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Bartłomiej Stonio 1,3, Ryszard Kisiel 1 , Agnieszka Martychowiec 1 , Katarzyna Racka-Szmidt 2,
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Abstract: Arguably, SiC technology is the most rapidly expanding IC manufacturing tech-
nology driven mostly by the aggressive roadmap for battery electric vehicle penetration
and also industrial high-voltage/high-power applications. This paper provides a compre-
hensive overview of the state of the art of SiC technology focusing on the challenges starting
from the difficult and lengthy SiC substrate growth all the way to the complex MOSFET
assembly processes. We focus on the differentiation from the established Si manufacturing
processes and provide a comprehensive list of references as well as a brief description of
our own research into the key manufacturing processes in this technology. We also present
a SiC technology and product roadmap.

Keywords: SiC MOSFET; SiC technology; automotive industry; battery electric vehicles

1. Introduction
1.1. SiC Technology Market and Product Trends

Without any doubt, SiC is a key emerging technology for the next generation of semi-
conductors driving the electromobility, renewable energies, smart grids, smart buildings,
smart metering, and digitization of industrial processes leading to energy transforma-
tion. SiC holds great promise for several automotive and traction applications, partic-
ularly for battery electric vehicles (BEVs) with charging systems, and has already been
widely adopted. Moreover, it plays a crucial role in high-power industrial and public
transport applications.

The main reason is the material itself since, compared to Si, it offers the following:

• 10× higher maximum electric field;
• 2× higher electron saturation velocity;
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• 3× higher energy bandgap;
• 3× higher thermal conductivity.

As a result, SiC MOSFETs are characterized by extremely low switching power losses,
are faster and more robust than silicon, and have a smaller die size for equivalent break-
down voltage.

Moreover, SiC-based products can operate at higher frequencies which makes them
ideal for the 5G systems, and they have lower power losses and allow for the design
of smaller, lighter, and more energy-efficient systems. They can even operate far above
200 ◦C junction temperatures which allows for the reduction in cooling requirements and,
importantly, increased lifetime. Compared to GaN devices, SiC MOSFETs can operate at
much higher voltages and therefore power levels.

With the benefits mentioned above, SiC’s advantage increases in parallel with rising
operating voltage. Relative to silicon, 1200 V SiC switches have added value compared
to 600 V switches. These properties have driven a radical transformation in SiC power
switching devices, substantially improving system efficiency in EVs and EV charging
as well as energy infrastructure, making SiC an ideal choice for automakers and public
transportation worldwide.

Electrical vehicles are experiencing a massive boom fueled by the governmental
regulations imposing CO2 limits that drive the demand for SiC. It is estimated that by 2050,
the demand for SiC wafers will be comparable to the current number of 300 mm Si wafers
produced by the world’s largest foundry. Of course, SiC MOSFET fabrication processes
are more complicated than Si, especially the substrate growth, but there is an intense race
among semiconductor companies to satisfy this exponentially growing demand.

The SiC ecosystem has been radically changed in recent years due to the vertical
integration of wafer manufacturing and module packaging. While Wolfspeed is still a
dominant SiC wafer supplier, companies like ST, Infineon, ROHM, and Onsemi are quickly
becoming vertically integrated producers from the SiC wafers to the final product. Another
trend is the transition from the 150 mm (6 inch) to the 200 mm (8 inch) wafer sizes which
allows for cost reduction in SiC MOSFET manufacturing [1].

Following Tesla’s adoption of SiC in its main inverter in 2017, automotive use has
become the killer application for SiC. Since then, we have witnessed an interest in SiC from
almost all carmakers and Tier 1 suppliers [2]. The dominance of automotive applications is
even more pronounced: from 63% to 80%.

Along with EV applications, there is a trend to adopt SiC in charging infrastructure,
where it offers increased efficiency and reduced system size. In addition, SiC is forecast to
grow at a double-digit compound annual growth rate between 2019 and 2027 in applications
such as rail, motor drives, and photovoltaics.

1.2. Paper Overview

In addition to the challenges of producing high-quality epitaxial structures with a
sufficiently large diameter, fundamental differences in the manufacturing process between
mature silicon technology and emerging silicon carbide technology for doping active
layers, defining high-aspect-ratio shapes, producing the appropriate SiO2/semiconductor
interface quality, and fabricating interconnections have slowed the implementation of
the next generation of power devices for many years. To meet the global market and
product trends described in the previous section, our group began basic research in this
field in the late 1990s. The main focus of this paper is to review the current status and
the main challenges of SiC technology and describe the challenges that are quite different
from Si manufacturing processes. We provide a comprehensive review of the state of
the art of technological advances and also a brief description of the contributions of the
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research groups at the Warsaw University of Technology as well as affiliated Polish research
institutes. We start with the description of the SiC MOSFET process flow starting from
the complex and lengthy SiC substrate growth to the packaging of the power MOSFET.
Section 3 is devoted to the ion implementation in SiC which is carried out at much higher
temperatures than in Si fabrication. The defectivity issues are also addressed in this section.
Section 4 provides a brief overview of the dry etching technology choices and challenges.
The next section is devoted to the thermal oxidation issues in SiC technology and a lot of
attention is paid to the factors affecting the oxide quality. Section 6 presents the challenges
of contact creation in SiC technology. The following section is devoted to the complex
assembly processes for high-power SiC products. Finally, we conclude the paper by
summarizing the SiC technology readiness for massive expansion in the foreseeable future.

2. SiC MOSFET Process Flow
The device manufacturing process determines the final parameters of SiC power MOS-

FETs (blocking voltage, on-resistance, gate charge, threshold voltage). The processing will
primarily affect the efficiency of dopant electrical activation, channel mobility, recombina-
tion lifetime, specific contact resistance, which determines on-resistance, and many other
on-state, off-state, and switching effects. A typical process flow is presented in Figure 1.
Other examples of the SiC power transistor manufacturing process can also be found in the
latest references [3]. Due to the performance of power diodes and transistors, and due to
the general trend of increasing the density of individual devices on the substrate wafer, the
construction of devices using the trench structure, well known from silicon technology, has
become attractive in the last decade for SiC MOSFET manufacturing.
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Figure 1. An example of the SiC MOSFET manufacturing process flow.

The growth of the SiC substrate is a challenging process that requires strict control
to produce high-quality low-defectivity material. The most successful growth method
for bulk SiC single crystals is the sublimation process known as physical vapor transport
(PVT) which consists of the following procedures: (1) sublimation of SiC source, (2) mass
transport of sublimed species, and (3) surface reaction and crystallization.

The growth rate is low, and it takes several days to produce the SiC boule which is
then cut into wafers on which the epitaxial layers are grown as shown in Figure 2 [4]. The
starting substrate is a highly doped (n+) 4H-SiC wafer, playing the role of the transistor’s
drain afterwards. Subsequently, onto this substrate, low-doped ntype (n−) and then p-type
(p−) epitaxial layers are grown. Prior to the epitaxy process, the surface of the substrate is
cleaned in a chemical bath and then, in the epitaxy reactor, is etched into hydrogen to reduce
the number of defects that otherwise might have formed in the growing epitaxial film.



Materials 2025, 18, 12 4 of 36

Materials 2025, 18, x FOR PEER REVIEW  4  of  38 
 

 

cleaned in a chemical bath and then, in the epitaxy reactor, is etched into hydrogen to re‐

duce the number of defects that otherwise might have formed in the growing epitaxial film. 

 

Figure 2. Epitaxial layer growth. 

Recently, SOITEC proposed a novel process  for producing SiC wafers using  their 

Smart Cut process shown in Figure 3 [5]. 

 

Figure  3.  SOITEC’s  Smart Cut  SiC wafer manufacturing  process. Reproduced with  permission 

from [5]. 

The donor wafer is the prime monocrystalline SiC substrate wafer obtained from the 

bulk wafer growth process described above and the handle wafer is the high conductivity 

polycrystalline wafer which  allows  for  higher  current densities,  i.e.,  smaller dies  and 

hence more die per wafer. Moreover, it results in better flatness, lower surface defectivity 

(higher yield), and also a simplified backside ohmic contact process which does not re‐

quire annealing, thus reducing the number of process steps. As can be seen in the figure, 

the donor wafer may be re‐used several (more than 10) times which is important as the 

substrate manufacturers cannot keep up with the demand. This technique has definitely 
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Recently, SOITEC proposed a novel process for producing SiC wafers using their
Smart Cut process shown in Figure 3 [5].
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Figure 3. SOITEC’s Smart Cut SiC wafer manufacturing process. Reproduced with permission
from [5].

The donor wafer is the prime monocrystalline SiC substrate wafer obtained from the
bulk wafer growth process described above and the handle wafer is the high conductivity
polycrystalline wafer which allows for higher current densities, i.e., smaller dies and
hence more die per wafer. Moreover, it results in better flatness, lower surface defectivity
(higher yield), and also a simplified backside ohmic contact process which does not require
annealing, thus reducing the number of process steps. As can be seen in the figure, the
donor wafer may be re-used several (more than 10) times which is important as the
substrate manufacturers cannot keep up with the demand. This technique has definitely
upgraded the SiC wafer manufacturing process and has already been adopted by part of
the SiC producers.

The next step in defining the SiC transistor’s topography is the mask preparation
for the p+ region implantation. The role of this mask is to prevent ions being implanted
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from reaching the epitaxial layer, except for the well-defined windows that are opened
in the photolithography process. This implantation mask is often an Al layer. The depth
of the implanted p+ regions has to be larger than the thickness of the p− epitaxial layer
so as to form an effective grounding or shielding region of the MOSFET body. For p+
implantation, Al ions are used. Implantation of the transistor’s n+ source regions consists
of analogous technological steps (formation of Al implantation mask and windows opening
in the photolithographic process), with the only difference being that, in this case, N ions
are implanted and it is performed in a much shallower manner. The market availability
of production-grade n-type wafers puts a lot of emphasis on the development of p-type
doping processes, which are typically carried out by a high-temperature aluminum ion
implantation technique with post-implantation annealing aimed mainly at improving the
level of electrical activation of the implanted dopant. Nitrogen is a commonly used n-type
dopant for SiC. In addition to defining active regions in a semiconductor device with a
specific dopant distribution, ion implantation is commonly used to manufacture electric
field-modulating regions at the edge of the device (junction termination extension) that
prevent premature electrical breakdown. Due to the significant importance of the described
processes of doping and electrical activation, a separate, detailed section has been devoted
to these issues.

After the implantation process and Al mask removal, the substrate surface is cleaned
and then covered with a protective carbon (graphite) cap. Subsequently, it is annealed
at a high temperature (1600–1700 ◦C) to activate implanted dopant atoms as well as to
recrystallize material structure amorphized during the ion bombardment.

The next step is the formation of trenches for transistor gates via the deep etching
of SiC through the hard mask in the inductively coupled plasma (ICP) process. The
implementation of the trench-type structure requires the development of a specialized dry
etching process for SiC epitaxial structures. The goal is to obtain extremely low values of
the on-resistance of power devices while maintaining the highest long-term stability. The
inductively coupled plasma–reactive ion etching (ICP-RIE) process is widely used for the
manufacturing of trench structures, which is described in a separate section of this review
paper, including the presentation of our own research results.

After fabricating the trenches, the substrate is again cleaned and then oxidized at a
high temperature to produce gate insulation. Oxidation is usually carried out in a N2O,
NO, or dry O2 atmosphere at temperatures around 1000–1100 ◦C. The critical issue in
the commercialization of advanced semiconductor devices in SiC technology was the
insufficient quality of the gate dielectric to ensure an extremely low near-interface trap
density while maintaining the required reliability and long-term stability of the interface
and dielectric. Therefore, we decided to prepare an up-to-date review of the literature
devoted to this subject, also including our own results, mainly concerning the kinetics of
the thermal oxidation of silicon carbide. After the gate dielectric formation, the polysilicon
gate contacts as well as the gate-protecting field insulators are produced by means of the
Low-Pressure Chemical Vapor Deposition (LPCVD) process.

Subsequently, ohmic source and gate metal contacts must be fabricated. This is
achieved by opening windows in oxide film, usually during the dry RIE process, and
then by PVD deposition of contact metallization in the created windows. Finally, the
backside contact metallization to the n+ bulk of the SiC substrate is also deposited and then
annealed during the RTP process (~1000◦, Ar or Ar/H2 atmosphere) so as to thermally
form ohmic drain contacts [6]. The manufacturing of high-quality, time-stable ohmic
contacts is particularly critical for the operating conditions typical for power devices. We
decided to present only a short summary of the recent results in the field of fabrication
of both ohmic and Schottky contacts, which are important in SiC technology. The issues
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of producing metallic contacts in SiC technology are provided with a short introduction
to the preparation of the silicon carbide surface, which is essential, or even crucial, in
manufacturing the highest quality electrical contacts.

Finally, wire bonds are fabricated while the substrate’s surface is covered with the
protective polyimide coating. The high operating frequencies of SiC power devices set
strict requirements in terms of admittance parameters related to assembly technology.
For this reason, it was decided to include the topic in a separate section, presenting our
own experience in the development of assembly technologies for mission-critical and
space applications.

3. Ion Implantation
Due to the high energy of crystalline bonds in SiC, the formation of regions with

various conductivity types differs significantly from silicon technology. Dopant diffusion
is practically impossible, so ion implantation must be used to create n- or p-type regions.
Moreover, defects created in the course of the implantation process tend to accumulate, and
at higher doses, they can even lead to irreversible amorphization. Therefore, implantation
in SiC is usually carried out at an elevated temperature (e.g., 500 ◦C). In addition, dopants
in SiC require a higher activation temperature than in the case of silicon doping, even
greater than 1800–1900 ◦C. Post-implantation annealing at such high temperatures requires
additional measures to prevent surface degradation. The design and technology of SiC
devices must also consider the phenomenon of the incomplete ionization of dopants,
associated with high ionization energy (over 200 meV for aluminum acceptors). As in the
case of silicon technology, ion implantation is also used in SiC for the fabrication of junction
termination areas, but due to the negligible diffusion of dopants, other design efforts or
special care must be taken to adequately increase the breakdown voltage. These issues,
with reference to the current state of the art, will be briefly discussed in this section. In
addition, our experimental results on the production of the junction termination extension
area in p-i-n SiC diodes in the 1.7 kV voltage class will be presented.

3.1. Dopant Activation

After the implantation process, many dopant atoms are placed in interstitial positions,
but to become donors or acceptors, they must substitute atoms in the crystal lattice. If a
concentration of implanted dopants (let us consider acceptors here) is denoted as N∗

A, and
electrically active acceptors after activation as NA, then we can define the activation ratio
as A = NA/N∗

A. Activation may occur because of the post-implantation high-temperature
annealing (PIA). In general, the activation of donors is less problematic. Depending
on the implantation dose, achieving a similar acceptor activation degree requires PIA
at temperatures higher by 100–300 ◦C than those necessary for donor activation at the
same concentration levels [7]. For a dopant concentration of the order of 1018 cm−3, an
observable activation (A = 10–20%) takes place at 1400 ◦C for N and at 1550 ◦C for Al [8].
Some researchers explain this by the fact that substituting a Si atom with an Al atom (which
is necessary to form an acceptor center) requires more energy than substituting a C atom
with a N atom (which is necessary to create a donor center), as formation energy values for
Si and C vacancies are 8 eV and 5 eV, respectively [9,10]). On the other hand, however, this
does not explain why P activates more easily than Al, although it also substitutes Si atoms.
This issue is thoroughly discussed in [11]. Many studies indicate that in order to obtain
a considerable activation ratio at high dopant concentrations (e.g., > 1019 cm−3) for both
donors and acceptors, high temperatures have to be applied, such as 1800 ◦C and higher.
It is comprehensively discussed in [12], where a model is proposed, which allows for the
prediction of the dopant activation ratio depending on its concentration as well as on the
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temperature and duration of the PIA. It should be pointed out, however, that this is based
on results obtained by the authors, who used different methods for the determination of A,
and therefore can be less accurate. PIA is usually carried out in a horizontal furnace, but
other approaches also exist, like heating with lamps [13], and local heating with high power
density, e.g., PlasmaJet [14,15], or with a pulsed laser [16]. In [17], however, it is pointed
out that rapid thermal annealing techniques are more time-consuming and hard to scale.

Since the activation process is not immediate, an interesting issue is its time character-
istics. Discussion of this subject can be found in [8,13,18–21]. The activation ratio is not only
influenced by the process temperature alone, but also by the rate of sample heating and,
in particular, cooling [14,15]. It was pointed out that although a higher heating/cooling
rate lowers the resistivity of doped regions, it also increases their surface roughness [22].
However, quite opposite conclusions are presented in [13]. The theoretical time character-
istic of the dopant activation process contains the model presented in [12]. The standard
duration of the process carried out in a horizontal furnace at temperatures of 1600–1800 ◦C
is about 30 min [23,24] and decreases with the temperature rise at 5 min to 1950 ◦C [25].
The activation ratio dependence on the PIA temperature is shown in Figure 4a.
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PIA affects not only the activation of the dopants but also the regeneration of the
crystal structure. During the process, parts of the defects can be fixed, resulting in a lower
compensating center and higher mobility. Especially for higher doses, crystal degradation
could be so strong that regeneration during PIA would be impossible. For this reason,
implantation in high temperatures is often needed. The differences between resistivity after
implantation at room and elevated temperatures are shown in Figure 4b [7,26].

3.2. Surface Consideration During PIA

The main technological problem related to the PIA is the roughness increase resulting
from the evaporation of Si atoms. Initial attempts to conventionally anneal implanted
samples in the argon or hydrogen atmosphere at normal or lowered pressures led to
strong surface degradation due to the defect displacement and Si atom evaporation [27,28].
Various measures were taken to prevent this phenomenon. One of them is covering the
SiC substrate with another one while annealing in order to stop the escape of Si atoms to
the atmosphere, which results in substantial improvement of the surface quality after the
process [27,29]. A modification of this idea is the annealing in the SiC crucible [17]. Another
concept is using an AlN cap, which allows us to carry out annealing at temperatures up
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to 1600 ◦C (unfortunately, at higher temperatures, the AlN layer starts to form pores) [30].
Also, a BN/AlN double layer was used for this purpose since it enables annealing at
1700 ◦C (theoretical thermal resistance of BN is 2000 ◦C) without step bunching [31]. A
much easier way of ensuring Si overpressure during the post-implantation annealing is
performing this process in the silane atmosphere, which should result in the suppression of
Si evaporation. This has already been experimentally confirmed, but some data suggest that
the efficiency of this process is due to lower temperatures exceeding 1600 ◦C [32,33]. The
most popular solution is to use a carbon cap during annealing, which shows high thermal
stability and is easy to obtain by means of photoresist spinning followed by pyrolysis and
may be removed in an oxygen plasma [8,23,26,34].

3.3. Incomplete Acceptor Dopant Ionization

The concentration of carriers in the p-type implanted region does not only depend
on the implantation dose. It depends primarily on the density of compensation centers
already present or formed in the course of the process, as well as on the ionization degree,

which remains equal to the ratio of ionized acceptor to all acceptor dopants: I = N+
A

NA
. For

acceptors in SiC with an ionization energy above 200 meV, a significant part of the active
dopants remains not ionized at room temperature. Designing a region with a given hole
concentration should take into account the correction for the ionization ratio. However, it
is hard to anticipate the hole concentration at a given dopant concentration, because the
relationship is described by an implicit formula:

p + ND =
NA

1 + p/x

where NA and ND are acceptor and compensating donor concentrations, respectively, and x
is a function of ionization energy, temperature, and NA [35]. Temperature-dependent Hall
measurements usually used to determine p as well as EA values also do not give results
directly because one must take into account the variability of the Hall coefficient [36,37], or
implement a calculation method that takes into account excited state energy levels [38].

The volume concentration of carriers (in cm−3) may be lower by at least a few or
even a few hundred cubic centimeters than the number of theoretically electrically active
dopants. Therefore, obtaining a region with a high carrier concentration requires high im-
plantation doses, which in turn does not always help, as, at least in the first approximation
ionization degree, it drops with an increase in dopant concentration [39]. By considering
the electrical field screening of an atom by other free carriers, the so-called band-tailing, it
is possible to create a model that anticipates the rise in ionization degree above a certain
dopant concentration. For example, a model is presented in [40], according to which the
ionization degree at room temperature reaches a minimum (approximately 3%) for dopant
concentrations slightly below 1019 cm−3 and then increases, reaching concentrations of
the order of 1020 cm−3, a similar value as for concentrations of the order of 1017 cm−3, i.e.,
around 10%. The results published so far indicate that Darmody’s model can be used and
allows for predicting the resistivity and Hall coefficient for Al-doped 4H-SiC layers [41–44].
The results of Darmody’s model are presented in Figure 5 for a wide Kelvin temperature
range. The phenomenon of incomplete ionization does not have a negative impact on the
performance of a junction termination (because, in reverse bias, the electric field ionizes
all impurities—at least in a steady-state condition), but it does constitute a significant
limitation in the possibility of controlling the level of chemically activated impurities by
means of Hall effect measurements [36–38].
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3.4. Implantation Process for Junction Termination Extension (JTE)

In our work, a JTE for a 1.7 kV p-i-n SiC diode was fabricated. At the edges of the
electrical contacts, a phenomenon of electrical field crowding takes place, which results in
electrical breakdown at lower voltages than in the case of an infinite junction. From silicon
technology, a well-known method of electric field spreading is a horizontal widening of a
p-type region with decreasing dopant concentration. Such a structure is typically obtained
via diffusing out an implanted dopant using a carefully prepared mask, the so-called
junction termination extension (JTE) [45]. However, for the silicon carbide, this solution is
not applicable, but it may be approximated by implanting the region around the junction
with a carefully matched dose of acceptors [46]. An even better result may be obtained by
dividing the JTE region into two or more zones with the acceptor concentration decreasing
outside; in this case, the resulting structures will also be more resistant to fluctuations of the
implanted dose as was shown in the previous works [47,48]. From a technological point of
view, three-zone JTE can be performed by a double implantation process (doses from inner
to outer region are A + B, A, and B, assuming A is dose greater than B), and increasing
the number of zones beyond three is uneconomical. Adding implanted rings in the outer
region of the JTE zone (space-modulated JTE) requires only the design of an appropriate
mask, although the limitation is the achievable critical dimension that can be obtained and
the tradeoff between the increased efficiency of JTEs and the area occupied by it. For JTE
purposes, the required implantation dose is about 1012 cm−2, which means that for a few-
hundred-nanometer-deep JTE regions, dopant concentration does not exceed 1017 cm−3.
Therefore, its ionization should not be difficult, and due to the fact that, for reverse biases,
dopants are ionized due to a high electric field, their partial ionization is not a problem.
Nevertheless, fabrication of the JTE demands precise control of the implantation dose to
work properly [47]. In our work, diodes were fabricated with 60 µm JTEs with various
implantation Al+ doses between 7.5 × 1012 cm−2 and 2.0 × 1013 cm−2. For comparison,
diodes without the JTE were fabricated as well. In Figure 6, the dependence between
breakdown voltage and JTE dose is shown. The lines show shapes of the breakdown
voltage dependences for this structure with various effective charges on the dielectric–
semiconductor interface obtained by ATLAS/ATHENA simulations. The results reflect the
theoretical relationship, taking into account the effective charge on the dielectric interface
at the level of about 1 × 1012 cm−2, which is consistent with the results of the capacitive-
voltage characterization MOS test structures. Although the maximum value is about 10%
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less than the theoretical one, the structure was, in fact, different from the specification which
may explain this discrepancy. The concentration of dopants in the drift layer measured by
C-V was 1.5 × 1016 cm−3 instead of 7.5 × 1015 cm−3 as in the specification. A single-zone
JTE is impractical as the dose should be precisely controlled depending on the material,
dimensions, dielectric charge, etc. Therefore, design modifications (additional zones and
rings at the edge of the junction with the appropriate level of active dopants according
to our previously published simulation results [47]) were made to broaden the process
window. Also, in our work, diodes with three-zone JTE assisted by three guard rings were
fabricated. In the case of these structures, the target breakdown voltage (more than 1.7 kV)
was achieved for both 1.5 × 1013 cm−2 and 2.0 × 1013 cm−2 JTE doses. For lower JTE
doses, breakdown voltages on devices with single-zone JTEs and more complicated JTEs
were similar, which is in good agreement with simulation results [47]. The technology
of the diode fabrication was as follows: sample preparation, mesa fabrication, first JTE
implantation, second JTE implantation, channel stopper implantation, post-implantation
annealing, oxide fabrication, opening window in dielectric, anode and cathode ohmic
contact formation, polyimide passivation, and metallization. The diode diameters were
100, 400, and 800 µm. The target breakdown voltage (more than 1.7 kV) was achieved with
the respective 88%, 65%, and 25% yield values. The largest structures conducted about
20 A current with about a 10 V voltage drop (50 ms pulse and 0.1% pulse duty factor),
which corresponds to about 4 kAcm−2. A more detailed discussion of ways to increase
the breakdown voltage value can be found in [46,49,50]. This technology, as well as other
issues related to the fabrication of structures showing higher breakdown voltages (with or
without implantation), are presented in [50–55].
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3.5. Conclusions

Precise control of the concentration of acceptors, let alone holes in SiC technology, is
still not a well-understood issue. Although technologies have been developed to produce
low-resistive p-regions, understanding the processes involved in the formation of such
layers and the characterization technology still requires further research. The inability to
precisely control the concentration of acceptors also limits the use of a simple structure of
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the JTE. In our own work, high-current-density 1.7 kV pin SiC diodes were fabricated with
diameters up to 800 µm with a JTE region obtained by the implantation of Al ions. The
fabricated structures were characterized in a forward direction by the pulse method up
to 200 W.

4. SiC Dry Etching
One of the most crucial technology operations is the formation of a specific profile in

the substrate to optimize the breakdown voltage of power devices. The process should
be selective with respect to the masking material to provide an appropriate etching rate,
anisotropy, and minimum damage level of the processed surface. The presented SiC etch-
ing technology is a result of our process optimization efforts aimed at obtaining MESA
structures used subsequently for the PIN diode fabrication. MESA is a spatial structure of a
specific shape, height, and sidewall angle. During experiments, a lot of attention was paid
to the optimization of the MESA sidewall angle. Two methods of dry etching were investi-
gated. The first one was reactive ion etching (RIE) which offers high anisotropy and good
control of process parameters, which in turn results in its high reproducibility [56–61]. The
second technique was inductively coupled plasma reactive ion etching (ICP-RIE) [62–65].
In general, ICP-RIE processes allow us to obtain higher ionization degrees of plasma (i.e.,
plasma density) than the standard RIE processes, which is advantageous.

4.1. RIE

Plasma-enhanced chemical-vapor-deposited (PECVD) SiO2 was used as a mask during
RIE [59]. The pattern transfer into a “hard mask” was obtained by wet etching in hydrofluo-
ric (HF) acid. MIR 701 photoresist with a thickness of 1.5 µm was used for the silicon oxide
patterns. Figure 7 presents the 4H-SiC substrate with a SiO2 mask. These structures were
then subjected to the RIE. The processes were carried out using a PlasmaLab 80+ reactor
from Oxford Instruments (Abingdon, UK) with a 13.56 MHz RF power supply with power
adjustable in the range of 50–300 W and operating at a pressure above 30 mTorr. The SF6

and O2 gas mixture was chosen for plasma creation, as it resulted in a faster etching rate
and better surface quality (lower roughness) of SiC than the CF4 and O2 gas mixture [57,66].
Subsequent investigations allowed us to determine the influence of the RF power, gas
pressure, and flowrate on the SiC etching rate. Table 1 shows selected results for etch rates
for SiC and the hard mask (SiO2) as a function of etch process parameters.
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Table 1. Selected results of SiC etching using the RIE method.

Power [W] Pressure [mTorr] Gases: SF6/O2
[sccm]

SiC Etch Rate
[nm/min]

SiO2 Etch Rate
[nm/min]

Selectivity
VSiC/VSiO2

50

30

20/30

17.9 20.8 0.86

100 51.9 46.4 1.12

200 124.9 96.0 1.30

250 158.3 110.4 1.43

300 185.8 131.1 1.42

250 100 143.5 145.5 0.99

250 150 142.2 159.0 0.89

The ratio of SiC substrate removal (VsiC) to SiO2 mask removal (VSiO2 ) was established.
At the constant pressure of 30 mTorr for the SF6 and O2 plasma gas mixture (flowrates of
20 sccm and 30 sccm, respectively), it was determined that at the RF power ranging from
50 W to 300 W, the ratio of VSiC/VSiO2 varied between 0.9 and 1.43. The dependences of SiC
and SiO2 etching rates on the RF power variation are shown in Figure 8a. The VSiC/VSiO2

ratio close to 1 was obtained at the power of 70 W. In Figure 8b, the influence of plasma
gas mixture pressures on SiC and SiO2 etching rates are presented. The ratio of VSiC/VSiO2

close to 1 was obtained at the pressure of 120 mTorr and an RF power of 250 W.
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Figure 8. Selectivity of SiC etching over SiO2 in SF6 + O2 plasma as a function of (a) the plasma PRIE

power at p = 30 mTorr and (b) the plasma pressure at PRIE = 250 W.

Precise control of etching selectivity enabled us to obtain the appropriate sidewall
angle of the MESA structure. Analysis of experimental results led to the optimization of
the RIE process parameters and, as a consequence, to obtaining 4H-SiC MESA structures
with no trenching effect, a sidewall angle of 63◦, and a surface roughness (RRMS) of 1.56 nm
(Figure 9).

These results show that the RIE method is usable in the fabrication of MESA-type
structures. It can be an alternative to the ICP-RIE method which is described in Section 4.2.
The etched SiC bevel structures with a wall inclination angle of 40–80◦ may be used, for
instance, in the fabrication of the epitaxial layer of AlGaN/GaN/SiC diodes and transistors.
An angle of ~60◦ is preferable, as it is less prone to peripheral breakdown [67].
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Figure 9. SEM image of the MESA structure obtained in the course of the RIE of 4H-SiC (at
PRIE—300 W; O2 flowrate—30 sccm; SF6 flowrate—20 sccm; and p—30 mTorr). The height of
this MESA structure was around 1.35 µm.

4.2. ICP-RIE

Another method other than RIE that is better for deeper and high-aspect-ratio etching
of SiC is inductively coupled plasma reactive ion etching (ICP-RIE). In the ICP-RIE system,
the plasma is generated with an RF-powered magnetic field, and another RF generator
is used to direct the reactants toward the substrate using an electric field. The standard
ICP-RIE PlasmaPro100 reactor (Oxford Instruments Ltd.), equipped with two 13.56 MHz
RF power supplies, was used. The power of RIE and ICP generators was changed inde-
pendently, as well as the reaction gas flows and the pressure inside the chamber. ICP-RIE
allows us to perform a deep etching, but it also can produce some undesirable effects:

(1) Trenching and micro-trenching, which are related to the formation of irregularities at
the bottom of the SiC-etched trenches or on the sidewalls of MESA structures;

(2) “Undercutting” of sidewalls of produced structures in the processes with a dominant
chemical etching mechanism;

(3) Formation of the micro-trench tips at the bottom corner of the sidewalls, which can
cause local growths of electric field and degrade the breakdown characteristics of
power devices;

(4) Micro-masking, which is related to the redeposition process of non-volatile chemical
compounds on etched surfaces (caused by impurities or imperfections, e.g., native
oxides, dusts, or scratches of the surface as well as the erosion of various metallic
masks used in the process).

A detailed discussion of the phenomena listed above can be found in the recently
published review paper on the ICP-RIE of SiC [68]. The surface quality of etched structures
is a critical factor in the fabrication of SiC devices. Hence, it is important to determine
the appropriate parameters of the etching process so as to eliminate the micro-masking
effect and/or formation of residual structures. Examples presented in the literature show
that the formation of undesirable structures can be limited, for example, by increasing
the pumping rate of the chamber, increasing the temperature of the etched sample, or
gradually changing the etching conditions simultaneously with the etching depth being
obtained [69,70]. The kind of mask used in the etching process is a key parameter in the
development of SiC structures with desired properties. The use of metallic masks in the
ICP-RIE process, such as a Cr or Ni mask, allows for etching deep patterns and obtaining
structures with a large wall inclination angle (~90◦), which can be used, for example, in
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the production of diodes, transistors, and switches. Figure 10 shows an example of ~8 µm
height MESA structures obtained after SiC etching with the use of a Cr mask, for which
smooth, vertical walls were obtained. In this case, the duration of the etching process was
defined as the time of the total etching of the Cr mask. This time was determined by the
endpoint detection procedure [71] implemented in the software of the reactor (the endpoint
panel of the PC4500 software), so in Figure 10, after the etching process, the SiC surface
morphology with high roughness is visible. To prevent such severe roughness, the etching
should be completed before the metal mask is removed. The Cr mask can be removed with
a dedicated Cr etching solution or hydrochloric acid (HCl), depending on the application.
The use of non-metallic masks, e.g., photoresist or SiO2 masks, can be useful in “shallow”
etching processes, in which patterns with a small wall inclination can be obtained.
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Figure 10. SEM images of MESA structures obtained after the ICP-RIE of SiC with the Cr mask in the
SF6 plasma (no micro-trenching effect on the MESA sidewall is visible) performed with an magnifica-
tion of (a) 220× (b) 1000× (c) 7000×. The etching process parameters were SF6 flowrate = 100 sccm,
PRIE = 50 W, PICP = 2500 W, p = 7 mTorr, and t = ~18.5 min (a time of the total Cr mask etching).

Etching processes that showed differences in the etch patterns, resulting from the use
of non-metallic (photoresist) or metallic masks, are shown in Table 2. The first mask type
was the classical photoresist AZ 4562 which allows us to obtain masking layers thicker than
5 µm, which in turn enables us to achieve an etching depth of 1.3 µm. The hard mask effects
were studied using an aluminum (Al) 0.5 µm thick layer produced by magnetron sputtering.
Figure 11 presents SiC surfaces obtained for both Al and photoresist AZ 4562 masks after
etching processes performed at the same experimental conditions: SF6 flowrate = 20 sccm,
O2 flowrate = 2 sccm, PRIE = 100 W, PICP = 900 W, p = 7 mTorr, and t = 10 min. In this
figure, it can be seen that the Al mask allowed us to obtain steep sidewalls of the etched
structures, with the sidewall angle larger than 75◦. However, there was a problem when
using this mask, i.e., the micro-masking effect appeared. During the etching process, the
etched material from the mask, which was not evacuated by pumping, was deposited on
the exposed surface. Thus, the Al mask proved unsuitable for PiN diode technology. On
the other hand, the use of the AZ 4562 photoresist mask enabled us to obtain good quality
MESA structures, with a sidewall angle of ~46◦.

Investigations that allowed us to determine the influence of the ICP etching process
parameters on the MESA sidewalls’ quality and angle were also performed. It is well
known that the main ICP-RIE process parameters are pressure in the reaction chamber, RIE
power, ICP power, etching time, and flowrate of plasma-forming gases. From our many
etching processes performed, it turned out that both PRIE and PICP powers, as well as the
working gas composition, are crucial from the viewpoint of controlling the sidewall angle
of the MESA structure.



Materials 2025, 18, 12 15 of 36

Table 2. Summary of the ICP-RIE results obtained for SiC structures etched with various masks.

Al Mask AZ4562 Photoresist

Process parameters

SF6 flowrate = 100 sccm
PRIE = 50 W

PICP = 2500 W
p = 7 mTorr

t = ~18.5 min

SF6 flowrate = 20 sccm
O2 flowrate = 2 sccm

PRIE = 100 W
PICP = 900 W
p = 7 mTorr
t = 10 min

MESA’s height (µm)

~8 1.3 1

Sidewall angle

~90◦ ~82◦ ~46◦
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Figure 11. Images of the SiC surface after ICP-RIE processes with two different types of masks: (a) the
aluminum mask and (b) the AZ 4562 photoresist.

The influence of the RIE power on the inclination angle of MESA structures’ sidewalls
(after etching of SiC with a photoresist AZ 4562 mask) is shown in Figure 12. It can be seen
in this figure that increasing the RIE power results in increasing the sidewall angle, which
is at the level of a few degrees. On the other hand, Figure 13 shows the influence of the ICP
power on MESAs’ sidewall angle. One can observe in this figure that an increase in ICP
power is accompanied by an increase in the sidewall angle of MESA structures, and for an
ICP power of 1300 W, this angle is around 40◦.
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Figure 12. SEM images of SiC MESA structures after the ICP-RIE of SiC with photoresist AZ 4562
mask, with various RIE powers: (a) 100 W, (b) 200 W, and (c) 300 W. The pressure in the reactor was
7 mTorr and the ICP power was 800 W. The gas flowrates: SF6—18 sccm; O2—9 sccm.
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Figure 13. SEM images of SiC structures after the ICP-RIE of SiC with photoresist AZ 4562 mask,
with various ICP powers: (a) 800 W and (b) 1300 W. The pressure in the reactor was 7 mTorr and the
RIE power was 100 W. The gas flowrates: O2—9 sccm; SF6—18 sccm.

As mentioned above, the working gas composition is also a crucial process parameter
from the viewpoint of controlling the sidewall angle and the surface morphology of the
MESA structure. In our recently published review paper on the ICP-RIE of SiC [68], we
presented detailed experimental results of the etching of SiC with the Cr mask including,
among others, the influence of the gas atmosphere (which was SF6 + O2 with various oxygen
contents) on the SiC etching rate, the etching rate of the Cr mask, and the selectivity of the
etching process. In this paper, a continuation of our previous investigations is presented;
namely, Figure 14 shows the SEM photos of SiC structures obtained after the ICP-RIE with
various oxygen contents in the SF6 + O2 plasma: 0% O2 and 50% O2, respectively. From
these figures, it can be concluded that the oxygen admixture influences the SiC surface
morphology and also the sidewall inclination angle. Increasing the oxygen content in
SF6 + O2 plasma introduces the sidewall micro-trenching effect (Figure 14c) and surface
roughness (Figure 14e) and also reduces the sidewall angle from ~90◦ for 0% O2 (Figure 14c)
to ~80◦ for 5% O2 (not shown here) and then down to ~63◦ for 50% O2 (Figure 14f).
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Figure 14. SiC trenches obtained after ICP-RIE in pure SF6 plasma (photos at the top; PICP = 2250 W,
PRIE = 50 W, p = 7 mTorr, gas flowrate SF6 = 100 sccm) and in SF6 + 50% O2 (photos at the bottom;
PICP = 2250 W, PRIE = 50 W, p = 7 mTorr, gas flowrates: SF6 = 50 sccm and O2 = 50 sccm). (a,d) View
of the structure profile; (b,e) SiC surface morphology; (c,f) view of sidewalls with the inclination
angles of ~90◦ and ~63◦, respectively.
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4.3. Conclusions

In conclusion of this section, we can state that the ICP-RIE method, which combines
high finishing accuracy and reproducibility, proves to be excellent for etching deep patterns
in the form of vertical, smooth walls in SiC. There are a number of aspects that should
be taken into account when designing processes aimed at obtaining spatial SiC structures
with the desired properties. Experimental investigations presented above show that it
is important to select appropriate conditions for the etching process and that the key
parameters are RIE power, ICP power, the chemical composition of the plasma, and the
type of mask used in the etching process. Properly developed SiC etching technology
allows for elimination of the undesirable effects, such as trenching, micro-trenching, or
micro-masking, and for obtaining etched SiC structures of a high quality with smooth
surfaces and with the desired sidewall angle.

5. Thermal Oxidation
As a material intended for power electronics, silicon carbide has many advantageous

technological and physical properties (wide bandgap, high critical electric field, and high
thermal conductivity) [39,72]. As far as technological issues are concerned, SiC, in contrast
to other wide bandgap materials, possesses attractive features, including its ability to
form a dielectric in the process of thermal oxidation. The SiO2 layer produced in this
process has excellent insulating properties in the SiC/SiO2 material system [39]. However,
in contrast with the silicon-based thermal oxides, the oxide produced by SiC oxidation
exhibits significant issues with the quality of SiO2 dielectric layers when compared to a
similar layer obtained in silicon technology [73–75]. The main difference is the high amount
of charge trapped near the electrically active SiC/SiO2 interface that can be exchanged
with the semiconductor. This results in two main application obstacles: The first one is
the influence of such a dielectric when used as gate oxide on the conductive channel of
the MOSFET transistor—the key-switching device in power electronics. A large amount
of charge trapped in the dielectric subsurface layer leads to high carrier scattering in the
transistor’s channel, causing a decrease in the effective channel mobility and increasing
channel resistance in a fully turned-on MOSFET [76,77]. The second problem is the high
density of traps in oxides used to passivate the power devices, particularly in the case of
junction termination that is required for the operation of such devices at higher blocking
voltages. Charges accumulated in the passivating layer may modulate the distribution of
the electric field in the structures intended to protect the diode against breakdown (e.g.,
in JTE structures) [78,79]. As a result, they may not fulfill their role and thus limit the
applicability of such devices.

This section provides a comprehensive description of the physical causes of these
problems and known technological solutions that can be applied to improve the quality of
oxides manufactured in SiC oxidation. The state of the art and the established technological
solutions for those problems are also presented and discussed in detail.

5.1. Important Interface Defects

Due to its two-component structure, the progress of the reaction of the oxidation in
the case of SiC is complicated and can run in many ways. The complex nature of the
two-compound material allows for several oxidation reactions to occur at the interface.
The most important reactions for the production of bulk oxide are those with the lowest
activation energy. The literature [80–82] considers the reaction of molecular oxygen (O2)
in the state of the lowest possible energy (triplet oxygen) which has crossed the diffusion
barrier. In this case, Knaup [82] has found that there are two preferable reactions leading to
the production of bulk oxide. The reaction is always performed in three steps and requires
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two oxygen molecules. The first step is the oxygen molecule being incorporated into the
interface by the injection of the carbon atom into an interstitial position (VCO2) and forming
a carbon interstitial (C-Ci). Another slightly less favorable reaction is the formation of a
Si-O-C bridge and the release of the oxygen atom as an interstitial 2(Oi

if). At this stage,
there is no carbon emission from the vicinity of the interface yet. The second step occurs
when another oxidation molecule reaches the interface. Then, either the above-described
reactions take place, or such a molecule reacts with the previously created structures to form
a CO molecule. This molecule then diffuses towards the oxide surface and leaves the defect
complex (Oi

if + VCO2) behind. Finally, the third molecule produces stoichiometrically
complete oxide by emitting another CO molecule.

Although those reactions are energetically favorable, a number of other paths exist that
can lead to the creation of stable defects at the interface. First-principle simulations suggest
that these are various forms of stable carbon defects, mostly carbon dimers (Ci)2 or other
larger carbon aggregates, carbon interstitials, carbon dangling bonds, carbon C-C bonds, or
carbon vacancies. Recently, Akiyama et al. [80] presented a similar oxidation process of
oxygen incorporation via a metastable state, which leads to the formation of a double silicon
bond Si2-CO, and the subsequent release of the CO molecule via structural relaxation. This
work also pointed out that the most common defect types at the SiC/SiO2 interface are
carbon-related defects, preferably in the form of carbon interstitials, carbon dangling bonds,
carbon C-C bonds, or carbon vacancies. It has been shown that such defects do not diffuse
deep into SiO2, being mobile only in the area of the SiC/SiO2 transition region [83]. A
defect of type (Ci)2 is a carbon defect consisting of two interstitial carbon atoms bound
together (carbon dimer). This defect is of great importance, as unlike the (C-Ci)C defect, it
is stable [82,84–88]. For this reason, it has been indicated in many studies as a dominant
source of trap states affecting the operation of the MOSFET structures.

Although the defects described above form and reside at the SiC/SiO2 interface, many
of them, especially stable defects like carbon dimers, may remain in the oxide volume as
the oxidation proceeds. This mechanism is attributed to the fact that apart from the quickly
reacting interface traps in SiC, a significant number of traps with large time constants are
already present in the oxide volume. These defects can still exchange charges with the
semiconductor via tunneling. These are the so-called near-interface traps (NITs).

Since the vicinity of the defect has a significant impact on the energy position of the
trap associated with a given effect, and due to the amorphous structure of the oxide formed,
the interaction of the defects described above with the semiconductor significantly varies
depending on how close the defect is to the semiconductor/oxide interface.

5.2. Oxide Quality and Electrically Active Defects

The most important problem associated with thermal oxides is the high trap density
(Dit). In this section, we will summarize the origin of the observed trap energy profiles in the
bandgap of 4H-SiC (0001) since these types of substrates are most commonly used today.

The energy distribution of the trap states in the forbidden gap is continuous and U-
shaped. The energy distribution in dry thermal oxides for hexagonal polytypes is shown in
Figure 15 [73]. One can distinguish several maxima in the trap state density characteristics.
The first one (referred to hereinafter as D1) is located near the edge of the valence band at a
distance of approximately Ev + 0.5 eV (see Figure 15) [73,84].
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produced in dry oxidation.

The second is a wide maximum located at an energy of approximately Ev + 1 eV
(hereinafter referred to as D2). Another distinguishable trap peak is located near the center
of the SiC bandgap, denoted by D3 [73,84]. Another distinct maximum (D4) [89–91] is highly
dependent on the oxidation process conditions. It is generally not present in optimized
oxidation technologies such as those described below.

From a practical point of view, the most critical are the blurry, continuous trap state
spectra located near the edges of the valence and the conduction bands (D5 and D6 in
Figure 15) because they consist of the highest trap state density and thus, they have the
largest impact on the overall trapped charge in the interface. Their location near the edge
of bands strongly affects the parameters of the MOS devices made in SiC. D5 states are the
most significant, as traps in this energy range become acceptors. As can be seen in Figure 15,
the natural dry oxide formed during the oxidation process results in trap densities close to
1013 eV−1cm−2 near the edges of the bandgap. As mentioned earlier, this value is high and
can cause problems in the transistor or diode operation.

5.3. Physical Origins of the Trapped Interface Charges

Carbon, the element naturally present in the SiC/SiO2 system, is the dominant source
of the observed trap states. It was shown that these carbon defects can be attributed to the
D5 and D6 density of state distribution regions. The most troublesome traps—with a blurry
energy distribution near the conduction band (D5) and valence band (D6) edges—have been
connected to a variety of carbon-related defects listed in Figure 16. The largest contribution
to this high interface trap density region has been attributed to the double-bonded C=C
defects [88] since the energy distribution can be explained by the changes in the dihedral
angle of such structures at the interface. The lower part of the Dit profile near the valence
band (D6) has been attributed to double carbon in the antiside (C2)Si [88,92,93].
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It is worth mentioning that the dominant electrically active defects close to the mid-gap
are interstitial carbon atoms in oxide defects [88] in the form of type (Ci)C split interstitial
defects that can be attributed to the (D3) center. However, the activation energies of these
states depend on their neighborhood and thus this defect can also contribute to lower parts
of the D5 and D6 slopes [85].

The lower half of the bandgap, the silicon vacancy near the semiconductor surface
surrounded by four carbon atoms (VSi4C), can play a significant role in the creation of the
D6 Dit region [94].

5.4. Improving Oxide Quality

There are two main approaches to improving oxide quality in terms of trap density. The
first one is based on using different add-ons in the oxidation mixture; the most commonly
mentioned are nitrogen [95–97], phosphorus (P) [98–101], boron (B) [102], sodium (Na) [103],
and barium (Ba) [104] compounds. Only nitrogen in the form of NO or N2O is widespread
and considered a standard [105]. Therefore, it is highly desirable to find out how these
particular processes can affect the aforementioned defect-creation mechanisms. Other add-
ons, although discussed in the literature, have a fundamental drawback, as the introduction
of P, Na, and Ba have some influence on oxide reliability. Due to the diffusive nature of the
entire process, oxide volume is rich in such elements. This can cause significant problems
with the threshold voltage stability (in the case of the gate oxides), generation of NIT-type
oxide traps, or even degradation of the insulating properties of the oxide layer. Several
efforts have been made towards reducing these effects by carrying out technology in such a
way so as to lower the amount of the above-discussed elements in the oxide volume [99].

Typically, nitrogen is introduced into the oxidation process as an add-on to the ox-
idation mixture or in a separate annealing step using NO gas. Figure 17a shows our
original results comparing a trap density profile of dry oxidized samples with and without
subsequent NO annealing at 1000 ◦C using the Hi-Lo method [106].
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Nitrogen-oxide annealing is effective in reducing the overall trap density by about
one order of magnitude. However, the reduction is greater for traps with energy levels
deeper in the bandgap. Nitrogen incorporation has been found to shift the trap energy
associated with a given carbon defect outside the bandgap, thus effectively reducing the
trap density inside. It was theoretically shown using DFT simulations with respect to
carbon-type defects in the form of interstitial carbon atoms (C-Ci)C [84,94,107]. It has
been shown that nitrogen incorporation into the SiO2/SiC interface can transform some
of the stable carbon dimers into less stable structures, improving subsequent oxidation of
those defects and associated traps [108]. It was shown that annealing in NO is particularly
effective in removing some forms of double-bonded carbon (i.e., double-bonded interstitial
positions [94]) but not all structures equally. As can be seen in Figure 17, this corresponds to
the energy location being slightly deeper in the bandgap where the observed Dit reduction
is greater. Recent studies suggest that some types of silicon defects in the form of Si-Si
bonds can be removed by nitridation [109]—mostly the Si dangling bonds and silicon
vacancy VSi4C [94]; however, those defects play a dominant role close to the valence band
edge. It is worth mentioning that the passivation mechanism of a stable carbon dimer
defect requires several NO molecules and forms the intermediate steps that shift the trap
energy deeper into the bandgap but do not eliminate the trap entirely.

To further improve oxide trap density, other technological processes are required.
The most often investigated are the annealing-based processes that can be applied during
or after oxidation by adding other elements such as phosphorus or boron to the oxi-
dation/annealing mixture. The most frequently investigated approach is to introduce
phosphorus in, for example, POCl3 annealing which is compatible with the existing silicon
technology. The results of such an approach can be seen in Figure 17b, where a POCl3 an-
nealing step has been performed at 1000 ◦C with subsequent NO annealing also at 1000 ◦C.
The introduction of phosphorus into the system changes the oxide layer into a phosphosili-
cate glass. This technological step has two main consequences. Firstly, it reduces the trap
density profile, and secondly, it creates problems with mobile phosphorus ions, especially
at higher temperatures, resulting in thermal instability of the charge distribution in the
oxide. Phosphorus incorporation is capable of a significant reduction in the trap density
profile for another order of magnitude. It is worth noticing that this step can efficiently
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reduce the trap state density close to the conduction band. The influence of phosphorus
incorporation is still not fully understood. Two main hypotheses are that (1) phosphorus
can participate in the interface and near oxide structural reconstruction, promoting the
elimination of some defects (e.g., Si–Si bonds) [98,110,111] and (2) some of the C-related
defects are removed by the incorporation of P [110,112,113]. Recent investigations suggest
that P can weaken the strength of the carbon dimer bond, making it more prone to oxidation
and removal. This process can be enhanced by structural changes in the interface layer. It
was shown that the reduction in size of the trap density close to the conduction band is
proportional to that of interface saturation with P [114].

Charge distribution instability at higher temperatures is still a major issue for the
practicality of phosphorus atmosphere annealing technologies. However, several attempts
have been reported to reduce this problem by introducing phosphorus via implantation
rather than through diffusion [99].

The second approach considered recently is based on the deposition of a thin layer
of pure Si on top of SiC and then the performance of low-temperature oxidation of
SiC [115,116]. It is free of the defect problems described earlier because SiC does not
effectively oxidize at temperatures below 1000 ◦C [117]. Therefore, it is possible to oxidize
the top Si layer in temperatures as low as 750 ◦C. Since no SiC is oxidized, there is no
carbon-related defect creation during this process. It has been shown that this approach in
combination with nitrogen annealing can produce Dit values close to the conduction band
edge as low as 1010 eV−1cm−2.

5.5. Conclusions

Macroscopic and physical mechanisms responsible for SiC oxidation and defect forma-
tion have been shown and discussed in this section. The main physical reasons for traps in
the SiC/SiO2 system are carbon defects and excess carbon that has not been removed from
the interface. Therefore, a number of technological steps can be applied to neutralize the
electric influence of those centers or to promote the removal of carbon compounds by struc-
tural changes in the interface. A number of different approaches have been investigated so
far, of which NO annealing is considered the standard in modern SiC technology. Oxide
produced in NO ambient, an admixture, or with post-oxidation NO annealing retains all
benefits of a dry oxide while providing significant trap density reduction. Phosphorus post-
oxidation annealing or admixture has been proven to be effective in trap density reduction
to an even greater degree than technologies involving NO. However, initial experiments
had a significant drawback of producing phosphosilicate glass in the result, which has
been unstable in large electric fields due to phosphorus ion mobility in the oxide. This
instability in the charge distribution over the oxide volume strongly affected the threshold
voltage of the MOSFET transistor as well as other possible applications of such oxides, such
as passivation oxide for diode termination. Therefore, it has been considered impractical.
However, as has been discussed here, the mechanisms by which those two main approaches
influence defects at the interface are distinct and can be combined to further improve SiC
oxide quality. This can be achieved by processing modifications that mitigate phosphorus
influence over the oxide such as phosphorus implantation or two-step oxidation of SiC
with a low-temperature deposited Si oxidation step, which is, to date, the most promising
approach. As the technology matures, the quality of oxides is improved to the point where
the dominant role of carbon defects has been properly addressed. Therefore, in the future,
different types of defects can become more problematic. These silicon-related defects,
mostly originating from the oxidation process and lattice mismatch between SiC and SiO2

(dangling bonds), can play a dominant role.
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6. Electrical Contacts
Metal–semiconductor (M-S) contacts may exhibit ohmic or rectifying operations

depending on the metal applied and the carrier concentration in the semiconductor,
as well as the surface state and thermal treatment. Both, Schottky Barrier Diodes
(SBDs) and ohmic contacts are widely used and undoubtedly important structures for
microelectronic technology.

Ohmic contacts, which usually function as electric contacts, play a crucial role in
any semiconductor device, as their insufficient operation might deteriorate even the most
promising outcome of the device’s active structure. Therefore, developing highly efficient
ohmic contacts with the highest possible reliability should be one of the main priorities
during the design and fabrication process.

Silicon carbide Schottky Barrier Diodes have continuously attracted much attention
due to their advanced development and versatile potential. There are plenty of possible
applications of Schottky junction design, such as active power factor correction circuits,
uninterrupted power supplies, electric motor drives, PV inverters, etc.

M-S contacts may seem simple and undemanding to manufacture, but there are a few
crucial points to consider. In addition to appropriately matched materials, there should
be a properly adapted way of surface treatment, and ultimately, the parameters of the
metallization process will be adjusted to a specific case. Only by developing all these
technological issues simultaneously can the expected results be achieved.

6.1. Surface Treatment

Surface cleaning is among the most critical processes in semiconductor technology.
Surface impurities built in during its processing may cause a reduction in device stability,
reliability, performance, and even production yield; a clean and flat surface is extremely
important from the point of view of ohmic contact formation or bonding [118,119]. Over
the recent decades, much attention has been paid to the development of effective and effi-
cient methods of elimination or at least reduction in the presence of native oxides, organic
contamination, residual photoresist, alkali ions, and metallic species. The most common
and conventional remedy used to cope with these problems is wafer immersion in chemical
baths, often followed by annealing in order to ensure the removal of remaining impurities.
The most frequently used chemical solutions for this purpose include the Piranha solution
(H2SO4+H2O+H2O2) and the procedure developed by the Radio Corporation of America
(RCA) in 1965, based on a three-stage cleaning in solutions containing hydrogen peroxide,
ammonium water, hydrofluoric acid, and hydrochloric acid as active agents. Although
the RCA procedure, well known from silicon technology, still remains the most popular
cleaning method, sometimes, it is insufficient or even fails under certain conditions. To
achieve the expected quality of the final product, it is occasionally necessary to modify clas-
sical methods of semiconductor surface cleaning. Frequently, these modifications include
combinations of vapor or plasma processes along with a bath in liquid solutions [120–122].

6.2. Ohmic Contacts

Despite the numerous superior properties of silicon carbide, its potential capabilities
cannot be fully exploited without good ohmic contacts. Ohmic contacts to SiC-based devices
should exhibit low resistivity, stable electrical conductivity, high oxidation resistance,
and reliability, in particular, at elevated temperatures. Insufficient electrical conductivity
of ohmic contacts caused by the degradation of the metal/SiC interface, or relatively
high specific interfacial resistance ρc (>10−3 Ωcm2), may result in an unacceptably high
voltage drop at the contact, and therefore deterioration or even the prevention of the
operation of devices [123,124]. Although these issues have been investigated for the
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last two decades, which resulted in some significant achievements, the way of forming
acceptable structures in a reproducible way is still being sought, particularly as far as
contacts to p-type semiconductors are concerned.

Currently known and commonly applied methods of fabricating ohmic contacts to
n-type SiC are considered satisfactory from the viewpoint of commercial manufacturing
of devices. Ni and Ni-based ohmic contacts are usually used for n-type 4H-SiC. Due to
silicidation at high temperatures (typically 900–1100 ◦C), Ni/SiC contacts demonstrate low
specific resistance (less than 1 × 10−5 Ωcm−2) and can be obtained in a highly reproducible
manner [125–128]. As nickel reacts mainly with silicon at these temperature levels, unre-
acted carbon diffuses outwards the interface, resulting in the formation of surface defects.
In order to ensure the temperature stability of contacts, attempts have been made to replace
nickel with other materials, e.g., Ti, Pt, W, and their alloys [129,130].

In theory, fabricating an ideal ohmic contact to p-type semiconductors requires using
a metal with a work function higher than the work function of the semiconductor. In
reality, this could be achieved either by selecting a metal with an appropriately high
work function or by considerably increasing the doping level of the semiconductor (up to
1021 cm−3), which allows for lowering its potential barrier. However, in the case of p-SiC,
such high doping is extremely difficult, and moreover, it lowers hole mobility and results
in high ionization energies of dopants (150–200 meV) [13,131]. Furthermore, the high
value of the p-type 4H-SiC work function (~7 eV) makes it difficult to find a conventional
metal that can result in the formation of a low potential barrier. When manufacturing
thermally stable ohmic contacts to p-SiC, the greatest attention is focused on solutions
based on various compositions of Ti/Al alloys with values of ρc within the range of
10−4–10−5 Ωcm2 [132–134]. Our research team also developed the technology of successful
ohmic contact formation for both n-SiC and p-SiC, which show low specific resistance
(4 × 10−5 Ωcm2 and 5.8 × 10−5 Ωcm2, respectively) and good thermal stability. As a
metallization for n-type 4H-SiC ohmic contacts, titanium was applied, whereas for p-type
4H-SiC, Ti/Al alloys were used [6,135].

6.3. Schottky Contacts

Among all technologies of semiconductor devices based on silicon carbide, the tech-
nology of the Schottky Barrier Diode is the most mature. Nevertheless, discussions and
research on their fabrication methods as well as on physical phenomena occurring in these
structures still continue. The interest of research groups is focused on issues related to
the impact of annealing [136], substrate and interfacial defects [137–139], surface impu-
rities [118], and metal thickness [140] on the junction performance. SiC-based Schottky
Barrier Diodes demonstrate low reverse leakage current and relatively fast switching.
Recent research efforts are aimed mostly towards a better understanding of the physi-
cal nature of the metal–semiconductor interface and, consequently, the improvement of
diode performance.

At present, the commonly proposed technological solution consists of SBDs with p-
type guard zones and rings (JTE—junction termination extension) that allow for increasing
the breakdown voltage [141,142]. Other technological improvements include the angular
ion implantation method, which has a positive effect on the process flow, reducing the
damage of the wafer and thus generating cost savings, which is particularly significant
from the viewpoint of mass production [143]. Simultaneously, attempts to fabricate ohmic
contacts and Schottky barrier junctions favor the device miniaturization process, as in this
case, the cell pitch may be smaller [137]. Optimized 4H-SiC superjunction Schottky diodes
of the voltage class 1700 V were reported, the fabrication technology of which overcomes
some technological challenges associated with the manufacturing of conventional super-
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junctions [144]. The high leakage current under high blocking voltage can be limited by the
implementation of one of the specific design solutions, which include the Junction Barrier
Schottky (JBS) or Trench Junction Barrier Schottky (TJBS) layout [145,146]. A SiC-merged
p-i-n Schottky (MPS) layout was also proposed to withstand high surge current stress [147].
Due to the tradeoff between the basic electrical parameters, all subsequent generations
of commercially available Schottky diodes benefit from the achievements resulting from
the optimization of the above-mentioned structures. Also, another type of device with
many possible applications has been proposed. It is a highly sensitive temperature sensor
based on Ni/4H-SiC edge-terminated SBD. The highest thermal sensitivity value of such a
device was 3.425 mV/K at the lowest forward current If = 10 pA [148]. However, despite
the continuous interest and growing number of studies on the development of SiC-based
Schottky Barrier Diode technology, the potential of these structures has not been fully
exploited yet.

6.4. Conclusions

Although significant progress has been made in improving the processes respon-
sible for forming metal–SiC contacts, some challenges and noteworthy issues still re-
main. The specific nature of the m-s structure formation is not fully understood and
explained, which is why some research still continues, despite the commercialization of
silicon carbide devices.

As numerous studies show, including experiments conducted by our group, some of
the problems related to insufficient operation or the appearance of unexpected phenomena
can be significantly alleviated by surface treatment of the semiconductor substrate between
technological steps.

7. Power Semiconductor Assembly
Discrete SiC power components are commercially available with operating voltages

in the 650 V to 1700 V range, a maximum forward current of up to 120 A, and operating
temperatures as high as 175 ◦C [149]. However, the capabilities of SiC components are
much broader; they can operate at much higher current densities (2–3 times the capability
of silicon devices) and at temperatures as high as 200–300 ◦C.

Meeting these expectations requires the development and implementation of suitable
design of SiC component packages [149,150]. The first generations of SiC modules were
based on solutions used in Si-based power components, as shown in Figure 18. In this
solution, the top side of the SiC semiconductor is used for the electrical connections, and
the bottom side is used to mount to the DBC substrate with Thermal Interface Material
(TIM1) [151,152]. The electrical connections on the top side are made by wire bonding.
Due to the high currents, Al wires with diameters in the range of 100–1000 µm are usually
applied. Cu wires with diameters in the hundreds of microns are used in more recent
devices. The use of Cu instead of Al makes it possible to increase the current-carrying
capacity of connections (the electrical conductivity of Cu is 39% higher than that of Al and
the thermal conductivity of Cu is 77% better than that of Al). It should be noted, however,
that the use of Cu wires involves the need for shielding atmospheres during joining, which
is why Cu wires coated with a thin Al layer are used. Such joints can be made using
the conventional ultra-compression method at room temperature. Another solution is to
use Al ribbons or Cu ribbons. Ribbons have larger cross-sections than wires, so the same
connection resistance can be provided with fewer connections. It should be noted that
the high inductance of wire connections (for TO enclosures in the 20–30 nH range) is a
significant disadvantage for components operating at high frequencies [150].
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Figure 18. Scheme of first-generation SiC power modules. TIM1 at chip—DBC interface; TIM2 at
DBC—radiator interface.

Table 1 shows the bonding of the SiC structure to the substrate. It should have good
mechanical (adhesion), electrical, and thermal properties. In the presented solution, the
only way to dissipate heat is through TIM1, which fixes the structure in the housing and is
responsible for cooling the SiC structures, thus limiting the maximum allowable operating
temperature. It is also worth noting that the surface area for heat dissipation of the TIM1
and SiC chips is comparable.

Hence, the requirement of good thermal conductivity for the TIM1 is achieved. The
same heat flux is transferred from the package to the heat sink via the TIM 2 over a much
larger surface area, corresponding to the device package. What is required from TIM2 is
good adhesion and acceptable thermal conductivity but also good electrical insulation.
Electrical (wire bonding inductance) and thermal (single-sided cooling only) limitations
forced the search for other solutions for SiC components.

Other solutions have focused on reducing parasitic inductance, i.e., eliminat-
ing wire connections and replacing them with soldered ribbon connections (DLB
solution—Direct Lead Bonding) or via a flex printed circuit board (SKIN solution), as
shown in Figure 19 [149].
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When using a DLB solution, the internal inductance can be reduced to 57% of that
shown in Figure 20 and internal lead resistance can be reduced to 50%, while extending
reliable operation time by almost 10 times.
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With the SKIN solution, which uses Ag paste sintering to attach a flexible PCB to the
top contacts of the chip and Ag paste sintering to attach a heat sink to the DBC, a reduction
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in parasitic resistance of up to 10% was achieved. Nevertheless, the cooling method has not
been changed in this solution; it is still single-sided. Therefore, design solutions are being
sought for packages where, regardless of the elimination of wire connections, double-sided
cooling is possible, as shown in Figure 21.
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A much better solution is to use a double-sided package, as shown in Figure 21. In
such packages, power chips are sandwiched between two ceramic substrates with Cu
metallization on both sides (DBC—Direct Bonded Copper substrates). Planar electrical
paths and joints can be formed in the inner Cu layers on the ceramics. The ceramic
substrates provide ideal insulation between the electrical part and the outer part where
bilateral cooling can be used. This symmetrical package structure, where semiconductor
components are placed between the inner Cu layers, allows for flexibility in routing flat
paths and placing contact pads to make joints between contact pads of active components.
Joints between chip and substrate contacts are made by soldering or sintering technology
based on Ag powders (TIM1 connections). This solution allows for the use of a vertical
semiconductor structure in which the electrodes are arranged on both the top and bottom
surfaces of the die. Compared to the traditional solution in Figure 18 with wire bonding,
where all semiconductor elements are placed in a face-up position on a 2-D substrate (in
the X-Y plane), the distribution of paths in the new solution allows the X-Z plane to be
used more effectively. The dimension in the Z direction is usually of the order of 0.1 mm
(thickness of semiconductor structures), and the paths distributed in the Cu layers on
DBCs in the X or Y direction usually do not exceed 10 mm. This limits the length of joints
which translates into reductions in parasitic inductance and reduced joint resistance. The
sandwich design of such modules allows for heat dissipation from both sides.

Theoretically, by using double-sided cooling, the thermal resistance of a double-cooled
package can be reduced relative to a single-sided package by a factor of two. Reference [150]
demonstrates that the typical Rth of the single-sided cooled power module is around
0.4 Kcm2/W, while in the double-sided case, it is possible to reduce the Rth to less than
0.2 Kcm2/W. In addition, the symmetry of the package provides better mechanical restraint
of the components in the housing and reduces the possibility of deformation of the package
with thermal exposures, and material symmetry prevents expansion-related deformations.

7.1. Our Work

The work carried out by our team focused on the study of TIM1, a material and
technology for the assembly of SiC chips into packages. An analysis of the literature on
this topic indicates that the following assembly techniques can be used: solder die attach,
sintering, SLID (Solid–Liquid Interdiffusion), or organic die attach.

Soldering has been the most widely used assembly technique. When using Pb5Sn high-
lead solders, or AuSi (Tm = 363 ◦C), AuGe (Tm = 356 ◦C), or AuSn (Tm = 280 ◦C) eutectic
solders, the maximum operating temperature can reach 250 ◦C. The thermal resistance
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Rthj-c for joints made with Pb5Sn solders is in the range of 0.65–0.67 K/W [153,154]. When
the SAC-type solders are used, the maximum operating temperature must not exceed
175 ◦C [150]. In the case of solders, the thermal conductivity of the bonding layer is in the
range of 30–50 W/mK. The research indicates that for connections made with SAC solder,
Rthj-c in the range of 0.36–0.39 K/W was obtained.

One of the most promising and intensively studied joining technologies is sintering
based on Ag [155–157]. The sintering technology is useful for high-temperature electronics,
the joining process can be carried out at temperatures in the range of 220–300 ◦C, and
the resulting joints are capable of working at temperatures above 500 ◦C. An important
advantage of joints based on Ag paste sintering is a thermal conductivity of more than
150 W/mK. The joints made by Ag sintering technology were characterized by Rthj-c in the
range of 0.82–1.58 K/W.

There are other attempts to use Solid–Liquid Interdiffusion (SLID) technology, also
known as TLP (Transient Liquid-Phase Bonding). This technology is based on the formation
of a bonding layer based on the intermetallic bonds between Sn or In and high-temperature-
melting materials such as Au, Ag, Cu, or Ni [158,159]. The maximum operating tem-
peratures for the Au-Sn system reached 418 ◦C, for the Cu-Sn system 408 ◦C, for the
Ag-Sn system 480 ◦C, and for the Ag-In system 600 ◦C, while the joints made by SLID
technology were characterized by Rthj-c = 0.58–1.15 K/W. In this case, the bonding layer
is a film of intermetallic compounds (IMCs) whose thermal conductivity is in the range
of 30–60 W/mK [160]. A comparative study showed that by using SLID technology, it is
possible to obtain joints with good thermal performance at lower joining temperatures and
at lower pressures.

A separate group is an organic die attach, which is a Ag paste with a small addition
of resins (from several to 20% by weight) [161–164]. The addition of resins allows for
pressureless sintering and for performing joining processes at temperatures below 200 ◦C.
It is worth noting that the Ag pastes of this type, due to the presence of resins, can be
used to assemble Si structures without bottom metallization. Joints formed between DBC
substrate NiAu metallization and bare Si at 175 ◦C and 0.1 MPa have adhesion above
10 MPa and thermal resistance in the range of 0.11–0.25 K/W [165]. Table 3 compares the
adhesion and thermal resistivity of Si chip joints with different metallization techniques
formed by Ag pastes with 8% resin addition (TIM1) achieved in our laboratory [152,165].

Table 3. Summary of adhesion and thermal resistance study for different interfaces assembled with
Ag paste.

TIM Material and Interfaces Adhesion [MPa] Thermal Resistance [K/W]

Ag paste with interfaces Au/Au 11.5 ± 1.0 0.08 ÷ 0.14
Ag paste with interfaces Au/Si 12.6 ± 1.0 0.11 ÷ 0.26
Ag paste with SLID interfaces 12.3 ± 2.5 0.16 ÷ 0.19

Ag paste sintering technology can be applied in the assembly of SiC chips to DBA
substrates (AlN ceramics with Al metallization) [166–168]. These connections are based on
the Ag/Al interface between the SiC chip and the DBA substrate and between the DBA
substrate and the heat sink. They can be manufactured using pressureless technology at
temperatures in the range of 230–250 ◦C. They are characterized not only by efficient heat
dissipation to the heat sink but also by robustness to temperature cycling [168].

7.2. Conclusions

The development of SiC structure assembly technology is progressing in two main
directions. Firstly, it is aimed at increasing the speed of signal processing and improving
cooling conditions for heavy-duty operations. This is supported by the trend towards
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replacing wire connections with ribbon connections, which allows for an improvement
in current-carrying capacity, replacing Al wires with Cu wires covered with a thin Al
layer, and further transitions to flip chip connections, i.e., direct connection of structure
contacts with contact fields of DBC substrates, which enables a significant reduction in
inductance. In terms of improving cooling conditions, the aim is to find solutions that
allow for double-sided cooling. Secondly, new material solutions are being investigated
for TIM1 (SiC–substrate interface). The usefulness of three SiC assembly technologies
for substrates based on high-melting lead-free solders, SLID technologies, and Ag paste
sintering was analyzed. In the case of environmentally friendly lead-free solders (AuSn
or AuGe), it is necessary to use higher process temperatures (300–400 ◦C range), which
is technologically troublesome and associated with the generation of stresses and cracks
during cooling, and the solders are expensive. With SLID technology and sintering, joining
temperatures are similar (220–300 ◦C) and operating temperatures exceeding 400 ◦C are
achievable. The disadvantage of SLID technology is that pressure is required during joining,
which is not necessary for sintering. It is worth noting that the bonding layer in Ag paste
sintering technology has a very good thermal conductivity exceeding 150 W/mK, while for
SLID technology, it does not exceed 50 W/mK. Here, high hopes are placed on Ag paste
sintering technology. This technology is particularly interesting, as it enables not only a
good bonding at the Au/Au, Ag/Al, or Ag/Ag interface but also non-metalized Si to the
Au-metallized package.

8. Concluding Remarks
Without any doubt, SiC is a key emerging technology for the next generation of semi-

conductors driving the electromobility, renewable energies, smart grids, smart buildings,
smart metering, and digitization of industrial processes leading to the energy transfor-
mation. SiC holds great promise for several automotive and traction applications, partic-
ularly for battery electric vehicles (BEVs) with charging systems, and has already been
widely adopted. Moreover, it plays a crucial role in high-power industrial and public
transport applications.

The main goal of this paper is to provide a comprehensive review of the recent
advances in SiC technology. We have focused on identifying the main challenges of this
technology starting with the SiC substrate growth and the defect control challenges. We
describe the significant issues that are quite different from the well-established Si technology
and how they have been addressed by the leading researchers in this field. We provide a
comprehensive bibliography of the key advances in SiC process step development and also
the most recent results from this paper’s authors.
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