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ABSTRACT

This Letter reports on the improvement of the morphological and electrical behavior in Ti/Al/Ti Ohmic contacts on AlGaN/GaN
heterostructures by the insertion of a thin carbon interfacial layer. In particular, the presence of a carbon layer between the Ti/Al/Ti metal
stack and the AlGaN surface leads to the lowering of the annealing temperature (down to 450 �C) required to obtain linear I–V curves and to
the improvement of the contacts surface morphology. The temperature dependence of the specific contact resistance was explained by the
thermionic field emission, with a reduction in the barrier height UB down to 0.62 eV in the annealed contacts with the interfacial carbon
layer. The experimental evidence has been justified with the formation of a thin low work function TiC layer, which enhances the current
conduction through the metal/AlGaN interface.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0180862

Gallium nitride (GaN) and the related AlGaN/GaN heterostruc-
tures are excellent materials for high-power and high-frequency devi-
ces.1 In this context, Ohmic contacts are fundamental bricks for the
fabrication of AlGaN/GaN high electron mobility transistors (HEMTs),2

since a low resistance of source-drain contacts is required to minimize
the device on-resistance and power losses of these transistors.

One of the most common approaches to achieve good Ohmic
contacts on GaN HEMTs is using annealed Ti/Al/X/Au multilayers
(X¼Ni, Ti, Pt, Pd, Mo, Re, Ir).2 In general, the presence of Au in Ti/
Al/X/Au multilayer is crucial for the formation of Ohmic contacts. In
fact, the formation of low-resistivity Al2Au and AlAu4 phases in the
reacted layer and at the interface provides preferential conductive
paths for the current flow through the contact.3,4 Moreover, the pres-
ence of Au is believed to enhance Ga diffusion from the AlGaN sur-
face, thus favoring the formation of TiN at the metal/AlGaN
interface.5 In this way, the TiN formation leaves behind N-vacancies in
the AlGaN, which act as donors and makes more efficient the Ohmic
contact formation by a tunneling mechanism through the barrier.
However, to achieve the compatibility of GaN on Silicon technology
with a CMOS industrial environment, “Au-free” metallization are
required.6

To obtain “Au-free”Ohmic contacts on AlGaN/GaN heterostruc-
tures, Ti/Al-based schemes are often adopted, because of the low work
function of Ti and Al and of the phases formed upon their mutual
reaction occurring upon annealing. However, many parameters can
influence the performance of these contacts, such as the annealing con-
ditions,7,8 the Ti/Al thickness ratio,2,9 or the heterostructure proper-
ties.2,10 Then, to reduce the dependence of the electrical behavior on
the Au-free contact formation parameters, other approaches acting on
the underlying semiconductor layer have been explored in the litera-
ture, e.g., the selective n-type ion-implantation doping,11 the regrowth
of a highly-doped region,12,13 or the contact recession by an AlGaN
etch.14,15 However, all these approaches introduce additional process-
ing steps that increase the complexity of the device fabrication flow.

Some authors focused on the importance of the metal layer in
intimate contact with the AlGaN semiconductor. Vanko et al.16 intro-
duced a thin layer of Nb at the interface with the AlGaN to decrease
the specific contact resistance of Ti/Al/Ni/Au contacts and reduce their
roughness. A similar approach have been pursued by Park et al.,17 who
obtained quasi-linear current–voltage (I–V) curves using non-
annealed Cr/graphene contacts. In this case, the introduction of a gra-
phene interlayer between Cr and AlGaN resulted in a local n-type
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doping of the regions below the contacts with the consequent pinning
of the Fermi level, which promotes the carrier transport through the
AlGaN layer. Later, Fisichella et al.18 observed a reduction in the bar-
rier height from 0.9 to 0.4 eV by inserting a thin graphene layer in Au/
AlGaN contacts, thus leading to a shift from Schottky to Ohmic behav-
ior of the contacts. Moreover, the use of graphene has been proposed
to achieve Ohmic contact to either n- or p-type GaN.19 Indeed, wrin-
kles with zigzag or armchair direction lead to decrease or increase the
local work function, moving the local Fermi level toward conduction
or valence band.19 However, the graphene deposition on large area
GaN-on-Si wafers is not straightforward and its integration in a
HEMT fabrication flow may introduce additional compatibility issues.

In this Letter, we propose the use of a thin carbon layer at the
interface between the metal stack and the AlGaN/GaN heterostructure
to improve the morphological and electrical behavior of Ti/Al/Ti
Ohmic contacts.

The work has been carried out on Al0.26Ga0.74N/GaN hetero-
structures grown on Si, with an AlGaN thickness of 16 nm. CMOS-
compatible Ohmic contacts have been fabricated on these samples
using a Ti(40 nm)/Al(300nm)/Ti(20 nm) with a thin carbon layer (�5 nm)
between the AlGaN/GaN heterostructure and the metal stack depos-
ited by e-beam evaporation in a Evatec BAK SAW 761, operating at a
base pressure of 1� 10�6 mbar.

For the sake of comparison, reference Ti/Al/Ti contacts without
the carbon interfacial layer have been also fabricated. Linear transmis-
sion line model (TLM) structures have been produced by standard pho-
tolithography and lift-off of the metals. The TLM structures consisted of
100� 200lm2 rectangular pads placed at distances d varying between
20 and 100lm. Rapid thermal annealing (RTA) of the contacts pro-
cesses have been performed in Ar atmosphere using a Jipelec JetFirst
150 furnace. The current–voltage (I–V) curves were acquired on the
TLM structures on a Karl Suss Microtec probe station equipped with a
HP 4156B parameter analyzer. The contacts surface morphology was
investigated by atomic force microscopy (AFM), using a Veeco
Dimension 3100 microscope. Structural characterization of the layer
after annealing was carried out by x-ray diffraction (XRD) using a
Bruker-AXS D5005 h–h diffractometer. Finally, transmission electron
microscopy (TEM) analyses in cross section were performed using a
200kV JEOL 2010F microscope, equipped with a Gatan imaging filter
(GIF) spectrometer allowing electron energy loss spectroscopy (EELS).

The I–V characteristics of Ti/Al/Ti contacts with the carbon
interface layer, acquired on TLM patterns at a distance d of 20lm for
different annealing temperatures up to 500 �C, are reported in
Fig. 1(a). As one can see, despite the contacts displayed a strongly recti-
fying behavior up to an annealing temperature of 400 �C, the annealing
at 450 �C already results into an Ohmic behavior. Moreover, a further
improvement of the electrical characteristics is obtained at the anneal-
ing temperature of 500 �C, with an increase in the current of more
than a factor of 3. The inset of Fig. 1(a) compares the I–V curves
acquired on the TLM patterns (d¼ 20lm) of Ti/Al/Ti contacts
annealed at 500 �C with and without the carbon interface layer.
Evidently, after annealing at 500 �C, a highly rectifying behavior (with
an extremely low current) is observed in the reference Ti/Al/Ti con-
tacts without interlayer, compared with the linear I–V curves obtained
in the contact with the carbon layer annealed under the same condi-
tions. Then, Fig. 1(b) shows the plot of the total resistance RTOT as a
function of the distance d between adjacent TLM pads, measured in the
Ti/Al/Ti Ohmic contacts with the C interlayer formed at 500 �C. The
corresponding I–V characteristics are displayed in the inset of the
same figure. From the TLM analysis, a specific contact resistance
qc¼ 3.5� 10�4 X cm2 and a sheet resistance RSH¼ 683X/sq were
determined. The same Ti/Al/Ti stack without the interfacial carbon layer
exhibits an Ohmic behavior only after annealing at higher temperature
(600 �C).6 TLM analysis on such contacts gave a qc value of 2.2� 10�3

X cm2, i.e., much higher than the value found for the contact with the
carbon interfacial layer. This result clearly demonstrates the benefit of
the introduction of this layer at the interface before annealing. As a mat-
ter of fact, a comparison with the literature typically shows that good
Au-free Ohmic contacts are achievable at annealing temperature below
600 �C only in recessed contacts.8,9,14,15,20

A further advantage obtained by the introduction of the carbon
layer at the interface with the AlGaN is the improvement of the contact
morphology. Figure 2 shows the AFM morphology, acquired on a
10� 10lm2 region, of the Ti/Al/Ti contacts annealed at 500 �C, with
and without the carbon layer. The surface of the reference Ti/Al/Ti
contact without the carbon interfacial layer [Fig. 1(a)] is characterized
by flat areas with some large hillocks, which lead to high values of root
mean square roughness (RMS). On the other hand, as visible in
Fig. 2(b), the insertion of a carbon interfacial layer resulted in an over-
all smoother surface with RMS values of 10 nm. In this context, it is

FIG. 1. (a) I–V curves of Ti/Al/Ti contacts
with a carbon interfacial layer acquired on
TLM patterns at a distance of 20 lm for
different annealing temperatures up to
500 �C. The inset shows the comparison
between the I–V curves of the contacts
annealed at 500 �C with and without the
carbon interface layer. (b) Total resistance
RTOT as a function of the distance d of
adjacent TLM pads of Ti/Al/Ti contacts
with a carbon interfacial layer annealed at
500 �C. The inset displays the corre-
sponding I-V characteristics for different
TLM distances.
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known that Ti–Al based contacts are susceptible to strong reactions
with the underlying AlGaN layer upon high-temperature annealing,
thus resulting in rough contact surfaces with the possible formation of
pronounced hillocks.21,22 This behavior is often attributed to the low
Al melting point (about 660 �C).20,23 In the presence of Au layer, the
higher annealing temperature necessary for Ohmic contact formation
(about 800 �C) and the formation of Al2Au or AlAu4 phases are typi-
cally indicated as the causes of the high surface roughness.3,24,25

However, in Au-free contacts, where the annealing temperature is
reduced at around 600 �C, the formation of hillocks and the conse-
quent increase in the RMS are also often observed.21,26 The hillocks’
generation has been correlated with the necessity to relieve the stress
created by the different thermal expansion coefficients between the
metal film and substrate.26 Hence, we argue that the presence of the
thin carbon layer at the interface between the metal and the AlGaN
mitigates this effect, improving the contacts’ surface morphology. A
similar justification has been given by Vanko et al.16 to explain the
behavior of Ti/Al/Ni/Au contacts with a Nb interfacial layer.

XRD analyses have been carried out to monitor the formation of
new phases in the annealed Ti/Al/Ti contacts with and without the
Carbon interfacial layer. As can be seen in Fig. 3, no differences in the
XRD spectra could be observed between the two samples using this
technique. In fact, in both cases, the dominant phase is represented by
the Al3Ti, as typically occurs in Ti/Al based contacts,7,27 with the coex-
istence of the Al5Ti2 phase and some unreacted Al.28

In order to acquire additional information on the microstructure
of the Ti/Al/Ti contacts with the carbon interfacial layer, TEM analysis
has been performed on the sample annealed at 500 �C. Figure 4(a)
shows the low magnification bright field TEMmicrograph of the sam-
ple acquired in the interface region. These analyses confirm the forma-
tion of Al–Ti phases, which are predominant inside the reacted
contact, while a darker layer is observed at interface with the AlGaN.
Figure 4(b) shows the metal/AlGaN interface at higher magnification.
As can be seen, the layer formed during reaction is preferentially
aligned with the underlying AlGaN and has a thickness of 2.5 nm layer,
which in some regions reaches 5 nm. Electron energy loss spectroscopy
(EELS) analyses [see Fig. 4(c)] were used to identify the nature of this
layer, clearly displaying the peaks corresponding to Ti and C close to
the AlGaN surface, in agreement with the presence of the thin TiC
layer aligned with the underlying AlGaN.

Also in other wide bandgap semiconductor as silicon carbide
(SiC), the presence of a TiC interfacial layer, formed by the reaction
between the Ti and the SiC below, leads to Ohmic contact formation
with a low specific contact resistance.29,30

In AlGaN/GaN heterostructures, the Ohmic contact formation is
often correlated with the presence of TiN formed at the metal/AlGaN
interface.21,31 In particular, the reactions leading to the formation of
TiN is accompanied by the generation of nitrogen vacancies in the
semiconductor, having a donor-like behavior that favors the formation
of a tunneling Ohmic contact.2,4 However, in our case, the low anneal-
ing temperature of 500 �C does not allow the formation of the TiN
phase at the metal/AlGaN interface, as reported elsewhere.21,24 Other
works, attribute the Ohmic contact formation to the intermixing of the
metallic multilayers and the formation of low work function phases at
the interface with the AlGaN.32 In particular, Geneen et al.33 indicated
the consuming of the Ti layer at the interface and the formation of epi-
taxial or aligned metal layer at the interface the key factor to achieve

FIG. 2. AFM images on 10 � 10 lm2

scan areas of Ti/Al/Ti contacts annealed
at 500 �C without (a) and with (b) the car-
bon interfacial layer.

FIG. 3. XRD patterns for Ti/Al/Ti contacts annealed at 500 �C without (black line)
and with (red line) the carbon interfacial layer.
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low specific contact Ohmic contact. In our present study, it is possible
to argue that the formation of the TiC interface layer aligned to the
underlying AlGaN layer, having a low work function,34 is the responsi-
ble for the Ohmic contacts formation.

The carrier transport through the metal/semiconductor interface
was studied in more detail by I–V measurements on TLM structures
as a function of the temperature. Figure 5 reports the values of the

specific contact resistance qc, extracted by TLM analysis, as a function
of the measurement temperature T for the Ti/Al/Ti contact without
and with the C interfacial layer. The values of qc in the two contacts
decreases with increasing the measurement temperature. In both cases,
the temperature behavior of qc could be well fitted (continuous line)
by the thermionic field emission (TFE) model35 according to the fol-
lowing equation:

qc ¼
1

qA�

� �
k2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p UB þ Vnð ÞE00
p cosh

E00
kT

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
coth

E00
kT

� �s

� exp
UB þ Vn

E00coth
E00
kT

� �� Vn

kT

0
B@

1
CA; (1)

where q is the elementary charge, k is the Boltzmann constant, T is the
absolute temperature, A� is the Richardson constant, Vn is the energy
difference between the conduction-band edge and the Fermi level, and
E00 is the characteristic energy, which quantifies the tunneling compo-
nent of the current transport.35

In our case, an E00¼ 47meV was extrapolated by the fit of the
experimental data for both contacts, i.e., for sample with and without
carbon interface layer.

In the classical description of doped semiconductor, the charac-
teristics energy E00 describing the TFE model depends on the doping
concentration of the semiconductor ND. However, in AlGaN/GaN het-
erostructures, the term ND can be replaced with the term ND-2DEG to
take into account the sheet carrier density of the 2DEG (nS) and the
distance between the 2DEG and the metal/AlGaN interface, which can
be approximated with the thickness of the AlGaN barrier layer
(dAlGaN). Then, in the case of heterostructure, the characteristic energy
can be defined as2,10

FIG. 4. Cross-sectional low (a) and high (b) magnification TEM micrographs and
corresponding EELS analysis (c) acquired at the interface of Ti/Al/Ti contacts with a
carbon interfacial layer subjected to an annealing at 500 �C.

FIG. 5. Temperature dependence of specific contact resistance qc for Ti/Al/Ti con-
tacts without (Tann.¼ 600 �C) and with (Tann.¼ 500 �C) the carbon interfacial layer.
The continuous lines represent the TFE fit of the experimental data. The inset
shows a schematic band diagram in the two cases.
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E00 ¼ h
4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ND�2DEG

m�e0eAlGaN

r
� h

4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nS

m� e0 eAlGaN dAlGaN

r
; (2)

where h is the Planck constant, e0 is the dielectric vacuum permittivity,
eAlGaN is the dielectric permittivity for AlGaN, and m� is the effective
mass for electron in AlGaN.

Then, by considering Eq. (2), a sheet carrier density of nS
� 2� 1013 cm�2 was obtained in the two cases, which is in agreement
with the theoretical value estimated by the Ambacher’s model for an
AlGaN/GaN heterostructures with these properties (i.e., an Al concen-
tration of the 25% and an AlGaN thickness of 16 nm).36 Instead,
Schottky barrier height values of AB¼ 0.66 and 0.62 eV were esti-
mated in the case of sample without and with C interface layer, respec-
tively. The lower AB measured in the contact with the carbon
interfacial layer is coherent with the reduced qc values. Hence, the
presence of the TiC layer at the metal/AlGaN interface can be consid-
ered the origin of the lower extrapolated AB and of the improvement
of the contact properties. This situation is illustrated in the inset of
Fig. 5, reporting a schematic band diagram of the system in the two
cases.

In conclusion, the improvement of the morphological and electri-
cal properties of Au-free Ti/Al/Ti Ohmic contacts on AlGaN/GaN het-
erostructures by the insertion of an interfacial carbon layer was
presented and discussed in this Letter. The introduction of the carbon
interfacial layer produced beneficial effects under the morphological
and electrical point of view. Indeed, it was possible to reduce the
annealing temperature needed for the Ohmic contact formation down
to 450 �C. In particular, in the presence of the carbon interfacial layer,
the annealed Ti/AlTi Ohmic contacts exhibited a much smoother sur-
face and a lower specific contact resistance of 3.5� 10�4 X cm2. The
carrier transport mechanism has been investigated by monitoring tem-
perature dependence of qc, which was explained by the TFE model
with a barrier height of 0.62 eV. A microstructural and chemical analy-
sis of the interface enabled to demonstrate the formation of a TiC layer
at the interface, preferentially aligned with the underlying AlGaN,
which can be responsible for the overall improvement of the contact’s
properties.

The results can be useful for establishing new routes for Au-free
Ohmic contacts for GaN-on-Si HEMT technology.
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