser annealing is dominated by thermionic
field emission. These results indicate that laser annealing is a
method to improve the surface morphology and the quality of
the contact interface.
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