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Abstract: This paper compares the metal/semiconductor barrier height properties of non-recessed
Ti/Al/Ti and Ta/Al/Ta contacts on AlGaN/GaN heterostructures. Both contacts exhibited a rectifying
behavior after deposition and after annealing at temperatures up to 550 ◦ C. The ohmic behavior
was reached after annealing at 600 ◦ C. High-resolution morphological and electrical mapping by
conductive atomic force microscopy showed a flat surface for both contacts, with the presence of
isolated hillocks, which had no significant impact on the contact resistance. Structural analyses
indicated the formation of the Al3 Ti and Al3 Ta phases upon annealing. Furthermore, a thin interfacial
TiN layer was observed in the Ti/Al/Ti samples, which is likely responsible for a lower barrier and
a better specific contact resistance (ρc = 1.6 × 10−4 Ωcm2 ) with respect to the Ta/Al/Ta samples
(ρc = 4.0 × 10−4 Ωcm2 ). The temperature dependence of the specific contact resistance was described
by a thermionic field emission mechanism, determining barrier height values in the range of
0.58–0.63 eV. These results were discussed in terms of the different microstructures of the interfaces in
the two systems.
Keywords: AlGaN/GaN; ohmic contacts; barrier height; Ti/Al/Ti; Ta/Al/Ta

1. Introduction
Gallium Nitride (GaN) and relative alloys have been considered as very good materials for modern
high-power and high-frequency devices to replace existing silicon (Si) technology [1,2]. In particular,
the existence of a two-dimensional electron gas (2DEG) in AlGaN/GaN heterostructures is the key
feature for the fabrication of high electron mobility transistors (HEMTs) [3]. For these devices, a low
resistance of the source and drain ohmic contacts is mandatory to reduce the total device on-resistance.
The formation mechanisms of ohmic contacts on AlGaN/GaN heterostructures have been widely
studied in recent decades [4]. Generally, Ti/Al/γ/Au metal multilayers (where γ = Ni, Mo, Ti . . . ) can be
used to achieve an ohmic behavior upon annealing at 800–850 ◦ C [4–6], in which the single layers play
a specific role. Specifically, the uppermost Au layer is aimed at preventing surface oxidation [7], but it
also forms highly conductive phases upon annealing, which improve the overall electrical conduction
of the reacted stack and its contact resistance [8]. At the same time, however, the presence of Au
induces a high surface roughness in the reacted contacts [8,9] and, hence, a poor edge acuity of the
lithographically defined electrodes that can be detrimental for the final device reliability.
Recently, GaN-on-Si epitaxial wafers up to 200 mm in diameter, of adequate electronic quality,
for HEMT fabrication have been demonstrated [10]. Hence, the possibility to integrate GaN HEMT
Energies 2019, 12, 2655; doi:10.3390/en12142655

www.mdpi.com/journal/energies

Energies 2019, 12, 2655

2 of 12

technology on the existing Si Complementary Metal-Oxide Semiconductor (CMOS) platforms opened
a series of manufacturing challenges [11]. As an example, in order to have GaN devices processing
to be adaptable to a Si CMOS environment, the traditional Ti/Al/γ/Au schemes must be replaced by
“Au-free” ohmic contacts.
The easiest approach to fabricate ohmic contacts without gold (“Au-free”), is to remove the
uppermost Au layer in the stack. In particular, to this aim, many authors proposed the use of low
work-function Ti-based or Ta-based systems (Ti/Al, Ta/Al, Ti/Al/TiN) [12–18], to obtain a low Schottky
barrier height ΦB with AlGaN and, hence, a low value of specific contact resistance ρc [Ωcm2 ]. All these
works revealed the importance of several parameters, such as the thermal annealing processes, the
metal’s thickness or the GaN material quality [15,16,19,20].
In this context, although many papers have reported on Ti- or Ta- based ohmic contact [4,13,14,16,
18,19,21], these systems deserve further investigations for a better comprehension of their electrical
behavior. Indeed, in the literature, there is a lack of information on the barrier height properties and on
the carrier transport mechanisms at these interfaces.
In this study, the electrical, structural and morphological properties of Ti/Al/Ti and Ta/Al/Ta contacts
on AlGaN/GaN heterostructures have been monitored as a function of the annealing temperature.
The temperature behavior of the specific contact resistance ρc (T) enabled us to identify the dominant
transport mechanism at the metal/AlGaN interface and to determine the barrier height values in the
two systems. The electrical results have been linked to the structural and morphological modifications
occurring after the annealing process.
2. Materials and Methods
Our experiments were performed on Al0.26 Ga0.74 N/GaN heterostructures grown onto Si wafers.
The AlGaN barrier layer was 16 nm thick, while the two dimensional electron gas (2DEG) exhibited a
sheet carrier density of 7.45 × 1012 cm−2 . First, the sample’s surface was subjected to a cleaning process
in diluted HF:HCl solution. Two Ti- and Ta-based metal stacks deposited by sputtering were compared,
i.e., Ti(10nm) /Al(300nm) /Ti(20nm) and Ta(10nm) /Al(300nm) /Ta(20nm) . For the electrical characterization, linear
Transmission Line Model (TLM) structures were defined by optical lithography and lift-off. The TLM
geometry consisted of rectangular pads (100 µm × 200 µm), at distances d varying between 20 and
100 µm. The lateral isolation of the TLM patterns was obtained by a plasma etch. Then, rapid thermal
annealing (RTA) processes of the samples were performed in Ar atmosphere in the temperature range
400–600 ◦ C, using a Jipelec JetFirst 150 furnace. The electrical properties of the contacts were monitored
after each annealing step, and the specific contact resistance ρc was determined using the standard
TLM method [22]. The current–voltage (I–V) measurements on the TLM structures were performed
on a Karl Suss Microtec probe station equipped with a HP 4156B parameter analyzer, in a four-point
probe configuration. X-ray diffraction (XRD) was used in order to monitor the microstructure of the
annealed contacts. The measurements were performed in grazing mode, using a Bruker-AXS D5005 θ-θ
diffractometer operating with a Cu Ka radiation at 40 kV and 30 mA. A correlation between the surface
morphological properties and the local electrical response of the material was made by Atomic Force
Microscopy (AFM) and Conductive Atomic Force Microscopy (C-AFM), using a Veeco Dimension 3100
microscope with a Nanoscope V controller. A 200 kV JEOL 2010 F microscope was used to perform
cross-sectional Transmission Electron Microscopy (TEM) analyses of the samples and to look at the
metal/semiconductor interface.
3. Results
The I–V characteristics of the contacts showed a non-linear behavior after deposition. Figure 1
shows the I–V curves acquired on Ta/Al/Ta (Figure 1a) and Ti/Al/Ti (Figure 1b) TLM structures at
different annealing temperatures. The curves are measured between contact pads placed at a distance
of 20 µm. As can be seen, both contacts exhibit a rectifying behavior after deposition and after annealing
at temperatures up to 550 ◦ C. The ohmic behavior is reached after annealing at 600 ◦ C.
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Figure 1. Current–voltage (I–V) curves acquired on pads of Transmission Line Model (TLM) structures
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in the two systems, a morphological and structural characterization of the samples was carried out.
Figure 3a,b show the morphologies of the Ti/Al/Ti and Ta/Al/Ta contacts annealed at 600 ◦ C, acquired
on a 40 µm × 40 µm region. In both cases, the surface is characterized by flat areas with some isolated
hillocks, leading to root mean square (RMS) roughness values of 48 nm and 79 nm for Ta- and Ti-based
contacts, respectively. These hillocks are more pronounced in the case of the Ti/Al/Ti system, thus
justifying the higher RMS value. Figure 3c,d show the AFM images acquired on the flat areas on a 5 µm
× 5 µm region. Interestingly, also in the flatter areas the Ta/Al/Ta contacts exhibited a lower roughness
(RMS = 14.2 nm) with respect to the Ti/Al/Ti samples (RMS = 18.5 nm).
It is noteworthy that, besides the contribution of the isolated hillocks, the two Au-free systems
exhibited a flatter surface compared with that of the standard Ti/Al/Ni/Au contacts, which showed
an ohmic behavior at 800 ◦ C [23], thus representing a major advantage for device fabrication, from a
technological point of view. However, the nature of these hillocks must be further investigated in order
to pave the route to avoid their formation and to further optimize the morphology of the contacts.
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Figure 2. I–V curves acquired on TLM structures in (a) Ta/Al/Ta and (b) Ti/Al/Ti contacts annealed at
2. I–V curves acquired on TLM structures in (a) Ta/Al/Ta and (b) Ti/Al/Ti contacts annealed at
600 ◦ C.Figure
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pads’ distance d for Ta/Al/Ta (squares) and Ti/Al/Ti (circles).

In order to explain these differences and to understand the mechanism of ohmic contact
formation in the two systems, a morphological and structural characterization of the samples was
carried out. Figure 3a and Figure 3b show the morphologies of the Ti/Al/Ti and Ta/Al/Ta contacts
annealed at 600 °C, acquired on a 40 µm × 40 µm region. In both cases, the surface is characterized by
flat areas with some isolated hillocks, leading to root mean square (RMS) roughness values of 48 nm
and 79 nm for Ta- and Ti-based contacts, respectively. These hillocks are more pronounced in the
case of the Ti/Al/Ti system, thus justifying the higher RMS value. Figure 3c and Figure 3d show the
AFM images acquired on the flat areas on a 5 µm × 5 µm region. Interestingly, also in the flatter areas
the Ta/Al/Ta contacts exhibited a lower roughness (RMS = 14.2 nm) with respect to the Ti/Al/Ti
samples (RMS = 18.5 nm).
It is noteworthy that, besides the contribution of the isolated hillocks, the two Au-free systems
exhibited a flatter surface compared with that of the standard Ti/Al/Ni/Au contacts, which showed
an ohmic behavior at 800 °C [23], thus representing a major advantage for device fabrication, from a
technological point of view. However, the nature of these hillocks must be further investigated in
order to pave the route to avoid their formation and to further optimize the morphology of the
contacts.
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To electrically characterize the nature of these hillocks, the surface morphology and local current
maps were acquired on the Ti/Al/Ti and Ta/Al/Ta samples by C-AFM. During surface scanning with
a conductive diamond-coated tip, a positive bias of +5 V was applied to the samples’ backside, and
the current flowing to the tip across the metal/semiconductors interface was collected by a current
amplifier connected to the tip. A representative morphological image and the corresponding current
map on a 20 µm × 20 µm scan area for the Ta/Al/Ta sample are shown in Figure 4a,b, respectively.
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To electrically characterize the nature of these hillocks, the surface morphology and local current
maps were acquired on the Ti/Al/Ti and Ta/Al/Ta samples by C-AFM. During surface scanning with
a conductive diamond-coated tip, a positive bias of +5 V was applied to the samples’ backside, and
the current flowing to the tip across the metal/semiconductors interface was collected by a current
amplifier connected to the tip. A representative morphological image and the corresponding current
map on a 20 µm × 20 µm scan area for the Ta/Al/Ta sample are shown in Figure 4a,b, respectively.
The morphological and electrical analyses performed under the same conditions on the Ti/Al/Ti sample
are reported in Figure 4c,d. A clear correlation between the surface features and the current maps
is visible on both samples. In particular, a uniform current level is detected in the flat areas of the
samples. Furthermore, the hillocks in the Ta-based contacts display a higher conductivity with respect
to the uniform background of the surrounding metal surface, whereas a lower conductivity has been
observed over the hillocks in the Ti-based contacts. The different composition (e.g., the phase or the Al
content present in the core of the hillocks) can be responsible for the different conductivity detected
by C-AFM analyses. However, the area occupied by the hillocks is only ~1% and ~5% of the overall
contact area in Ta- and Ti-based systems, respectively. Hence, the contribution to the increase or the
decrease in the total current flowing across the overall contact area is in the order of 1–2% in both cases.
Then, we can conclude that the presence of these hillocks on the surface does not significantly impact
the specific
contact
Energies
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Figure 5. X-ray diffraction (XRD) patterns for Ta/Al/Ta and Ti/Al/Ti contacts annealed at 600 ◦ C, showing
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Figure 6. Sheet resistance RSH versus temperature T for the AlGaN/GaN heterostructures with Ta/Al/Ta
Figure 6. Sheet resistance RSH versus temperature T for the AlGaN/GaN heterostructures with
(squares) and Ti/Al/Ti (circles) contacts. The continuous lines represent the fits of the experimental data
Ta/Al/Ta (squares) and Ti/Al/Ti
(circles) contacts. The continuous lines represent the fits of the
obtained assuming RSH ∝ Tβ , with β = 2.87.
∝ , with β = 2.87.
experimental data obtained assuming

Figure 7 reports the values of ρc versus the measurement temperature T for the two contacts.
Evidently, a similar trend of the ρc(T) is noticed in both samples. The measured values of ρc become
lower by increasing the measurement temperature T.
The experimental values of ρc were well fitted by the thermionic field emission (TFE)

and A is the Richardson constant, Vn is the distance of the Fermi level from the conduction band
minimum, k is the Boltzmann constant, T is the absolute temperature and E00 is the characteristic
energy described by
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Figure 7 reports the values of ρc versus the measurement temperature T for the two contacts.
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Figure 7. Temperature dependence of specific contact resistance ρ for the Ta/Al/Ta (squares) and
Figure 7. Temperature dependence of specific contact resistance ρCC for the Ta/Al/Ta (squares) and
Ti/Al/Ti (circles) contacts annealed at 600 ◦ C. The lines represent the fits of the experimental data with
Ti/Al/Ti (circles) contacts annealed at 600 °C. The lines represent the fits of the experimental data with
the thermionic field emission (TFE) model (Equation (2)).
the thermionic field emission (TFE) model (Equation (2)).

The experimental values of ρc were well fitted by the thermionic field emission (TFE) mechanism,
The values of the Schottky barrier height extrapolated from the fit of the experimental data were
using the following expression [29]:
ΦB = 0.58 eV for Ti/Al/Ti and ΦB = 0.63 eV for Ta/Al/Ta, with a carrier concentration of ND = 1.25 × 1019
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[34]. In particular, the 2DEG carrier density decreases with decreasing dAlGaN, until it is completely

depleted
values constant,
lower than
critical
thickness
[35]. This
strongly
influences
theε
where
h is for
the Planck
ND ais the
carrier
concentration,
m* isbehavior
the tunneling
effective
mass and
characteristic
E00of
, which
depends on ND_2DEG in AlGaN/GaN heterostructures, and then
is the dielectricenergy
constant
the AlGaN.
ultimately
on theof
dAlGaN
Hence, the
transparency
of the barrier from
will be
The values
the. Schottky
barrier
height extrapolated
theexpressed
fit of theby:
experimental data
were ΦB = 0.58 eV for Ti/Al/Ti and ΦB = 0.63 eV for Ta/Al/Ta, with a carrier concentration of
ND = 1.25 × 1019 cm−3 for both contacts. This high value of ND determined from the fit is consistent
with the presence of 2DEG. For that reason, in the following this value will be regarded as ND_2DEG .
In the case of AlGaN/GaN heterostructures, the presence of 2DEG influences the mechanism of
current transport at the interface [27,30]. Many literature works used the TFE model to describe the
current transport in annealed ohmic contacts on AlGaN/GaN heterostructures [6,27,31,32]. In this case,
the carrier concentration ND_2DEG can be expressed as a function of the 2DEG sheet carrier density ns
and of the AlGaN thickness dAlGaN [33]:
ND_2DEG =

ns (dAlGaN )
dAlGaN

(5)

on the characteristic energy, in the presence of 2DEG the proportionality between the specific contact
resistance (cC(TFE-2DEG)) and ΦB and E00_2DEG will become:
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dAlGaN . Hence, the transparency of the barrier will be expressed by:
The values ΦB = 0.63 eV and ΦB = 0.58 eV were used to calculate the specific contact resistance in
s
annealed Ta/Al/Ta and Ti/Al/Ti contacts, respectively.
As can be seen, the experimental values of ρC
qh
ns (dAlGaN )
E
=
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are in agreement with those predicted00_2DEG
by the model.
calculated
ρc curves suggest that a further
4π The
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m∗ ε
lowering of the specific contact resistance could be obtained by a reduction of the AlGaN barrier layer
Similarly to the classical TFE mechanism, where ρc depends on the Schottky barrier height and
reduction of dAlGaN leads to a further
thickness dAlGaN down to 5–10 nm. However, an additional
on the characteristic energy, in the presence of 2DEG the proportionality between the specific contact
depletion of the 2DEG, which results in a decrease in E00_2DEG. This behavior ultimately results in an
resistance (ρcC(TFE-2DEG) ) and ΦB and E00_2DEG will become:
increase in ρc(TFE-2DEG) for a very thin AlGaN barrier layer. To further explain the different electrical



 Ti/Al/Ti and Ta/Al/Ta stacks, a structural
properties of the interfaces in the annealed
inspection of


ΦB





ρ
∝
exp
(7)


C
(
TFE−2DEG
)

the reacted layers was carried out by means
together
with high angle
(d
) 
E analyses
 of cross-sectional TEM
E00_2DEG (dAlGaN )coth 00_2DEGkT AlGaN 
annular dark field (HAADF) acquisition in scanning mode, more sensitive to heavy atoms. Figure 9

showsFigure
TEM 8(Figure
and Scanning
Transmission
Electron
Microscopy
(STEM)
9c,d)
reports 9a,b)
the specific
contact resistance
ρc versus
the AlGaN
thickness
(dAlGaN(Figure
) for Ta/Al/Ta
and Ti/Al/Ti
contactsafter
on AlGaN/GaN
heterostructures,
calculated using the TFE-2DEG model.
pictures
of theohmic
two samples
the annealing
at 600 °C.

Figure 8. Specific contact resistance ρC(TFE-2DEG) versus the AlGaN thickness (dAlGaN ) for Ta/Al/Ta and
Figure 8. Specific contact resistance ρC(TFE-2DEG) versus the AlGaN thickness (dAlGaN) for Ta/Al/Ta and
Ti/Al/Ti Ohmic contacts on AlGaN/GaN heterostructures, calculated using the TFE-2DEG model (Al
Ti/Al/Ti Ohmic contacts on AlGaN/GaN heterostructures, calculated using the TFE-2DEG model (Al
concentration of 26%). The experimental data points are also reported.
concentration of 26%). The experimental data points are also reported.

An AlGaN/GaN heterostructure with an Al concentration of 26% was considered in this calculation.
The values ΦB = 0.63 eV and ΦB = 0.58 eV were used to calculate the specific contact resistance in
annealed Ta/Al/Ta and Ti/Al/Ti contacts, respectively. As can be seen, the experimental values of ρc
are in agreement with those predicted by the model. The calculated ρc curves suggest that a further
lowering of the specific contact resistance could be obtained by a reduction of the AlGaN barrier layer
thickness dAlGaN down to 5–10 nm. However, an additional reduction of dAlGaN leads to a further
depletion of the 2DEG, which results in a decrease in E00_2DEG . This behavior ultimately results in an
increase in ρc(TFE-2DEG) for a very thin AlGaN barrier layer. To further explain the different electrical
properties of the interfaces in the annealed Ti/Al/Ti and Ta/Al/Ta stacks, a structural inspection of the
reacted layers was carried out by means of cross-sectional TEM analyses together with high angle

Energies 2019, 12, 2655

9 of 12

annular dark field (HAADF) acquisition in scanning mode, more sensitive to heavy atoms. Figure 9
shows TEM (Figure 9a,b) and Scanning Transmission Electron Microscopy (STEM) (Figure 9c,d) pictures
of the two
after the annealing at 600 ◦ C.
Energies
2019, samples
12, x
10 of 13

Figure 9.
9. Cross-section
Cross-section Transmission
Transmission Electron
(a)(a)
and
Ti/Al/Ti
(b)
Figure
ElectronMicroscopy
Microscopy(TEM)
(TEM)images
imagesofofTa/Al/Ta
Ta/Al/Ta
and
Ti/Al/Ti
contacts,
andand
Scanning
Transmission
Electron
Microscopy
(STEM) (images
Ta/Al/Ta
(c) and Ti/Al/Ti
(b)
contacts,
Scanning
Transmission
Electron
Microscopy
STEM) of
images
of Ta/Al/Ta
(c) and
◦ C.
(d)
annealed
at
600
Ti/Al/Ti (d) annealed at 600 °C.

Clearly, the annealing treatment induced an interaction of the metal layers and a modification of
Clearly, the annealing treatment induced an interaction of the metal layers and a modification
the interfacial region close to the AlGaN. In fact, two different interface structures were observed. In
of the interfacial region close to the AlGaN. In fact, two different interface structures were observed.
the Ti/Al/Ti contact, the titanium atoms are mainly detected at the interface, in the form of a continuous
In the Ti/Al/Ti contact, the titanium atoms are mainly detected at the interface, in the form of a
TiN layer of a few nanometers with a mixed Al-Ti layer above it. The rest of the film is composed
continuous TiN layer of a few nanometers with a mixed Al-Ti layer above it. The rest of the film is
of pure Al (Figure 9b,d). In the Ta/Al/Ta system, all the tantalum atoms reacted with Al, generating
composed of pure Al (Figure 9b,d). In the Ta/Al/Ta system, all the tantalum atoms reacted with Al,
large Al3 Ta grains coexisting with pure unreacted Al. These Al3 Ta grains are often very large, entirely
generating
large Al3Ta grains coexisting with pure unreacted Al. These Al3Ta grains are often very
covering a region from the AlGaN/GaN interface to the contact surface (see Figure 9a,c). However,
large, entirely covering a region from the AlGaN/GaN interface to the contact surface (see Figure
low-resolution TEM images (not reported) showed that the Al3 Ta grains are still covered by a Ta layer
9a,c). However, low-resolution TEM images (not reported) showed
that the Al3Ta grains are still
at the sample surface.
covered by a Ta layer at the sample surface.
Many works in literature [36–39] described the reaction between Ti and GaN (or AlGaN), leading
Many works in literature [36–39] described the reaction between Ti and GaN (or AlGaN), leading
to TiN formation at the interface. In bulk material, the release of nitrogen vacancies acting as donors
to TiN formation at the interface. In bulk material, the release of nitrogen vacancies acting as donors
typically raises the net carrier concentration below the metal close to the interface [9,40]. However,
typically raises the net carrier concentration below the metal close
to−3the interface [9,40]. However,
while the temperature dependence of ρc in n-type doped (~ 1018
cm−3
) bulk materials can reveal an
18
while the temperature dependence of ρc in n-type doped (~ 10 cm ) bulk materials can reveal an
increase in the carrier concentration [9], this is much more difficult in the presence of 2DEG, i.e., where
increase in the carrier concentration
[9], this−3is much more difficult in the presence of 2DEG, i.e.,
a higher density of carriers (~1019 –101920 cm
) is already present close to the interface [6,27,30,41].
where a higher density of carriers (~10 –1020 cm−3) is already present close to the interface [6,27,30,41].
On the other hand, TiN formation can be a key factor for the reduction of the barrier height in annealed
On the other hand, TiN formation can be a key factor for the reduction of the barrier height in
Ti/Al/Ti ohmic contacts.
annealed Ti/Al/Ti ohmic contacts.
Such a kind of structural interaction of the metal with the substrate was not observed in the case
Such a kind of structural interaction of the metal with the substrate was not observed in the
of Ta-based contacts, which in fact required a longer annealing time to reach the ohmic behavior and
case of Ta-based contacts, which in fact required a longer annealing time to reach the ohmic behavior
exhibited a higher ρc . The ease of reaction of Ti with respect to Ta can be explained by the larger
and exhibited a higher
ρc. The ease of reaction of Ti with respect to Ta can be explained by the larger
negative heat of the formation of TiN (−336 kJ/mol) with respect to TaN (−247 kJ/mol) [7]. Hence, it
negative heat of the formation of TiN (−336 kJ/mol) with respect to TaN (−247 kJ/mol) [7]. Hence, it
can be argued that the different interfacial microstructures are responsible for the different values of
can be argued that the different interfacial microstructures are responsible for the different values of
Φ extrapolated from the temperature dependence of ρ .
ΦBBextrapolated from the temperature dependence of ρcc.
4. Conclusions
5. Conclusion
In summary, the morphological, structural and electrical properties of non-recessed Ti- and
In summary, the morphological, structural and electrical properties of non-recessed Ti- and TaTa-based contacts were comparatively investigated. Both contacts show an ohmic behavior after
based contacts were comparatively
investigated. Both contacts show an ohmic behavior after an
an annealing temperature of 600 ◦ C, with specific contact resistance values of 1.6 × 10−4 Ωcm2 for
annealing temperature of 600 °C, with specific contact resistance values of 1.6  10−4 Ωcm2 for Ti/Al/Ti
contacts and 4.0  10−4 Ωcm2 for Ta/Al/Ta contacts. The temperature dependence of ρc(T) was
explained by the TFE mechanism, determining Schottky barrier height values of 0.58 eV for Ti/Al/Ti
and 0.63 eV for Ta/Al/Ta. These results were correlated to the different microstructures of the reacted
stacks. In particular, the creation of a TiN layer at the interface in the Ti/Al/Ti sample is likely the key
factor for the lower barrier height and better specific contact resistance. Both samples showed a flat
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Ti/Al/Ti contacts and 4.0 × 10−4 Ωcm2 for Ta/Al/Ta contacts. The temperature dependence of ρc (T) was
explained by the TFE mechanism, determining Schottky barrier height values of 0.58 eV for Ti/Al/Ti
and 0.63 eV for Ta/Al/Ta. These results were correlated to the different microstructures of the reacted
stacks. In particular, the creation of a TiN layer at the interface in the Ti/Al/Ti sample is likely the key
factor for the lower barrier height and better specific contact resistance. Both samples showed a flat
surface morphology after annealing, besides some isolated hillocks which had no significant impact
on the overall contact resistance. However, as the presence of these morphological features can be
detrimental for a device’s reliability, further work is still required to optimize the contact composition
and to obtain a further improvement of the contact surface.
Beyond their fundamental importance from a materials science point of view, these results can
have also relevant implications for GaN-on-Si device technology.
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