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We investigated the thermal stability of Pt/TaSi,/Ni/SiC ohmic contacts, which
have been implemented in SiC-based gas sensors developed for applications in
diesel engines and power plants. The contacts remained ohmic on lightly
doped n-type (~1 x 10'® em~3) 4H-SiC for over 1000 h in air at 300°C.
Although a gradual increase in specific contact resistance from 3.4 x 10~*
Q cm? to 2.80 x 1072 Q cm? was observed, the values appeared to stabilize
after ~800 h of heating in air at 300°C. The contacts heated at 500°C and
600°C, however, showed larger increases in specific contact resistance
followed by nonohmic behavior after 240 h and 36 h, respectively. Concen-
tration profiles from Auger electron spectroscopy and electron energy-loss
spectroscopy show that loss of ohmic behavior occurs when the entire tanta-
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lum silicide layer has oxidized.
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INTRODUCTION

With increasing attention being paid to curbing
emission of pollutants into the atmosphere, chemi-
cal sensors that can be used to monitor and control
these unwanted emissions are in great demand.
Examples include monitoring of hydrocarbons from
automobile engines and monitoring of flue gases
such as CO emitted from power plants.

Because many of the polluting processes and ga-
ses require sensors that can be operated at high
temperatures (~300°C to 800°C) and in chemically
aggressive environments, the intrinsic properties of
SiC, such as its wide band gap and chemical inert-
ness, give it substantial advantages for use in these
sensors.™? Metal-insulator—silicon carbide sensors
have been developed at the Swedish Sensor Centre
(S-SENCE) and continues now at the Functional
Nanoscale Materials, FunMat, Centre at Linkoping
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University in Sweden; the sensors can operate in an
oxidizing ambient for short durations at tempera-
tures up to 700°C.?

One of the critical limitations in high-tempera-
ture SiC gas sensors, however, is the degradation
of the metal-SiC contacts over time. A review of
thermal stability issues pertaining to ohmic con-
tacts to SiC by Porter and Mohammad*® empha-
sizes the importance of selecting phases that are
thermodynamically stable with each other at high
temperatures, as it is thermodynamically favor-
able for SiC to react with most metals to form
silicides and/or carbides at elevated temperatures.
Further complications are introduced by the
following additional requirements for high-
temperature ohmic contacts: high resistance to
oxidation, sufficient electrical conductivity, the
ability to be connected to the external circuitry
(e.g., wire bonding), and appropriate interfacial
electrical properties (e.g., contact resistance or
Schottky barrier height). In order to meet all of
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these requirements, contact structures typically
consist of multiple metal layers, any of which can
introduce an additional thermodynamic instability
to the system.

In this study, we investigated the high-tempera-
ture stability of Pt/TaSi,/Ni/SiC ohmic contacts,
which have been implemented in actual SiC-based
gas sensors developed for a};plications in diesel en-
gines and power plants.®’ The specific contact
resistance, interfacial chemistry, and surface mor-
phology were characterized as a function of thermal
treatment time in air at 300°C, 500°C, and 600°C.
The evidence presented here offers an explanation
of the primary degradation mechanisms that are
responsible for electrical failure of the ohmic con-
tacts at high temperatures.

EXPERIMENTAL PROCEDURE

Single-crystal n-type 4H-SiC substrates were
used for all of the studies in this research. The
devices were fabricated on a N-doped substrate
(~5 x 10'® em™) containing a 1-um-thick n-type
epitaxial layer with a nitrogen doping concentration
of 1 x 10'® cm™3, as determined by secondary-ion
mass spectroscopy analysis. The fabrication and
processing of the devices were performed at ACREO
AB, Stockholm, Sweden and Linkoping University.
First, a 100-nm-thick Ni layer was deposited by
thermal evaporation. Since as-deposited Ni contacts
to n-type SiC are typically rectifying,® a 5-min
anneal was performed in Ar at 950°C to form ohmic
contacts (the short-term, high-temperature anneal-
ing step is normally required to produce ohmic
contacts on low and moderately doped epilayers of
both n- and p-type SiC).® Subsequently, a 50-nm-
thick TaSi, adhesion layer and a 150-nm-thick Pt
capping layer were deposited by magnetron sput-
tering. Linear transfer length method (TLM) pat-
terns, along with sensor devices (not used in this
study), were fabricated using traditional photoli-
thographic techniques; the former devices were
used for calculations of specific contact resistivity.
The TLM contact patterns consisted of
150 ym x 500 um rectangles with the following
contact spacings: 10 ym, 20 ym, 30 ym, 40 um, and
50 um. Each set of TLM patterns was isolated from
one another by mesas.

Thermal stability tests were conducted using a
tube furnace to heat the samples to 300°C, 500°C, or
600°C in a flow of synthetic air for varying intervals
of time. After the samples cooled to room tempera-
ture, current—voltage measurements were per-
formed and images of the metal surfaces were
obtained with a scanning electron microscope
(SEM). The series of thermal treatments was
terminated if the contacts became nonohmic.
Auger electron spectroscopy (AES) depth profiles
were obtained from selected samples to observe
the interfacial chemistry. Additional materials
characterization included transmission electron
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microscopy (TEM) with electron energy-loss spec-
troscopy (EELS). The TEM cross-section specimens
were prepared by a technique that uses a focused
ion beam system, equipped with SEM, to cut out
and polish the desired section of the contact.

RESULTS AND DISCUSSION

A summary of the electrical results is given in
Fig. 1, which shows a plot of the average specific
contact resistance as a function of time for each test
temperature. The contacts that underwent thermal
treatments in air at 300°C displayed ohmic behavior
throughout the 1000-h test. The specific contact
resistance increased slowly from 3.44 x 10~* Q cm?
before heating to 2.80 x 1072 Q cm? after 1000 h of
heating in air at 300°C. We note that the absolute
contact resistance values are expected to be rela-
tively high because of the low doping concentration
of the SiC substrate, which was designed primarily
for the sensor devices. The values reported here are
comparable to others reported for Ni ohmic contacts
to SiC with similar doPing levels and ohmic contact
anneal conditions.!®!! Furthermore, it is not the
absolute values of contact resistance that are
important in this study; rather, it is the change in
the values as a function of time and temperature
that we sought to monitor. In the case of heating at
300°C, the contact resistance appears to stabilize
after approximately 800 h.

However, Fig. 1 shows that the contacts become
electrically unstable when tested in air at 500°C or
600°C. When heated at 500°C, the specific contact
resistance increased dramatically from 2.56 x 10~*
Q cm? before heating in air to 6.60 x 1072 Q cm?
after 200 h of heat treatment. These contacts were
no longer ohmic after 240 h at 500°C. We note that
these contacts remained ohmic longer than similar
contacts reported in a previous study.'? The difference
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Fig. 1. Average specific contact resistance of Pt/TaSi/Ni/SiC as a
function of time at 300°C, 500°C, and 600°C, determined from

current—voltage measurements that were taken at room tempera-
ture, after cooling the samples.
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Fig. 2. SEM images of the surfaces of (a) as-received contacts and contacts that were heated in air at (b) 300°C for 1000 h, (c) 500°C for 240 h,

and (d) 600°C for 48 h.

may be due to a difference in the Pt layer thickness,
slightly different processing conditions, and differ-
ent testing conditions (e.g., electrical measurements
conducted at elevated versus room temperature).

The sample heated at 600°C was not ohmic after
the first 48-h interval, so a separate sample was
tested and characterized after shorter (6-h) time
intervals. This sample became nonohmic after 36 h
of 600°C heat treatment in air.

The changes in surface morphology after heating
at each temperature are revealed by the SEM ima-
ges in Fig. 2. No significant change was observed
after 1000 h of heating in air at 300°C. However,
discontinuities in the contacts were observed after
240 h at 500°C and after 48 h at 600°C. As reported
above, these contacts (Fig. 2¢ and d) were no longer
ohmic. Our observations led us to investigate the
microstructural and chemical details within the
similar morphological structures that developed in
these failed contacts.

Auger depth profiles were used to monitor the
locations of the primary elemental constituents at
selected points of the series of thermal treatments in
air. The depth profile of the as-received contact (after
the ohmic contact anneal, of Ni/SiC, which resulted
in the formation of Ni-silicide and free carbon,
Fig. 3a) shows some O at the interface between the
Ni and TaSi, layers; this result is attributed to oxy-
gen accumulation in between the Ni ohmic contact
anneal and subsequent TaSi,/Pt depositions. A con-
tact that was still performing well electrically
(heated at 300°C for 288 h) was also analyzed.

The AES profile in Fig. 3b shows that oxygen dif-
fused into the contact during the heat treatment and
is located primarily at the Pt/TaSi, and TaSi,/Ni,Si,
interfaces. The interfacial oxygen accumulation may
be responsible for the increase in the specific contact
resistance of this sample (Fig. 1).

The AES depth profile in Fig. 3c was obtained
from a sample that had failed electrically (heated at
500°C for 240 h). In this case, the oxygen no longer
resides exclusively at the metal-metal interfaces
but exists throughout the Ta silicide layer. More-
over, we observed oxidation of the TaSi, layer to a
greater extent in a different sample that was ana-
lyzed well after failure (heated at 600°C for 48 h,
Fig. 3d). Complete oxidation of the TaSi, layer could
account for the loss of ohmicity, because the tanta-
lum oxides are electrically insulating (resistivities
between 10! Q ¢cm and 107 Q em).*?

In addition to the oxygen content, the presence of
free carbon in the contact structure is of concern.
Some as-received contacts peeled off during solvent
cleaning. A depth profile for one of these contacts
(not shown) revealed that the contact peeled at the
TaSi,/Ni,Si, interface. High carbon content at the
exposed surface suggests that the poor adhesion is
related to the “free” carbon remaining from the
reaction between Ni and SiC.

Cross-sectional TEM images and EELS analyses
provide additional information on the morphology
and composition of contacts before and after the
thermal treatments in air. The combination of
imaging and EELS data allows us to determine the
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Fig. 3. AES depth profiles of (a) an as-received contact; and contacts heated in air (b) at 300°C for 288 h, (c) at 500°C for 240 h, and (d) at

600°C for 48 h.

Fig. 4. Reference images (a, d) and corresponding EELS maps indicating carbon (b, e) and oxygen (c, f) in cross sections of an as-received
contact (top) and a contact heated in air at 600°C for 36 h (bottom).
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primary elemental constituents of the layers, which
are labeled Fig. 4a and d. From these images it is
apparent that the initial morphology was quite
smooth; however, the failed contact (600°C/36 h)
shows an undulating morphology. The EELS maps,
showing the presence of carbon (b, e) and oxygen (c, f)
in white contrast, correspond with the TEM
reference images for the as-received (a) and heat-
treated (d) contacts, respectively. Complete oxida-
tion of the Ta silicide layer is clearly observed in the
heat-treated sample, which agrees with the AES
results discussed above. Interestingly, virtually no
carbon was detected in the heat-treated sample. We
propose that the migration and eventual loss of
carbon that was freed up by the nickel silicide
reaction is associated with the oxidation that occurs
initially at the metal layer interfaces and may pro-
vide a rapid pathway for oxygen to diffuse into the
contacts. A similar process was suspected to occur in
Pt/TaSiy/Ti/SiC contacts reported by Okojie et al.'*;
they reported that Ti outdiffusion allowed oxygen to
diffuse to the Ti/SiC interface.

SUMMARY

Pt/TaSi,/Ni/SiC ohmic contacts were character-
ized before and after heat treatments in air at
300°C, 500°C, and 600°C. The contacts heated at
300°C remained ohmic and exhibited relatively
stable electrical characteristics after heating for
800 h. The contacts heated at 500°C were not oh-
mic after 240 h, whereas contacts heated at 600°C
failed after 36 h. Chemical analyses revealed an
increasing amount of oxygen at the metal layer
interfaces with increasing temperature and time.
We concluded that complete oxidation of the tan-
talum silicide layer is responsible for electrical
failure of the ohmic contacts. We also propose
that the loss of C during the long-term heat
treatments may facilitate oxidation of the inter-
faces and ultimately throughout the tantalum
silicide layer.
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