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The fabrication of low-resistance and thermal stable ohmic contacts is important for realization of reliable SiC devices. For the
n-type SiC, Ni-based metallization is most commonly used for Schottky and ohmic contacts. Many experimental studies have
been performed in order to understand the mechanism of ohmic contact formation and different models were proposed to explain
the Schottky to ohmic transition for Ni/SiC contacts. In the present review, we summarize the last key results on the matter and
post open questions concerning the unclear issues of ohmic contacts to n-type SiC. Analysis of the literature data and our own
experimental observations have led to the conclusion that the annealing at high temperature leads to the preferential orientation
of silicide at the heterointerface (0001)SiC//(013)8-Ni,Si. Moreover, we may conclude that only 6-Ni,Si grains play a key role
in determining electrical transport properties at the contact/SiC interface. Finally, we show that the diffusion barriers with free
diffusion path microstructure can improve thermal stability of metal-SiC ohmic contacts for high-temperature electronics.

1. Introduction

The increasing demand for electronic devices capable of
functioning at high power and frequency levels, under high
temperatures, and in harsh environments is one of the most
significant issues of modern information society. Moreover,
energy problems and environmental concerns due to global
warming have generated a need for novel semiconductor
devices for active electrical power management in areas,
such as energy generation, distribution, and transport where
efficiency and high-temperature operations are of the essence.
Silicon carbide (SiC), particularly the 4H polytype (4H-SiC),
is one of the key candidates for application in such devices,
owing to its excellent intrinsic properties, which involve a
large bandgap (3.26 eV), high breakdown electric field (3 x
10° Vem ™), high electron drift velocity (2 x 10" cms™), good

thermal conductivity (4.9 W cm™ K™'), and chemical inert-
ness [1-3].

In order to take full advantage of the superior SiC
properties, several challenges in material processing need
to be overcome. One of the most important issues is the
quality and reliability of metal/SiC electrical contacts. This is
especially true for the ohmic contacts, which are a part of any
semiconductor device. The issue of the ohmic contact forma-
tion is primarily important because a high potential barrier
is inclined to form at the interface between most metals and
SiC, which consequently results in low-current driving, slow
switching speed, and increased power dissipation. Thus, the
fabrication of reliable and low-resistance ohmic contacts to
SiC is still one of the most important problems that need
addressing. This paper provides a comprehensive and critical
assessment of the fundamentals and practice of Ni-silicide



ohmic contacts to n-type 4H-SiC with an emphasis on high-
temperature handling capability.

There exist several review articles on contacts to SiC [4-
6]; however, in the last few years many new peer-reviewed
papers on metal/SiC contacts were published, often contain-
ing contradicting results and conclusions, but no consensus
has been reached. Therefore, the aim of this work is to present
briefly the last key results on the matter and to post open
questions concerning the unclear issues of ohmic contacts to
n-type SiC.

2. Ohmic Contacts to 4H-n-SiC:
State of the Art

For metal contacts to n-type 4H-SiC, the electron affinity
(X,) and work function of the metal (W,,) are the relevant
quantities determining the Schottky barrier height ¢z = W,,,—
X, due to a sufficiently low density of surface states in 4H-SiC
(~10"* cm™? eV™'). Thus, according to the Schottky theory,
the barrier height ¢ of a metal/4H-n-SiC strongly depends
on the electron work function W,, of the metals. Indeed, as
is shown in Figure 1, the experimental results of metal/4H-n-
SiC contacts confirm this model [7-23].

As is well known, a rectifying (Schottky) metal contact
to n-type semiconductor is formed when the electron work
function of the metal exceeds the electron affinity of the
semiconductor (W,, > X;), and the ohmic contact is formed
if W,, < X,. Since W,, for most metals exceeds the electron
affinity X, of 4H-SiC (see Figure 1), the formation of ohmic
contacts to 4H-n-SiC is typically done by the deposition of
the same metals as for the Schottky barriers however with
subsequent high-temperature annealing. Such rapid thermal
annealing (RTA) causes (i) the creation of a tunnel contact,
which consists of a thin barrier, obtained by heavy doping of
the semiconductor, through which carriers can readily tunnel
and (ii) the formation of new compounds which reduces the
barrier height and the width of the depletion region at the
metal-semiconductor interface. It should be noted that this
paper is focused mainly on Si-face 4H-SiC material. However,
the SiC surface polarity (Si-face or C-face) and polytypes
(3C, 2H, 6H, etc.) are important considerations for ohmic
contact formation. The polarity and polytypes can lead to the
difference in barrier height and interaction at the metal/SiC
interface for the same metallization scheme [24]. Thus, both
of them strongly influence the electrical quality of the contact.

On the basis of previous works [26-45], the common
processes in the reaction of metals with SiC can be identified
as follows: (i) SiC + refractory metals (Ti, Ta, W, etc.) —
RTA — carbides (TiC, TaC, WC, etc.) + silicides (TiSi,, TaSi,,
WSi,, etc.) + ternary phases (TiCSi,, TaCSi,, WCSi,, etc.); (ii)
SiC + other metals (Ni, Pd, Pt, etc.) — RTA — silicides (NiSi,,
PdSi,, PtSi,, etc.) + C.

The fabrication of ohmic contacts to SiC may be achieved
using various metallization schemes; and for the n-type
SiC, Ni and Ni-based contacts are most commonly used.
These contacts are formed by high-temperature annealing
at temperatures in the range 900-1100°C, and their specific
contact resistance lies typically in the range 10*-107° Qcm®
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FIGURE 1: Experimental dependence of the barrier height ¢ of
metal/4H-n-SiC on the electron work function W,, of the metals
[7-23]. Red curve-theoretical dependence according to the Schottky
theory (the electron affinity of 4H-SiC, X = 3.6 eV [25]).

[26-38]. The physical properties of Ni and the main Ni Si;_,
phases used in metallization scheme for SiC are listed in
Table 1 [46-48].

Many experimental studies have been performed in order
to understand the mechanism of ohmic contact formation
and different models were proposed to explain the Schottky
to ohmic transition; however, the final picture is still far
from being complete. Indeed, in spite of a large number
of publications and progress in the study of Ni and SiC
interaction, there are still many open questions connected
to the mechanism of contact formation and their reliability.
There are different explanations in the literature concerning
the mechanisms of ohmic contact formation, namely, (i) the
formation of silicides [35, 39] or carbon precipitates [28, 40];
(ii) inhomogeneity of the metal/SiC Schottky barrier [41];
(iii) creation of carbon vacancies [42, 43] or defect states
[44] near the interface region; and (iv) snowplow effect of
dopants in the SiC substrate [45]. On the other hand, it
has been commonly observed that the formation of ohmic
contacts is accompanied by the interfacial reaction and/or SiC
decomposition.

There is no doubt that Ni can very easily react with
SiC forming a whole spectrum of nickel silicides, depending
on the details of the ohmic contact fabrication process. On
the other hand, there is strong evidence that the fabrication
of silicides, via a contact reaction of Ni with SiC or via a
deposition of the specific silicide, is not enough to produce an
ohmic contact with low specific resistance. This is especially
true for Ni, Si which was firstly proposed to be responsible for
the ohmic behavior but later shown to form Schottky barriers
with height of 1.62-1.75 eV [41]. Also a question arises about
the fate of the remaining carbon which may segregate in the
contact region.
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TABLE 1: Properties of Ni and Ni, Si,_, phases used in metallization scheme for SiC [46-48].

Phase Resistivity (4 cm) Melting point (°C) Enthal%)(r](/)f folr)mation Work function W,, (eV)
mo

Ni 8-10 1435-1446 — 4,86 +0.2

Ni, Si 20-30 1255-1318 132-143 4.46

NiSi 10-20 992 85-90 4.35

NiSi, 35-50 981-993 87-94 —

As the silicide formation occurs at much lower tem-
peratures (typically 400-600°C [49, 50]) than the transition
to ohmic behavior, it has been suggested that a formation
of an interfacial graphite layer is responsible for the ohmic
contact formation. This hypothesis was supported by the
observation of ohmic behavior of graphitized carbon on SiC
[51]. On the other hand, it has been shown that [52] if even
elemental C atoms may be present at the semiconductor-
silicide interface at low temperatures, that is, when silicide
forms, the subsequent high-temperature treatment neces-
sary for ohmic contact formation activates carbon atoms
to out-diffuse towards the top surface of the silicide. This
observation has led to a hypothesis that carbon out-diffusion
produces C vacancies below the contact, which act as donors
for electrons and increase the net electron concentration
below the contact thus reducing the barrier thickness. While
the redistribution of interfacial carbon after silicide formation
and its movement from the interface towards the contact
surface was proven by Calcagno et al. [53], the DLTS mea-
surements were not able to reveal the presence of a donor
level related to Vi, that is, one located at 0.5eV below the
conduction-band edge [31]. Consequently, it seems that the
role carbon plays in ohmic contact formation is still unclear.

Two problems related to the creation and structural
evolutions of carbon in SiC-based ohmic contacts are dis-
cussed in the literature: (i) what mechanism is responsible for
creation of carbon structure; (ii) location of carbon species:
on the Ni-silicide/SiC interface, inside silicide layer, or on free
silicide surface.

Thermal decomposition of silicon carbide results in the
creation of amorphous carbon (a-C). The a-C layer appear-
ing due to thermal 4H-SiC decomposition was already
observed by means of cross-sectional transmission electron
microscopy [54]. The mechanism of reaction triggered by
thermal decomposition of SiC has a complex character. It
includes the diffusion of carbon from the SiC interface and
metal atoms (Ni) towards this interface [55]. This decom-
position of silicon carbide is accompanied by the creation
of Ni-silicides. The solubility of carbon and silicon atoms in
silicon carbide is much lower than in Ni-silicide. Because of
this, the reaction triggered by decomposition of SiC takes
place in the layer deposited on silicon carbide [56]. The
mobility of carbon atoms in silicide is better than the mobility
of silicon atoms [56]. Because of this, the thermal decom-
position of SiC covered by Ni-layer results in formation of
silicide and the escape of carbon atoms from SiC/silicide
interface. The complexity of the interaction between SiC and
metal is also the result of the number of parameters that

influence the reaction. The thickness of metal layer is one
of the important factors determining the structure of carbon
created during the decomposition of SiC. The investigation of
interaction between 6H-SiC and Ni as a function of Ni-layer
thickness showed the following [57]: (i) for a very thin Ni-
layer (0.4 nm), the homogeneous carbon film appears after
decomposition; (ii) for Ni-layer thickness in the range 1.6-
9.6 nm, carbon flakes appear, the lateral dimensions of flakes
not greater than 200 nm and their thickness in the range
5-100 graphene monolayers; (iii) for a thickness of Ni-layer
above 50 nm, the carbon structure is changed to hillocks.

In view of the fact that the products of reaction between
Ni and SiC at the temperature of ohmic contact formation
(~1000°C) are mainly Ni,Si and C, their role in the mecha-
nism of ohmic contact formation needs further investigation.
In this work, going further and clarifying in more detail the
formation of Ni-based ohmic contact to 4H-n-SiC, we have
investigated the influence of the layer sequence, thickness,
and temperature regime on the electrical and structural
properties for Ni/Si contacts to 4H-n-SiC. Furthermore, the
fabrication of low-resistivity ohmic contacts to SiC is not
sufficient for application to SiC-based devices due to their
usage in harsh environments and at elevated temperatures.
Here, the investigation of the reliability, for example, thermal
stability of the contacts, is needed. Therefore, reliability tests
were performed and are also presented in this work.

3. Experimental

3.1 Sample Preparation. n-type (~2 x 10" cm™) Si-face 4H-
SiC(0001) bulk wafers and n-type (~1 x 10" cm™) Si-face
4H-SiC(0001) epitaxial wafers (~2.97 ym thick) from Cree
Research Inc. were used. Before the deposition of the con-
tacts, the surface was chemically cleaned by the following
steps: (i) degreasing in hot organic solvents (trichloroethy-
lene, methanol, and acetone); (ii) etching sequentially for
10 min in hot solutions of NH,OH:H,0, :H,O =1:1:5 at
65°C and H,0, : HCI: H,0O =1:1:5 at 70°C; and (iii) etching
for 2 min in buffered HF (HF : NH,F: H,0 = 2:7:1). Before
each step, the samples were rinsed in deionized water and
blown dry using nitrogen.

Ni, Si, and Au thin films were deposited by magnetron
sputtering from Ni, Si, and Au 4N pure cylindrical targets,
in an Ar plasma. Ternary Ta-Si-N diffusion barriers for con-
tact reliability studies were prepared by reactive magnetron
sputtering of a highly pure Ta,Si; target in an Ar-N, plasma.
The deposition parameters were as follows: the gas flow rate
ratio during sputtering was Ar/N, = 15; the total gas pressure



was 0.6 Pa; the RF power was 250 W. The resistivity measured
by the four-point probe of a 100 nm thick Ta;;Si;5Ns, film
was 1 mQ cm. The details of the heat treatment and aging are
presented in Section 4.1.

3.2. Sample Characterization. The electrical characterization
of the contacts involved measurements of current-voltage
(I-V) characteristics and of the specific contact resistance
(r.). I'V characteristics were measured by Keithley 2400
SourceMeter using an automated setup. A circular trans-
mission line model (c-TLM) method was used to measure
r.. The c-TLM pattern prepared by lift-off photolithography
consists of inner contact pads with a diameter of 100 #m and
a metallized area separated by rings with a space of 10, 20, 30,
45, and 60 ym. The phase composition of the contacts was
investigated by X-ray diftraction (XRD) using Philips X Pert-
MPD diffractometer with a Cu K, radiation source. The
depth profile of the elements in the contacts was examined
by Rutherford backscattering spectrometry (RBS) using a
1.7 MeV He" beam. The contact/SiC interface was observed
by cross-sectional transmission electron microscope (TEM)
JEM-200CX and high-resolution TEM (JEOL JEM-2100).
The NanoScope IIla atomic-force microscope (AFM) and
Philips XL-30 scanning electron microscope (SEM) were
used to study the surface morphology of the contact struc-
tures.

The properties of carbon species were investigated by
means of micro-Raman spectrometer MonoVista 2750i.
Since D and G carbon bands are rather broad, their widths
are of the order of 10 cm™, and the grating with 1800 grooves/
mm was used. The spectral resolution SpectraPro 2750i spec-
trograph with used grating was good enough to record true
shapes of carbon bands. The range of Raman shift recorded
during single measurement was large enough to detect both
carbon bands (D and G) at the same time. As excitation
green line (A = 488 nm) from Ar" laser (Innova 90C FRED,
Coherent Inc., USA) was used, the power of excitation was
set below 1mW on the sample in order to avoid side effects
caused by absorption. The measurements were performed
with irradiation of both sides of the samples. The measure-
ments were done in the range of Raman shift from about
1200cm™" to about 1800 cm™'. This range of frequencies
corresponds to the main Raman bands of graphite. The
spectra measured at the side of the samples covered with
Ni/Si sequence of layers are treated as region of interest (ROI)
spectra and they will be analyzed in this work. The spectra
recorded from the side not covered with Ni/Si sequence of
layers are treated as a reference. The reason for measuring
the reference spectra is the occurrence of second-order
Raman spectra of 4H-SiC [58] and D and G carbon bands
in the same range of Raman shift. The irradiation time
necessary to acquire the ROI spectra was long; in particular,
it was in the range between 50 and 60 minutes. No traces of
second-order Raman scattering of 4H-SiC were observed in
ROI spectra. It means that second-order Raman scattering
coming from 4H-SiC is below limit of detection in the case of
measurements obtained from the side of the samples covered
with Ni/Si sequence of layers. The reference Raman spectra
are not presented in this work.
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Since the intensities of D and G carbon bands were
weak and the signal-to-noise ratio was not very good, the
measurements in the range of Raman shift corresponding to
the position of the overtone of D band were not performed.

In order to obtain precise information about D and G,
carbon bands, ROI Raman data were analyzed by means
of mathematical reconstruction of the spectra with sum
of Gaussian functions. Applied procedure was described in
detail in previous paper [59].

4. Results

4.1. Ni/Si Ohmic Contacts to 4H-n-SiC Bulk Wafers: Optimiza-
tion of Layer Thickness, Sequence, and Temperature Regime.
In order to optimize the Ni/Si-based metallizations for
application as ohmic contacts to n-SiC, Ni/Si multilayers
of different layer thicknesses and Ni-Si sequences were
fabricated. The thicknesses of the Ni and Si layers were set
to yield chemical compositions of the Ni-Si mixture equal to
the stoichiometries of Ni-rich Ni,Si, NiSi, and Si-rich NiSi,
in the (i), (ii), and (iii) series, respectively, and as such the
thicknesses were as follows: 66 nm Ni and 60 nm Si in series
(i), 45 nm Ni and 100 nm Si in series (ii), and 27 nm Ni and
100 nm Si in series (iii). Furthermore, in the frames of each
series, two sets of samples with different Ni-Si sequences were
prepared. In the first, Si was the first deposited layer on the
substrate (denoted as FL-Si) and, in the second, Ni was the
first deposited layer (FL-Ni). Thus, six different sample sets
were fabricated.

The films were sputter-deposited on n-type (~2 X
10" cm™) 4H-SiC bulk wafers. The as-deposited samples
were first annealed at 600°C (N,, 15min) when the nickel
silicides phases (Ni,Si, NiSi, and NiSi,) are formed according
to previous XRD results [35]. Subsequently, the samples were
annealed in temperatures rising from 800 to 1100°C (N,,
3 min) to study ohmic contact formation.

The electrical properties for all Ni/Si multilayer metalliza-
tions before and after annealing are summarized in Figure 2.
Nonlinear I-V characteristics were observed for all as-
deposited metallizations and for metallizations annealed up
t0 1000°C. After further annealing up to 1100°C, the I-V char-
acteristics for the NiSi,/n-SiC contacts do not change con-
siderably, and quasi-linear I-V characteristics are observed
for the NiSi/n-SiC contacts, but they remain nonohmic. The
Schottky-ohmic transition was observed only for the Ni, Si/n-
SiC contacts after annealing at temperatures >1050°C. For the
Ni,Si/n-SiC contacts with FL-Si, a transition to a quasi-linear
I-V characteristics and the formation of ohmic contacts with
specific contact resistances ., ~ 4.5 and ~5.8x107* Q cm®
were observed after annealing at 1050 and 1100°C, respec-
tively. For the Ni,Si/n-SiC contacts with FL-Ni, nonlinear
I-V characteristics after annealing at 1000 and 1100°C were
observed and the formation of ohmic contact with r, ~ 5.5 x
107* Q cm?® was registered after annealing at 1050°C. In order
to study the structure evolution during the formation of the
Ni, Si/n-SiC ohmic contact, as well as the influence of the type
of the interfacial layer on the substrate (i.e., FL-Si or FL-Ni)
on contact formation, RBS-depth profiling was performed.
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FIGURE 2: Electrical properties of Ni/Si multilayer contacts with different interfacial layer (Si: FL-Si or Ni: FL-Ni) and thickness ratio (t;/tg;)
to n-type (~2 x 10”7 cm ™) 4H-SiC bulk wafers versus annealing temperature.
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FL-Ni [26].

RBS profiles for the Ni,Si/n-SiC contacts were measured
after deposition and after subsequent annealing up to 1100°C.
The spectra are shown in Figures 3(a) and 3(b), for samples
with FL-Si or FL-Ni, respectively. The changes in the RBS pro-
files after annealing at 600°C for both metallization sequences
indicate only a solid state reaction between the Ni and Si
single layers, and no reactions at the contact/SiC interface
take place. Simulations of these spectra performed using the
SIMNRA code [60] confirm the formation of ~95nm thick
uniform mixtures with the atomic ratio of Ni:Si ~ 2,
corresponding to stoichiometric Ni,Si, as it was showed by
XRD phase analysis [26]. Annealing of both metallization
sequences at 1050°C does not induce significant changes in
thicknesses or compositions of the metallizations, indicating
thermal stability of the Ni,Si phase on SiC substrates, as
previously reported [33, 61, 62]. However, the very small
change in the slopes of the RBS signals corresponding to
Ni (Ni,Si) and Si (SiC) measured for the metallizations
annealed at 600 and 1050°C indicates a small reorganization
at the metallization/SiC interface, at a maximum distance
estimated at ~20 nm. SIMNRA simulations show that, for
the Ni,Si/n-SiC metallization sequences with FL-Si annealed
at 1050°C, ~5 at.% of Si and C atoms out-diffused from
the SiC substrate and ~10 at.% of Ni atoms diffused into
SiC, whereas, for sequences with FL-Ni, ~10 at.% of Si and
C out-diffused from SiC and ~20 at.% of Ni diffused into
SiC. It is important to mention that this minute interaction
between Ni,Si and #-SiC after annealing at 1050°C correlates
well with the Schottky-ohmic transition of contacts. Further
annealing at 1100°C enhanced interdiffusion at the Ni,Si/SiC
interface. The comparison of the RBS profiles of the two
metallization sequences annealed at 1100°C reveals a more

pronounced reaction for the Ni,Si/n-SiC contacts with FL-
Ni (~160 nm in-depth penetration of Ni into SiC) than for
the contacts with FL-Si (~40 nm in-depth penetration of Ni
into SiC). This result correlates with the observed degradation
of the electrical properties of the Ni,Si/n-SiC contacts, when
nonlinear I-V characteristics appear for the FL-Ni sequences,
and r, decreases for the FL-Si sequences.

The analysis of the obtained experimental results indi-
cates that in order to form an Ni-Si-based ohmic contact to n-
SiC the chemical composition of the Ni-Si layer has to be care-
tully controlled. Moreover, the formation of any Ni-silicides
at low temperature is not sufficient to obtain ohmic contacts
to n-SiC, which is in agreement with the results reported
previously [8, 42, 63]. The ohmic contacts were found to
be formed only by the Ni,Si phase after high-temperature
annealing (>1000°C), via a small scale interfacial reaction of
Ni,Si with SiC, which probably leads to modification of the
properties of the SiC surface. The reason why the NiSi and
NiSi, phases do not form ohmic contacts to n-SiC even after
annealing at 1100°C is not clear. However, two approaches
to explain this can be suggested based on the difference
between work functions and/or melting temperatures of Ni-
silicides. The compositional-induced work function tuning
of Ni-silicides was previously observed and a decrease of
the work function by ~0.7 eV was shown between Ni-rich
and Si-rich Ni-silicides [48]. Thus, the Schottky barrier to n-
SiC lowers with the transition from Ni,Si to NiSi, contacts.
Moreover, the formation of NiSi and NiSi, ohmic contacts
to n-SiC with a high doping concentration (1 x 10*° cm™)
after annealing at 950°C (N,, 3 min) was previously reported
[64]. Therefore, the nonohmic behavior of the NiSi and NiSi,
contacts reported herein can be explained by the low doping
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concentration (~10Y cm™) of #-SiC and the low melting
temperature of about 990°C for NiSi and NiSi, bulk materials
(compared to ~1318°C for Ni,Si) [46]. The instability of the
NiSi and NiSi, phases on SiC may result in Ni segregation
after high-temperature annealing. In addition, the excess Si
atoms from Ni-silicides probably lead to dopant deactivation
via cluster formation or “neutralizing” of the donor atoms.
Therefore, only a specific reaction at region near the metal-
lization/n-SiC interface can enhance significantly the electric
current through the contact. This also explains the more
pronounced degradation of the electrical properties of the
Ni,Si/n-SiC ohmic contacts with FL-Ni after annealing at
1100°C.

As a result, we were able to optimize the sequence,
thickness, and temperature regime for the formation of
ohmic Ni/Si contacts to 4H-n-SiC. Annealing of the Ni/Si
multilayers (fy;/tg; ~ 1.1) at 600°C led to the formation of
stoichiometric silicide Ni,Si. Minimal specific contact resis-
tances (~4.5x107* Q cm?) were obtained for such Ni, Si/n-
SiC contacts with FL-Si after annealing at 1050°C. For
convenience, the Ni, Si metallizations with FL-Si are denoted
as Ni, Si below in the text.

4.2. Ni versus Ni,Si Ohmic Contacts to 4H-n-SiC Bulk Wafers.
In order to better understand the formation mechanism of
Ni-based ohmic contacts to n-SiC, a comparative study of Ni
versus Ni,Si contacts on the same n-type (~2 x 10'” cm™)
4H-SiC bulk wafers annealed at similar temperatures was
carried out. The properties of the as-deposited and annealed
contacts are summarized in Table 2. As it was in the case of the
Ni,Si/n-SiC contacts, nonlinear I-V characteristics for Ni/n-
SiC contacts were observed after annealing at temperatures
between 600°C and 1000°C [38]. The Ni/n-SiC ohmic con-
tacts are formed only after annealing at 1050°C. The specific
contact resistance, 7., was equal to ~4 x10™* Q cm?, which
is comparable to the value of 4.5x10™* Q. cm* obtained for
Ni, Si/n-SiC ohmic contacts annealed at 1050°C. In spite of
similar electrical properties of Ni and Ni,Si contacts, signif-
icant differences were observed in their structural properties
(see Table 2). For the Ni/n-SiC contacts, the metallization
thickness increases by a factor of ~2 and ~2.5 and the
surface roughness increases by a factor of ~14 and ~20 after
annealing at 600°C and 1050°C, respectively. For the Ni, Si/n-
SiC contacts, the metallization thickness remains unchanged
and only the surface roughness increases by a factor of ~
4 after annealing at 1050°C. In order to understand these
differences between Ni and Ni,Si contacts, XRD and RBS
methods were applied to study the structural properties of the
Ni/n-SiC contacts.

XRD and RBS profiles for Ni/n-SiC contacts after depo-
sition and annealing at 1050°C are shown in Figure 4. From
the XRD spectra (Figure 4(a)), we may conclude the fol-
lowing: (i) for the as-deposited contact, only the Ni (111)
diffraction peak was detected, thus indicating the texture of
the deposited film; (ii) for the contact annealed at 1050°C,
only the (013) and (020) peaks of the §-Ni,Si orthorhombic
phase were detected, thus indicating a thermally activated
interaction between Ni and SiC. From the analysis of the RBS

profiles (Figure 4(b)), we can deduce that annealing at 1050°C
enforces diffusion of Ni atoms towards the SiC substrate and
migration of Si and C atoms towards the surface. Several
well-distinguished plateaus in the RBS signals for Ni and Si
indicate the formation of several intermetallic compounds.
SIMNRA simulations yielded the following film structure
from the top surface to the substrate: firstly a 25 nm thick
layer at the atomic ratio of Ni: Si ~ 2 containing ~12 at.% of
C, next a 60 nm thick Ni,Si sublayer enclosing ~26 at.% of
C, subsequently a 35 nm thick mixture of ~32 at.% of Ni, ~19
at.% of Si, and ~49 at.% of C, and finally near the interface
a 16 nm thick film of NiSi silicide with a smaller content of
~33 at.% of C. Significant diffusion of Ni is observed into
SiC, with ~17 at.% of Ni estimated at ~40 nm in depth. The
chemical composition of Ni:Si ~ 2 in the 85nm thick top
layer correlates well with §-Ni, Si phase identified by XRD in
the sample.

The formations of nickel silicides and carbon atoms in
annealed Ni/n-SiC contacts are consistent with previously
reported results [33, 61]. Thus, the observed increase of
metallization thickness in annealed Ni/n-SiC contacts (see
Table 2) can be explained by these diffusion processes. It
should be noted that the increase of metallization thickness
even at 600°C indicates an interaction between Ni and SiC
which is consistent with the previously reported formation
of Ni-silicides at this temperature [12]. However, in spite of
the reaction between Ni and SiC and the formation of Ni-
silicides at just 600°C, the contacts remain rectifying up to
1050°C. Moreover, it becomes evident that the formation of
the Ni,Si phase either by an interaction between Ni and SiC,
by a solid state reaction between Ni and Si single layers on
n-SiC, or by a deposition of Ni, Si layers [62] is not sufficient
for the formation of an ohmic contact to n-SiC. In all of the
cases, a specific interaction between the metallization and SiC
is needed to change the properties of the contact/SiC near-
interface region, which takes place only after annealing at
high temperature (~1000°C).

This is the reason why the Ni,Si/n-SiC and Ni/n-SiC
ohmic contacts have similar 7, ~ 4x 10~* Q cm” after anneal-
ing at 1050°C. However, the quality of the Ni, Si metallization
formed as a result of the annealing of Ni/Si multilayers has a
great advantage over the one formed by the annealing of the
Ni single layer; namely, one can introduce a “passivating” thin
Si film as the first layer (FL-Si) deposited on the SiC surface
as mentioned in Section 4.1.

4.3. Microstructure and Interfacial Properties of Ni,Si/n-SiC
Contacts. Inorder to investigate the reaction at the metalliza-
tion/SiC interface leading to the formation of ohmic contacts,
XRD, AFM, and TEM techniques were applied to study
the microstructure and interfacial properties of Ni,Si/n-SiC
contacts.

The results of XRD measurements performed in a Bragg-
Brentano geometry, which probes through the depth of
metallization, are shown in Figure 5(a). For the as-deposited
Ni,Si/n-SiC contact, only the (111) diffraction peak from
textured polycrystalline Ni was detected. For the contact
annealed at 600°C, the (013) and (020) peaks corresponding
to the §-Ni,Si orthorhombic phase and the (300) peak
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TABLE 2: Properties of Ni and Ni, Si contacts to n-type (~2 x 10”7 cm ™) 4H-SiC bulk wafers versus annealing temperature.

Annealing temperature 4 N n—81C/N1 x 4 ) n-SiC/Ni;Si

r. (X107 Qcm”) R (nm) D (nm) r. (X107 Qcm”) R (nm) D (nm)
As-deposited I-V: nonlinear ~3 ~86 I-V: nonlinear ~3 ~110
600°C/15 min I-V: nonlinear ~40 ~186 I-V: nonlinear ~4 ~100
1050°C/3 min 4+2 ~58 ~225 45+1 ~12 ~108

Peak-to-valley height (*R) on the 25 um surface scan length and thickness (** D) of metallization measured by TENCOR «-Step Profiler.
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FIGURE 4: XRD (a) and RBS (b) spectra for as-deposited and annealed at 1050°C #n-SiC/Ni (85 nm) contacts.

corresponding to the Nis; Si;, hexagonal phase are observed.
Taking into account that no trace of the Ni or Si peaks
appears in the XRD pattern, we conclude that a full thermally
activated interaction between Ni and Si single layers took
place, which is consistent with RBS results (Figure 3(a)). For
the contact annealed at 950°C, only the (013) and (020)
peaks of the §-Ni,Si phase were detected. The disappearance
of the peak corresponding to the Nij; Si;, phase indicates
a full transformation of other Ni-silicides into the §-Ni,Si
orthorhombic phase. Moreover, as the intensity of the (013)
peak is the highest, we can deduce a strong texturization
of the §-Ni,Si grains. For the contact annealed at 1050°C,
the (020) peak disappears leaving only the (013) peak indi-
cating full grains texturization. However, after annealing at
1100°C, degradation of the (013) structure is visible through
a significant lowering of the intensity of the (013) line and
a reappearance of the (020) peak as well as the appearance
of a new peak (20 = 47.74") close to the (022) reflection of
the Si-rich NiSi, phase. This indicates the strong interaction
at the metallization/SiC interface that was also observed by
RBS (Figure 3(a)). Figure 5(b) shows the intensity ratio of the
(013) to (020) peaks (Iy;3/1y,,) and FWHM (full width half
maximum) for the §-Ni, Si (013) diffraction peak in the func-
tion of annealing temperature. A dashed horizontal line on
the chart corresponds to Iy;5/Iy,, ~ 2.5 which is a theoretical

value for a fully polycrystalline, nontextured film. The evo-
lution of the texture can be traced from this figure as
follows: after annealing at 600°C, the film is (013) textured
and the preferred orientation is getting stronger with each
subsequent annealing at temperatures up to 1050°C. However,
after annealing at 1100°C, the ratio falls below 2.5 suggesting
arandom orientation of the Ni, Si crystallites and destruction
of the texture. It is clearly seen that the changes of &-
Ni,Si (013) texture with annealing temperature correlate well
with change of FWHM for §-Ni,Si (013), which is justified
since the latter is sensitive to the perfection and size of
crystallites. The texturing of the Ni,Si phase with increasing
of annealing temperature was also observed previously for
Ni/n-SiC contact [65].

The surface morphology of the Ni,Si/n-SiC contacts
before and after annealing measured by AFM is shown in
Figure 6. The as-deposited sample (Figure 6(a)) has a smooth
surface (with peak-to-valley difference, H ~ 6nm) where
densely packed Ni grains of average size of 15nm can be
resolved. Annealing at 600°C causes H to increase to 13 nm
and the diameter of the grains to 20 nm (Figure 6(b)). On
a larger area, 30 nm high precipitates are visible originating
from the interaction between Ni and Si single layers as shown
earlier in RBS and XRD measurements. A strong morphology
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FIGURE 5: (a) XRD patterns of Ni, Si/n-SiC contacts before and after annealing at 600, 950, 1050, and 1100°C. (b) Ni,Si texture (Iy;5/I;,,) and
FWHM of (013)Ni,Si peak in XRD patterns versus annealing temperature (horizontal dash lines show the theoretical value for I,5/I,, in the

absence of texture) [66].

FIGURE 6: AFM images of surface topology of Ni, Si/n-SiC contacts before (a) and after annealing at 600°C (b), 1050°C (c), and 1100°C (d). H:

surface heights ranging.

change is observed for the contact after annealing at 1050°C
(Figure 6(c)). The well-defined blocks as wide as ~250 nm
indicate a recrystallization of the Ni,Si phase, which cor-
relates well with the XRD results (Figure5). Moreover,
their spatial arrangement indicates the preferentially oriented
growth. Small diameter pores of 40 nm depth can be seen

between these blocks. A subsequent annealing at 1100°C
degrades the morphology even more (Figure 6(d)). 140 nm
deep pores appear in the film, indicating local exposition
of the SiC substrate, which was also indicated in SEM
measurements [67]. The pores have diameters ranging from
0.5 to 3 um and a density ~ 0.1/um>.
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FIGURE 7: Results obtained from plan-view specimen of the contact annealed at 600°C: (a) plan-view TEM micrograph; (b) map representing
XEDS nickel/silicon signal ratio obtained for the same area as TEM image presented in (a); (c) selected area diffraction pattern obtained for
the area marked with the circle in (a) and (b); (d) NBD pattern obtained for a grain located in the area with small grains.

TEM investigations [67] of the contact annealed at 600°C
showed that the metallization/SiC interface remains smooth
even after a reaction between the Ni and Si single layers
and the formation of a uniform polycrystalline layer (95 nm
thick); this correlates well with the XRD and RBS results
(Figures 3(a) and 5(a)). A plan-view TEM micrograph from
the sample annealed at 600°C is presented in Figure 7(a).
When considering grain sizes, the two types of grains can be
distinguished. Grains of first type have sizes above 100 nm
while the second-type grains are smaller with sizes up
to about 50 nm. Distribution of chemical elements in the
same area was investigated with X-ray energy dispersive
spectrometry (XEDS). Figure 7(b) represents the map of
Ni distribution divided by the map of Si after performing
Gaussian averaging procedure on each map. Areas of two
different chemical compositions (Ni/Si X-ray signal ratio)
are clearly visible. From comparison of Figures 7(a) and
7(b), it can be concluded that “red” areas in Figure 7(b)
which are the areas with higher Ni/Si XEDS signal ratio
are the areas with large grains, and “green” regions, with

lower Ni/Si ratio, are the regions with small grains. The circle
marked in Figures 7(a) and 7(b) indicates the position of
selected area diffraction (SAED) aperture, which was used
to obtain diffraction pattern presented in Figure 7(c). The
chosen area was in the “red” region of the XEDS Ni/Si map
(Figure 7(b)), that is, in the area of higher Ni/Si XEDS signal
ratio and large grains. The grains within the selected region
had been oriented in the zone-axis prior to diffraction pattern
acquisition. The acquired diffraction pattern indicates the
crystal structure of Nijy; Si;, phase (Figure 7(c)). Nanobeam
diffraction (NBD) pattern obtained from a grain located in
the area with small grains is presented in Figure 6(d). The
pattern indicates the crystal structure of Ni,Si phase. TEM
analysis showed that in the sample annealed at 600°C Nij; Si;,
and Ni, Si grains are present. However, the presence of small
grains of other phases is also possible. The sizes of the Nij; Si;,
grains are significantly larger from other grains.

An exemplary cross-sectional TEM micrograph from
the contact annealed at 600°C and subsequently at 1050°C
is presented in Figure 8(a). The metallization consists of
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FIGURE 8: Cross-sectional (a, ¢) and plan-view (b, d) TEM micrographs obtained from Ni/Si/Ni/Si/4H-SiC contact annealed at 600°C and
subsequently at 1050°C (a, b) or 1100°C (¢, d). Exemplary voids are indicated with number 1 and discontinuities of the layer are indicated with

number 2.

large columnar grains and voids (probably empty spaces,
marked with number 1 in Figure 8) [67-69]; the height of
the grains determines the contact thickness. An exemplary
plan-view TEM obtained for the same contact is presented
in Figure 8(b). It may be concluded that during high-
temperature annealing the grains dimensions have increased;
contrary to the sample annealed at 600°C, no small grains are
observed. Cross-sectional and plan-view TEM micrographs
from the contact annealed at 600°C and subsequently at
1100°C are presented in Figures 8(c) and 8(d), respectively.
Layer discontinuities (pores) can be also distinguished in
Figures 8(b) and 8(d). The possible formation mechanism of
the observed voids and layer discontinuities was discussed in
[69] and the method for their elimination was proposed.

In the samples annealed at 1050°C or at 1100°C, mainly the
Ni, Si phase was detected. No Nis, Si;, grains were observed.
XEDS investigations revealed that, beside Ni,Si, also some
areas with higher Si content are present [70]. The metastable,
high-temperature phase, denoted in the literature as 6-Ni,Si
or hexagonal Ni;Si,, was detected in these regions. The Ni: Si
ratio in this phase can continuously change to some extent.
However, it should be noted that only small part of the sample
is investigated in TEM; therefore, some additions of other
phases are possible.

Based on the results reported above, one may con-
clude that, in the investigated contacts, mainly the §-Ni,Si
grains contribute to the electrical transport properties at
the contact/SiC interface. The interface between the 4H-
SiC and the §-Ni,Si was investigated using cross-sectional
high-resolution TEM. For the contact annealed at 600°C
(Figure 9(a)), an amorphous region near the interface is
visible. The high-temperature annealed (1050°C) contact has
a more ordered interface (Figure 9(b)) that is atomically
abrupt and no contaminations or transition regions can be
resolved. Moreover, in the investigated area, the absence of

graphitic carbon at the interface is evident and the Ni,Si
layer is textured. The silicide lattice fringes have spacing of
~1.99 A close to the spacing of the (013) planes of §-Ni,Si
(~1.982 A). They are parallel to the (0001) planes of the 4H-
SiC, indicating the orientation relationship: (0001)SiC//(013)
0-Ni,Si. This is consistent with the XRD results presented
above (Figure 4(a)). Similar results were observed previously
[70] for Ni/Al contacts to n- and p-type SiC after annealing at
1000°C, when a polycrystalline §-Ni,Si(Al) grain was found
to have grown with (013) planes parallel to the (0001) plane of
the SiC substrate.

4.4. Electrical Properties of Ni,Si Contacts to 4H-n-SiC Epitax-
ial Wafers. As the TLM method requires that the measured
contact should be placed on a thin film of the semiconductor
and not on bulk in order to obtain its true electrical prop-
erties, Ni,Si/n-SiC samples on n-type (~1 x 10" cm™) 4H-
SiC epitaxial wafers were fabricated specially for this purpose.
The contacts were first annealed at 600°C (N,, 15 min) and
subsequently in temperatures rising from 900°C to 1100°C
(N,) and time rising from 3 to 12 min. For comparison, pure
Ni contacts were fabricated on the same 4H-n-SiC epitaxial
wafers and annealed at similar temperatures for 3 min.

The electrical properties of Ni and Ni,Si contacts to 4H-
n-SiC epi-layers before and after annealing are shown in
Figure 10. The Ni/n-SiC ohmic contacts are formed already
after annealing at 900°C (3min). On the other hand, the
Ni,Si/n-SiC contacts become ohmic only after 12min of
heat treatment at this temperature. The influence of heat
treatment time on the value of r, for Ni,Si/n-SiC ohmic
contacts annealed at a relative low temperature (900°C) as
well as at a high temperature (1100°C) is evident. This can be
related with ordering changes and a reaction/interdiffusion at
the contact/SiC interface after annealing at 900°C and 1100°C,
respectively. The changes in r, with annealing temperature for
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FIGURE 9: Cross-sectional high-resolution TEM images of interfacial region between the 4H-SiC substrate and the Ni-silicide after annealing

at 600°C (a) and subsequently at 1050°C (b) [71].
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FIGURE 10: Specific contact resistances (r.) of Ni and Ni,Si ohmic
contacts to n-type (~1 x 10" cm ™) 4H-SiC epiwafers versus anneal-
ing temperature/time.

both contacts correlate well with the changes of texture, size,
and perfection of the §-Ni, Si phase as shown in Figure 11. The
minimal specific contact resistances r, ~ 5 x 107> Qcm? of
these contacts annealed at the optimal temperature (1000°C)
are lower than r, ~ 5 x 10 Qcm? of Ni and Ni,Si ohmic
contacts to low doped (~10'” cm™) bulk #-SiC annealed at
1050°C. It should be noted that for both the epitaxial wafer
and bulk each step in the contact fabrication process was
repeated identically: (i) the chemical cleaning of the surface,
(ii) Ni/Si multilayers thicknesses and Ni-Si sequences. Thus,
the reason why 1000°C annealing is the best for epitaxial
wafer although 1050°C is the best for bulk sample can be
attributed to the properties of substrates: (i) low doping
concentration (10'7 cm™) for 4H-SiC bulk wafer and high
doping concentration (10** cm ™) for 4H-SiC epitaxial layer;
(ii) better crystal quality of epitaxial layer. The difference
in the doping concentration leads to the difference in the
space charge region (the depletion width) for the contacts.
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2 —
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8 S
o
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Annealing temperature (°C)

FIGURE 11: Specific contact resistances (r..) of Ni, Si/4H-n-SiC ohmic
contacts and Ni,Si texture (I;;5/I,,) versus annealing temperature.

The crystalline quality of the substrate can influence the
interaction between Ni,Si and SiC and the homogeneity of
contact interface at nanoscale. Based on this, we can explain
the difference in optimal annealing temperature between
bulk and epitaxial wafers for lowest contact resistance and
barrier height. Moreover, we think this is also the reason
that for 4H-SiC epitaxial layer contact becomes ohmic after
annealing at 950°C but for 4H-SiC bulk wafer only after
annealing at 1050°C.

In order to determine the relative importance of the
electron transportation mechanisms at the interface between
the contact and semiconductor, it is necessary to calculate the
magnitude of the Padovani-Stratton parameter E,, given by
(72]
ah [Ny
Eg = a7 Ve

m \m*e

@

where h is Planck’s constant, m™ is the effective mass of the
electron in the semiconductor, ¢ is semiconductor dielectric
constant, and N, is the donor concentration. The size of
E,, with respect to kT gives an indication of the relative
importance of field emission (FE, Ey,/kT > 1), thermionic
field emission (TFE, E;,/kT ~ 1), or thermionic emission
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FIGURE 12: (a) Calculated ohmic contact resistance (r,) as a function of the doping concentration (N;) of 4H-n-SiC for various barrier heights
(¢g). The lines represent the calculated dependences based on the TE and TFE models. The points represent the experimental data for contacts
annealed at 950, 1000, and 1050°C for 3 min as well as some data from [7-47]. (b) Effective barrier height (¢5) of Ni and Ni, Si ohmic contacts
to n-type (~1 x 10" cm™>) 4H-SiC epiwafers versus annealing temperature/time.

(TE, Eqy/kT < 1) [73]. In our case (n-type 4H-SiC) and at
our maximum doping level of 1 x 10" cm™, m* = 0.36my,
and € = 9.66¢,, E;, was found to be about 31L.5meV. A
comparison of E,, to the thermal energy kT shows
thermionic field emission to dominate (Ey,/kT = 1.25). The
FE model is the dominant mechanism for the ohmic contact
to a degenerated semiconductor.

The barrier heights of the contacts after annealing were
estimated by comparing the theoretical and measured contact
resistances. Since the density of states in the conduction band
of 4H-SiC is >1 x 10" em ™ [74], samples used here were not
degenerated because of n ~ 1 x 10" cm™. Therefore, we
calculated the theoretical curve for the carrier concentration
dependence of the specific contact resistance by using the TE
and TFE models.

According to the TE, the specific contact resistance is

calculated by [72]
T ¢
r.= A" exp(ﬁ), 2)
where @y is barrier height and A* (=146 A cm™ K2 for 4H-
SiC [75]) is the Richardson constant.

According to the TFE, the specific contact resistance is
calculated by [73]

r. =

2 E E
e an () fon()
qA* T ((PB + MF) EOO (3)

. Pt Up _ Up
exP( E, kT)’

where E;, = E, coth(E,/kT) and p = kT In(N./N,), where
N, is the donor concentration and N, is effective density of
states in conduction band.

In Figure 12(a), the theoretical specific contact resistances
r. of ohmic contacts to 4H-n-SiC are plotted as a function
of the doping concentration (N;) and barrier height (¢j)
ranging from 0.3 eV to 0.5 eV. The quantitative agreement of
theoretical, our experimental, and previously reported values
of r, is evident. The measured variation of r, for Ni and
Ni, Si ohmic contacts with annealing temperature/time shows
different values of the effective barrier height (¢z) as shown
in Figure 12(b). The minimal values of ¢p ~ 0.42 + 0.3 eV for
Ni,Si(Ni)/n-SiC ohmic contacts annealed at 1000°C correlate
well with values of ¢ ~ 0.42 eV previously reported for Ni
contacts to n-type 4H-SiC annealed at 1100°C [76].

Thus, the changes of r, and microstructure of §-Ni,Si
phase with annealing temperature for Ni,Si/n-SiC ohmic
contacts were correlated with the changes of effective barrier
height (¢pp) at the contact/SiC interface. This explains the
similar electric properties of the Ni,Si/n-SiC and Ni/n-SiC
contacts and high-temperature annealing (~1000°C) needed
for ohmic contact formation.

4.5. The Role of SiC Decomposition in the Formation of Ni-
Based Ohmic Contacts. Figure 13 presents the data obtained
for the Ni,Si/n-SiC contacts with FL-Si annealed at different
temperatures. The signal presented in Figure 13(a) can be
modeled using a sum of three Gaussian functions. The main
component has the maximum at 1587 cm™' and FWHM equal
to 579 cm ™. Two other Gaussian profiles have the maxima at
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FIGURE 13: Raman spectra recorded for the Ni,Si/n-SiC contacts with FL-Si after different thermal treatment: (a) as-deposited; (b)

600°C/15 min; (c) 950°C/3 min; (d) 1050°C/3 min.

1191cm™ and 1707 cm™ and FWHM equal to 105cm™ and
81cm™’, respectively.

In the case of the experimental data shown in
Figure 13(b), four Gaussian functions are necessary to
get proper shape of the spectrum. The maxima of the
Gaussian functions have the following positions: 1361 cm™),
1476 cm™', 1597 cm™', and 1714cm™". The corresponding
values of FWHM are equal to 61cm ™, 215cm™, 91cm™,
and 121cm™

The data presented in Figures 13(c) and 13(d) require five
Gaussian profiles to obtain proper mathematical reconstruc-
tion of the spectrum. Three profiles can be recognized as rela-
tively narrow and two others, as broad. The first narrow Gaus-
sian component has the maximum placed at 1194 cm™" in the
case of the spectrum presented in Figure 13(c) and 1170 cm™

for the spectrum shown in Figure 13(d). The corresponding

FWHM values are equal to 74cm™ and 142 cm™, respec-
tively. The next narrow profiles are placed around 1366 cm™
in the case of spectrum from Figure 13(c) and 1360 cm™!
for spectrum from Figure 13(d). The values of FWHM are
almost equal for both Gaussian profiles. The exact values are
47 cm 'and 48 cm™! for spectra from Figures 13(c) and 13(d),
respectively. The third narrow profile has the maximum at
1584 cm™! in the case of spectrum from Figure 13(c) and at
1586 cm™* for Figure 13(d). The value of FWHM is in the
case of Gaussian function from Figure 13(d) much smaller
in comparison with the same function from Figure 13(c).
The FWHM of Gaussian profile from Figure 13(c) is equal
to 51cm™'. The same parameter obtained for the spectrum
presented in Figure 13(d) is equal to 39 cm ™. Broad Gaussian
profiles can be divided into two pairs. The components of the
first pair have the maxima placed between bands reproduced
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FIGURE 14: Raman spectrum recorded for Ni/n-SiC contact annealed
at1050°C.

by second and third narrow Gaussian functions. The values
obtained from fitting procedure are equal to 1522 cm™" and
1469 cm™! for spectra from Figures 13(c) and 13(d), respec-
tively. Both Gaussian functions have large FWHM. They
are equal to 385cm™’ and 594cm™’ for profiles from
Figures 13(c) and 13(d), respectively. The last pair is com-
posed of Gaussian functions centered at 1703cm™" in the
case of Figure 13(c) and at 1666 cm™ for Figure 13(d). The
corresponding FWHM values are equal to 234cm™ and
404cm ™.

Figure 14 presents the reference spectrum measured for a
Ni-layer deposited on n-SiC substrate (Ni/n-SiC contact) and
annealed at 1050°C. The signal-to-noise ratio is in the case of
this spectrum much better in comparison with any spectrum
from Figure13. Six Gaussian functions are necessary for
proper reconstruction of the spectrum. The first profile has
the maximum at 1474 cm ™' and FWHM equal to 450 cm ™.
The maximum of this profile is not given in the plot. The
last Gaussian function has the maximum at 1613cm ™" and
FWHM equal to 41cm ™. Four remaining Gaussian profiles
can be divided into two pairs of narrow and broad functions.
The pair of broad profiles has the maxima at 1349 cm™' and
1569 cm™". The corresponding FWHM values are equal to
110cm™ and 75cm™. The narrow Gaussian functions are
centered at 1362 cm ™" and 1582 cm ™. The values of FWHM
are equal to 47cm™" and 31cm™, respectively. Parameters
obtained from mathematical reconstruction of Ni/n-SiC
contact annealed at 1050°C are summarized in Table 3.

The focus of this paragraph is on carbon structures
created due to thermal processes. The first bands which can
be assigned to the vibrations related to carbon structures
have to be selected. The following bands can be treated as
background not directly related to carbon: (i) Figure 13(a),
bands centered at 1191cm™?, 1587 cm ™, and 1707 cm™; (ii)
Figure 13(b), bands centered at 1476 cm ™! and 1714 em™ Y (iii)
Figure 13(c), bands centered at 1194 em™!, 1522cm ™, and
1703 cm™; (iv) Figure 13(d), bands centered at 1170 cm™,
1469 cm™, and 1666 cm™; (v) Figure 14, band centered at
1474cm™.
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In the case of Figures13(a), 13(c), and 13(d), the first
Gaussian profile (maximum placed below 1200cm™) is
relatively narrow. However, the maximum of this function is
placed outside the measured range of Raman shift. Since only
a part of the fitted Gaussian profile lies on experimental points
in the measured spectrum, the position of the function can
be inaccurate. The bands, (i) 1587 cm ™" from Figure 13(a); (ii)
1476 cm™" from Figure 13(b); (iii) 1522cm™" and 1703 cm™
from Figure 13(c); (iv) 1469 cm™! and 1666cm™! from
Figure 13(d); (v) 1474 cm™! from Figure 14, have large FWHM
values which exceeded 200cm™. The band centered at
1707cm™" in Figure 13(a) has small contribution to the
spectrum. The band at 1714 cm™" in Figure 13(b) contributes
significantly. However, the signal-to-noise ratio is in this case
unfavorable, so only the most distinct features of the spec-
trum can be treated as reliable. The above arguments suggest
that all the above-mentioned Gaussian profiles contribute
rather to the background although some of them can be
correlated with carbon structures; in particular, (i) bands
1476 cm™ in Figure 13(b) and 1469 cm™! from Figure 13(d)
can be correlated with vibrations of polyene [77]; (ii) band
1522cm™ in Figure 13(c) can be correlated with amorphous
carbon [77]. The other bands can be assigned to the products
related to silicon carbide decomposition.

In the case of the reference sample five bands are related
to the thermal decomposition of silicon carbide. The band
characterized by the maximum placed at 1613cm™ with
FWHM equal to 41cm™ can be assigned to Nickel-Graphite
Intercalation Compounds (Ni-GIC) [77]. The formation of
metal intercalation compounds during catalytic graphitiza-
tion of 4H-SiC in the presence of nickel, cobalt, chromium,
or other metals and at the temperature 800°C or higher was
already described in detail [77].

The other bands indicated in Figures 13 and 14 can be
assigned to D and G vibrations reported for carbon structures
[78]. The most important features, (i) maxima positions;
(ii) full width at half maximum (FWHM); and (iii) D-to-
G intensity ratio (I(D)/I(G)) of the bands obtained for the
Ni, Si/n-SiC contacts annealed at 600, 950, and 1050°C, are
summarized in Table 4. The bands obtained for the Ni,Si/n-
SiC contact after annealing at 600°C suggest a microcrys-
talline character of the carbon. This is reflected in the position
of the G band, which is shifted higher than the standard
position reported for graphite [79]. The band centered at
1597 cm™ and FWHM equal to 91cm ™ is typical for Raman
spectra of microcrystalline carbon. The one observed in this
case is a combination of pure G band and the band centered
at about 1620 cm ™" and assigned to double C=C bonds and
marked in the literature as D' [77]. The bands are merged in
such a way that it is impossible to separate them. Large values
of FWHM obtained for both carbon bands equal to 61 cm™
and 91cm ™ for D and G bands suggest large scattering of the
structural parameters of carbon species.

In the case of the Ni,Si/n-SiC contact annealed at 950°C
maximum of D band is shifted towards larger values of
Raman shift by 5cm™ Ni,Si/n-SiC contact after annealing
at 600°C. The shift points to the increase of the thickness of
the carbon layer with increasing annealing temperature from
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TABLE 3: Properties of D and G bands recorded for reference Ni/n-SiC contact.
Sample L D band L L G band L 1(D)/I1G)
Maximum [cm™ ] FWHM [cm ] Maximum [cm™ ] FWHM [cm ]
Ni, broad 1349 110 1569 75 1.02
Ni, narrow 1362 47 1582 31 0.85
TABLE 4: Properties of D and G bands observed for the Ni,Si/n-SiC contacts annealed at 600, 950, and 1050°C.
Sample L D band L L G band L 1(D)/I1G)
Maximum [cm™ ] FWHM [cm ] Maximum [cm™ ] FWHM [cm ]
600°C 1361 61 1597 91 0.78
950°C 1366 47 1584 51 0.46
1050°C 1360 48 1586 39 0.50

600 to 950°C. Such an effect was already observed for the
overtone of D band - 2D [80]. The FWHM of D and G bands
in the case of the Ni,Si/n-SiC contact annealed at 950°C
are smaller than after annealing at 600°C. The reduction
of FWHM values for both carbon bands suggests a more
homogeneous structure of carbon species in the Ni,Si/n-SiC
contact annealed at 950°C. This is consistent with the decrease
of I(D)/I(G) intensity ratio obtained for samples Ni, Si/n-SiC
contact after annealing at 600°C and the Ni, Si/n-SiC contact
annealed at 950°C. The values of D-to-G intensity ratio equal
to 0.78 and 0.45 for the Ni,Si/n-SiC contact annealed at
600 and 950°C, respectively, point to a higher graphitization
degree in the case of second sample. The maximum of G band
is equal to 1584 cm ™", the standard value reported for graphite
[78].

D and G bands obtained for the sample with the Ni, Si/n-
SiC contact annealed at 1050°C have the maxima positions
equal to 1360 cm™ and 1586 cm ™, respectively. The bands
are shifted in opposite directions in comparison with bands
observed for sample Ni,Si/n-SiC contact annealed at 950°C;
in particular, D band is shifted towards smaller values of
Raman shift by 6 cm ™' and G band towards larger frequencies
by 2cm™. This type of change was already reported for
increase of the content of ABA stacking order in comparison
with ABC stacking order [81]. ABC stacking order is pref-
erentially formed during thermal decomposition of silicon
carbide especially at temperatures below 1000°C [82]. The
FWHM of D band is in the case of the Ni,Si/n-SiC contact
annealed at 1050°C almost the same as for the Ni,Si/n-SiC
contact annealed at 950°C (48 cm ™! versus 47 cm™'). These
values point to similar distribution of structural parameters
for defected structures in both samples. Significant reduction
of FWHM for G band, in particular from 5l1cm™ for
the Ni,Si/n-SiC contact annealed at 950°C to 39 cm™" for
the Ni,Si/n-SiC contact annealed at 1050°C, suggests more
homogeneous structure of carbon species in the Ni,Si/n-SiC
contact annealed at 1050°C.

The parameters of the D and G bands obtained from
mathematical analysis of reference sample (Ni/n-SiC) are
collected in Table 3. The bands are divided into two groups.
The first one is composed of the D and G narrow bands;
the other group consists of D and G broad bands. The pair

of narrow bands observed for the reference sample is similar
to the D and G bands obtained for the Ni,Si/n-SiC contact
annealed at 1050°C sample. Small shift of the maxima posi-
tions, in particular (i) by 2cm™ towards larger values of
Raman shift for D band (1362 cm ™ versus 1360 cm ™) and (ii)
by 4 cm™" towards smaller values of Raman shift in the case of
G band (1582 cm™ versus 1586 cm ™), can be correlated with
different stacking order for both samples. The shift of both
bands as described above suggests a larger contribution of
ABC stacking order in reference sample than in the Ni, Si/n-
SiC contact annealed at 1050°C [81]. The value of FWHM
for D narrow band is almost the same as in the case of
D band observed for the Ni,Si/n-SiC contact annealed at
1050°C. It points to almost the same distribution of structural
parameters for both samples. Significantly smaller FWHM
value of G band for reference sample (31 cm ! versus 39 cm™})
suggests a more homogeneous structure of graphite species
in Ni/n-SiC sample than in the Ni, Si/n-SiC contact annealed
at 1050°C. D-to-G intensity ratio is equal to 0.85 in the case
of narrow bands in reference sample. This value is larger
than I(D)/I(G) obtained for any sample from series: Ni, Si/n-
SiC contact after annealing at 600°C, the Ni,Si/n-SiC contact
annealed at 950°C, and the Ni,Si/n-SiC contact annealed
at 1050°C. The value of D-to-G intensity ratio points to
smaller graphitization degree of Ni/n-SiC sample than even
in Ni/Si/Ni/Si/n-SiC sample annealed at 600°C during 15 min.

The other D and G bands form the pair of broad bands.
Both broad bands are shifted towards lower frequencies by
13cm™" in comparison with narrow bands. The position of
D and G band as observed for the broad pair suggests the
nanocrystalline graphite mixed with sp® phase. The content of
sp’ phase should be about 10% [77, 78]. FWHM obtained for
D band points to large distribution of structural parameters
in defected structures. It is almost twice as large as the value
obtained for the Ni,Si/n-SiC contact after annealing at 600°C.
The value of FWHM obtained for the G broad band is placed
between the values for Ni,Si/n-SiC contact after annealing
at 600°C and the Ni,Si/n-SiC contact annealed at 950°C. It
means that the homogeneity of graphite structure is better
than for Ni,Si/n-SiC contact after annealing at 600°C sample
but worse than for the Ni, Si/n-SiC contact annealed at 950°C.
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Graphitization degree defined as I(D)/I(G) isa commonly
used qualitative description of the carbon species. The evo-
lution of graphite structure can be divided into three stages
[79]: (i) graphite (g-C) — nanocrystalline graphite (nc-C);
(ii) nc-C — amorphous carbon (a-C); (iii) a-C — tetrahe-
dral a-C (ta-C). In the 1st stage, the reduction of phonon
correlation length can be described by the following formula:
I(D)/I(G) ~ L,™", where L, is called “in-plane correlation
length” and can be identified with the dimension of graphite
grain [78, 79]. The proportionality constant is dispersive; for
example, for wavelength equal to 514.5 nm (green line of Ar*
laser), this constant is equal to 44 A [78]. The same value of
proportionality constant can be used for another important
Ar* laser line: 488 nm [83]. The formula is valid down to
L, = (2 + 3)nm [83]. Since the graphite is not uniformly
nanocrystalline, the grain dimension obtained from Raman
spectra should be taken as a mean value. The maximum
position of G band moves in this stage from about 1580 cm™
to about 1600 cm .

In the 2nd stage, the D and G bands evolve gradually to
the broad single band typical for a-C [79]. The dimension of
the grains is smaller than 2nm. The D-to-G intensity ratio
is in this stage proportional to L,* and the proportionality
constant for green line of Ar' laser (514.5nm) is equal to
0.0055 [83]. In the 3rd stage, I(D)/I(G) = 0 [79].

Taking into account I(D)/I(G) from Tables 3 and 4,
one can calculate the following grain sizes for all species
contributing to Raman spectra: (i) Ni,Si/n-SiC contact after
annealing at 600°C (5.6nm), at 950°C (9.6nm), and at
1050°C (8.8 nm); (ii) Ni/n-SiC contact after annealing at
1050°C (narrow bands, 5.2nm, and broad bands, 4.3 nm).
Above-calculated grain dimensions show that carbon species
observed in samples investigated in this work can be divided
into three groups: (i) Ni,Si/n-SiC contact after annealing at
950°C and Ni,Si/n-SiC contact after annealing at 1050°C;
(ii) Ni,Si/n-SiC contact after annealing at 600°C and Ni/n-
SiC contact after annealing at 1050°C (narrow bands); (iii)
Ni/n-SiC contact after annealing at 1050°C (broad bands).
Furthermore, it can be seen that Ni metallization results
in creation of carbon grain with smaller size than Ni/Si
metallization although the amount of carbon appearing due
to silicon carbide decomposition is significantly larger.

Thus, the deposition of Ni/Si/Ni/Si sequence of layers
combined with annealing at 600°C results in creation of a
silicide layer with negligible decomposition of SiC [26, 38].
The intensities of D and G bands increase with the increase of
the annealing temperature. This is clearly visible in Figure 13.
Annealing at higher temperature after creation of silicide
layer slows down the process of thermal decomposition.
The intensities of D and G bands in the case of Ni,Si/n-
SiC contacts are significantly smaller than the intensities of
these bands obtained for the reference sample (Ni/n-SiC).
In the case of Ni,Si/n-SiC contact, the initial structure built
from sequence of silicon and nickel layers results in the fast
formation of a silicide. In the case of the Ni/n-SiC contact
catalyzed by Ni decomposition, the decomposition of larger
amount of SiC is observed. This is confirmed by results from
Raman measurements and other techniques. Raman spectra
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recorded for the reference sample point to larger amount
of carbon in comparison with samples Ni,Si/n-SiC. On the
other hand, the quality of the carbon formed in the sample
Ni, Si/n-SiC (1050°C) is much higher than in reference sample
as proven by the graphitization degree reflected in I(D)/I(G)
ratio and by scattering of structural parameters visible in
FWHM of the bands.

The other problem is the location of carbon species. In
the case of Ni,Si/n-SiC contacts, the rate of decomposition
is small. Experimental techniques like XRD or HRTEM did
not detect traces of carbon either on the SiC/silicide interface
or in the silicide layer. Moreover, the intensities of Raman
spectra recorded for these contacts are very low and the
concentration of carbon species may be not detectable by
XRD. The situation looks different for the Ni/n-SiC contact.
A mathematical analysis of the Raman spectra points to two
different types of carbon. Each type is characterized by the
pair of D and G bands. The pair of broad bands should
characterize the carbon species appearing on SiC/silicide
interface. Large values of FWHM suggest large scattering
of structural parameters. This situation is typical for carbon
formed during thermal decomposition of silicon carbide.
The other pair of bands, called narrow, corresponds to the
second type of carbon. The FWHM values suggest scattering
of structural parameters comparable with the Ni,Si/n-SiC
(1050°C) sample. D-to-G ratio points to lower graphitization
degree in comparison with Ni,Si/n-SiC (1050°C) sample
although the annealing of both samples was done at the same
temperature.

Lower graphitization degree together with higher decom-
position ratio in the case of reference sample results from
different metallization. In the case of the Ni/Si sequence of
layers, Ni is mixed with Si and silicides can be created almost
without decomposition of SiC substrate. Metallization with
single Ni layers requires SiC decomposition in order to get
the Si necessary to form the silicide layer. Decomposition
of a large volume of the SiC substrate results on the other
hand in a larger carbon presence. This carbon diffuses from
the interface to the silicide surface where the graphite layer
with relatively high graphitization degree is created. This is in
agreement with the data reported in the literature [84] which
suggest that the thermal treatment above 1000°C accelerates
decomposition of silicon carbide and diffusion of carbon
from interface area. Creation of graphite layer on the free
silicide surface in the case of reference sample is supported
by data presented in this work and obtained from other
experimental techniques. For example, investigation with
high-resolution TEM did not detect the traces of carbon
structures at the interface between silicide layer and SiC
substrate.

The other problem is the location of carbon species
responsible for the “broad” pairs of D and G bands observed
for the sample with Ni/SiC metallization. XRD and RBS pro-
files discussed in this work suggest a nonuniform distribution
of carbon structures in metallization layer. Relatively large
values of FWHM for this pair of bands suggest scattering of
the structural parameters of the species responsible for the
presence of pair of “broad” D and G bands.
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TABLE 5: Electrical properties of Au/Ni,Si/n-SiC and Au/Ta,;Si;5N;(/Ni,Si/n-SiC ohmic contacts versus heat treatments.

Heat treatments Au/Ni,Si/n-5iC

Au/Tay;Siy Ny /Ni, Si/n-SiC

7, (x107* Q cm?) Ry, (Q/sq) 7, (x10™* Q cm?) Ry, (Q/sq)
As-deposited ~4 0.29 ~4 0.29
800°C/Ar/3 min ~4.5 0.26 ~4 0.22
400°C/air/150 h Nonohmic 0.68 ~4.5 0.17

4.6. Thermal Stability of Ni,Si-Based Ohmic Contacts to n-
Type 4H-SiC. Fabrication of low-resistive ohmic contacts to
silicon carbide (SiC) is not sufficient for application to SiC-
based devices. For usage of those SiC-based devices in harsh
environments, investigation of their reliability, for example,
thermal stability, is needed [85-92]. In order to investigate
the thermal stability of Ni,Si-based ohmic contacts to n-type
4H-SiC, the influence of heat treatment conditions, such as
long-term aging in air at 400°C and rapid thermal annealing
(RTA) in a neutral atmosphere (Ar) at 800°C, on the reliability
of Ni, Si/n-SiC ohmic contacts with a top Au mounting layer
was studied. A part of the prepared structures had a Ta-Si-N
diffusion barrier introduced between the Ni,Si and Au layers.
Gold has been chosen as the overlayer for interconnection
or bonding metallization, as it is a highly conductive metal
compatible with the standard semiconductor technology.
The nanocomposite Ta-Si-N layers selected for the diffusion
barriers were shown to have excellent diffusion-blocking
properties in contacts to Si [92], GaAs [93, 94], and GaN [95].

The electrical properties before and after heat treatments
of the Au (150 nm)/Ni,Si/n-SiC and Au (150 nm)/Ta;5S1,5;Ns,
(100 nm)/Ni,Si/n-SiC ohmic contact stacks are summarized
in Figure 15 and Table 5. The specific contact resistance r, ~
4% 107* Q cm? for the as-deposited Au/Ni,Si/n-SiC contacts
remains unchanged after RTA at 800°C (Ar, 3 min); however,
the I-V characteristics start to exhibit nonohmic behavior
after aging at 400°C (air, 150 h). For the Au/TaSiN/Ni,Si/n-
SiC contacts, the 7, ~ 4x10~* Q cm? remains unchanged after
RTA at 800°C (Ar, 3 min) as well as after aging at 400°C (air,
150 h). The initial sheet resistance (Rg, ~ 0.29 Q/sq) for both
as-deposited contacts corresponds to the resistivity of highly
conductive 150 nm thick Au overlayer (p ~ 4.4 4 cm). This
value exceeds the resistivity of bulk Au (p ~ 2.5 uQ cm [96])
due to the scattering of electrons by the film grain boundaries.
For the Au/Ni,Si/n-SiC contacts, Ry, decreases by ~10% and
increases by ~230% after RTA (800°C, Ar) and aging (400°C,
air), respectively. On the contrary, for the Au/TaSiN/Ni, Si/n-
SiC contacts, Ry, decreases by ~25% and ~40% after RTA
(800°C, Ar) and aging (400°C, air), respectively. The observed
decrease in Ry, can be related to recrystallization of the Au
layers with a subsequent reduction of grain boundary density.
One of the reasons for such an explanation is the fact that
Ry, ~ 0.2Q/sq for the treated contacts corresponds to the
resistivity p ~ 3 uQ cm which is very close to the value for
bulk Au. On the other hand, the increase of 7, and Ry, can be
attributed to the diffusion processes in metallization systems
under thermal stress. For further studies of these contacts
XRD, RBS, and SEM techniques were applied.

XRD spectra of the Au/Ni, Si/n-SiC and Au/TaSiN/Ni, Si/
n-SiC contact stacks before and after heat treatments are
shown in Figure 16. The XRD spectra of the as-deposited
stacks are similar in both cases. Apart from the (0004) peak of
the single crystal 4H-SiC, only peaks from polycrystalline Au
(111) and orthorhombic §-Ni,Si (013) are observed, showing
that the Au and §-Ni,Si grains are textured. After annealing
at 800°C (Ar, 3 min), for both stacks only a small shift of
the Au and §-Ni,Si peaks to higher Bragg angles is detected
due to the recrystallization of Au grains and strain relaxation
at the Au/contact interface. Similar changes are observed in
the XRD spectra (Figure 16(b)) for the Au/TaSiN/Ni,Si/n-SiC
stacks after aging at 400°C (air, 150 h). However, when the
same aging conditions were applied to the Au/Ni,Si/n-SiC
stacks, a strong decrease in the intensity of the (013) &-Ni,Si
peak, splitting of the (111) Au peak, and an appearance of new
peaks were observed (Figure 14(a)). This can be interpreted as
a decomposition of Ni, Si leading to the formation of pure Ni
and Ni;; Si;, phases as well as a Au, (Ni:Si);_, solid solution.

RBS profiles of the Au/Ni,Si/n-SiC contact stacks are
shown in Figure17(a). The only difference between the
profiles measured for the as-deposited and RTP-annealed
(800°C, Ar, 3min) samples is the appearance of a small Ni
surface signal (~1.5 MeV). Apart from this feature, the profiles
overlap which indicates no redistribution of the elements
after annealing. However, subsequent aging of the stacks at
400°C (air, 150 h) results in a considerable change of the
RBS profiles. Significant changes of the signal from Au, the
disappearance of the signal from Ni,Si, and the appearance
of Ni (~L5MeV) and O (~0.7 MeV) signals are observed.
This indicates a strong interaction at both the Au/Ni,Si and
Ni,Si/n-SiC interfaces after aging. Simulation shows an in-
diffusion of Au atoms into the contact, out-diffusion of Ni
and Si atoms to the surface, and oxygen penetration into
the contact. This correlates well with the strong degradation
of the electrical properties of the contacts observed (see
Table 5). On the other hand, the overlap of the RBS profiles
for the as-deposited, annealed at 800°C (Ar, 3 min), and aged
at 400°C (air, 150 h) Au/TaSiN/Ni,Si/n-SiC contact stacks
shown in Figure 15(b) indicates that the Ta-Si-N diffusion
barrier introduced between the Au overlayer and the Ni, Si/n-
SiC ohmic contact successfully blocks any interdiffusion and
retains abrupt interfaces with the neighbouring layers.

Figure 18 shows SEM images of the Au/Ni,Si/n-SiC and
Au/Tay;581,5N5,/Ni, Si/n-SiC contact stacks before and after
heat treatments. The surface morphology of the as-deposited
contacts is shown in Figures 18(a) and 18(c) and appears
relatively smooth. Annealing of the Au/Ni,Si/n-SiC stacks
at 800°C (Ar, 3min) leads to a modification of the gold
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FIGURE 15: Current-voltage characteristics for the Au/Ni,Si/n-SiC (a, b) and Au/Ta,;Si;sN5,/Ni, Si/n-SiC (c, d) ohmic contacts versus heat

treatments.

surface, due to a recrystallization leading to an increase
of Au grain size and subsequent pore formation in the
Au layer (Figure 16(a)). The pores are responsible for the
appearance of the Ni surface signal in the RBS spectrum
of this contact stack (Figure 17(a)). Similar surface changes
are detected for the Au/TaSiN/Ni,Si/n-SiC contact stack after
annealing at 800°C (Ar, 3min), but a smaller number of
pores in the Au layer are observed (Figure 18(c)). For the
Au/Ni,Si/n-SiC contacts aged at 400°C (air, 150 h), granular
areas and craters appear in the Au layer, both indicating
strong morphology degradation (Figure 18(b)). The depth of
the craters (=295 nm) exceeds the thickness (~250 nm) of the
Au/Ni,Si metallization and their average surface density is
about 2000 mm™2, Thus, we can assume that oxygen diffuses

into the contact preferentially via the craters created in the
metallization. Aging the Au/Ta;5Si,5N5,/Ni, Si/n-SiC contact
stacks at 400°C (air, 150 h) results only in small modifications
of the surface morphology due to the recrystallization of Au
grains; the contact surface still is relatively smooth surface.

Thus, for the Au/Ni,Si/n-SiC contacts without the Ta-
Si-N diffusion barrier, the degradation of the electrical
characteristics correlates well with phase transformation,
depth redistribution of elements, and oxygen penetration.
It has to be noted that it was previously reported that the
degradation of electrical properties in air comes mainly
from the diffusion of oxygen into the contacts [97, 98].
However, apart from the oxidation of the contacts, oxygen
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FIGURE 16: XRD spectra of the Au/Ni,Si/n-SiC (a) and Au/Ta,;Si,5N4,/Ni,Si/n-SiC (b) ohmic contacts before and after heat treatments.
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FIGURE 17: RBS spectra of the Au/Ni,Si/n-SiC (a) and Au/Ta,;Si;sN5,/Ni, Si/n-SiC (b) ohmic contacts before and after heat treatments. By an

arrow are marked the surface energies of the respective elements.

plays the role of a catalyst, which enhances interdiffusion
and/or reaction in metal/SiC contacts. Investigations of the
Au/TaSiN/Ni, Si/n-SiC contacts show their superior thermal
stability. This can be concluded from the abrupt contact
interfaces, no redistribution of the elements over the depth
as well as from the preserved smooth surface and the phase
composition after heat treatments.

We conclude that the thermal stability of Ni,Si/n-SiC
ohmic contacts with Au overlayer depends mainly on the heat
treatment conditions as well as the presence of a diffusion
barrier. We observed that degradation of the ohmic contacts
becomes stronger after long-time aging in air at relatively low
temperature (400°C) than after RTA at 800°C in a neutral gas
(Ar). An optimized Ta;sSi;s N5, diffusion barrier introduced
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FIGURE 18: SEM micrographs of the Au/Ni,Si/n-SiC (a and b) and Au/Ta;;Si,5N;(/Ni,Si/n-SiC (c and d) ohmic contacts: (a, c) as-deposited
and after annealing in Ar at 800°C (3 min); (b, d) after aging in air at 400°C (150 h) [85-88]. The yellow squares show the SEM micrographs

with higher resolution for the contacts after heat treatments.

between the Ni,Si/n-SiC ohmic contact and Au overlayer
prevents the interdiffusion of metals in the contact region, as
well as the penetration of oxygen during long-time aging in
air.

5. Discussion and Conclusions

The common processes in the reaction of metals with SiC
could be as follows: formation of silicides and free carbon
or formation of carbides and silicides [99]. The properties
of the contact materials affect the final reaction products.
Concerning the Ni-based metallization, the Ni-silicides and
free carbon are formed during the reaction of pure Ni with
SiC. Both carbides and silicides are formed by adding a
strong carbide former metal (Ti, Mo, etc.) to the Ni-based
metallization scheme [13, 44, 91, 100, 101].

Many technological parameters have strong influence
on Ni-based metal reaction with SiC. All these parameters
can affect both the structural and electrical properties of
the contacts. Nevertheless, some common features become
evident: (i) the formation of the Ni,Si phase either by an
interaction between Ni and SiC, by a solid state reaction
between Ni and Si single layers, or by a deposition of
Ni, Si layers on SiC creates a relatively high quality Schottky
contact to n-SiC up to annealing <700°C; (ii) annealing
at high temperature (>900°C) leads to the transition from
rectifying to ohmic contact for the same metallization. Both
Ni-based Schottky and ohmic contacts annealed at different
temperature are used for SiC-based semiconductor devices

[102-105]. There are many studies that show a consensus of
Ni, Si/n-SiC Schottky contacts which have the barrier height
@ ~ 1.6 €V [10-12, 16-18, 29-32]. However, there is still little
consensus regarding why the barrier height decreases and
Ni, Si/n-SiC contacts become ohmic after annealing at tem-
perature or above 900°C. How does the Ni,Si phase create
both Schottky and ohmic contacts to n-SiC?

A steep reduction of specific contact resistances and
decrease in ¢ at temperatures over 900°C for Ni-based
ohmic contact to n-SiC was observed by Tanimoto et al.
[106]. Using cross-sectional TEM-EDS (energy dispersive X-
ray spectroscopy) analysis has made such conclusions: (i)
the surface of substrates annealed at 1000°C was not covered
with Ni, Si but with a thin layer of NiSi; (ii) the formation of
the NiSi/SiC system contributes to the significant reduction
in contact resistance. On the other hand, in the series of
papers particular attention was paid to the role of carbon
placed on the silicide/SiC interface [77, 107, 108]. It was
shown that carbon on this interface can play catalytic role
in the formation of ohmic contact. The transition from
Schottky to ohmic behavior was achieved after annealing in
800°C. This temperature is significantly lower in comparison
with standard values reported for samples without additional
carbon layer deposited on the interface during the manufac-
turing process. Ni-silicides appear generally at temperatures
between 400 and 600°C [50, 109]. The hypothesis that the
graphite layer placed on the interface is responsible for the
ohmic character of contact was supported by ohmic character
of graphite layer placed on silicon carbide [51]. However, as



22

was shown, the carbon atoms can be present on the interface
at the temperatures in which ohmic character of the contact
is not observed. On the other side, the diffusion of carbon
atoms towards the free silicide surface was observed at higher
temperatures than the temperature necessary for creation of a
silicide layer [54]. The other postulated mechanism responsi-
ble for ohmic character of the contact is related to structural
changes of the SiC substrate in close vicinity of silicide/SiC
interface [110]. These changes are caused by creation of empty
places, so-called vacancies, which lower the Schottky barrier
[42, 71, 111]. The mechanism which is suspected for creation
of these vacancies is diffusion of carbon atoms towards free
silicide surface [71, 111]. Moreover, using DLTS in an effort
to detect a high concentration of carbon vacancies for 950°C
annealed contacts suggests that this model is correct [31, 53].
All available data does not allow authors to point to one
simple mechanism which can describe the contribution of
carbon atoms to creation of ohmic contacts. The investigation
of the samples with additional carbon layer deposited on
the interface suggests only a catalytic role of this element
in creation of ohmic contacts. Moreover, the data obtained
in this work do not confirm the presence of carbon atoms
on the Ni, Si/SiC interface. This suggests that contribution of
carbon to ohmic contact creation may be very complex and
the exact mechanism may be modified by parameters of the
whole manufacturing process.

Thus, based on our reported results, we may conclude
that only 6-Ni,Si grains play a key role in determining
electrical transport properties at the contact/SiC interface.
It should be noted that the creation of Ni,Si phase on n-
SiC is not sufficient for the formation of an ohmic contact.
Only the recrystallization of Ni,Si phase after annealing
at high temperature (>900°C) leads to the transition from
rectifying to ohmic contact by lowering barrier height from
~1.6eV to ~0.45eV. We suppose that only &-Ni,Si grains
that are in the orientation-relationship with (0001)SiC//(013)
0-Ni,Si after high-temperature annealing are area with low
barrier height [71]. Indeed, from Ni-silicides only §-Ni,Si is
thermodynamically stable with SiC, which agrees well with
the Ni-Si-C ternary phase diagram (tie lines connect §-Ni,Si
with SiC and C) [112].

Vivona et al. [113] demonstrated the thermal stability of
the Ni,Si/n-SiC ohmic contact after long-term (up to 95h)
thermal cycling in N, atmosphere at different temperatures
(in the range 200-400°C). The thermal stability of the current
transport mechanisms, the specific contact resistance, and
barrier height (~0.45eV) were observed. At the same time,
annealing in air [85-88] leads to the catastrophic degradation
of omicity of the Ni,Si/n-SiC contact. Thus, the diffusion
barriers with free diffusion path microstructure are key
elements to improve thermal stability of metal-SiC ohmic
contacts for high-temperature electronics.

Finally, summarizing this paper, we conclude that man-
ufacturing of high quality ohmic contacts requires opti-
mization of “multiparametric function.” The parameters that
should be included are (i) quality of silicon carbide; (ii)
surface before treatment; (iii) metallization scheme (type
of metals, thicknesses, sequence of deposition, and diffu-
sion barrier); (iv) contact passivation against corrosion; and

Advances in Condensed Matter Physics

(v) annealing type (sequence of temperature and application
time, atmosphere of thermal process, and cooling and heating
ratios).
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