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Abstract

The thesis is organized into two complementary research directions, de-
voted to the modelling and characterization of silicon carbide (SiC) power
devices. The first concerns the development and validation of a lumped-
parameter electrothermal model, SPICE-compatible and geometrically scal-
able, for silicon carbide Merged PiN Schottky (MPS) diodes. The pro-
posed circuit model accurately describes the forward conduction behaviour,
including the dependence on temperature and geometry, self-heating ef-
fects, and the snapback phenomenon, as confirmed by TCAD simulations.
Within the same research line, an experimental campaign has been carried
out, followed by a failure analysis, on 1.2 kV SiC Junction Barrier Schottky
(JBS) diodes, aimed at optimizing wire bonding at die level in order to
increase the maximum current capability under surge current conditions.

The second research direction introduces an innovative concept of 1.2 kV
SiC Gate-All-Around (GAA) MOSFET, investigated through static, dy-
namic, and electrothermal mixed-mode TCAD simulations. The proposed
cylindrically symmetric structure enables a uniform distribution of the
electric field without the need for a dedicated termination region, thereby
improving the trade-off between specific on-resistance and breakdown volt-
age. However, the 360° silicon dioxide insulation limits heat dissipation,
making short-circuit events particularly critical. As a possible solution,
the last part of the thesis investigates the integration, within the gate ox-
ide, of a ferroelectric layer capable of limiting the current and the resulting
self-heating during short-circuit transients.

Keywords: silicon carbide, MPS, JBS, SPICE, electrothermal, self-
heating, snapback, wire bonding, surge current, GAA MOSFET, TCAD

simulations, short-circuit, reliability, ferroelectric.






Sintesi in lingua italiana

La tesi é articolata in due filoni di ricerca complementari, dedicati alla
modellazione e alla caratterizzazione di dispositivi di potenza in carburo
di silicio (SiC). II primo riguarda lo sviluppo e la validazione di un modello
elettrotermico a parametri concentrati, compatibile con SPICE e geometri-
camente scalabile, per diodi Merged PiN Schottky (MPS) in SiC. Il modello
circuitale descrive con buona accuratezza la conduzione in polarizzazione
diretta, includendo la dipendenza da temperatura e geometria, ’auto-
riscaldamento e il fenomeno di snapback, come verificato mediante sim-
ulazioni TCAD. Nell’ambito dello stesso filone di ricerca & stata condotta
una campagna sperimentale, con successiva analisi dei fallimenti, su diodi
SiC Junction Barrier Schottky (JBS) da 1.2 kV, finalizzata all’ottimizzazione
del bondaggio a filo a livello die per incrementare la massima corrente
sostenibile in condizioni di sovracorrente.

Il secondo filone introduce un concetto innovativo di MOSFET SiC
Gate-All-Around (GAA) da 1.2 kV, studiato tramite simulazioni TCAD
statiche, dinamiche ed elettrotermiche in modalita mista. La struttura
proposta, a simmetria cilindrica, permette di ottenere una distribuzione
uniforme del campo elettrico senza ricorrere a una regione di terminazione,
migliorando il compromesso tra resistenza specifica di conduzione e ten-
sione di blocco. Tuttavia, I'isolamento a 360° di diossido di silicio limita
lo smaltimento termico, rendendo critici gli eventi di corto circuito. Come
possibile soluzione, nell’ultima parte della tesi si studia l'integrazione,
nell’ossido di gate, di uno strato di materiale ferroelettrico in grado di
limitare la corrente e il conseguente auto-riscaldamento durante i transi-
tori di corto circuito.

Parole chiave: carburo di silicio, MPS, JBS, SPICE, elettrotermico,
auto-riscaldamento, snapback, sovracorrente, bondaggio a filo, MOSFET
GAA, simulazioni TCAD, corto circuito, affidabilita, ferroelettrico.
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Chapter

Introduction

Modern society is increasingly dependent on electrical systems for com-
fort, transportation, and healthcare. This growing dependence has driven
significant advancements in power generation, distribution, and manage-
ment technologies—developments that are closely tied to improvements
in the performance of power semiconductor devices, which regulate and
control the flow of electricity. Following the replacement of vacuum tubes
with solid-state devices in the 1950s, the industry relied heavily on silicon
bipolar devices such as bipolar power transistors and thyristors. Although
these components quickly achieved higher ratings to meet a broadening
range of applications, they suffered from inherent limitations: the need
for complex control and protection circuits often resulted in bulky and
costly system designs. The introduction of MOS technology for digital
electronics in the 1970s paved the way for a new class of devices for power-
switching applications—silicon power MOSFETs. These devices became
widely adopted in high-frequency applications with relatively low oper-
ating voltages (typically below 100 V). In the 1980s, the integration of
MOS and bipolar device physics led to the emergence of hybrid devices,
among which the insulated-gate bipolar transistor (IGBT) proved the most
impactful. Providing high power density, simple drive requirements, and
robustness, the IGBT rapidly became the preferred choice for medium-
and high-power applications, with the notable exception of high-voltage
direct current (HVDC) transmission systems. Even in these high-power
domains, traditional thyristors are increasingly being challenged by MOS-
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gated structures.
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Figure 1.1. Applications for power devices.

Power devices are employed across a wide range of operating power lev-
els and frequencies. As illustrated in Fig. 1.1, high-power systems—such
as HVDC distribution networks and locomotive traction drives—operate at
relatively low frequencies, often in the megawatt range. As operating fre-
quency increases, the achievable power rating decreases: for example, typi-
cal microwave devices handle around 100 W. Currently, all of these applica-
tion areas are served primarily by silicon-based technologies, with thyris-
tors dominating low-frequency, high-power applications; IGBTs covering
medium-frequency, medium-power needs; and power MOSFETSs suited for
high-frequency, low-power scenarios. An alternative method of classifying
power device applications is by their current and voltage handling capa-
bilities, as shown in Fig. 1.2. At the high-power extreme, thyristors can
handle voltages exceeding 6000 V and currents over 2000 A, enabling con-
trol of more than 10 MW in a single monolithic device—making them
ideal for HVDC transmission and traction drive systems. In the 300-3000
V range, where substantial current handling is also required, IGBTs remain
the optimal choice. For applications with current requirements below 1 A,




it is often feasible to integrate multiple devices on a single chip, enhancing
functionality in systems such as telecommunications and display drivers.
When current demands exceed only a few amperes, discrete power MOS-
FETs combined with appropriate control ICs offer a more cost-effective
solution for applications such as automotive electronics and switch-mode
power supplies. Despite these advancements, no single device architecture
can currently meet the full spectrum of application requirements. This
technological gap continues to drive research and innovation in the design,
materials, and architectures of next-generation power devices [2].

A
10— HVDC
TRANSMISSION
G
%
E ol . MOTOR
2 . 8|y g DRIVES
on - =
£ 2% 282 ROBOTICS
3 10" Hae2|oh
z 5=
5 e
= (1 —
= 10
© | TELECOM. |
10! — DISPLAY
DRIVES
0 | | L,
10 102 103 104

Voltage Rating (Volts)

Figure 1.2. System ratings for power devices.
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1.0.1 Ideal and Typical Power Device Characteristics

Although silicon power devices have been used in industry for more
than five decades, their characteristics deviate significantly from those of
an ideal device.

An ideal power rectifier should exhibit the /-V characteristics shown
in Fig. 1.3. In forward conduction mode (first quadrant of the figure),
it would be able to conduct any amount of current with zero on-state
voltage drop. In reverse blocking mode (third quadrant of the figure),
it would be capable of sustaining any reverse voltage with zero leakage
current. Furthermore, an ideal rectifier would switch between the on-state
and the off-state instantaneously, with zero switching time.
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Figure 1.3. Characteristics of an ideal rectifier.

In practice, however, silicon power rectifiers display the non-ideal I-V
characteristics illustrated in Fig. 1.4. In the on-state, they exhibit a
finite voltage drop (Von), which results in conduction losses. In the off-
state, they allow a finite leakage current (Iopp) while blocking voltage,
leading to additional power losses. Moreover, the doping concentration and
thickness of the drift region must be carefully engineered to achieve a target
breakdown voltage (BV). Increasing the breakdown voltage generally raises




power dissipation, as the on-state voltage drop also increases with voltage
rating.

Ir

v

Figure 1.4. Characteristics of a typical rectifier.

The I-V characteristics of an ideal power switch are shown in Fig.
1.5. As with the rectifier, the ideal transistor would conduct current in
the on-state with zero voltage drop and block voltage in the off-state with
zero leakage current. In addition, it could operate at high current and
voltage in the active region, where the forward current is controlled by
the applied gate bias. In this ideal case, the spacing between the output
characteristics in the active region would be uniform, indicating a gain
independent of both current and voltage.

In contrast, the -V characteristics of a practical power switch, illus-
trated in Fig. 1.6, deviate from this ideal behavior. A real transistor has a
finite on-state resistance and a finite off-state leakage current (not shown
in the figure, as it is much smaller than the on-state current). Its break-
down voltage is also limited, as indicated by BV in the figure. However,
it can still operate at high currents and voltages in the active region. For
a bipolar transistor, the current is controlled by the base current, whereas
for a MOSFET or IGBT it is controlled by the gate voltage. The latter ap-
proach is generally preferred, as gate-voltage control allows integration of
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Figure 1.5. Characteristics of an ideal transistor.

the drive circuit, reducing overall cost. Unlike the ideal case, however, the
spacing of the output characteristics in the active region is non-uniform.
In devices operating in the current saturation mode with channel pinch-off,
the behavior follows a square-law relationship.
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Figure 1.6. Characteristics of a typical transistor.




1.0.2 Efficiency and Switching Aspects of Unipolar and
Bipolar Conduction

Bipolar power devices operate through the injection of minority carriers
during on-state current conduction. When switching from the on-state to
the off-state, these carriers must be removed. This occurs either through
charge extraction by the gate drive current or through electron-hole recom-
bination. However, both mechanisms introduce significant power losses
that reduce overall power management efficiency. For this reason, unipo-
lar current conduction is generally preferred in power devices. The most
common unipolar power diode structure is the Schottky rectifier, which
achieves current rectification through a metal-semiconductor barrier. In
high-voltage Schottky rectifiers, a drift region is also incorporated, as illus-
trated in Fig. 1.7, to support the reverse blocking voltage. However, the
electrical resistance of the drift region Rg increases rapidly with a higher
blocking voltage capability, as will be discussed later in this chapter. Com-
mercial silicon Schottky rectifiers are available with blocking voltages up
to approximately 100 V. Beyond this limit, their on-state voltage drop be-
comes prohibitively high for practical applications. For higher breakdown
voltage requirements, silicon P-i-N rectifiers are typically employed, as they
provide a lower on-state voltage drop despite their slower switching speed.
As will be shown in the following chapters, silicon carbide (SiC) Schottky
rectifiers offer a significant advantage: their drift region resistance is much
lower than that of their silicon counterparts, enabling the design of very
high-voltage devices with reduced on-state voltage drop.

1.0.3 Ideal Drift Region

All unipolar power devices described above include a drift region, specif-
ically designed to sustain the blocking voltage. The characteristics of this
region, namely, its doping concentration and thickness, can be analyzed by
considering an idealized abrupt junction profile, with a highly doped region
on one side and a uniformly low-doped region on the other. In this anal-
ysis, junction curvature effects are neglected by assuming a parallel-plane
configuration. The resistance of the ideal drift region can thus be directly
related to the fundamental properties of the semiconductor. The solution
of Poisson’s equation yields a triangular electric field distribution within a
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Figure 1.7. Schematic of power schottky rectifier structure and its equivalent
circuit.




uniformly doped drift region, where the slope of the field profile is deter-
mined by the doping concentration. The maximum voltage that the drift
region can sustain is reached when the maximum electric field (Eyp) equals
the critical electric field (E¢) for the breakdown of the semiconductor ma-
terial. The critical electric field and the doping concentration together
define the maximum depletion width (Wp). The specific resistance (i.e.,
resistance per unit area) of the ideal drift region is then expressed as:

qunNp

Ron (1.1)
Since this resistance was initially considered to be the lowest value achiev-
able with silicon devices, it has historically been referred to as the ideal
specific on-resistance of the drift region. The depletion width under break-
down conditions is given by:

2BV

Wp=—— 1.2
b=p (12)

where BV is the desired breakdown voltage. The doping concentration in
the drift region required to obtain this breakdown voltage is given by:

esE%
.

= om0 (1.3)

Combining these relationships, the specific resistance of the ideal drift
region is obtained:
4BV?

— 14

RoN-1DEAL =
The denominator of this last equation is commonly referred to as Baliga’s
figure of merit for power devices. This figure provides a measure of how the
intrinsic properties of a semiconductor material influence the resistance of
the drift region.

The resistance of the drift region depends on the carrier mobility con-
sidered here for electrons, since their mobility is generally higher than that
of holes. This dependence favors semiconductors such as gallium arsenide
(GaAs). However, the much stronger cubic dependence of the on-resistance
on the critical electric field for breakdown favors wide—band gap semicon-
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ductors such as silicon carbide (SiC) [1]. The critical electric field itself is
determined by the impact ionization coefficients of holes and electrons, as
will be discussed in the next chapter.

Figure 1.8 illustrates how the specific on-resistance of the drift region
varies with both the carrier mobility and the critical electric field, for a
breakdown voltage of 1000 V. In the figure, the characteristic values for
silicon (Si), gallium arsenide (GaAs), and silicon carbide (SiC) are marked.
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Figure 1.8. Specific on-resistance vs critical electric field.

The improvement in drift region resistance observed in GaAs com-
pared to silicon is mainly due to its much higher electron mobility. In
contrast, the superior performance of SiC is primarily a result of its sig-
nificantly higher critical breakdown field. Based on these considerations,
GaAs enabled the development of high-voltage Schottky rectifiers in the
1980s. Even greater performance improvements, however, are clearly pre-
dicted for SiC devices—an area that forms the central subject of this work.
Interest in the development of power devices from wide-bandgap semicon-
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ductors, including gallium nitride (GaN), continues to grow.

1.1 Introduction Summary and Thesis Objectives

In this introductory chapter, we outlined the application domain of
power semiconductor devices and examined the key design and process
parameters affecting both static and dynamic performance. We introduced
Baliga’s Figure of Merit, which highlights how the intrinsic properties of
a semiconductor material influence the resistance of the drift region.

A second fundamental approach to enhancing these trade-offs lies in the
development of novel device architectures. This approach is closely linked
to the ability not only to refine but also to invent and standardize new
technological processes that enable increasingly high-performance designs.

The two main research topics addressed in this dissertation stem di-
rectly from these two approaches and can be summarized as follows:

1. The development of a lumped-parameter compact model for the de-
scription of the forward behavior of silicon carbide (SiC) Merged PiN
Schottky (MPS) diodes. This model, for the first time, accounts for
the snapback effect and proposes a physically based interpretation
of this phenomenon within a circuit-level framework.

2. The study and analysis of a novel concept of a cylindrical SiC power
MOSFET with a gate-all-around (GAA) structure.

Before addressing the circuit-level modeling of MPS diodes in the following
chapters, Chapter 2 summarizes the most important physical and electrical
properties of silicon carbide. Chapters 3 and 4 then review the fundamental
structures of PiN and Schottky diodes, respectively. Finally, Chapter 5
presents the Junction Barrier Schottky (JBS) and Merged PiN Schottky
(MPS) structures, together with the lumped-parameter model mentioned
above.

In the last chapter (Chapter 6), the basic concepts related to the design
of SiC power MOSFETs are briefly introduced, followed by an overview
of the state of the art of existing MOSFET technologies. The chapter
concludes with the results of the study carried out on the cylindrical gate-
all-around SiC power MOSFET concept.







Chapter

SiC: Material Properties

Silicon carbide (SiC) is a wide-bandgap semiconductor, commercially
available as monocrystalline wafers with diameters between 50 and 150
mm. Among its various polytypes, the 3C, 6H, and 4H structures are most
relevant for electronic applications, exhibiting bandgaps ranging from 2.9
to 3.2 eV. The wide bandgap results in a lower intrinsic carrier concentra-
tion at room temperature compared to silicon. Combined with its higher
thermal conductivity (4.9 vs. 1.5 W/cm-K), greater dielectric strength,
and higher electron saturation velocity, SiC is particularly well suited for
high-temperature, high-voltage, and high-power applications, offering sub-
stantial efficiency improvements over silicon-based devices. The first com-
mercial SiC devices were Schottky diodes (2001), valued for their negligible
reverse recovery and reliable operation above 150 °C. Their low switch-
ing losses quickly established them as key components in advanced power
conversion circuits. The first controllable devices, SiC JFETs, appeared
around 2008-2011, though technological challenges—particularly related
to gate oxide quality—delayed the introduction of SiC MOSFETs. JFETs,
being normally-on devices, were considered unsuitable for power applica-
tions, leading to cascode solutions with Si MOSFETs. Attempts with SiC
BJTs were also limited by strong dependence on material quality. In 2011,
Cree released the first commercial 1200 V SiC MOSFETs, marking a turn-
ing point. Since then, the SiC device market has grown rapidly, exceeding
€200M by 2015 with projected annual growth rates of 20SiC MOSFETs
are expected to dominate the market thanks to their combination of high
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breakdown voltage capability, low on-resistance (scaling inversely with the
cube of the critical electric field), robustness, and high-temperature oper-
ation. These features not only improve efficiency but also reduce cooling
requirements and increase device lifetime [1].

2.1 Fundamental Properties

This section summarizes the fundamental properties of silicon carbide
and compares them with those of silicon. The analysis focuses on the
4H polytype, whose characteristics are superior to those of the 6H and
3C polytypes. The material properties most relevant for power devices
include the energy bandgap, impact ionization coefficients, dielectric con-
stant, thermal conductivity, electron affinity, and carrier mobility. From
these parameters, both the intrinsic carrier concentration and the built-in
potential can be derived; their values are also calculated here and com-
pared with the corresponding values for silicon (Table 2.1).

Table 2.1. Si Vs SiC

Properties Silicon 4H-SiC
Energy Bandgap (eV) 1.1 3.2
Relative Dielectic Constant 11.7 9.7
Thermal Conductivity (W/cmK) 1.5 3.7
Electron Affinity (eV) 4.05 3.7
Density of States Conduction Band (ecm™3) 2.80x10' 1.23x10?
Density of States Valance Band (cm™3) 1.04x10%Y  4.58x10'8

2.1.1 Energy Bandgap

The energy bandgap of silicon carbide (SiC) is much larger than that of
silicon, which allows SiC to be classified as a wide-bandgap semiconductor.
For 4H-SiC, the bandgap is Eg = 3.26 eV—about three times larger than
that of silicon—while for 6H-SiC it is slightly smaller, at 3.0eV. A wider
bandgap reduces carrier generation in the depletion regions of devices,
thereby lowering the leakage current in P-N junctions designed to sus-
tain high voltages. It also enables the formation of metal-semiconductor
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contacts with higher Schottky barrier heights, further reducing leakage
currents in Schottky rectifiers and MESFETs.

The intrinsic carrier concentration is determined by the thermal gener-
ation of electron—hole pairs across the bandgap. It can be calculated using
the mass-action law, which holds under thermodynamic equilibrium (i.e.,
steady-state conditions in the absence of electrical or optical excitation):

n; =/ No Ny e Fa/2kT (2.1)

where Eg is the bandgap energy, No and Ny are the effective density of
states in the conduction and valence bands, respectively, k is Boltzmann’s
constant (1.38 x 10722 J/K), and T is the absolute temperature.

For silicon, the intrinsic carrier concentration is:

n; ~ 1.4 x10%ecm™  at 300K (2.2)

whereas for 4H-SiC it is:

ni ~6.7x10%em™3 at 300K (2.3)

This vast difference demonstrates that bulk generation currents play
a negligible role in determining leakage current in SiC devices, although
surface generation currents may still be significant due to interface states
within the bandgap.

The intrinsic carrier concentration can also be expressed as a function
of temperature. Figures 2.1 and 2.2 illustrate this dependence: Figure 2.1
uses the conventional inverse temperature scale, while Figure 2.2 provides
a direct temperature scale for easier interpretation. As shown, the in-
trinsic carrier concentration in silicon increases rapidly with temperature,
reaching a typical doping level of 1 x 10 ecm™ at just 540K (267°C).
In contrast, for 4H-SiC the concentration remains extremely low—even at
700K (427°C) it is only 3.9 x 107 cm™3.

As is well know, the built-in voltage of a P-N junction is given by:

NIN7
Vi = L1 (A D) (2.4)

2
q n;

where NX and N, are the ionized acceptor and donor concentrations
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on either side of the junction. In silicon, these concentrations are effectively
equal to the doping levels, since dopant ionization energies are small. In
silicon carbide, however, this assumption no longer holds because dopants
exhibit much higher ionization energies. This effect, known as incomplete
tonization, will be discussed later in this chapter. So in summary, the wide
bandgap of silicon carbide, which also results in a lower intrinsic carrier
concentration, leads to significantly reduced leakage currents, but on the
other hand, the wide bandgap also increases the built-in voltage (as can be
easily seen from equation 8), causing a higher forward voltage drop across
the P—N junction. For this reason, as will be discussed in the following
chapters, device architectures such as Schottky, Junction Barrier Schottky
(JBS), and Merged PiN Schottky (MPS) structures are often preferred in
silicon carbide technology [1].
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Figure 2.1. Intrinsic carrier concentration Vs 1000/ Temperature.
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2.1.2 Impact ionization coefficients

The primary advantage of wide bandgap semiconductors in power de-
vice applications lies in their ability to sustain much higher breakdown
voltages. This enhanced capability is directly linked to the significantly
lower impact ionization coefficients of these materials compared to silicon,
for a given electric field [1]. The dependence of the impact ionization rate
on the electric field is generally described by Chynoweth’s Law:

a=ax e E (2.5)

where E is the electric field component along the direction of current
flow, while a and b are material- and temperature-dependent constants.
For silicon, the ionization rate of electrons is much higher than that of
holes. In contrast, experimental results on silicon carbide have revealed
the opposite trend, with holes exhibiting higher ionization rates than elec-
trons. In the case of silicon, the measured coeflicients as a function of elec-
tric field and temperature can be modeled with values ofa = 7 x 10°cm ™!
and b = 1.23 x 10°V/cm at room temperature. For 4H-SiC, the impact
ionization coefficients have been more recently determined using electron-
beam excitation techniques. This approach enabled accurate extraction of
ionization rates in defect-free regions by identifying and excluding defec-
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tive areas through EBIC (Electron Beam Induced Current) imaging. This
distinction was essential, since measurements taken at defect sites showed
substantially higher ionization rates. For defect-free 4H-SiC, the extracted
parameters for hole ionization were:

a(4H — SiC) = 6.46 x 10° — 1.07 x 10T (2.6)
b(4H — SiC) = 1.75 x 107 (2.7)
a(6H — SiC) = 4.6 x 10° — 7.4 x 103T (2.8)
b(6H — SiC) = 1.5 x 107 (2.9)
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Figure 2.3. Impact Ionization Coeflicients in 4H-SiC and Silicon.

A direct comparison of 4H-SiC and silicon (see Fig. 2.3) highlights that
significant carrier generation by impact ionization begins only at much
higher electric fields in 4H-SiC. Consequently, breakdown in 4H-SiC de-
vices occurs at fields on the order of 2 — 3 x 10V /cm, nearly an order
of magnitude greater than in silicon. This translates into a much higher
critical electric field E¢ for breakdown in 4H-SiC, which in turn yields a
substantial increase in Baliga’s Figure of Merit (BFOM) [1]. The implica-
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tions of this higher critical electric field are explored in greater detail in
the following chapter.

2.1.3 Carriers Mobility

In this subsection, we highlight the differences in carrier mobility be-
tween silicon carbide (SiC) and silicon. A simplified treatment of carrier
mobility is first provided, followed by a focus on the main distinctions be-
tween these two semiconductor materials.

Carrier mobility is a parameter that quantifies the ability of a charge

carrier to move through the crystal lattice under the influence of an electric
field:

Gg=p-E (2.10)
where vy is the drift velocity vector, E is the electric field vector, and
p is the mobility tensor.
In the particular case where the electric field and drift velocity are
aligned—or more specifically, in isotropic semiconductor materials—the
tensor reduces to a scalar quantity, and mobility can be expressed as:

Ud

p== (2.11)

Under typical operating conditions of semiconductor devices, the most
important scattering mechanisms affecting mobility are:

e Phonon scattering

e Jonized impurity scattering

For devices such as surface-channel MOSFETS, where current conduc-
tion occurs near the semiconductor—insulator interface, a third mechanism
becomes relevant:

e Interface scattering

All these contributions can be considered simultaneously using Matthiessen’s
rule:
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where fipy, is the phonon-limited mobility, jtimp the mobility limited by
ionized impurities, and piy the interface-limited mobility [4].

As in silicon, in silicon carbide the electron mobility is significantly
higher than the hole mobility. It is therefore advantageous to design unipo-
lar devices using N-type drift regions rather than P-type drift regions.

The electron mobility at room temperature is plotted in Fig. 2.4 as a
function of doping concentration for both silicon and silicon carbide. In
both materials, mobility decreases with increasing doping due to enhanced
Coulombic scattering from ionized impurities.
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Figure 2.4. mobility Vs doping concentration [1].

With regard to temperature dependence, in the range from 300 K to
500 K, mobility decreases in both silicon and silicon carbide. This occurs
because the phonon-scattering contribution (which has a negative temper-
ature coefficient) dominates over the ionized impurity scattering contribu-
tion (which has a positive temperature coefficient). This behavior is clearly
illustrated in Fig. 2.5.
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2.1.4 Donor and Acceptor Ionization Energy Levels

The ionization of dopant atoms at a given temperature can be ei-
ther complete or incomplete, depending on whether all dopant atoms have
successfully donated (N-type) or accepted (P-type) electrons. In silicon,
dopants are almost fully ionized at room temperature because their ioniza-
tion energies are relatively small compared to the conduction-band edge
(for donors) or the valence-band edge (for acceptors). However, below
approximately 120 K, silicon is no longer completely ionized. This tem-
perature range is known as the freeze-out regime.

In contrast, silicon carbide (SiC) exhibits incomplete ionization even at
room temperature, due to the significantly higher ionization energies of its
dopants. As a result, only a fraction of the dopant atoms contribute free
carriers to the semiconductor. In particular, dopants with deep ionization
levels—located more than about five times the thermal energy away from
the conduction or valence band edges—remain “frozen” within the bandgap
and are not thermally activated. These deep-level impurities can act as re-
combination centers where electrons and holes annihilate each other. The
most common donor atoms in SiC are nitrogen and phosphorus. Nitro-
gen typically substitutes carbon atoms, while phosphorus replaces silicon
atoms. The most common acceptors are aluminum and boron, both of
which substitute silicon atoms. The exact energy level of a given dopant in
SiC depends on the polytype. Moreover, because nearly all SiC polytypes
contain both cubic and hexagonal lattice sites, the same dopant species
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usually produces multiple ionization levels—one for each inequivalent site.
The only exceptions are 3C-SiC and 2H-SiC, which are purely cubic and
hexagonal, respectively. For bipolar devices, the incomplete ionization of
dopants in SiC strongly affects the temperature dependence of their elec-
trical characteristics. Therefore, in the design and simulation of SiC-based
devices, an appropriate incomplete ionization model must be used, taking
into account both dopant concentration and polytype.

2.1.5 Recombination Lifetimes

In silicon, high-voltage devices exploit minority-carrier injection into
the drift region to lower resistivity through conductivity modulation. How-
ever, recombination of carriers—often mediated by deep levels—affects
switching speed and can also generate leakage current under reverse bias.
In contrast, for silicon carbide, power switching applications are limited
to unipolar devices, partly because reported carrier lifetimes are short
(1079 —107"s), with corresponding diffusion lengths of only 1—2 um, likely
influenced by surface recombination. Although bipolar devices such as 4H-
SiC PiN rectifiers can achieve higher bulk lifetimes, their large on-state
voltage drop and slow switching render them less practical than unipolar
structures.




Chapter

PiN rectifier

Power rectifiers are essential components in power electronic circuits,
as they control the direction of current flow. In silicon Schottky barrier
rectifiers, the on-state voltage drop becomes prohibitively large when the
device is designed to sustain reverse blocking voltages greater than 200
V. However, many applications—such as motor drives—require rectifiers
with blocking voltages in the range of 300 to 5000 V. For these conditions,
silicon PiN rectifiers have been traditionally employed.

In a PiN rectifier, the reverse blocking voltage is sustained across the
depletion region of a P-N junction, with most of the voltage supported by
the N-type drift layer. To achieve high blocking capability, this drift region
must be thick and lightly doped, while the P-type region is optimized to
facilitate forward conduction. In silicon devices, high-level injection of mi-
nority carriers into the drift region plays a key role, as it drastically reduces
the resistivity of the thick, low-doped layer. This conductivity modulation
allows substantial forward current flow despite the weak doping. Addition-
ally, punch-through designs can further reduce the drift region thickness,
lowering the on-state voltage drop.

In contrast, silicon carbide (SiC) rectifiers rely on very different design
principles. Owing to the much higher critical electric field of SiC, the drift
region can be made thinner and more heavily doped while still achieving
very high breakdown voltages. As a result, 4H-SiC Schottky rectifiers with
reverse blocking capabilities of up to 3000 V can be realized with relatively
low on-state voltage drops. Thanks to their inherently fast switching speed,
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SiC Schottky rectifiers are expected to increasingly replace silicon PiN
rectifiers in applications requiring blocking voltages up to 3000 V.

Commercial progress has already been made: SiC junction barrier
Schottky (JBS) rectifiers with blocking voltages of 600-1200 V are now
available and widely used as flyback rectifiers in inverters in combination
with silicon IGBTs. Nonetheless, a complete replacement of silicon PiN
rectifiers will depend on further reductions in the manufacturing cost of
SiC technology. Until then, silicon PiN rectifiers will continue to play an
important role, especially in applications where cost competitiveness re-
mains a priority

3.1 Basic Principles Of PiN Rectifier

As the name suggests, PiN diodes consist of three regions: a heavily
doped p-type region, a lightly doped n-type region (often referred to as
the epi-layer or drift region), and a heavily doped n* cathode region that
ensures a good ohmic contact between the semiconductor and the metal
(Fig. 3.1 ¢). The central region is often referred to as “intrinsic,” although
more accurately its doping concentration is several orders of magnitude
lower than that of the outer regions.

Compared to unipolar devices, PiN diodes exhibit a lower on-state
resistance (Ron). This characteristic is primarily due to the phenomenon
of conductivity modulation, which occurs when a large number of minority
carriers are injected into the low-doped drift region. Although this reduces
the effective resistance Ron, the drift region still contributes significantly
to the total voltage drop across the device, which can be expressed as:

Vpin = VAg + VeEc + I - Ron (3.1)

where Vpin is the total voltage drop across the device, Vag is the
voltage drop across the anode—epi junction, and V¢ is the drop across the
epi—cathode junction.

Thus, the structure of a PiN diode can be summarized as:

e a heavily doped PT region at the anode,

e a lightly doped N~ drift region (epi-layer),
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e a heavily doped NT cathode region.

Unlike signal diodes, PiN diodes are designed to withstand high reverse
blocking voltages. Considering a one-sided abrupt junction (such as the
anode—epi junction), under reverse bias the width of the space-charge re-
gion (W) is given by:

2e5(VBr + Vg)

W ~ Wepi ~ qN_

(3.2)
where Wep; is the extension of the depletion region into the epi-layer
(under reverse bias W = Wepi), €5 is the semiconductor dielectric constant,
N~ is the doping concentration of the drift region, ¢ is the electron charge,
Vg1 is the built-in potential, and Vg is the applied reverse voltage.
At breakdown voltage BV (with BV > Vgy), this simplifies to:

2e,BV
Wy N- (3.3)

The corresponding critical electric field is:

gN~ N 2qBV N~

Eo| = Wepi— 3.4
’ C’ epi s s ( )
From which the breakdown voltage can be expressed as:
E2e
BV ~ <% 3.5
2qN~ (3:5)

From this expression, it is straightforward to infer that increasing the
breakdown voltage can be effectively achieved by decreasing the doping
concentration in the N~ epi-layer. Assuming the same applied voltage
across the diode, the absolute value of the area under the electric field F(x)
in the space-charge region (SCR) must remain constant as N~ decreases.
Consequently, the SCR will extend further into the epi-layer and shrink
within the heavily doped anode region (as illustrated in Fig. 3.1 b) and
expressed by the equations 23-24). As a result, the absolute peak value of
the electric field E,,q, will decrease (see Eq. 24). Ultimately, it becomes
clear that, with a lower N, a higher breakdown voltage BV is required
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in order to reach the critical electric field value

QSS(VBI + VR)

Wepi ~ qN_

W N QES(VBI + VR) N~
anode — q . (P+)2

with the corresponding maximum electric field:

qP + Wanode

|Emax| ==
€s

(3.6)

(3.7)

(3.8)

If the drift doping N~ is sufficiently low, the space-charge region may
extend beyond the epi-layer, leading to full depletion. In this case, the
electric field is effectively confined between the anode—epi and epi—cathode
junctions. A second design strategy to improve breakdown performance is
therefore to increase the thickness of the epi-layer, which reduces the peak
electric field and requires a higher applied reverse voltage to reach |E¢|
(Fig. 3.1a). Ultimately, in the design of the drift region, both the thickness
and the doping concentration must be carefully optimized to balance the
trade-off between forward voltage drop and breakdown voltage.

€(x)

epi

Figure 3.1. (a) Electric field under punch-through conditions by varying epi-
thikeness, (b) electric field by varying epi-doping concentration, (¢) schematic

2-D structure of PiN rectifiers.
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3.2 Recombination Rate and Carrier Lifetime

Shockley, Read, and Hall derived the expression of the recombination
rate Uspy under the assumption of exciting an indirect bandgap N-type
semiconductor with incident optical radiation fulfilling the absorption con-
dition. It is worth noting that, in deriving this expression, the well-known
Fermi-Dirac distribution was not employed (since the system is not at
thermodynamic equilibrium). Instead, an alternative expression for the
occupancy probability F' was obtained through the steady-state balance
condition under optical excitation:

Ry — Ry = R — Ry (3.9)

where Rg, Ry, Re, Rg [em~3s™!] represent, respectively: - the capture
rate of a free electron from the conduction band by the G-R center, - the
emission rate of an electron from the center into the conduction band, - the
emission rate of an electron from the center into the valence band, - the
capture rate of a hole from the valence band by the center. These terms
can be expressed as:

R, = opven nnnNr(1 — F) (3.10)
Ry = e, NrF (3.11)

R = opvin ppn N7 F (3.12)
R;=e,Nr(1—-F) (3.13)

Here, o, and o, [cm?| are the electron and hole capture cross-sections
of the G-R centers; vy, and vy, [ms™!] are the thermal velocities of
electrons and holes, respectively; Np [em™3] is the trap concentration;
e, and e, [sfl] are the electron and hole emission rates; and n, and p,
[cm~3] denote the concentrations of free electrons and holes in an N-type
semiconductor.

Once the probability F' is determined from the balance condition above,
the recombination rate Uspy can be expressed as the net difference R, —
Ry. After straightforward algebraic manipulation, one obtains:
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2
NpPn — Ny

Tpn(nn + nl) + Tnp(pn +p1)

Usry = (3.14)

This expression, valid for indirect bandgap semiconductors, is indepen-
dent of the doping polarity. Hence, it can be written in a more general

form:
U np — nj (3.15)
SRH — .
7—pn(n + nl) + Tnp(p + pl)
where
1 1
Ton = ———, Tnp= —————— 3.16
p Upvth,pNT " O'nvth,nNT ( )

represent, respectively, the average hole lifetime in an N-type semi-
conductor and the average electron lifetime in a P-type semiconductor.
The parameters ny and p; are defined as:

_Ec—-Er Er—E; _Er—Ey Ei—Er
ni=Nge  ~#  =mnse ¥ , p;=Nye 7 =ne iT (3.17)

where N and Ny denote the effective density of states in the conduc-
tion band and in the valence band, respectively. while n; and p; corre-
spond, respectively, to the electron and hole concentrations at thermody-
namic equilibrium when the trap level Er coincides with the Fermi level.
Introducing the carrier excesses:

An=n-—ng, Ap=p—po (3.18)
the SRH recombination rate can be reformulated as:

AnAp + Anpg + Apng

U = 3.19
SRH Tpn(n + nl) + Tnp(p + Pl) ( )

By imposing An = Ap, the carrier lifetime can be defined as:
. An _ Tpn (o + 11 + An) + 7pp(po + p1 + An) (3.20)

~ Usra no +po + An
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In an N-type semiconductor, where ng > pg at relevant temperatures,
this leads to:

T 1 Er—E; h 1 2E,—Erp—-Ep
-1 T — 4+ e ET 3.21
i L }+C[1+h+1+h (3:21)

where h is the normalized injection level:

An
h=— (3.22)

ng
and ( is the ratio between the average electron lifetime in a P-type
semiconductor and the average hole lifetime in an N-type semiconductor:

(= (3.23)
Ton

From the previous relation, this can also be expressed as:

¢ = 2nhn o 0.82770 (3.24)
TpUth,p op

At very low injection levels (h < 1), the lifetime stabilizes at a constant
value known as the low-level lifetime 71rr. In this case, the expression
reduces to:

L _[i+e T ‘] bl (3.25)
Ton

This shows that 77,7, depends exponentially on the trap level E7 and on
the ratio of capture cross-sections. The low-level lifetime T increases as
the recombination center moves away from midgap, reaching a minimum
when located at midgap.

From an application standpoint, this observation is critical for the dy-
namic behavior of PiN diodes: in order to achieve high switching speeds,
the excess carriers injected into the drift region must be rapidly removed.
This requires a small 777, achievable when the G-R centers are located as
close as possible to midgap.

Conversely, at high injection levels (A > 1), the lifetime stabilizes again
at a constant value, called the high-level lifetime Ty, and the expression
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simplifies to:

THL _ 4 ¢ (3.26)

Tom

3.3 Recombination Current

When the current flowing across the P-N junction is very small, the
current transport is dominated by the recombination of carriers within the
depletion region of the junction. Now, let us consider the expression of
the recombination rate derived by Shockley, Read, and Hall for indirect
bandgap semiconductors:

np—n?

Tpn [(n +n1) +¢(p + p1)]

Referring to the generalized mass-action law, in the depletion region
under forward bias we have:

Usru = (3.27)

o T PRy o av

n(z)p(z) =nje” T =njek (3.28)

where V' is the applied forward-bias voltage, and EFf,, EFp, are the

electron and hole quasi-Fermi levels, respectively. From this relation, it
follows that:

n(x)p(z) > n? Va € [~xp, 1) (3.29)

where [—xp, z,,] denotes the spatial limits of the SCR (Fig. 4.1). This
validates the earlier hypothesis and implies that Usgry > 0. Therefore, the
following relations must hold:

JPP(_xp) > Jpn(xn) (3.30)

Jon(@n) > Jnp(—2xp) (3.31)

Considering these results (schematically depicted in Fig. 3.2), and
assuming equal electron and hole concentrations (which maximizes the
recombination rate), we obtain:
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qV.

Substituting this into the SRH expression, we get:

2,80 2

“ekT — n*

— i (3.33)
Ton [(nieQTT + n1> +¢ (n,»e'zTT +p1)}

n

Umax =

If the recombination-generation centers are highly effective, such that
ni >~ n;, p1 =~ n;, and under the condition V > '%T, the expression simpli-
fies to:

qV qV.
1€ 2kT N;€2kT

Umnax =~ = 3.34
Tpn(l + C) TSC ( )

Consequently, the recombination current density, assuming a uniform
recombination rate within the SCR, maximized with respect to carrier
concentration, with G-R centers near midgap and V > %, can be ap-
proximated as:

nW aqv
Jr = qUmax W = L8 o7 (3.35)
TSC
o electrons
o holes
. I I .
P-region < SCR » N-region
J | iy J
PP 10 pn o
253 dg
(] ]
(] ]
: :
- -
B "
: : R
_XP 0 Xn

Figure 3.2. Schematic illustration of the current density components within
the SCR.
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3.4 Low Level Injection

At low injection levels within the drift region (i.e., when the concentra-
tion of minority carriers is well below the doping concentration of the drift
region), the transport mechanism is governed by the diffusion of injected
minority carriers in the (quasi-)neutral regions.

If the drift region is assumed to be long (L, < Wasig), the injected
holes diffuse across the drift region (while partial recombination may oc-
cur). This leads, in the immediate proximity of the edge of the space-charge
region (SCR), to a local imbalance of positive charge:

pn(xn) + Narifc > Mno (3.36)

where py,(x,,) is the minority hole concentration at the SCR boundary,
Nariy 18 the donor concentration in the drift region, and n,g is the equi-
librium electron concentration in the drift region.

The presence of this excess positive charge generates a local electric
field, which induces drift currents of both electrons and holes that oppose
the imbalance. In other words, the electric field tends to counteract the
very cause of its formation. Nevertheless, since the excess positive charge
is quickly compensated by the accumulation of majority carriers, the re-
sulting electric field remains relatively small.

The next step is to determine the distribution of minority carriers in
the drift region. To this purpose, we adopt the continuity equation:

% :GL_U_laJP”

ot q Oz

Assuming steady-state conditions (i.e., dp,/0t = 0) and neglecting
external generation (G = 0), the equation simplifies to:

(3.37)

1dJy, 1d dpp
———=U ——— nPnl — qDpp—— 3.38
q dx — qgdx (q,up P p da:> (3:38)

At low injection levels, the drift term (p,E) is negligible, hence:

d*py,
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Considering the general Shockley-Read-Hall recombination model and
specifying the case of low-level injection with deep traps, while assuming
Tpn = Tnp, the recombination rate reduces to:

A
U~ 2Pn (3.40)
Ton
Thus, the continuity equation becomes:
d2pn Apy,
— = 3.41
pn dr2 Ton ( )
Recalling that
Apn = pp — Pno (3.42)

Lpn =V Dpn'rpn, (343)

we obtain:
d2Apn Apn,
= 3.44
dx? Lz, (3:44)
For a sufficiently long drift region, the solution is:
_ (x—xn) _ (x—xn)
Apn(7) = App(xn) e For — pa(T) = pno + App(zn)e  For

(3.45)

At this point, the goal is to derive the current density under the as-
sumptions of low-level injection, long quasi-neutral regions, and the ab-
sence of generation-recombination processes inside the depletion region.
Under these conditions, the following relations hold:

Ipn(Tn) = Jpp(—2p) (3.46)

I (Tn) = Jnp(—xp) (3.47)

Therefore, the total current density can be expressed as:

J = Jnn(@n) + Jpn(Tn) = Jnp(—7p) + Jpn(n) (3.48)
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Since minority-carrier currents are essentially governed by diffusion
(the drift contribution being negligible under low injection), we obtain:

D, D,
J = Jpn,dift(Tn) + Jnp dit(—7p) = qin Apn($n)+qL L Any(—xp) (3.49)
pn np

By recalling the junction law, which relates the minority concentration
at the SCR boundaries to the equilibrium concentration and the externally
applied bias V', one has:

v n? v
Pn(Tn) = ppoe'T = ——e'r (3.50)
Narift
Finally, the current density takes the form:
D D v
J=q< Pr+ 4 >n2 <6VT —1> 3.51
LpnNdrift anNA,anode ! ( )

Considering that N4 anode > Narift, the expression reduces to:

D v
Jr~g—— p? (eVT — 1> 3.52
qunNdrift ‘ ( )

3.5 High level Injection

The drift region is lightly doped (sometimes referred to as “intrinsic”),
which allows the support of high reverse voltages. When a forward bias
is applied, as already discussed, minority carriers are injected into the
drift region. As the applied forward voltage increases, the minority carrier
concentration inside the drift region rises, eventually reaching and then
exceeding the doping concentration in the drift region.

Under these circumstances, charge neutrality requires that the concen-
trations of holes and electrons are the same:

n(z) = pla) (3.53)

At this point, high-level injection is triggered. Therefore, the high
concentration of free carriers leads to an increase in the conductivity of
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the drift region, significantly enhancing the conduction capability of the
device. This phenomenon is referred to as conductivity modulation.

The carrier concentration in the drift region can be obtained by solving
the continuity equations in steady-state conditions (On/dt = 0):

n 0’n J(nE)
p &p (pE) _
—o o Dy iy =0 (3.55)

From the results of equations (above), the current under high-level
injection can finally be expressed as:

.
Jr X exp <2‘1]€T> (3.56)

3.6 Forward Characteristics

The analysis of current flow in a PiN rectifier indicates that the rela-
tionship between the current density and the voltage drop across the device
depends on the injection level. At very low current levels, the current is
governed by space-charge generation and is proportional to exp(qV/2kT).
When minority carrier injection into the drift region becomes dominant,
with carrier concentrations still well below the background doping, the
current flows by diffusion under low-level injection conditions, scaling as
exp(qV/kT). As the forward current density further increases, the injected
carrier density in the drift region exceeds the background doping concen-
tration, leading to high-level injection. In this regime, the current once
again follows a dependence proportional to exp(qV/2kT). The injected
carrier concentration in the drift region then grows in proportion to the
current density, producing an essentially constant voltage drop across the
drift region. At even higher on-state current densities, recombination in
the end regions begins to reduce the injected carrier density in the drift
region. This effect causes a steeper rise in the on-state voltage drop.

This overall behavior is illustrated in Fig. 3.3, which shows a typical
on-state characteristic of a silicon PiN rectifier under different modes of
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Figure 3.3. On-state characteristics for a silicon PiN rectifier [2].

3.7 Switching Behavior of Power Diodes

Power diodes used in high-efficiency energy conversion applications
must not only exhibit low forward voltage drop and withstand very high
reverse bias voltages without allowing significant reverse current, but also
be capable of switching rapidly between the conducting (on-state) and
blocking (off-state) conditions while minimizing power dissipation.

In fact, the transition from the blocking state to the conducting state,
also called forward recovery, produces an overshoot in the anode voltage
with a consequent increase in power dissipation. Conversely, the transition
from the conducting state to the blocking state, known as reverse recovery,
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is even more critical from the standpoint of power losses. In this case,
in order to properly turn off the device, the stored charge in the drift
region—represented by the excess holes—must be removed, leading to a
large reverse current over a short time interval.

To ensure fast switching, the hole concentration in the drift region must
vary rapidly. This can be achieved, for example, by choosing a low value
for the average carrier lifetime. The turn-on and turn-off processes of a
diode can be experimentally analyzed through a specific test, known as
the double-pulse test, which uses an inductive load circuit consisting of an
inductor connected in parallel with the diode and a switch (e.g., a power
MOSFET) placed between the diode anode and ground. The test circuit
is shown in Fig. 3.5.

Figure 3.4. Inductive load test circuit.

Initially, the switch is closed, keeping the diode in the off-state, while
the inductor charges. When the switch opens, the diode undergoes its turn-
on transient. Finally, the switch closes again, initiating the diode’s turn-
off transient. This procedure allows evaluation of the device’s switching
performance, in terms of both forward recovery and reverse recovery.
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3.7.1 Operation Phases

Phase 1 (Interval Tpy). With the switch closed, the inductor charges
with a current that increases linearly as
_ Vee

i(t) = —-t. (3.57)

During this interval, the diode is reverse-biased, since the voltage drop
across the switch Von sw is negligible compared to the supply voltage
Vee:

Vb =Von,sw — Vee = —Vee. (3.58)

Phase 2 (Interval Tprr). When the switch opens, the current pre-
viously stored in the inductor, i(Ton), begins to flow through the diode,
initiating the turn-on transient.

Phase 3. After the interval Topp, the switch closes again. The voltage
across the inductor changes abruptly from —Vpon to Voo — Von,sw, and
the diode enters its turn-off transient, after which the current flows entirely
through the switch.

Turn-On Behavior

When the switch opens, the diode must conduct the current I delivered
by the inductor (previously charged during Tox). The voltage drop across
the diode initially rises until it reaches Vo, the steady-state forward volt-
age corresponding to current I.

This delay is due to the fact that minority carriers (holes) injected into
the drift region do not immediately reach the doping concentration Np
(Fig. 3.5 b). As a result, conductivity modulation is not instantaneously
established, and the drift region resistance remains high. Consequently,
the diode voltage overshoots up to Vasax (possibly several tens of volts)
before dropping back to Von at time ¢4, as shown in Fig. 3.5 a.

It is important to note that Vj;4x increases with the current slew rate
dI/dt, a critical aspect when the required current rise time is comparable
to the carrier transit time through the intrinsic region.
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Figure 3.5. (a) Current and voltage during Turn-On, (b) holes distribution
in drift region by varying time.

Turn-Off Behavior

During conduction, the large concentration of excess carriers in the
drift region keeps the diode’s forward voltage drop low. To switch from
conduction to blocking, the stored plasma in the drift region must be
removed. This transient process, known as reverse recovery, is illustrated
in Fig. 3.6.

Assuming the switch closes at time t*, the switch current gy increases
linearly up to tp, while the diode current decreases linearly according to

Ip =1, — Isw. (3.59)

At tg, the diode current reaches zero, but charge is still stored in the
drift region, so conduction continues in the form of reverse current. After
t1, the drift region begins to deplete, with depletion regions expanding
toward the center until the stored charge is fully removed. Between t; and
t5, significant power dissipation occurs due to the simultaneous presence
of reverse current and increasing reverse voltage.
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Figure 3.6. Reverse recovery behavior of the diode: (a) current and voltage
waveforms, (b) charge distribution in the drift region by varying time.

Reverse Recovery Parameters

The main parameters characterizing reverse recovery are:
e Peak reverse recovery current Ipp,
e Current slope dI/dt,

e Reverse recovery time Trp, defined as the time from current polarity
reversal (positive to negative) until the diode blocks,

e Stored charge (Qrr that must be removed.

Assuming a triangular shape for the diode current during Tgrpg, the
stored charge can be expressed as

~

Trr 1
Qpp ~ ~DREZRR (3.60)

2
Similarly, the peak reverse recovery current is obtained from the current
slope as

Al 2Ipg

al , 3.61
dt TrR ( )
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The stored charge during Trr must equal the charge accumulated in
forward conduction, i.e.,

Qrr = Qr = IrT, (3.62)

where 7 is the carrier lifetime. Combining these relations yields

dl IpT
Ipp =~ \/IpT — Trr = 24/ . 3.63
RR FT at’ RR dI/dt ( )

These relations show that both Irr and Trgr are proportional to the
square root of the carrier lifetime. Hence, lower lifetime values favor faster
turn-off transients. A diode with fast switching capability is referred to as
a fast recovery diode (FRD).

The design of FRDs is based on reducing carrier lifetime in the drift
region to promote recombination. However, the need for a low lifetime
to achieve fast switching is in conflict with the requirement of high con-
ductivity in the drift region. Thus, an optimal trade-off must be found
depending on the intended application:

e For low-frequency applications, a higher lifetime is preferable, reduc-
ing forward conduction losses.

e For high-frequency applications, a shorter lifetime is required to en-
able faster switching.

3.8 Silicon Carbide PiN Rectifiers

Due to the much higher electric field that can be sustained in sili-
con carbide (SiC), the required width of the drift region is significantly
smaller than in a corresponding silicon (Si) device with the same break-
down voltage. The design parameters of the drift region for these rectifiers
are compared in Table 3.1. For each breakdown voltage, the doping con-
centration in the drift region of 4H-SiC is approximately 200 times higher
than that required for silicon.

The smaller drift region width also implies that the stored charge in a
4H-SiC PiN rectifier is much lower than in the silicon counterpart, lead-
ing to an improvement in switching behavior. However, this improved
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Table 3.1. Comparison of drift-region design parameters for Si and 4H-SiC
devices.

BV (V) Silicon 4H-SiC
Doping (cm™3) Thickness (nm) Doping (cm™3) Thickness (um)

500 5.0 x 1014 36 1.0 x 1017 2.2
1000 2.0 x 1014 81 4.0 x 1016 5.3
2000 8.0 x 1013 183 1.6 x 1016 12.0
3000 5.0 x 1013 294 1.0 x 1016 20.0
5000 2.0 x 1013 530 4.4 x 1015 35.0
10 000 9.0 x 1012 1200 1.7 x 1015 80.0

switching performance comes at the cost of a significantly higher built-in
potential, due to the larger bandgap of SiC, which results in an increased
on-state voltage drop.

Typically, the power dissipation in a 4H-SiC PiN rectifier is about
four times higher than in a silicon device. Thus, although the switching
behavior is improved, the advantage is offset by substantial on-state power
losses. For this reason, it is generally preferable to use SiC Schottky diodes
for voltage ratings up to 5,000 V, and SiC PiN diodes for voltage ratings
above 10,000 V [1].

Nevertheless, alternative SiC structures have been developed to com-
bine the benefits of both PiN and Schottky diodes. Examples include
Junction Barrier Schottky (JBS) and Merged PiN Schottky (MPS) de-
vices, which merge the advantages of the PiN structure with those of the
Schottky design.

In the next chapter, we will first discuss the Schottky structure, fol-
lowed by an analysis of other device architectures such as JBS and MPS.
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Schottky Rectifier

A Schottky rectifier is formed by creating a non-linear electrical contact
between a metal and the semiconductor drift region. It is an attractive
unipolar device for power electronics applications because of its relatively
low on-state voltage drop and fast switching behavior.

Schottky rectifiers have been widely used in low-voltage power supply
circuits, where mature silicon technology provides excellent performance.
However, in silicon-based Schottky devices, the maximum breakdown volt-
age is limited by the increasing resistance of the drift region.

In contrast, silicon carbide (SiC), with its much lower drift region resis-
tance, enables the development of Schottky rectifiers with very high break-
down voltages. These devices not only exhibit fast switching speed but also
suppress the large reverse recovery current observed in high-voltage silicon
PiN rectifiers. As a result, switching losses are reduced not only in the
rectifier itself but also in other components, such as IGBTs, within the
power circuit.

This chapter first introduces the basic structure of the power Schottky
rectifier, defining its constituent elements. The current transport mecha-
nisms relevant to power devices are then analyzed for both forward and
reverse operation. This provides the necessary context for the discussion
of advanced device concepts in subsequent chapters. For a more detailed
treatment of the fundamental concepts related to Schottky rectifiers, the
reader is referred to dedicated texts [5].
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4.1 Power Schottky Rectifier Structure

The basic one-dimensional structure of a Schottky rectifier is shown in
Fig. 4.1, together with the electric field profile under reverse bias operation.
If the drift region is uniformly doped, the applied voltage is supported
across the drift region with a triangular electric field distribution. The
maximum electric field occurs at the metal-semiconductor contact, and
breakdown occurs when this field reaches the critical electric field of the
semiconductor.

Shottky Contact Metal

ANODE

| 0 ELECTRIC FIELD R
EM

Substrate Wp

CATHODE

Ohmic Contact Metal

Figure 4.1. Schematic structure and Electric Field Distribution in a Schottky
Rectifier.

When a negative bias is applied to the cathode, current conduction in
the Schottky rectifier occurs by electron transport across the metal-semiconductor
barrier and through the drift region as well as the substrate. The on-state
voltage drop is determined by two contributions:
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e the voltage drop across the metal-semiconductor interface,

e the ohmic voltage drop across the drift region, the substrate, and its
ohmic contact.

At typical on-state current density levels, current conduction is dom-
inated by majority carriers. Consequently, there is negligible minority
carrier stored charge within the drift region of a Schottky rectifier. This
allows a rapid transition from the on-state to the reverse-blocking off-state,
as the depletion region is quickly established in the drift region.

The fast switching capability of Schottky rectifiers enables efficient
high-frequency operation with low switching losses, making them well
suited for switch-mode power supply applications. With the advent of
high-voltage Schottky rectifiers based on SiC, their application is expected
to expand to motor control and other high-power, high-frequency systems.

4.2 Schottky Barrier: Energy Band Structure and
Physical Mechanisms

The work function q® is defined as the energy difference between the
vacuum level Fy and the Fermi level Er. It can be interpreted as the
energy that must be supplied to an electron at the Fermi level in order to
remove it from the material. The work function of a semiconductor, ¢®g,
is a function of both the doping type and concentration, which determine
the position of the Fermi level Erg. In contrast, in metals the band gap is
either very small or nonexistent, and the Fermi level Erjs can be regarded
as the highest occupied electronic state at zero temperature.

For semiconductors, the above definition of work function may appear
less intuitive since the Fermi level generally lies within the forbidden gap.
Nevertheless, the work function remains rigorously defined as the energy
difference between the vacuum level and the Fermi level, regardless of its
position within the gap. This should be interpreted in a statistical sense,
reflecting the occupation probability of electronic states near the band
edges.

Another important parameter for semiconductors is the electron affin-
ity, qXs, defined as the energy difference between the vacuum level Ey and




46

CHAPTER 4. SCHOTTKY RECTIFIER

the conduction band minimum E¢. In the case of flat bands (e.g., when
the metal and semiconductor are electrically isolated, as in Fig. 4.2), which
implies that no electric field is present inside the semiconductor, the rela-
tionship between the work function and the electron affinity is given by:

q®s = qxs + qVh, (4.1)

where ¢V, is the energy difference between the conduction band minimum
and the semiconductor Fermi level.

metal E N-type Semiconductor
0
s q9s
Vo E
o iq Y FS
EV

Figure 4.2. Band diagram, isolated metal and semiconductor.

To form a Schottky junction, i.e., to obtain a rectifying metal-semiconductor

contact, let us consider bringing an N-type semiconductor into contact
with a metal such that:
o, > Py, (4.2)

where ®,,, is the metal work function. In this case, a space-charge region
develops at the metal-semiconductor interface, resulting in the formation
of an interfacial dipole and an electric field directed from the semiconduc-
tor toward the metal. This field opposes the flow of electrons from the
semiconductor into the metal , as described in Ref. [5].

A useful expression for the Schottky barrier height is:

q®p = Q((I)m - Xs)v (4'3)
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while the built-in potential of the Schottky diode is given by:

QWi = (P — Vi), (4.4)
as illustrated in Fig. 4.3.
metal N-type Semiconductor
%I e Ey

| "k
\ & 7
& ~_ By

Figure 4.3. Energy-band diagram at thermodynamic equilibrium for an N-
type metal-semiconductor junction with ®,, > ;.

The depletion region, at thermodynamic equilibrium, width can then

be expressed as:
2e,
qNp

where €5 is the semiconductor permittivity and Np the donor concentra-
tion.

Vpi (4.5)

When a positive bias V} is applied from anode to cathode (thus driving
the junction out of thermal equilibrium), the Fermi level is no longer con-
stant throughout the structure. Instead, the system is described by two
distinct quasi-Fermi levels: Erjys in the metal and Epg in the semiconduc-
tor. Their energetic separation is related to the applied forward bias by:

qVy = Eps — Eru. (4.6)

This bias reduces the effective Schottky barrier height, thereby allowing
an increasingly larger flow of electrons from the semiconductor into the
metal as Vy increases (Fig. 4.4). In the next chapter, we will briefly describe
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the most relevant electron transport mechanisms underlying the theory of
the Schottky junction.

metal N-type Semiconductor
___________________ \~~_~_____________E~2-
¢I e 7
q9s
Epy L_ ; qv; Epg

Ey

7//

Figure 4.4. Energy-band diagram for an N-type metal-semiconductor junc-
tion under forward bias, with the condition ®,,, > ®,.

4.3 Forward Current-Transport Mechanism

Here we provide only a concise overview of the main transport mech-
anisms that govern the conduction properties of Schottky barriers. For a
more detailed and rigorous treatment of these mechanisms, the reader is
referred to specialized texts [5].

The different ways in which electrons can be transported across a
metal-semiconductor junction under forward bias are schematically illus-
trated for an N-type semiconductor in Fig. 4.4. The corresponding inverse
processes occur under reverse bias.

The primary mechanisms are:

(a) emission of electrons from the semiconductor over the barrier into
the metal;

(b) quantum-mechanical tunneling through the barrier;
(¢) recombination in the space-charge region;

(d) recombination in the neutral region (“hole injection”).
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In practical Schottky-barrier diodes, mechanism (a) usually dominates,
and such devices are commonly referred to as “nearly ideal.” In contrast,
mechanisms (b), (¢), and (d) are responsible for deviations from this ideal
behavior [5].
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Figure 4.5. Transport processes in a forward-biased Schottky barrier.

4.4 Forward Conduction

Current flow across the metal-semiconductor junction occurs when a
negative bias is applied to the N-type semiconductor region. In this case,
the current is primarily carried by majority carriers—electrons in the case
of an N-type semiconductor.

As mentioned earlier, the dominant current transport mechanism in
both silicon and silicon carbide Schottky power rectifiers is thermionic
emission. For high-mobility semiconductors such as silicon, gallium ar-
senide, and silicon carbide, the current density across the Schottky barrier
can be described by the thermionic emission model:

J = AT? exp<—q;;f’> [exp(g> — 1] , (4.7)
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where A is Richardson’s effective constant, T' the absolute temperature,
k Boltzmann’s constant, ®; the Schottky barrier height, and V' the applied
forward voltage [5]. Typical values of the effective Richardson constant are
A =110, 140, and 146 A/cm2-K2 for N-type silicon, gallium arsenide, and
4H-SiC, respectively.

At forward bias, the exponential term dominates, and the forward cur-
rent density can be expressed as:

qVs

where V} is the forward voltage drop across the Schottky contact, while
the saturation current density .Jg is defined as:

o
Js = AT? exp (—iﬂf) . (4.9)

In power Schottky rectifiers, a lightly doped drift region is required to
sustain the reverse blocking voltage. A resistive voltage drop Vg develops
across this drift region, which increases the total on-state voltage drop.

In addition, the device structure includes:

e the drift region resistance Rqyift,

e the substrate resistance Rsyg,

e the ohmic contact resistance RconT.
The total series resistance is therefore:

Rgtot = Raritt + Rsu + Rcont- (4.10)
Accordingly, the total on-state voltage drop is given by:

V = Vf + JFRS,tot, (4.11)

As discussed in Chapter 1, the specific on-resistance of the drift region
is:

4BV?

4.12
,U/nESEg ( )

RoN-IDEAL =
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where BV is the breakdown voltage, u, the electron mobility, €5 the
semiconductor permittivity, and E, the critical electric field. For the same
breakdown voltage, the drift region resistance of 4H-SiC is about 2000
times smaller than that of silicon.

The substrate contribution must also be considered because this is
comparable to that for the drift region in some instances :

e Insilicon, N T substrates with resistivity p = 1 mQ-cm and thickness
t =200 pm yield:

Rsyp=p - t=2x10"" Q- cm?

e In 4H-SiC, substrates with p = 0.02 2 - cm and ¢t = 200 pm give:

Rgugp =4 x 1074 Q- cm?.

With optimized ohmic contacts, Rcont can be reduced below 1076 Q-
cm?.
The saturation current is highly sensitive to the Schottky barrier height

®;, and the temperature T'.

e A reduction in @ or an increase in T significantly raises Jg, thereby
increasing both the forward current and the reverse leakage current.

e For silicon Schottky rectifiers, the forward voltage drop decreases
with temperature due to the reduction in Schottky barrier voltage.

e For 4H-SiC rectifiers, the forward voltage drop increases with temper-
ature because of enhanced resistive contributions in the drift region.

Figure 4.6 and 4.7 illustrates the forward conduction characteristics of
silicon and silicon carbide Schottky rectifiers for various breakdown volt-
ages. At BV = 50 V and a current density of 100 A/011127 the series
resistance has little effect. However, for BV > 100 V, the series resistance
limits the use of silicon Schottky rectifiers to low-voltage applications such
as switch-mode power supplies.

By contrast, the lower drift region resistance of 4H-SiC enables oper-
ation at breakdown voltages up to several kilovolts, making these devices
suitable for medium- and high-power systems.
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The choice of Schottky barrier height is crucial:

e A lower barrier height reduces the on-state voltage drop but increases
leakage current.

e A higher barrier height reduces leakage but increases conduction
losses.

Thus, the design of a power Schottky rectifier requires optimization of
®, to balance on-state efficiency with acceptable reverse leakage.
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Figure 4.6. Forward Characteristics of Silicon Schottky Rectifiers.
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Figure 4.7. Forward Characteristics of Silicon Carbide Schottky Rectifiers.
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4.5 Reverse Blocking

When a reverse bias is applied to the Schottky rectifier, the voltage is
sustained across the drift region, with the maximum electric field located
at the metal-semiconductor contact, as shown in Fig. 4.1. Since no volt-
age can be supported within the metal, the reverse blocking capability of
the Schottky rectifier is governed by the same physics as an abrupt P-N
junction [5].

Assuming a parallel-plane breakdown voltage, the drift region doping
concentration and width for a silicon device can be expressed as:

Np =2 x 10" (BVpp) /3, (4.13)

Wp = 2.58 x 1075 (BVpp)™/S, (4.14)

where BVpp is the parallel-plane breakdown voltage.

In practical power Schottky rectifiers, however, the breakdown voltage
is limited by edge effects. Edge termination techniques have been devel-
oped to raise the breakdown voltage close to the parallel-plane value [1].

Due to the relatively small barrier height in silicon Schottky rectifiers,
the thermionic emission component dominates. The leakage current under
reverse bias can be obtained from the thermionic emission equation by
substituting a negative bias of magnitude Vg. It is then determined by the
saturation current:

Jp = —AT? exp <—q§;?> = —Jg, (4.15)

where A is the Richardson constant, 1" the absolute temperature, ¢ the
elementary charge, ®p the Schottky barrier height, and k£ Boltzmann’s
constant.

The leakage current is a strong function of both the barrier height and
the temperature. To reduce leakage and minimize power dissipation in
the blocking state, a large Schottky barrier height is desirable. However,
as temperature increases, the leakage current rises rapidly, as shown in
Fig. 4.7.

If the power dissipation caused by leakage becomes dominant, the re-
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sulting temperature increase can trigger a positive feedback mechanism
leading to thermal runaway. This destructive failure mode must be avoided
by designing the device with a sufficiently high Schottky barrier height,
even though this increases the on-state voltage drop. A larger barrier
height is especially necessary for rectifiers intended for operation at high
ambient temperatures.

It should be noted that in practice, the leakage current in power Schot-
tky rectifiers is substantially higher than the ideal saturation current be-
cause of Schottky barrier lowering and tunneling effects.
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Figure 4.8. Temperature dependence of the leakage current for silicon schot-
tky rectifiers.

4.6 Schottky Barrier Lowering

Based on the previous analysis, the leakage current of an ideal Schottky
rectifier should be independent of the magnitude of the applied reverse bias
voltage. However, practical power Schottky rectifiers exhibit a significant
increase in leakage current as the reverse bias voltage increases. This rise
in leakage current is much greater than the space-charge generation current
associated with the expanding depletion region.

During reverse blocking operation, it has been observed that the Schot-
tky barrier height is reduced due to the image-force lowering phenomenon [1].
The reduction in barrier height is determined by the maximum electric field
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FE at the metal-semiconductor interface:

[qE
AP = 4.16
B dreg’ ( )

For a one-dimensional structure, the maximum electric field is related
to the applied reverse bias voltage Vi by:

Ey = \/2qND (VR + @), (4.17)
€S
As an example, Fig. 4.9 shows the reduction in Schottky barrier height
for silicon and 4H-SiC rectifiers with a drift region doping concentration
of 1 x 106 cm™3. For the silicon structure, the barrier height reduction is
about 0.065 eV at the maximum reverse bias voltage.

In contrast, silicon carbide devices sustain much larger electric fields
in the drift region before the onset of impact ionization, which results in
significantly larger barrier lowering. For the same doping concentration
of 1 x 106 ecm™3, the barrier lowering in silicon carbide is approximately
three times greater than in silicon at the corresponding breakdown voltage
(see Fig. 4.9).
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Figure 4.9. Schottky Barrier Lowering for Silicon and 4H-SiC Schottky Rec-
tifiers.
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This explains the much stronger increase in leakage current with reverse
bias in SiC devices. To compare different devices, the reverse voltage was
normalized to the breakdown voltage, which is about 50V for silicon and
3000V for 4H-SiC (see Fig. 4.9).

Including the effect of Schottky barrier lowering, the leakage current
density can be written as:

- (4.18)

where A is the Richardson constant, ® 5 the nominal Schottky barrier
height, and kT the thermal energy.

Jp = —AT? exp<_q (%5 — Aq)B)) ,

Figure 4.10 compares the leakage current calculated with and without
barrier lowering for a silicon device with a breakdown voltage of 50 V. The
space-charge generation current was neglected in this analysis since it is
much smaller than the current through the metal-semiconductor interface.
It can be seen that the leakage current is enhanced by about a factor of five
due to barrier lowering as the reverse voltage increases toward breakdown.
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Figure 4.10. Leakage Current Density for a 50V Silicon Schottky Rectifier.
Experimental data, however, show that the actual reverse leakage cur-

rent in silicon Schottky rectifiers rises even more steeply than predicted by
the image-force lowering effect alone.
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4.7 Pre-Breakdown Avalanche Multiplication

The large increase in leakage current observed in practical silicon power
Schottky rectifiers can be explained by including the effect of pre-breakdown
avalanche multiplication. At reverse bias voltages close to the breakdown
voltage, the high electric fields inside the device lead to impact ionization
and the generation of a large number of free carriers. These carriers are
transported through the Schottky rectifier structure, significantly enhanc-
ing the leakage current.

The total number of electrons reaching the edge of the depletion region
is greater than those injected across the metal-semiconductor contact by
a factor M,, which is the avalanche multiplication coefficient. This co-
efficient depends on both the maximum electric field Ej; at the metal—-
semiconductor contact and the depletion layer width Wp.

The leakage current density for a silicon Schottky rectifier with a drift
region doping concentration of 1 x 1016 cm™3 is shown in Fig. 4.10, after in-
cluding the influence of the pre-breakdown multiplication coefficient. The
effect of M,, becomes evident at high reverse voltages, when the electric
field approaches the semiconductor’s critical field for avalanche breakdown.

When both Schottky barrier lowering and pre-breakdown multiplica-
tion are taken into account, the calculated leakage currents are consistent
with the behavior of commercially available silicon devices. These devices
typically exhibit an order-of-magnitude increase in leakage current, rising
from low reverse bias voltages to nearly 80% of the rated breakdown volt-
age.

4.8 Silicon Carbide Schottky Rectifiers

The enhanced Schottky barrier lowering observed in silicon carbide de-
vices leads to a much more pronounced increase in leakage current with
reverse bias, as shown in Fig. 4.11. According to the theoretical model,
the leakage current is expected to increase by approximately three orders
of magnitude as the reverse voltage approaches the breakdown voltage.
However, experimental results for high-voltage silicon carbide Schottky
rectifiers reveal a significantly larger increase in leakage current than pre-
dicted, despite the stronger barrier-lowering effect. In fact, the measured




58

CHAPTER 4. SCHOTTKY RECTIFIER

leakage current increases by nearly six orders of magnitude with increasing
reverse bias voltage.
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Figure 4.11. Leakage Current Density for a 3kV 4H-SiC Schottky Rectifier.

To explain this rapid rise in the leakage current, it is necessary to
include the contribution of field emission (or tunneling). The thermionic-
field emission model predicts a barrier lowering effect that is proportional
to the square of the electric field at the metal-semiconductor interface.
When combined with the thermionic emission model, the leakage current
density can be expressed as:

Ja = AT? exp (—qu;> exp (qi;iB‘) exp (CTE3;) (4.19)

where C is the tunneling coefficient. A value of Cp = 8x10713 cm? /V?
was found to reproduce the experimentally observed six orders of magni-
tude increase in the leakage current, as shown in Fig. 4.11. Thus, inclusion
of the tunneling mechanism enhances the leakage current by approximately
three additional orders of magnitude beyond the contribution of Schottky
barrier lowering alone.

As previously discussed, the leakage current in silicon carbide Schottky
rectifiers increases much more rapidly with reverse voltage than in silicon
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devices. Fortunately, larger Schottky barrier heights can be employed in
silicon carbide structures, since an on-state voltage drop in the range of 1
to 1.5 V is acceptable for such high-voltage devices. This makes it possible
to maintain an acceptable level of power dissipation in the reverse-blocking
state.

For instance, in the case of a 3 kV 4H-SiC Schottky diode, the reverse
power dissipation at room temperature is less than 1 W/cmz, compared
with an on-state power dissipation of about 100 W/ cm?. The expected
increase in leakage current with temperature must, of course, be taken
into account to ensure that reverse power dissipation remains below the
on-state value, thereby guaranteeing stable operation.

Finally, the leakage current can be further suppressed by shielding the
Schottky contact through the use of the Junction Barrier Schottky (JBS)
rectifier structure, originally developed for silicon devices [1].
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Junction Barrier and Merged
PiN Schottky Rectifiers:
Concepts, Challenges, and
Modeling

In the case of Schottky rectifiers, it is necessary to balance the on-
state (or conduction) power loss against the reverse-blocking power loss
by optimizing the Schottky barrier height. When the barrier height is
reduced, the on-state voltage drop decreases, leading to lower conduction
power losses. However, this reduction also increases the leakage current,
resulting in higher reverse-blocking losses. Power dissipation can therefore
be minimized by lowering the barrier height, but at the cost of reducing
the maximum allowable operating temperature. This trade-off is further
complicated by the rapid rise in leakage current with increasing reverse bias
voltage, caused by Schottky barrier lowering and pre-breakdown avalanche
multiplication phenomena.

The first method proposed to mitigate the barrier lowering effect in ver-
tical silicon Schottky rectifiers involved shielding through the incorporation
of a P—N junction. The underlying idea was to form a potential barrier that
shields the Schottky contact from the high electric fields generated in the
semiconductor, achieved by embedding closely spaced PT regions around
the contact. This design was named the Junction Barrier Schottky (JBS)
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rectifier. In the JBS structure, the forward current is directed to flow
through the undepleted gaps between the PT regions, thereby maintain-
ing unipolar conduction. Besides reducing leakage current, the presence
of P regions also improves the ruggedness and reliability of the diode.
Detailed optimization of silicon JBS rectifiers has been achieved by using
sub-micron dimensions for the P* regions. Minimizing the area occupied
by the P regions reduces the spreading resistance of the drift region be-
neath the Schottky contact, further lowering the on-state voltage drop.

As shown in the previous chapter, the increase in leakage current with
reverse bias is much more pronounced in silicon carbide Schottky rectifiers.
This behavior arises from the stronger barrier lowering effect caused by
the higher electric fields in SiC drift regions, together with the onset of
thermionic-field emission (tunneling current). It is therefore evident that
the field-suppression methods developed for silicon Schottky diodes are
even more effective and valuable when applied to silicon carbide devices [1].

This chapter discusses the application of the junction barrier shielding
concept to reduce the electric field at the metal-semiconductor contact in
both silicon and 4H-SiC Schottky rectifiers. Alongside analytical models,
the physical operation of these devices is analyzed through two-dimensional
numerical simulations. It is shown that the JBS concept not only improves
the performance of silicon devices but can also be extended to silicon car-
bide rectifiers to achieve even greater performance benefits.

In addition, within this chapter we also examine the 4H SiC Merged
PiN Schottky (MPS) structure, which differs from the JBS design. In the
MPS diode, the PiN region is intentionally involved in forward conduc-
tion. While this does not significantly affect the normal operating current
range, it improves the robustness of the device under surge or peak current
conditions. However, if the MPS is not carefully designed (e.g., due to a
non-optimized ratio of geometric dimensions), it may exhibit a segment
with negative differential resistance (NDR) in the forward I-V characteris-
tics, known as snapback, which can seriously compromise device reliability.
Therefore, at the end of this chapter, we will not only present design
strategies to mitigate this effect but also introduce a compact electrother-
mal geometric model compatible with SPICE. This model enables highly
accurate prediction of device behavior, even under operating conditions
that are difficult to access with finite-element simulators such as SENTAU-
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RUs TCAD.

5.1 Junction Barrier Schottky Structure

The elementary cell of a Junction Barrier Schottky (JBS) rectifier struc-
ture is illustrated in Fig. 5.1. It consists of a P* region placed around
the Schottky contact to generate a potential barrier under the metal—
semiconductor interface in the reverse-blocking mode, thereby shielding
the Schottky contact. The magnitude of this potential barrier depends on
the distance between the P-type regions and the depth of the P-N junc-
tion. A smaller spacing and a deeper junction favor an increase in the
barrier magnitude, leading to a stronger reduction of the electric field at
the Schottky contact. Reducing the electric field at the contact lowers the
barrier lowering and field-emission effects, which is beneficial for minimiz-
ing leakage current at high reverse bias voltages.

|

Potential Barrier

Anode

Substrate
LS LS LI IS LI AL SIS LTSI I SIS I,

Cathode

Figure 5.1. Junction Barrier Schottky (JBS) Rectifier Structure.

As discussed in the previous chapter, for an N-type semiconductor a
rectifying Schottky contact is ideally formed when the metal work function
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¢m is larger than the semiconductor work function ¢, (where ¢, ,, is the
work function of the N-type semiconductor). However, this simple relation
holds only in the absence of Fermi-level pinning and other interface effects,
which in practice often play a significant role, as descibed in Ref. [5]. Con-
versely, when the same metal is interfaced with a P-type semiconductor,
and under the simplified condition ¢, > ¢, (where ¢ ), is the work func-
tion of the P-type semiconductor), the resulting contact is usually ohmic
rather than rectifying. In real devices, however, the nature of the contact
depends on a combination of metal work function, semiconductor electron
affinity, doping concentration, and interface states.

In practice, depositing the same metal layer on both the N-type re-
gion and the P-type region is advantageous, since it reduces the number
of masks required during processing for the device fabrication. However,
particularly in the case of silicon carbide (less so for silicon), the ohmic
contact formed on the P-type region is often inefficient, significantly limit-
ing its ability to conduct under forward-bias conditions in the PiN region.

In this scenario, the P-type regions play an essential role primarily in
determining the reverse-blocking behavior of the device, with only a mod-
est influence on forward conduction, which becomes significant only at
high voltages and/or elevated temperatures. While this is not necessarily
a drawback—depending on the application—there are situations, such as
when robustness against surge currents is required, in which it becomes
necessary to form a dedicated ohmic contact on the P-type region. This
enables efficient triggering of bipolar conduction, thereby mitigating harm-
ful effects associated with current spikes in the device.

Structures that incorporate such dedicated ohmic contacts on the P-
type regions are generally referred to as Merged PiN Schottky (MPS) recti-
fiers, although in both the literature and industry the nomenclature is not
universally consistent. Nonetheless, the P-type regions are not intended
to sustain forward conduction within the normal operating current range,
since even with a good ohmic contact, the voltage drop across the diode
is insufficient to strongly forward bias the P-N junction. For instance, sil-
icon devices with low breakdown voltages typically operate with on-state
voltage drops of about 0.45V, which is well below the ~ 0.7V required
for strong injection across the P-N junction. The margin is even larger in
silicon carbide due to its wider bandgap: typical 4H-SiC Schottky rectifiers
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have on-state voltage drops below 1.5V, compared to the ~ 3V needed to
induce significant injection from the P—N junction.

In silicon devices, the P-N junction is typically formed through an
annealing cycle that creates a planar junction with lateral diffusion, as
shown in Fig. 5.1. The extra area consumed by this lateral diffusion must
be taken into account during the analytical modeling of the JBS structure.
Furthermore, the cylindrical geometry of the junction causes the cathode
potential to extend towards the Schottky contact, enhancing the electric
field at the contact under reverse bias conditions. By contrast, in silicon
carbide devices, ion implantation followed by annealing produces negligible
lateral diffusion, so the P—N junction can be represented approximately
with a rectangular geometry, as illustrated in Fig. 5.2.

Anode

Substrate
HALLL LI IS IS I SIS SIS SIS SIS,

Cathode

Figure 5.2. SiC Junction Barrier Schottky (JBS) Rectifier Structure.

The limited lateral diffusion in SiC is also a crucial factor in the design
of edge terminations. For instance, in the case of field floating rings, the
P-rings are placed closer together in silicon carbide than in silicon. This
ensures proper field coupling of all termination rings, thereby allowing the
structure to sustain higher electric fields during reverse-bias operation.




66

CHAPTER 5. JUNcTION BARRIER AND MERGED PIN ScHOTTKY RECTIFIERS: CONCEPTS,
CHALLENGES, AND MODELING

5.1.1 Forward Conduction Models

Analysis of the on-state voltage drop of the JBS rectifier requires con-
sidering the current constriction at the Schottky contact caused by the
presence of the P™ region, as well as the increased resistance of the drift
region due to current spreading from the Schottky contact to the N sub-
strate. Several models can be developed for the spreading resistance, each
suitable for different JBS rectifier designs. In addition, the distinct geome-
try of the P-N junction in silicon carbide also requires a dedicated model.

In the following, however, we will primarily focus on the silicon carbide
JBS model, from which the compact geometric and electrothermal model
with lumped parameters compatible with SPICE has been developed.

5.2 Silicon Carbide JBS Rectifier: Forward Con-
duction Model

In a JBS rectifier, the P-N junction grid is designed so that its deple-
tion layers do not pinch off under zero and forward bias conditions. The
JBS structure contains multiple conductive channels beneath the Schot-
tky barrier through which current flows during forward-biased operation.
The basic forward conduction mechanisms of a JBS rectifier are the same
as those of a conventional Schottky rectifier, since under normal working
conditions the current passes only through the metal-semiconductor junc-
tion. However, the presence of the P-N junction grid increases the series
resistance of the drift region due to current constriction in the channel
structure.

Unlike a conventional Schottky rectifier (without P-N grids), the total
series resistance of a JBS rectifier is the sum of the conduction channel
resistance through the P—N grid and the current spreading resistance in
the drift region. Here, we consider the case of a P-N junction grid with a
stripe geometry and cross-sectional dimensions as shown in Fig. 5.3.
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Figure 5.3. Geometric dimensions and density current distribution of 4H-SiC
JBS structure under forward voltage.

In this model, the on-resistance of the epitaxial layer is divided into
three components: channel resistance, spreading resistance, and drift re-
gion resistance. The lateral diffusion of the junction is assumed to be np
percent of the vertical junction depth X;.

The relationship between the forward voltage drop and the current
density for a Schottky barrier must be modified to account for the area
occupied by the PT region in the JBS rectifier structure. Within the JBS
structure, the current density across the Schottky barrier (Jpg) is given
by

- Wpin + WSchottky J

= 5 -Jro
where Jpc is the cell current density, obtained by dividing the total

JBS rectifier current by the cell area. Using this expression, the voltage

Jrs (5.1)
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drop across the Schottky barrier is:

kT Wpin + Wschottky  JrC
Vs B+ ¢ n ( D e

Here, Vg is the voltage drop across the Schottky barrier, and D repre-
sents the actual width of the barrier, related to the structural dimensions
and the junction depletion width:

(5.2)

D = WSchottky - W - nDXj (53)
with the depletion width given by:

2e,
W= | 2 (Vi Vi) (5.4)

In addition to the voltage drop across the Schottky barrier, the voltage
drops across the drift layer and substrate must also be included. The
specific on-resistance of the JBS rectifier is determined by the resistance
components shown in Fig. 5.3:

Ry, = Rep, + Rs+ R+ Ry + Re (5.5)

where R, is the conducting channel resistance, Rg is the spreading
region resistance (assuming current spreading at a 45° angle, 6), R is the
drift region resistance (with pp as the drift-layer resistivity), Rsyp is the
substrate resistance, and R, is the contact resistance.

The analysis of the channel, spreading, and drift region resistances
yields:

Wpin + Wschottky

Rch,sp = pDXj D (56)
1% 3 W, cho

Rs sp = pp tan @ (Wpin + Wschotiky) In ( aal +D Sch ttky) (5.7)

Rsp = PD (d - Xj - (WPiN + WSchottky - D) tan 9) (58)

For the computation of R s, and Rg gy, these regions can be approx-
imated as having uniform electric field distribution and, correspondingly,
uniform current density. Therefore, the resistance can then be expressed
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as:

l
R() = poi (5.9)

where [ is the length of the region along the current flow, and X is the
cross-sectional area through which the current flows.

In the spreading region, however, neither the electric field nor the cur-
rent density can be assumed uniform. To evaluate this resistance, we
approximate the current density distribution as trapezoidal. As shown in
Fig. 5.4, l(x), the trapezoid base, varies with the coordinate z and can be
written as:

l(x) =D +tanp-x (5.10)
with
fan p — % (5.11)

The infinitesimal resistance is then:

ptdz 1

dR = .
Dt + (Wpiny + npXj)x Z

(5.12)

where Z is the cell length in the direction orthogonal to the cross-
section. Integrating from x = 0 to x = ¢ (N substrate) gives:

ptan@ Weer
— 1 '1
R 7 n ( D ) (5 3)
where "
tan = ———— 5.14
nl = D, (5.14)
while
Ween = D +Wpin +npXj; = Wpin + Wschottky (5.15)

It is worth noting that in the calculation of Wgcpottky We neglected W,
since during forward conduction W rapidly decreases and can therefore be
omitted. The specific drift region resistance is then obtained by multiply-
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ing the cell resistance by the cell area (Wee - Z):

(5.16)

Wp; Wseho
R= p(WPiN + WSchottky) tan 6 In ( Pin 1 sch ttky)

D

Finally, by setting p = pp, we recover the earlier expression for the
spreading resistance Rg .

WPiN E nDXJ E D

Figure 5.4. Geometric dimensions and current density distribution of the
4H-SiC JBS structure under forward voltage. In the analytical treatment, the
depletion width W has been intentionally neglected in order to streamline the
derivation.
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5.3 Case Study: 10kV 4H-SiC MPS

As previously discussed, Merged PiN Schottky (MPS) diodes exhibit
superior robustness against surge events compared to their JBS counter-
parts. The P-type regions in JBS structures, as described in the intro-
ductory sections of this chapter, primarily serve to enhance the blocking
behavior of the device. They do not play a significant role in forward
conduction, except under conditions of high voltage and/or elevated tem-
perature.

In JBS structures, the contact on P-type region is typically formed us-
ing the same metal employed to create the Schottky contact. This fabrica-
tion strategy is advantageous because it reduces the number of photolitho-
graphic masks required. However, while this simplifies manufacturing, the
ohmic contact thus obtained is often not highly efficient. Although this
limitation does not necessarily represent a drawback for many applications,
there exist specific use cases where the device must withstand very high
and unpredictable current surges without failure. For such cases, MPS
structures are preferred, as they incorporate an additional masking step to
fabricate a dedicated ohmic contact on the P region.

By implementing a dedicated ohmic contact, the MPS diode can exploit
bipolar conduction—not in the normal operating current range, but rather
under extreme transient conditions, where very large current peaks occur.
A schematic comparison of the forward -V characteristics of a 4H-SiC
JBS diode, a 4H-SiC MPS diode, and a 4H-SiC PiN diode is shown in
Fig. 5.5.

Given these considerations, MPS structures, especially in SiC tech-
nology, are relatively uncommon and thus require further investigation in
terms of modeling, design, and optimization. A central focus of this thesis
is the study and circuit-level modeling of 4H-SiC MPS diodes. In partic-
ular, a compact geometric and electro-thermal model has been developed,
capable of accurately predicting the forward behavior of these devices, even
in scenarios where traditional TCAD simulations are less flexible.

As a case study, we refer to [3|, which analyzes a 10 kV 4H-SiC MPS
diode. A schematic cross-section of the proposed diode is presented in
Fig. 5.6.

The structure includes:
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Figure 5.5. Forward I-V characteristics of MPS, JBS, and PiN diodes.
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Figure 5.6. Schematic cross section of the 4H-SiC MPS diode proposed in [3]
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e a termination region, designed to mitigate electric field crowding
under reverse bias,

e an intermediate region where implanted P-type areas alternate with
Schottky regions (a “JBS-like” section), providing the combined ben-
efits of low forward conduction loss and Schottky protection in re-
verse,

e and finally, a P™ epitaxial region that fully exploits bipolar conduc-
tion.

Wi’chuﬂky

Drift Region

Figure 5.7. Schematic cross-section of the simplified 4H-SiC MPS structure

The choice of an epitaxial PT layer is particularly important, as it
reduces the detrimental effects of ion implantation in SiC. Implantation
typically introduces a high density of point defects, which severely hinder
carrier injection and dramatically increase R,, in conventional SiC PiN
diodes. For this reason, epitaxial-based structures such as the one shown
in Fig. 5.6 are preferred over planar implanted counterparts. For modeling
and forward conduction analysis, the structure is simplified into a compact
representation consisting solely of alternating Schottky and PT epitaxial
regions, as shown in Fig. 5.7.
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The parameters used in the TCAD simulations (Sentaurus environ-
ment) are summarized in Table 5.1.

Table 5.1. Simulation parameters of the 4H-SiC MPS diode.

Parameter Value

N~ doping concentration 7 x 10 cm™3
Pt doping concentration 1 x 10 e¢m™3
N doping concentration 1 x 109 cm™3

Drift region thickness, d 95 pm
Drift region resistivity, p 9.65 Q- cm
Angle, 0 42°

While figure 5.8 schematically illustrates the approximated distribution
of unipolar current density.

Anode

AN SSNSSSNSSSSSSN\N

l)+

Y

HHIIIIIRN
Cathod

Figure 5.8. Schematic illustration of the approximated distribution of unipo-
lar current density in the JBS current-distribution model
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As already mentioned, these devices may exhibit the so-called snap-
back effect, characterized by a negative differential resistance region in the
forward I-V curve (see Fig. 5.9).

100

o

o

N
-

N
(=M.

Current Density (A/cm2)

Forward Voltage (V)

Figure 5.9. Simulated forward I-V characteristics of SiC MPS diodes by
varying Ween

In the example of Fig. 5.7, the widths of the Schottky (Wschottky) and
PiN (WpiN) regions are chosen equal, while the total active area is kept
constant (1 cm?). The variation is applied to the total cell width (Wcey =
Wpin + Wschottky ), compensated by the orthogonal cell length Z, ensuring
the total area remains fixed (Fig. 5.10).

Ween 1
>
2d tan @

(5.17)

Equation (5.17) expresses the design criterion required to prevent snap-
back, where d is the drift region length and @ is the current spreading angle.

This effect is particularly critical when multiple dice are paralleled
within the same package, a widespread industrial practice to improve yield
and achieve high current ratings without resorting to larger die sizes. Im-
proper design can lead to current crowding and premature device failure.
In [3], it is demonstrated that ensuring the condition in Equation (5.17) is
sufficient to suppress snapback. This condition will be discussed in more
detail in the following subsection, where the compact circuit models are
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introduced.
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Figure 5.10. Schematic 3D illustration of simplified 4H-SiC MPS

5.4 Geometry-Scalable Physically-Based SPICE
Compact Model for SiC MPS Diodes Includ-
ing the Snapback Mechanism

This section presents a geometry-scalable electrothermal compact cir-
cuit model for 4H-SiC merged-PiN-Schottky (MPS) diodes, readily imple-
mentable in any SPICE-like simulator. The methodology and its validation
have been extensively described in [6, 7, 8]. Here, we focus on the geomet-
ric modeling aspect, while the electrothermal modeling will be discussed
in the following section. The proposed model accurately describes the be-
havior of a SiC MPS diode as a function of the cell width W and the
PiN portion ratio (= Wpin/Wecen), while also capturing the detrimental
snapback phenomenon.
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Figure 5.11. Sketch of the proposed model, which, apart from the standard
anode and cathode terminals, is equipped with an input thermal node and an
output power node to account for the electro-thermal (ET) feedback. Here,
Ja, Jp, and Js |A/cm?| are the anode current density and the individual
current densities conducted by the PiN and Schottky portions, respectively;
Rp sp, Rsep, and Rgp [ - cmz] are the specific resistances of the PiN and
Schottky portions, and of the drift region traversed by J4.

Snapback Mechanism The snapback mechanism is associated to the
presence of an NDR branch in the J4—V4x characteristic. In an MPS
structure, two conditions are necessary for the occurrence of the snapback:
(i) the ratio Wpin/d is not sufficiently high (Fig. 5.7) to ensure the full
polarization of the PT N~ junction, and (ii) there is an increase in con-
ductivity when the PT N~ junction injects minorities into the drift region
(conductivity modulation). The first condition is explained with the help
of Fig. 5.12(a) which compares the electrostatic potential distributions of
a snapback-affected device and a snapback-free one.

A low ratio Wpin/d, like the one of the elementary cell in Fig. 5.12(a),
only allows a small part of the voltage applied to the ends of the device
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(Vak) to actually bias the PT N~ junction. For this reason, a Vg signifi-
cantly greater than the built-in potential (Vp7) must be applied to turn on
the PTN~ junction. Such a mechanism can be further clarified through
the lumped-parameters model of Fig. 5.11.

The model consists of two branches in parallel, the first composed of
a Schottky diode and a specific series resistance Rgg, and the second by
a PN~ diode and a specific series resistance Rpg,. Both connect to a
common specific resistance Rgp.

When the Schottky diode begins to inject electrons, the current will
flow into both Rgs, and R, thus producing two voltage drops with two
opposite effects. While the voltage drop on Rgg, promotes the activation of
the PT N~ diode, the voltage drop on R, will have the effect of delaying
the activation of the PTN~ diode. In a structure with a low Wpin/d
(Fig. 5.12(a)), the value of Rs), is large enough to produce a voltage drop
such as to delay the activation of the P™ N~ junction. On the other hand,
in a structure with a high value of Wpin/d (Fig. 5.12(b)), the value of Ry,
is negligible with respect to that of Rg,, and most of Vax is applied to
the PT N~ junction (Fig. 5.12(b)).

Once the PTN~ junction begins to inject holes into the drift region,
the concentration of minorities approaches and then exceeds that of the
N~ doping. This increase in minorities within the drift region results in
an increase in conductivity known as conductivity modulation; hence, the
Vak (initially due to the Schottky current only) reduces, thus increasing
the effective portion of Vi falling across the PTN™ junction (positive
feedback). As a result, a further increase in the MPS current (which now
includes the bipolar PiN current) is sustained by a reduction in V4, that
is, a snapback point followed by an NDR branch is observed (Fig. 5.13).

As we mentioned in the previous section, a criterion allowing to dis-
tinguish between a snapback-affected (unoptimized) and a snapback-free
(optimized) structure was developed in [3]. Specifically, a device where:

Wpin 1
d < tan 6

is unoptimized, whereas a device with:

Wpin 1
d ~ tanf
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is optimized.

PiN Schottky

RSsp

®)

Figure 5.12. Overlap between the simplified lumped element circuit and the
potential distribution for (a) a snapback-affected and (b) snapback-free device.
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Figure 5.13. Sentaurus TCAD (solid red lines, reference) and SPICE (dashed
blue) isothermal (ET feedback deactivated) Ja—Vax characteristics for Wee =
100, 120, 150, 200, 300 i, Wpin = Wachottky, and Tamp = Tp = 300 K.




80

CHAPTER 5. JUNcTION BARRIER AND MERGED PIN ScHOTTKY RECTIFIERS: CONCEPTS,
CHALLENGES, AND MODELING

'_|1 00 v 1 v T v 1 ; 1 v 1
“‘ [ Sent SPICE {
g 90 - (rzpef:r:g:) ; ]
[ — - 0.3 : i
Sol = e |
_; 70 o B gg \.P T x=WpindWeg
= 60 07 i . .
c (e N
g s0f k 5 ]
€ 401 LS -
o R
5 30 o .
=2 L
g 20 [ T X=Wpin/Woegy z = ]
-8 I
E 10_— .
0 = . 1 . 1 . 1 . 1 .
0 1 2 3 4 5 6

Anode-cathode voltage V [V]

Figure 5.14. Sentaurus TCAD (solid red lines, reference) and SPICE
(dashed blue) isothermal Jy—Vak characteristics for z = Wpin/Ween =
0.3,0.4,0.5,0.6,0.7, with Ween = 100 pm and Thp, = Tp = 300 K. The
model starts to deviate from the TCAD simulation as x decreases, which can
be attributed to the decreasing validity of the assumption of a linearly spread-
ing current.

TCAD Simulations and Parameter Extraction Two-dimensional
TCAD simulations were performed using Synopsys Sentaurus, solving the
Poisson and carrier continuity equations with a FEM-based approach [9].
The reference device structure consists of an N~ drift layer with doping
N~ = 7x10'"* cm™ and thickness d = 95 um, chosen to achieve a blocking
voltage of approximately 10 kV. However, all of these data are summarized
in Table 3.

Two simulation campaigns were conducted:

e In the first campaign, Wge was varied between 100 and 300 pm
while keeping Wschottky = WpiN-

e In the second campaign, Wpin/Wcen was varied at a fixed Weey =
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100 pm.

Obviously, the simulations were carried out while keeping the total
device area constant at 1 cm?, according to the following simple relation:

1 cm?

Waen

Z

where Z is the cell length in the direction orthogonal to the cross section
(see Fig. 5.10).

The simulation mesh included approximately 3000 nodes and 6000 ele-
ments(see Fig.5.15). The Schottky barrier height was optimized to 1.09 eV
to match experimental data reported in [3]. Each -V curve required about
5 minutes of CPU time on a workstation with four Intel Xeon E7-8880v4
CPUs and 250 GB RAM. Additional simulations were run with the PiN
and Schottky portions alternately removed to assist parameter extraction
for the SPICE compact model.

Figure 5.15. 2-D Geometry/mesh of the MPS diode in the Sentaurus TCAD
environment and magnified views of the mesh refinement at the contacts and
doping transition regions. The anode current provided by Sentaurus was mul-
tiplied by a proper factor to obtain the current density Ja [C%] .
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Geometric MPS Compact Model The MPS model was implemented
in the form of a SPICE-compatible subcircuit and is illustrated in Fig. 5.11.
The model, as mentioned before, consists of two parallel branches placed
in series with a current-dependent specific resistance Rgp; one branch in-
cludes the series connection of a P™N~ diode and a current-dependent
specific resistance Rpgp, while the other branch is composed of the series
of a Schottky diode and a current-dependent specific resistance Rgg,. The
Jp density current dependence of Rg, and Rpgp is ascribable to conduc-
tivity modulation. This is supported by the hole distribution reported in
Fig. 5.16, which shows that R, and Rpgp, lie in the hole-flooded region;

Figure 5.16. Overlap between the simplified circuit model and the holes
distribution at the conductivity modulation onset.

therefore, when the Jp current increases, Ry, and Rpg, decrease. Nev-
ertheless, Rpg, tends to a limit value Rp; the functional dependences of
Ry, and Rpgp on the PiN current can be expressed as follows:

Ry
Rep(Jp) = 1+ +ZJP, (5.18)

R,
RPSp(JP) = :

—— 4+ R 5.19
1+OZJP+ 0 ( )
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where R,; and R,» are the specific resistance values under Schottky
unipolar current condition (Jp = 0) offered by Region 1 and Region 2,
respectively (Fig. 5.8), while Ry as well as v are geometry-dependent fitting
functions. Conversely, the value of Rgg, grows with increasing Jp because
the unipolar current path becomes less preferred with respect to the bipolar
current path. The relation between Rge, and Jp was modeled according
to the following equation:

RSsp(JP) = Rul + ’YJP (520)

where 7 is a fitting parameter shown in Table 4. The approach adopted
to derive the expressions of R, and R,s is based on the JBS current distri-
bution model, as widely described in Section 5.2.2, with the consideration
that, in our case study (10 kV 4H-SiC MPS), we have an epitaxial P™
region and therefore no channel region (and consequently no channel re-
sistance).

In this approach, the two-dimensional current flow during unipolar op-
eration is assumed to be divided into only two parts as shown in Fig. 5.8:
the current spreading region (Region 1) and the uniform current-flow re-
gion (Region 2). In particular, the current is assumed to linearly diffuse in
Region 1 with a spreading angle 6. For a given doping N, € is almost in-
sensitive to the MPS geometry and is therefore considered constant. Then,
considering that the current flux distribution is uniform in Region 2 (as
described in Section 5.2.2), it is possible to exploit the following formula:

Rpo=p (d — WpiN tan (9) (5.21)

while the spreading resistance under unipolar regime, here called Ry,, is
calculated exploiting the same approach used for Equation 114:

Ween

R, = ptanfln (
Schottky

>WCell (5.22)

In these expressions, p is the resistivity value obtained from TCAD sim-
ulations under unipolar current condition (Jp = 0), which is reported in
Table 5. Fig. 5.13 shows the comparison between the Jy—Vak character-
istics of the SPICE model and those obtained from TCAD simulations
by varying Wecen, keeping the same widths of the Schottky and PiN por-
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tions. Subsequently, the model accuracy was verified for Wpin # Wschottky;
Fig. 5.14 shows TCAD and SPICE Ja—Vaxk characteristics by varying the
WPiN/WCell ratio.

Fitting Functions The fitting functions o and Ry were identified by
comparing the Sentaurus Ja—Vax characteristics of the MPS diode with
those of SPICE under bipolar-current condition (Jp > 0). The parameter
« can be described as the rate of conductivity modulation, and its depen-
dence on the geometry can be explained as follows: a wider Wpyn causes
a better polarization of the P™N™ junction and thus, a higher injection
rate of the holes into the drift region. As described by Eq. (5.23), a was
modeled as a linear function of both = Wpin/Ween and Weep, where g
and k* are fitting parameters shown in Table 4, and Wy is the reference
cell width, set to 100 pm.

Ween — Wo n

i k* - (z—0.5) (5.23)

a(Ween, ) = ap +
Finally, the parameter Ry represents the lower bound of the conductivity-
modulated resistance. Differently from «, it only depends on the total cell

width Ween and not on the ratio Wpin/Ween, and its variation was mod-
eled as follows:

Ry =n++v/p Ween — Wo) (5.24)

where 7 and p are fitting parameters reported in Table 5.2.

Table 5.2. Fitting parameters used in the MPS model.

Parameter Value Unit

g 0.475 cm?/A
k* 2.5 cm?/A
n 1.06 x 1072 Q- cm?
L 2.88 x 10°  Q%-cm?

¥ 1.15 x 1073 em*Q/A
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5.4.1 Electrothermal Compact Model for SiC MPS Diodes
Including the Snapback Mechanism

In the previous section, we focused on the geometric modeling of the
circuit components shown in Fig. 5.11. In this section, we address the
thermal modeling. This section is organized as follows: first, we present
the mathematical modeling of the thermal problem, followed by the pa-
rameter calibration procedure, and finally the results of the electrothermal
simulation.

Thermal Modeling Since in most SPICE-like circuit simulators the
temperature is treated as a fixed (i.e., power-independent) parameter com-
mon to all components in the schematic, we employed the thermal equiva-
lent of Ohm’s law (TEOL), i.e., the thermal-electrical analogy, in order (i)
to allow temperature-sensitive electrical parameters to vary dynamically
during the simulation run and (ii) to enable different temperatures to be
assigned to different devices/cells in case of multiple components. With
the TEOL approach, temperatures, powers, and thermal resistances are
represented as voltages, currents, and electrical resistances, respectively.

To explain the thermal modeling more effectively, we conceptually ex-
pand the circuit proposed in Fig. 5.11, moving from a high-level circuit
representation (Fig. 5.11) to a lower-level representation (Fig. 5.17), which
allows us to illustrate in detail how the thermal modeling was performed.
Therefore, in this section, we will refer to the circuit in Fig. 5.17. As can
be seen from Fig. 5.17, besides the anode and cathode terminals, the sub-
circuit is equipped with two additional nodes: an input node that provides
the model with the temperature rise AT, and an output node that reports
the dissipated power Pp. In the next sections, these nodes will be used
to perform a static electrothermal (ET) simulation. The core components
of the subcircuit are standard resistance-free diode instances at T for the
PiN and Schottky diodes.

Let us first consider the PiN diode. This device conducts the current:

Jp(Ty) = Jpo [exp<vj‘$7p> - 1] (5.25)

where Vp is the voltage drop across the diode, Jpg and Vg = 0.02586 V
are the reverse saturation current density and thermal voltage at Tp, re-
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spectively, and np is the ideality factor.

The influence of the input temperature rise AT is included by placing
in parallel with the diode a voltage-controlled current source that injects
a correction current given by:

Ve + @op(T —Tp)
Vrnp

Jp’corr(T) = Jpo [exp( >:| — JP(T()) (5.26)
where T = AT + Tomp, Vr = kT/q (k = 8.62 x 1075 eV/K being the
Boltzmann constant), and pop [V/K] is a temperature coefficient. The
resulting current is:

Jp(T) = Jp(To) + Jpeon(T) = Jro {exp(VP + ol — To) )] (5.27)

Virnp

This approach was chosen because it was found to accurately reproduce
the electrothermal behavior of junctions across a wide range of technologies
(e.g., [10, 11]).

The resistance-free Schottky diode is modeled in a similar way. At Tj,

it conducts: "
S

-1 5.28

Vrons > ] (5.28)

where Vg, Jgg, and ng have the same meaning as their PiN diode coun-
terparts. A voltage-controlled current source is connected in parallel to
generate a correction current:

Isaon(T) = Jso[exp( SEECZIN | gy s20)

50 = s o

yielding the total current:

JS(T) = JS(TO) + JS,Corr(T) = Jso |:eXp<VS i QPOS(T — TD)>:| (530)

Vrns

The specific series resistances Rps, and Rgg, of the PiN and Schottky
diodes are modeled as in Eqgs. (116) and (117) but with temperature de-
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pendence included:
mr
Rul (Tlg)
1 + ad, P (%)ma

T\™" T\™
RSsp = Rul (T,O) + fVJP <T’0>

Similarly, the drift region resistance R, is expressed as:

R (T "
_ Ra(f)
e (5)”

RPsp = RO +

(5.31)

(5.32)

(5.33)

The subcircuit was implemented in PSPICE [12| and LTSPICE [13],
yielding identical results. SPICE simulations were performed by sweeping

Ja and evaluating Vi to determine the NDR branch.

............................................................

K (cathode)

output

Figure 5.17. Representation at low level of the SPICE-compatible subcircuit

implementing the analytical thermal model.
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Parameter Calibration The calibration procedure for the model pa-
rameters is as follows. Parameters Jgg and ng were optimized by comparing
the Sentaurus characteristic of the structure without the PiN contact to the
SPICE characteristic of the standard diode at T}, = Tp and Vi < 0.7 V.
The coefficient ppg was adjusted to achieve the best match between Sen-
taurus and SPICE characteristics at higher T,,,, over the same V4 range,
where the thermionic effect results in a positive temperature coefficient.

A temperature-sensitive series resistance was then connected to the
Schottky diode, with its value at Tj tuned to match Sentaurus and SPICE
results for Vax > 0.7 V. In this range, a negative temperature coeflicient
is observed since the reduction in electron mobility in the drift region with
increasing T,m, outweighs the increased thermionic emission. Assuming
a temperature dependence (T'/Tp)™7, the factor mp was optimized by
comparing Sentaurus and SPICE results for several Tpp,.

The same procedure was applied to the structure without the Schottky
contact, allowing calibration of Jpgy, np, and pgp. The fitting functions
Ry, a, and v were optimized to match the Js " Vax characteristics from
Sentaurus and SPICE simulations of the MPS at T,,, = T, as previously
discussed in the section on geometric modeling. Parameters m, and m.
were tuned to achieve agreement between Sentaurus and SPICE results at
Tamp in the range 320-400 K. These parameters are reported in Table 5.3,
while the final comparison between Sentaurus and SPICE results is shown
in Fig. 5.18. Notably, a single SPICE simulation run required less than 1 s
on a standard PC.
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Figure 5.18. Sentaurus TCAD (solid red lines, reference) and

SPICE (dashed blue) isothermal J4—Vag characteristics for Topp, =
300, 320, 340, 360, 380, 400 K, Ween = 100 pm, and Wein = Wachottky-

Electrothermal Simulation An electrothermal simulation, made pos-
sible through the TEOL-based approach, was performed by scaling the
area-dependent model parameters and fitting functions to emulate a 4H-
SiC MPS with 1.5 cm x 1.5 cm area in a TO-247 (or TO-263) package at
Tamb = To = 300 K. The dissipated power Pp = I4 - Vai (represented as
a current in SPICE according to TEOL) was forced through a junction-to-
ambient thermal resistance Rty = 0.5 K/W (represented as an electrical
resistance). The resulting temperature rise AT =T — Ty = R - Pp (a
voltage drop) was fed back to the model to update temperature-sensitive
parameters. This approach inherently assumes a uniform temperature
across the entire device. The ET simulation took less than 1 s on a standard
PC. Results are illustrated in Fig. 5.19, where the ET [4—V,x character-
istic is compared with the isothermal counterpart (self-heating disabled,
T = Tamp). It is evident that self-heating causes a significant distortion
of the curve relative to the isothermal case; more specifically, the ther-
mally induced increase in resistances leads to a marked current reduction
in both unipolar and bipolar conduction modes, as well as a suppression
of the current triggering the snapback mechanism.
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Figure 5.19. Outcomes of the ET simulation executed by SPICE. The
14—V 4k characteristic of a 1.5 cm x 1.5 cm 4H-SiC MPS with the ET feed-
back activated (left axis, solid green line) is shown along with the correspond-
ing temperature rise above ambient AT (right axis, dashed magenta line).
The thermal resistance Rty (represented in SPICE as a standard electrical
resistance according to the TEOL) was chosen equal to 0.5 K/W to emu-
late a TO-247 (or TO-263) package. Also shown is the isothermal I4—Vak
curve at Tomp, = Tp (left axis, solid black line). Here, Ween = 100 pm and
Wein = WSChottky-
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Table 5.3. Calibrated electrothermal model parameters.

Parameter Value Unit
Jpo 1.9x 107%  A/cm?
np 1.027 -
wop 1.08 x 1072 V/K
Jso 1.1 x 1072 A/cm?
ns 1.0 -
©Vos 3.75x 1073 V/K
mr 2.25 -
Mg 4 -
My 7 -

5.4.2 Putting the Model to the Test: Application to the
Surge Current Event

At the beginning of this chapter, we stated that SiC MPS diodes are
preferred in applications where it is not possible to significantly reduce
the system’s exposure to high current surges. Indeed, thanks to their
bipolar conduction capability, this class of diodes can handle higher current
levels compared to standard JBS diodes. However, these devices require
proper geometrical design optimization; otherwise, the advantage of having
bipolar conduction can turn into a drawback, as in the case of snapback.

As we have already explained, it is common practice among companies
manufacturing power semiconductor devices to place multiple dice within
the same package. This allows achieving very high rated currents while
simultaneously maximizing yield (understood as the number of good dice
per wafer). However, if this procedure is applied to non-optimized SiC
MPS diodes — that is, diodes affected by snapback — it can result in severe
current-focusing phenomena when several dice are connected in parallel
within the same package, thereby significantly reducing device reliability.

In the following, using our geometry-scalable electrothermal compact
circuit model of 4H-SiC MPS diodes, we simulate a possible scenario in
which an inevitable technological mismatch generates an asymmetry in
device behavior.
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Figure 5.20. Simplified circuit schematic of the simulated resonant surge test
setup.

For this purpose, a dynamic ET simulation of a resonant surge test was
executed in SPICE. The analyzed setup, shown in Fig. 5.20, makes use of
two paralleled MPS diodes to boost the current capability and operates as
follows. First, capacitor C is charged to the DC supply voltage through
switch SW1. Then, SW2 is closed, allowing the inductor L and capacitor
C' to resonate at a frequency f = ﬁ, thus discharging C' through the
paralleled MPS diodes under test. The values of L and C are typically
chosen to achieve a resonance frequency f = 50 Hz [14], resulting in a
half-sine current pulse of 10 ms being forced through the diodes.

Since the maximum temperature develops near the surface of the device
on the anode side [15], the single-event temperature limit leading to device
failure is typically associated with the melting temperature of the top alu-
minum metallization. Consequently, a temperature limit of approximately
1000 K is commonly used to indicate device destruction in simulations [?].

An unavoidable technological discrepancy between the two MPS diodes
was emulated by adding a 1 m() series resistance Rgtray to MPS #2. This
resistance may represent, for example, an asymmetry in the length of the
metal interconnections, partial oxidation of a metallization, or, more gen-
erally, imperfections in electrical contact formation.

Fig. 5.21 compares the ET [4—Vsi characteristic of the unbalanced
MPS #2 with that of MPS #1. It can be observed that MPS #2: (i)
suffers from a slightly lower current flow under unipolar conduction mode
(positive differential resistance region, PDR), (ii) exhibits snapback at a
higher Vs, and (iii) conducts more current beyond snapback, i.e., in the
negative differential resistance regions NDR1 and NDR2.
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Figure 5.21. ET I4-Vsi characteristics of the 1.5 cm x 1.5 cm 4H-SiC
MPS #1 (solid green line, also reported in Fig. 8) and MPS #2 intentionally
unbalanced with Rgiyay (dashed red line).

The SPICE simulation of the resonant surge test was performed by
including a thermal capacitance (0.2 mJ/K) in parallel with the thermal
resistance (0.5 K/W) of each MPS diode. The results are shown in Fig. 22.
As the total anode current increases, the paralleled MPS diodes initially
conduct almost the same current under unipolar mode (MPS #1 slightly
prevails). After snapback (observable as a Vag peak) is reached, this
behavior reverses and MPS #2 starts conducting more current.

Then, a bifurcation phenomenon takes place: MPS #1 remains on the
NDRI1 region, while MPS #2 moves upward along the NDR2 branch. This
transition occurs because, as the total current rises, MPS #2 is the first
to enter the steeper NDR2 region, which attracts more current due to its
lower resistance, thus providing a favorable path for current flow.

This phenomenon is detrimental because MPS #2 eventually bears
most of the current, leading to a significant temperature rise (up to 200 K
above Typ). Such a high temperature further exacerbates current crowd-
ing through positive feedback: as shown in Fig. 5.19, it lowers the current
threshold at which the NDR branches appear, making it even easier for
MPS #2 to transition into the NDR2 region.

Eventually, both the total current and the current conducted by MPS
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#2 decrease until snapback is reached again. Afterward, the current of
MPS #1 drops along the unipolar PDR region, while MPS #2 attempts
to climb back along the NDR1 branch.

All simulations were completed within a few seconds, regardless of the
simulation tool used.

200 5 = 225 —
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Figure 5.22. ET dynamic SPICE simulation of the surge test: (a) currents
conducted by the two MPS diodes, as well as total current (left axis) and
voltage Vax (right axis); (b) temperature rises over ambient vs. time. Solid
green lines are associated with MPS #1, whereas dashed red lines correspond
to MPS #2 enriched with Rgiray-

The dynamic ET simulation of a resonant surge test has evidenced
that paralleling NDR-affected MPS devices is an unfortunate choice, as un-
avoidable technological discrepancies among them may lead to a markedly
uneven current/temperature distribution, the hottest diode being thus
prone to accelerated reliability degradation and reduction in mean time-
to-failure. As the proposed model facilitates fast and accurate holistic
analyses under various operational conditions, we believe that it can be
fruitfully used as a valuable means to optimize the design of 4H-SiC MPS
rectifiers, as well as of circuits based upon them.
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5.5 Packaging Strategies for Boosting Surge Cur-
rent Robustness of SiC JBS Diodes

In the previous sections, we analyzed the Merged PiN Schottky (MPS)
structure and repeatedly emphasized that these devices are capable of han-
dling higher current surges compared to their Junction Barrier Schottky
(JBS) counterparts. This superior performance is enabled by their ability
to exploit bipolar conduction.

In principle, JBS structures could also benefit from bipolar conduction,
but the triggering conditions are much more difficult to achieve — requiring
higher voltages and/or elevated temperatures — since they lack a dedicated
ohmic contact on the P-region.

Nevertheless, other technological degrees of freedom can be exploited
to improve the ability of a JBS diode to handle high surge current events.
One example is the optimization of bonding techniques used to connect
the dice within the package.

In this section, the surge current capability of a 60 A—1200 V 4H-SiC
diode, fabricated by paralleling two 30 A dice, is experimentally evaluated.
Three bond wire configurations are investigated using a nonrepetitive surge
current test at 25°C and 110°C. The results reveal that the stitch config-
uration, which employs 3 x 20 mil bonding wires, significantly outperforms
the alternative 4 x 15 mil and 4 x 12 mil counterparts in terms of maxi-
mum surge current robustness. An extensive analysis is also conducted to
identify key differences in the failure mechanisms among the three config-
urations during surge current stress. A detailed discussion of this study is
available in [16].

Introduction. As already mentioned, device manufacturers commonly
embed two SiC dice in parallel within the same package to increase current
capability. This approach offers two key advantages: (i) it improves fabri-
cation yield, and (ii) it avoids modifications to the existing semiconductor
production line. However, the parallel operation of multiple chips may
result in uneven current sharing, requiring derating rules that limit full
device utilization [17]. A device’s ability to withstand non-repetitive surge
current events is quantified by the maximum single-pulse forward surge
current (Irsy) [18], defined as the amplitude of a 10 ms half-sine wave
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current pulse applied before device failure [19, 20]. The surge current
robustness of 4H-SiC JBS diodes has been previously studied for both sin-
gle [21] and parallel dice [22]. However, to the best of our knowledge, no
studies have examined the impact of sub-optimal bonding when paralleling
diodes within the same package. In this section, we address this gap by
assessing the surge current robustness of a SiC JBS composed of paralleled
dice for different bond wire configurations between the dice. Our exten-
sive experimental analysis includes the measurement of forward pulsed I-V
characteristics, thermal resistance (Rty) extraction, Irgy evaluation, and
post-failure imaging of the dice — obtained after chemical decapsulation
and metal removal — to identify damage differences among the examined
configurations.

Devices Under Test and Experimental Setup. The device under
test (DUT) is a 60 A-1200 V 4H-SiC JBS diode composed of two 30 A
dice connected in parallel within a TO-247 package. For a single die, three
20 mil bond wires are typically used (Fig. 5.23a). However, when two dice
are placed in parallel within the same package, the limited space available
on the T-Post lead prevents the use of two 20 mil bond wires per die, which
would overlap and potentially cause physical damage (Fig. 5.23b). To ad-
dress this limitation, three alternative bond wire configurations were imple-
mented and tested (Fig. 5.24). In the first two configurations (Fig. 5.24a-
b), the two 30 A dice are connected in parallel using four 12 mil and 15 mil
bond wires, respectively, with two wires directly connecting the T-Post to
each die. In the third configuration (Fig. 5.24c), three 20 mil bond wires
are used to connect one die to the other, with only one die directly linked
to the T-Post. This third configuration is referred to as the stitch config-
uration. A total of ten samples were fabricated for each configuration to
ensure consistency in the experimental evaluation.

The Irsm was evaluated using a resonant surge tester, as shown in
Fig. 5.25a. In this test, a 10 ms half-sinusoidal current pulse (Fig. 5.25b)
is applied to the DUT by charging the capacitor C' to a given supply
voltage and then discharging it through the inductor L. Robust devices
must exhibit an Irgy value at least ten times the nominal current rating.

Before performing the surge current tests, all DUTs underwent prelimi-
nary characterization to ensure proper bonding and reproducible electrical
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Figure 5.23. Top view of (a) a single-die 30 A-1200 V SiC JBS diode using
three bond wires and (b) the T-Post with four 4 x 20 mil diameter bond wires
(two per die for the two-die 60 A-1200 V DUT) detailing how these come in
contact.

Figure 5.24. Pictures of the parallel dies attached on the TO-247 lead frame
showcasing three different bond wire configurations: (a) 4 x 12 mil, (b) 4 x
15 mil, and (c) 3 x 20 mil (referred to as stitch).




98

CHAPTER 5. JUNcTION BARRIER AND MERGED PIN ScHOTTKY RECTIFIERS: CONCEPTS,
CHALLENGES, AND MODELING

IDUT

DUT IFSM

in single
TO-247
_ package

time

(b)

Figure 5.25. Schematic representation of (a) the surge current test setup
and (b) the consecutive semi-sinusoidal current pulses.

behavior. The first step involved measuring pulsed (isothermal) forward
1r—VE characteristics at both 25°C and 175°C. The junction-to-case ther-
mal resistance (R7y) was then experimentally extracted for each sample.
After this preliminary characterization, the DUTs were divided into two
batches and subjected to surge current tests at 25°C and 110°C. Each
device underwent consecutive surge pulses with the current amplitude in-
creased in 5 A increments between tests. A 2 minute interval was main-
tained between pulses to prevent cumulative heating effects, and no active
cooling was applied. A DUT was considered to have failed when its leakage
current increased tenfold compared to its pre-test value. The Ipgy value
was recorded as the last applied surge current before failure was detected.
After failure, the DUTs were chemically decapsulated and the metallization
and SiOy layers were removed to enable detailed analysis of the damage
mechanisms.

Results and Failure Analysis. The pulsed (isothermal) forward Ip—Vp
characteristics for the different bonding wire configurations are shown in
Figs. 5.26 and 5.27. At 25°C, the Ir—VF curves corresponding to the stitch,
2 x 12 mil, and 2 x 15 mil configurations exhibit no significant deviation up
to the rated current (60 A). Beyond this current level, slight divergences
begin to appear among the curves, attributable to the increasing voltage
drop across the bonding wires. This effect becomes more pronounced as the
current exceeds 60 A, where resistive voltage drops not only in the intercon-
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nect wires but also near the wire-to-metal contact areas become significant.
As expected, the 4 x 15 mil configuration shows a lower forward voltage
drop compared to the 4 x 12 mil configuration, owing to its 25% larger
wire diameter. Interestingly, despite using only 3 x 20 mil wires, the stitch
configuration achieves an even lower forward voltage drop, indicating that
factors beyond total wire cross-sectional area — such as wire arrangement
and bonding contact area — significantly influence performance. When
the temperature is increased to 175 °C, a marked reduction in the slope of
all Ip—Vg curves is observed compared to the 25°C characteristics. This
behavior is primarily caused by phonon scattering, which dominates over
the enhanced majority carrier injection resulting from thermionic emission,
leading to a significant decrease in the forward Ir—Vr slope at high tem-
peratures. An interesting exception is found in the control device, which
exhibits a local increase in slope around 5 V(see Fig 5.27). To interpret
this, it is important to recall that the analyzed devices are SiC JBS diodes,
whose elementary cell consists of alternating PT implanted regions and
Schottky regions. Unlike MPS diodes, the PTN™ junction in JBS devices
is not designed to conduct during forward operation; its main function is
to suppress reverse leakage current, as previously described. This design
simplifies fabrication and reduces cost by eliminating the need for a ded-
icated masking step to form an efficient ohmic contact on the P™ region
before Schottky metal deposition. However, the ohmic contact formed on
the PT region, although inefficient, is not completely inactive. At elevated
temperatures, the PTN™ junction exhibits a reduced built-in potential due
to increased free carrier concentration in the depletion region. As a result,
around 5 V, the PYN™ junction may begin to inject minority carriers into
the drift region, causing an increase in the forward Ip—Vr slope. In con-
trast, for an optimized MPS diode, this behavior would typically appear
already at room temperature and at lower forward voltages, around 3.3 V.

Fig. 5.28 presents the measured thermal resistance (Rty) values high-
lighting that no significant differences in Rty were observed among the
various device groups. Despite the relatively uniform Ix—V& characteris-
tics within each configuration and similar Ry values across all groups, the
surge test results revealed substantial differences among the three configu-
rations. Figs. 5.29 and 5.30 show the surge test results at 25 °C and 110 °C,
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Figure 5.27.
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Figure 5.26. Experimental isothermal forward Ip—Vg characteristics at 25 °C
for the three bond wire configurations.
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Figure 5.28. Extracted Rty for the three configurations.

respectively, compared against a control device, a single 30 A-1200 V 4H-
SiC diode with a standard 2 x 20 mil bonding wire configuration. The
4 x 12 mil and 4 x 15 mil configurations demonstrated significantly low
surge robustness, with average Irgy values of 460.5 A and 502.5 A, respec-
tively, i.e., both falling well below the 10x60 A standard requirement. This
result implies that a substantial derating is required compared to the the-
oretical 2 x 320 A expected from two parallel discrete control devices. In
contrast, the stitch configuration achieved significantly higher Irgy values
and even met the 10 x 60 A requirement at 25 °C. This improved per-
formance is attributed to the larger contact area between the wires and
the top metal, which reduces voltage drops at the contacts under equal
current conditions. The lower local power density and reduced heat con-
centration in this configuration help prevent metal melting in the contact
regions during surge events, thereby minimizing degradation of the Schot-
tky contact and preserving both blocking and forward characteristics. To
further investigate the failure mechanisms observed in the surge test, a
failure analysis was conducted. The devices were first chemically decapsu-
lated to examine metal melting at the wire-to-metal contact points. The
metallization was then removed through a delayering process to assess the
structural integrity of the dice. Two distinct failure mechanisms were iden-
tified [22]:
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e Failure Type 1: this failure is characterized primarily by metal
melting at the contact areas, leading to Schottky contact degrada-
tion and deterioration of reverse characteristics. However, the diode
retains some functionality.

e Failure Type 2: in addition to metal melting, this failure mode
includes extensive structural damage, such as cracks in the chip and
SiC substrate. The forward Ix—Vg curve becomes ohmic, indicating
catastrophic device failure. This failure is strongly associated with
high thermal stress and increased defect density in the substrate.

650 Surge Test Results Iat 25°C

600 f RN
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Figure 5.29. Ipgy\ results at 25 °C for the three configurations.

In the 4x12 mil and 4 x 15 mil configurations, both dies within the pack-
age exhibited Failure Type 2, characterized by severe melting of the met-
allization and structural damage (Figs. 5.31-5.32). By contrast, the stitch
configuration, in some cases, exhibited a mixed failure pattern. In several
instances, the die directly connected to the T-Post (right die) displayed
features consistent with Failure Type 2: in addition to fusion between the
bonding wires and the metallization, structural damage was observed, in-
cluding cracks in the chip and in the SiC substrate (Figs. 5.33(b), (d), 5.34
and 5.35). This die exhibited neither blocking capability under reverse
bias nor forward conduction. Conversely, the die located farther from the
T-Post (left die) showed Failure Type 1, with localized melting between
the bonding wires and the front-side metallization (Figs. 5.33(a), (c)). The
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Figure 5.30. Igpg\ results at 110 °C for the three configurations.

SiC substrate appeared essentially intact, and the die still retained a block-
ing capability (albeit degraded, as shown in Fig. 5.36). More specifically,
within the stitch group, this asymmetric failure occurred in 3 of 10 devices
tested at 25°C and 4 of 10 devices tested at 110°C. Only one device, be-
longing to the 25°C test group, exhibited the inverse scenario, with the
right die showing Failure Type 1 and the left die Failure Type 2. Notably,
this sample had the lowest Irgy among the stitch devices, although it still
approached the 600 A requirement.

For all other devices in the stitch group, as well as for the 4x12 mil
and 4x 15 mil configurations, both dies exhibited Failure Type 2. This be-
havior can be rationalized by considering current distribution in the stitch
configuration: the interconnect branch from the T-Post to the nearest die
(right die) carries a higher current than the branch connecting the right die
to the left die. As a result, the right die experiences greater Joule heating
and thermal stress, making it more prone to Failure Type 2 than the left
die.
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(©
Figure 5.31. Left and right die of 4 x 12 mil bond wire configuration (a—b)
after chemical decapsulation: evident burn marks on active area due to metal

melting; (c—d) after delayering process: evident signs of cracks across active
area.

(©)

Figure 5.32. Left and right die of 4 x 15 mil bond wire configuration (a—b)
after chemical decapsulation: evident burn marks on active area due to metal
melting; (c—d) after delayering process: evident signs of cracks across active
area.
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Figure 5.33. Left and right die of the stitch configuration (a—b) after chemical
decapsulation: evident burn marks on active area due to metal melting; (¢c—d)
after delayering process, no crack signs are present on the left die while evident
crack marks are visible on the right die.

Figure 5.34. Side-view X-ray of the right die (stitch configuration); fracture
within the SiC substrate

Figure 5.35. Side view of the right die (stitch configuration) showing an edge
fracture on SiC substrate
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REVERSE CHARACTERISTICS AT 25 °C
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Figure 5.36. Experimental Reverse Ir—VR characteristics: left die (blue solid
line) measured after the IFSM test, and full stitch device (black solid line with
markers) measured before the IFSM test; the applied voltage was limited to
prevent damage.

Summary In this section we compared three types of 60 A-1200 V SiC
diodes with different bond wire configurations. An extensive experimental
characterization has been conducted, including measurements of pulsed
(isothermal) Ir—V& characteristics, thermal resistance, and surge current
performance. Only minor discrepancies were observed in the Iy—Vx charac-
teristics, where they only take place under high-current conditions, and in
thermal resistances. However, the Irgy performance varied significantly.
The 4 x 12 mil and 4 x 15 mil configurations exhibited lower robustness,
whereas the stitch configuration (3 x 20 mil) shows an Irgy near the the-
oretical limit, almost double that of a single 30 A device, maximizing
diode performance with minimal derating. The failure analysis further
highlighted distinct failure mechanisms between the stitch and the other
two configurations. These findings provide valuable guidance for designing
high-current SiC JBS diodes, especially in applications requiring multiple
dice per package due to wafer yield or production constraints.




Chapter

Power MOSFETSs

6.1 Planar Power MOSFETs

The planar power MOSFET was the first commercially successful unipo-
lar switch developed using silicon technology, once the issues related to the
metal-oxide-semiconductor interface had been resolved for CMOS technol-
ogy [1]. To reduce cost, the channel in these devices was created using
the double-diffusion (DMOS) process. In the DMOS process, the P-base
and N7 source regions are formed by ion implantation, masked by a com-
mon edge defined by a refractory polysilicon gate electrode. A drive-in
cycle after each implantation step moves the P-N junction laterally under
the gate electrode. The separation between the NT /P-base junction and
the P-base/N-drift junction under the gate defines the channel, allowing
channel lengths to be reduced to sub-micron dimensions without requiring
high-resolution lithography. This approach served the industry well from
the 1970s into the 1990s, with planar power MOSFETSs remaining available
for power electronic applications.

In the 1990s, trench technology, originally developed for DRAMs, was
adopted to introduce the UMOSFET structure for commercial applica-
tions. This was particularly important for reducing the channel and JFET
components in planar MOSFETs designed for lower voltage applications
(<30 V).

For silicon power MOSFETs, the on-resistance becomes dominated by
the drift region resistance when the breakdown voltage exceeds 200 V. At
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high breakdown voltages, the specific on-resistance exceeds 1072 €2 - cm?,

resulting in an on-state voltage drop greater than 1 V at a typical current
density of 100 A/cm?. Consequently, the Insulated Gate Bipolar Transis-
tor (IGBT) was developed in the 1980s to serve medium- and high-power
systems. The superior performance of IGBTs in high-voltage applications
relegated silicon MOSFETS to operating voltages below 100 V. Novel sil-
icon structures utilizing the charge-coupling concept have extended the
breakdown voltage of power MOSFETs to the 600 V range. However,
their specific on-resistance remains relatively high, limiting their use to
high-frequency applications where switching losses dominate.

In principle, the much lower drift region resistance in silicon carbide
should enable power MOSFETs with very high breakdown voltages, offer-
ing both fast switching speed and superior safe operating area compared to
high-voltage silicon IGBTs. This reduces both switching and conduction
losses in power circuits. Unfortunately, silicon MOSFET structures can-
not be directly applied to high-performance silicon carbide devices. First,
limited dopant diffusion in silicon carbide prevents the use of the silicon
DMOS process. Second, high electric fields in the gate oxide of silicon
carbide MOSFETs can exceed its rupture strength, causing catastrophic
failure in blocking mode at high voltages. Third, the smaller conduc-
tion band offset between silicon carbide and silicon dioxide can lead to
hot carrier injection into the oxide, reducing stability. Additionally, the
oxide-semiconductor interface quality in silicon carbide must be improved
to ensure good threshold voltage control and channel mobility.

This chapter begins with a review of the basic principles of planar
MOSFET operation. A planar MOSFET structure formed by staggered
ion implantation of the P-base and N source regions is then described.
Next, the exacerbation of reach-through breakdown in silicon carbide is an-
alyzed. Differences in threshold voltage between silicon and silicon carbide
devices are discussed, and the limitations imposed by high doping concen-
trations and long channel lengths on achieving low specific on-resistance
are highlighted.
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6.1.1 Planar Power MOSFET Structure

The basic structure of the planar power MOSFET is illustrated in
Fig. 6.1, showing the location of the ion implantation edges. Considering
the low diffusion coefficients of dopants in silicon carbide, it was proposed
that the P-base and N source ion implantations be staggered using pho-
toresist masks, rather than being defined by the gate edge. Additionally,
it was suggested that the P-base region be first amorphized to achieve
a more uniform dopant distribution, thereby suppressing reach-through.
This approach, employing staggered P-base and NT source implants, was
subsequently adopted by several research groups to fabricate high-voltage
devices [1]. Such devices are commonly referred to as DIMOSFETSs, owing
to the Double-Implant process used in their fabrication.

P-Base Implant Edge P-Base Implant Edge

N*SOURCE

P-BASE

N-DRIFT REGION

N* SUBSTRATE

DRAIN

Figure 6.1. The Planar Power MOSFET Structure.

6.1.2 Blocking Characteristics

In the forward-blocking mode of the planar power MOSFET, the ap-
plied voltage is supported by a depletion region extending on both sides of
the P-base/N-drift junction.. The maximum blocking voltage is reached
when the electric field at this junction equals the critical electric field for
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avalanche breakdown, provided that the parasitic N* /P /N bipolar tran-
sistor is completely suppressed [2]. This suppression is achieved by short-
circuiting the N* source and P-base regions using the source metal.

However, a large leakage current can occur if the depletion region in
the P-base reaches the NT source region, a phenomenon known as reach-
through. To prevent reach-through from limiting the breakdown voltage,
the doping concentration N4 and thickness Wp of the P-base region must
be carefully designed.

Assuming uniform doping on both sides of the P-base /N-drift junction,
the applied drain voltage is supported by the P-base and N-drift regions
with a triangular electric field distribution, as shown in Fig. 6.2. The maxi-
mum electric field occurs at the P-base/N-drift junction, and the depletion
width in the P-base region Wp is related to the maximum electric field Ey,
by:

EsEm
Wp =
qNa

where eg is the permittivity of silicon carbide and N4 is the doping
concentration of the P-base region.

(6.1)

Wp
Figure 6.2. Reach-Through in a Power MOSFET Structure.
The minimum P-base thickness required to avoid reach-through can be

obtained by assuming that the maximum electric field reaches the critical
electric field E. at full depletion:
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Figure 6.3. Comparison of Minimum P-Base Thickness to prevent Reach-
Through Breakdown in 4H-SiC and Silicon.

The calculated minimum P-base thickness for 4H-SiC power MOSFETs
is compared with that for silicon in Fig. 6.3. For any given P-base dop-
ing concentration, the required thickness for 4H-SiC is about six times
larger than that for silicon. Consequently, the minimum channel length
in SiC MOSFETs is much larger than in their silicon counterparts, which
significantly increases the on-resistance Ron. This problem is further ex-
acerbated by the lower channel inversion-layer mobility observed in SiC.

The minimum P-base thickness required to prevent reach-through de-
creases with increasing doping concentration, as shown in Fig. 6.3. For
silicon power MOSFETS, a typical P-base doping concentration of N4 =
1 x 10'7 em™3 yields a threshold voltage between 1 V and 2 V for a gate
oxide thickness of 500-1000 A. At this doping level, the P-base thickness
can be reduced to approximately 0.5 pm without reach-through limiting
the breakdown voltage. In contrast, for 4H-SiC, the doping concentration
must exceed Ny > 4 x 10’7 cm™ to prevent reach-through for the same
P-base thickness, which results in a higher threshold voltage (discussed in
the next section).

The maximum blocking voltage capability of the power MOSFET struc-
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ture is ultimately determined by the N-drift region doping and thickness,
as discussed in Section 1. However, under forward-blocking conditions,
a significant electric field also develops in the gate oxide. Using Gauss’s
law, the electric field in the oxide FEy is related to the electric field in the
underlying semiconductor Fgepmi by:

on = @Esemi (63)

€OX

where e¢emi and e are the dielectric constants of the semiconductor
and the oxide, respectively.

For silicon devices, the maximum electric field in the drift region re-
mains below 3 x 10° V/cm, so the corresponding oxide field Eyy does not
exceed its reliability limit of about 3 x 10¢ V/cm. In contrast, for 4H-SiC,
when the semiconductor field approaches its critical breakdown field, the
oxide field can reach values around 9 x 10 V/cm, which exceeds the reli-
ability limit and can lead to catastrophic oxide rupture.

Therefore, it is crucial to monitor and limit the electric field in the gate
oxide during the design of SiC MOSFETs. Novel device structures that
shield the gate oxide from excessive electric field have been proposed and
experimentally demonstrated to mitigate this problem.

6.1.3 Forward Conduction

Current flow between the drain and source can be induced by creating
an inversion layer channel on the surface of the P-base region. The current
path is illustrated in Fig. 6.4 by the dotted area. The current flows through
the inversion layer channel formed due to the applied gate bias into the
JFET region via the accumulation layer formed above it under the gate
oxide. It then spreads into the N-drift region at a 45° angle and becomes
uniform through the rest of the structure.

The total on-resistance for the planar power MOSFET structure is
determined by the resistance of these components in the current path:

Ron,sp = RCH + RA + RJFET + RD + Rsubs (64)

where Rcpg is the channel resistance, Ra is the accumulation region
resistance, Rjypgr is the resistance of the JFET region, Rp is the resistance
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Figure 6.4. Current Flow Path in the Planar 4H-SiC Power MOSFET

of the drift region after taking into account current spreading from the
JFET region, and Rgups is the resistance of the NT substrate. These
resistances can be analytically modeled by using the current flow pattern
indicated by the shaded regions in Fig. 6.4 (practically the same approach
as in the JBS structures chapter).

The specific channel resistance is given by:

pLcu
,uinvcox(VG - VT)
where Lcy is the channel length as shown in Fig. 6.4, pi,, is the in-
version layer electron mobility, Cox is the specific capacitance of the gate
oxide, Vg is the applied gate bias, and Vr is the threshold voltage. The
specific capacitance can be obtained using:

Rcu = (6.5)

O = 2= (6.6)

lox
where e,y is the dielectric constant of the gate oxide and toy is its
thickness.
The specific resistance of the accumulation region is given by:
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p(Wy —Wp)
MaCOX(VG - VT)
where i, is the electron mobility in the accumulation layer and K
accounts for two-dimensional current spreading from the channel into the

JFET region (typical value K ~ 0.6 for silicon devices). Wp is the zero-
bias depletion width at the P-base/N-drift junction, determined by:

2esVhip
Wp = —— 6.8
b= (65)

where W,ip is the built-in potential of the P-N junction, typically 3.3
V for 4H-SiC.
The specific JFET region resistance is:

Rya=K (6.7)

p
R = pplp "+ 6.9
JFET = PDP g (6.9)

where tp is the depth of the P-base region.
The drift region spreading resistance is obtained as:

_r
Wy —Wp

where ¢ is the thickness of the drift region below the P-base region and
s is the width of the P-base region.
The resistance contribution from the NT substrate is:

Rp :prln< > +pp(t —s— Wp) (6.10)

Rsubs - psubstsubs (611)

where pgubs and tgups are the resistivity and thickness of the substrate,
respectively. A typical value for this contribution is 4 x 1074 - cm?.

The specific on-resistances of 4H-SiC planar MOSFETs with a drift
region doping concentration of 1 x 106 ecm ™3 and thickness of 20 ym were
modeled using the above analytical expressions. A gate oxide thickness
of 0.1 pm and a cell dimension a = 1 pm (achievable with 0.5 pm design
rules) were used. The accumulation mobility was assumed to be twice the
inversion layer mobility, and a K-factor of 0.1 was used for correlation

with simulations. The P-base depth was 1 pum, and the effective gate drive
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Figure 6.5. On-Resistance Components for a 4H-SiC Planar MOSFET.

(Vg — V) was 20 V.

The results (Fig. 6.5) show that the drift region resistance dominates
even at channel lengths of 2 um. At Lcg = 1 pm, the total specific on-
resistance is 2.7 m€ - cm?, about three times the ideal value. However, the
breakdown voltage of the structure was found to be well below the ideal
parallel-plane value (3000 V), due to reach-through effects.

The JFET width must be optimized to minimize Ry, sp and to control
the electric field at the gate oxide interface. Fig. 6.6 shows that Ronsp
rises sharply when Wj < 0.7 pm, due to severe current constriction. A
minimum Rgy ¢p occurs around Wy =1 pm.

When the inversion layer mobility is 25 cm?/Vs, the channel resis-
tance becomes comparable to the drift resistance, doubling Ron s, to =
4mQ-cm? at Leg = 1 pm. At 2.5 cm?/Vs, the channel resistance domi-

nates, raising Ropsp to 18 mf2 - cm?.

Finally, Fig. 6.9 shows that Ro,sp approaches the ideal limit for break-
down voltages above 5 kV when pi,, = 100 cm? /Vs. However, for break-
down voltages below 1 kV, channel resistance dominates and significantly
reduces the expected advantage of 4H-SiC over silicon. This highlights the
need for process technologies that achieve high inversion layer mobility in
4H-SiC MOSFETs.
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Figure 6.6. Impact of JFET Width on the On-Resistance for a 4H-SiC Planar
MOSFET.
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MOSFET.
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6.1.4 Threshold Voltage

The threshold voltage (Vr) of the power MOSFET is a critical de-
sign parameter from an application standpoint. A minimum threshold
voltage above 1 V is typically required to ensure immunity against unin-
tended turn-on events caused by voltage spikes or electrical noise. Con-
versely, an excessively high threshold voltage is undesirable because the
voltage available for forming the inversion channel charge is determined
by the difference (Vg — V), where Vi is the applied gate bias voltage and
Vr is the threshold voltage. In most high-voltage power electronic sys-
tems—especially those employing silicon carbide (SiC) devices—the gate
drive voltage rarely exceeds 10 V. Based on this constraint, the threshold
voltage should ideally be kept below 3 V in order to minimize the contri-
bution of the channel resistance to the overall on-state resistance [1].

The threshold voltage can be modeled as the gate bias at which the
onset of strong inversion occurs in the channel. It can be expressed as:

VA4esqNAQ R

Vr =V + 20r + C

(6.12)

where Vrp is the flat-band voltage, ¢p = kTT In (%“) is the Fermi po-

tential, €5 is the semiconductor permittivity, ¢ is the electronic charge, Ny
is the P-base doping concentration, C,, = ‘:‘;;’; is the oxide capacitance per
unit area, k is Boltzmann’s constant, and 1" is the absolute temperature.
The presence of positive fixed oxide charges introduces a negative shift in

the threshold voltage given by:

_ QOI
COQ?

An additional negative shift, typically up to 1 V, can be obtained
by using a heavily doped n*t polysilicon gate electrode, as is commonly
adopted in silicon power MOSFETS.

The analytically calculated threshold voltage for 4H-SiC planar MOS-
FETs is shown in Fig. 6.10 for a gate oxide thickness of 0.1 pm. For
comparison, the corresponding result for a silicon power MOSFET with
the same oxide thickness is also shown. In silicon devices, a threshold
voltage of about 3 V is achieved with a P-base doping concentration of

AVy = (6.13)
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Figure 6.10. Threshold voltage of 4H-SiC planar MOSFETs. Dashed lines
include the impact of nT polysilicon gate and an oxide fixed charge of 2 x
10" em~2.

1 x 10" em™3. At this doping level, the depletion width in the P-base
region is less than 0.5 pm, as illustrated in Fig. 6.3, even when the electric
field in the semiconductor approaches the critical breakdown field. This
allows silicon power MOSFETSs to be designed with channel lengths shorter
than 0.5 pm without encountering reach-through breakdown limitations.
In contrast, for 4H-SiC devices, a P-base doping concentration of about
3 % 10'7 ¢cm™3 is required to maintain a depletion width below 1 pm when
the electric field approaches the critical breakdown level. At this doping
concentration, the threshold voltage for a 4H-SiC MOSFET approaches
20 V. This substantially higher threshold voltage originates from the wider
bandgap of SiC and the higher P-base doping concentration required to
suppress reach-through breakdown. Such a condition represents a funda-
mental challenge in achieving acceptable threshold voltages in silicon car-
bide power MOSFETs when using conventional silicon-based structures.
Innovative device architectures capable of electrostatically shielding the
P-base region can be employed to overcome this limitation.

The threshold voltage can also be reduced by decreasing the gate oxide
thickness (to;). For example, when ¢,, is reduced to 0.05 pm, the thresh-
old voltage of a silicon power MOSFET decreases to just below 2 V, as
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Figure 6.11. Threshold voltage of 4H-SiC planar MOSFETs. Dashed lines
include the impact of nT polysilicon gate and an oxide fixed charge of 2 x
10 cm™2.

shown in Fig. 6.11. This design approach is common for low-voltage silicon
MOSFETs that operate with logic-level (5 V) gate drives. For a 4H-SiC
MOSFET with the same oxide thickness, the threshold voltage decreases
to about 10 V, which is still relatively high for most practical applica-
tions. Further reduction of the gate oxide thickness to 0.025 pm leads to
a threshold voltage below 1 V for silicon MOSFETs, provided that the P-
base doping concentration is increased to 2 x 107 cm™3. Under the same
conditions, the threshold voltage for 4H-SiC MOSFETs drops to approxi-
mately 6 V, which is only marginally acceptable for high-voltage operation.
However, operating very high-voltage power MOSFETs with such thin gate
oxides introduces significant challenges in terms of manufacturability and
long-term reliability due to the high electric fields occurring beneath the
gate oxide in the semiconductor.

The threshold voltage of power MOSFETs decreases with increasing
temperature. This dependence is illustrated in Fig. 6.13 for both 4H-SiC
and silicon MOSFETs with a gate oxide thickness of 0.025 ym. The vari-
ation of Vp with temperature is relatively modest, indicating that the
temperature-induced shift in threshold voltage is not a critical considera-
tion in the design of 4H-SiC power MOSFETs.
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6.1.5 Hot Eletron Injection

In any MOSFET structure, electron injection into the gate oxide can
occur when the carriers acquire sufficient energy in the semiconductor to
overcome the potential barrier at the semiconductor—oxide interface [1].
The energy band offsets between the semiconductor and silicon dioxide are
shown in Fig. 6.14 for both silicon and 4H-SiC for comparison purposes.
Due to the wider bandgap of 4H-SiC, the conduction band offset between
the semiconductor and the silicon dioxide is significantly smaller than that
of silicon, as illustrated below.

Silicon 4H-SiC
Ec [ Ec
3.15eV 2.70 eV
Ec Ec
1.1eVSi 9.0 eV SiO, 3.26 eV 9.0 eV SiO,
E, 4H-SiC
4.75 eV

SRkt E, E

v

Figure 6.14. Energy Band Offsets between Oxide and Semiconductors.

The energy band diagram for the 4H-SiC /silicon dioxide interface un-
der a positive gate bias is illustrated in Fig. 6.15. This bias condition
corresponds to the typical on-state operation mode of power MOSFETs.
In this configuration, the gate electrode is assumed to be composed of
polysilicon. As can be observed, a relatively narrow potential barrier is
formed at the semiconductor—oxide interface, which can be penetrated by
electron tunneling from the conduction band into the oxide layer. This
process gives rise to a Fowler—Nordheim tunneling current, resulting in the
injection of electrons into the oxide.

This tunneling phenomenon has been experimentally observed in both
6H-SiC and 4H-SiC MOS capacitors. The electrons trapped within the
gate oxide can subsequently cause a shift in the threshold voltage of the
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MOSFET, leading to long-term reliability concerns in device operation.

Fowler-Nordheim
Tunneling

3.26 eV
4H-SiC

Positive Bias

‘ Ec
1.1 eV Polysilicon
EV

Figure 6.15. Energy Band Diagram for the Polysilicon/Oxide/4H-SiC Struc-
ture.

6.1.6 On state and Output Characteristics

The on-state voltage drop of the planar 4H-SiC power MOSFET struc-
ture is determined primarily by its specific on-resistance. This parameter
was extracted through numerical simulations performed at a gate bias of
20 V [1]. A relatively high gate bias was required due to the large threshold
voltage of these devices, as previously discussed in earlier sections of this
chapter. As expected, the specific on-resistance strongly depends on both
the width of the JFET region and the mobility of the channel inversion
layer.
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A representative transfer characteristic is shown in Fig. 6.16 for a device
featuring a JFET width of 1 pm. From these transfer characteristics,
it can be observed that the threshold voltage, which directly influences
the on-resistance, is approximately 10 V. This value closely matches the
analytical prediction derived in the previous section for a P-base doping
concentration of 9 x 106 cm™3 and a gate oxide thickness of 0.1 pm. The
figure also illustrates the influence of the channel inversion layer mobility:
as expected, a reduction in mobility leads to a corresponding decrease in
the drain current.

4.0

Channel Length = 1 micron //
JFET Width = 1 micron

3.0

2.0

1.0 Channel Mobility

(cm2/Vs)

Drain Current Density (102 A/cm?)

0 5 10 15 20
Gate Bias (V)

Figure 6.16. Transfer Characteristics of the 4H-SiC Planar MOSFETs.

The specific on-resistances obtained from the on-state simulations are
compared in Fig. 6.17 with the analytically calculated values derived from
the model developed earlier. Three different JFET region widths were con-
sidered in this comparison, highlighting the influence of geometric scaling
on device performance.

The output characteristics of a power MOSFET define the operational
region within which the device can function safely during switching tran-
sients. The current—voltage trajectories during transient operation must
remain within the boundaries established by these output characteristics.
For a power MOSFET, one boundary is determined by the on-resistance,
while another is defined by the breakdown voltage. These two limits es-
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Figure 6.17. Specific On-Resistance for the 4H-SiC Planar MOSFETs.

tablish the maximum on-state current that can be sustained—after ac-
counting for the thermal impedance of the package—as well as the max-
imum off-state voltage that can be applied without incurring excessive
leakage-induced power dissipation. A third boundary is imposed by the
gate-controlled current saturation, where the magnitude of the output re-
sistance becomes critical. A higher output resistance is desirable, as it
provides improved control of the drain current through modulation of the
gate bias voltage.
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Figure 6.18. Output Characteristics of a 4H-SiC Planar MOSFET.
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The output characteristics of the planar 4H-SiC power MOSFET were
analyzed by biasing the gate at various voltage levels while sweeping the
drain voltage up to 2800 V. The results for the device with a JFET width
of 1 pm are presented in Fig. 6.18. It can be observed that a signifi-
cant current flow begins when the drain voltage exceeds approximately
1900 V, even under zero gate bias conditions. This current conduction is
attributed to the reach-through breakdown phenomenon discussed in pre-
vious sections. The presence of this reach-through current degrades the
output resistance across all positive gate bias levels. Furthermore, as illus-
trated in Fig. 6.19, an additional degradation of output resistance and a
reduction in maximum blocking voltage occur when the JFET width is in-
creased. Consequently, the overall output characteristics of the planar 4H-
SiC MOSFET structure are inferior to those obtained for the Baliga—Pair
configuration described in the previous chapter.
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Figure 6.19. Output Characteristics of a 4H-SiC Planar MOSFET.
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6.2 Trench-Gate Power MOSFETs

The silicon trench-gate power MOSFET, introduced in the 1990s, evolved
from trench technology originally developed for DRAMs. Prior to its adop-
tion, the reduction of specific on-resistance in silicon power MOSFETs was
limited by low channel density and the resistance of the JFET region. Al-
though progressive lithographic scaling in the 1970s and 1980s had im-
proved the DMOSFET structure, these advancements eventually reached
saturation [1].

The introduction of the trench-gate (UMOSFET) architecture enabled
a substantial increase in channel density and eliminated the JFET resis-
tance contribution, leading to major performance improvements in low-
voltage (< 50 V) MOSFETs. Early prototypes, fabricated in the mid-
1980s, demonstrated much lower specific on-resistance compared to con-
ventional DMOSFETs [1]. However, issues such as trench surface qual-
ity and oxide reliability had to be resolved before commercialization. By
the 1990s, the trench-gate MOSFET became the dominant technology for
portable electronic applications such as laptops and PDAs.

In silicon DMOSFETSs, the channel and JFET resistances dominate
when the breakdown voltage falls below 50 V, as the drift region contri-
bution becomes negligible. In contrast, due to the much lower specific
drift resistance of silicon carbide, these same resistive components become
dominant even at breakdown voltages approaching 5000 V, particularly
when channel mobility is limited. This observation motivated the develop-
ment of trench-gate architectures for SiC devices. Furthermore, the P-base
region in trench-gate SiC MOSFETs can be formed by epitaxial growth,
which was more technologically mature than ion implantation for produc-
ing P-type layers in SiC.

The trench-gate MOSFET structure offers significantly lower specific
on-resistance than the DMOSFET; however, in SiC implementations, the
gate oxide is directly exposed to the high electric field in the drift re-
gion during blocking mode. This represents a key reliability concern. To
mitigate this issue, modified structures employing shielding regions have
been proposed to reduce the electric field at the gate oxide interface, en-
abling the realization of robust SiC MOSFETs. In this chapter, the results
of the two-dimensional numerical analysis of the basic trench-gate silicon
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carbide MOSFET structure are presented. Finally, the on-state, reverse,
and short-circuit performances of a 3.3 kV quasi-planar trench MOSFET
are compared with those of a conventional planar device using advanced
three-dimensional TCAD simulations.

6.2.1 Trench-Gate Power MOSFET structure

SOURCE

N* SOURCE

P-BASE

N-DRIFT RTEGION

N* SUBSTRATE

Figure 6.20. The Trench-Gate Power MOSFET Structure.

The basic structure of the trench-gate power MOSFET is shown in
Fig. 6.20. This device can be fabricated either by epitaxial growth of
the P-base region over the drift region, or by introducing P-type dopants
through ion implantation. The first 4H-SiC UMOSFET structures were
realized using epitaxial growth for the P-base region, mainly due to the
difficulties in activating P-type dopants implanted in silicon carbide [1].

However, this fabrication method requires either the removal of the
P-type layer at the device edges to form a mesa edge termination, or the
implementation of multiple trench-isolated guard rings. The trench-gate
structure itself is typically fabricated by reactive ion etching to create U-
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shaped trenches. Subsequently, the gate oxide is thermally grown and the
trench is refilled with polysilicon, following a process similar to that used
for silicon-based UMOSFETs.

It should be noted that the P-base region is short-circuited to the NT
source region through the source metallization. While this configuration is
routinely achieved in silicon devices using a common ohmic contact for both
the NT and P-type regions, it has proven challenging in silicon carbide.
Different metals are generally required to form reliable ohmic contacts in
SiC, with titanium commonly used for N-type regions and aluminum for
P-type regions. In such cases, it may be preferable to short-circuit the
source-base junction in a direction orthogonal to the cross-section shown
in the figure. This configuration is also beneficial for reducing the cell
pitch, thereby increasing the overall channel density.

6.2.2 Blocking Characteristics

When the trench-gate power MOSFET operates in the forward blocking
mode, the applied voltage is sustained by the depletion region formed on
both sides of the P-base/N-drift junction. The maximum blocking voltage
is reached when the electric field at this junction becomes equal to the
critical electric field for avalanche breakdown, provided that the parasitic
N*/P/N bipolar transistor is completely suppressed. This suppression is
achieved by short-circuiting the N* source and P-base regions through the
source metallization, as illustrated in the upper left portion of the cross-
section.

However, significant leakage current can occur if the depletion region in
the P-base extends and reaches the NT source region, a phenomenon known
as reach-through. To prevent this from limiting the breakdown voltage,
both the doping concentration and the thickness of the P-base must be
carefully designed. The physical mechanisms governing the reach-through
process are identical to those previously described for the planar MOS-
FET structure. Consequently, the design guidelines established earlier,
with reference to Fig. 6.3, are equally applicable to the trench-gate config-
uration. This implies that the minimum channel length required for silicon
carbide trench-gate devices is considerably larger than that for silicon de-
vices, resulting in a substantial increase in on-resistance. This degradation
is further exacerbated by the lower channel inversion layer mobility char-
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acteristic of silicon carbide.

The minimum P-base thickness required to avoid reach-through break-
down decreases with increasing doping concentration, as shown in Fig. 6.3.
For 4H-SiC, the P-base doping concentration must exceed 2 x 107 cm™3
to prevent reach-through when the P-base thickness is 1 pm. Such high
doping levels, however, lead to an increased threshold voltage, as discussed
in the previous chapter.

The maximum blocking voltage capability of the trench-gate MOSFET
structure is determined primarily by the doping concentration and thick-
ness of the drift region. Nevertheless, in the trench-gate configuration, the
gate extends into the drift region, thereby exposing the gate oxide to the
high electric fields that develop under forward blocking conditions. In 4H-
SiC, the electric field in the oxide can reach values as high as 9 x 10% V/cm
when the field in the semiconductor approaches its breakdown strength.
This not only exceeds the oxide reliability limit but can also lead to catas-
trophic failure due to oxide rupture. The situation is further aggravated by
electric field enhancement at the trench corners (location A in the figure).
To overcome this limitation, innovative device architectures have been pro-
posed and demonstrated that effectively shield the gate oxide from exces-
sive electric fields.

6.2.3 Forward Conduction

Current flow between the drain and source in a trench-gate power MOS-
FET is established by forming an inversion layer channel along the surface
of the P-base region. The current path is illustrated in Fig. 6.21 by the
shaded area. Electrons flow from the NT source region into the N~ drift
region through the inversion layer channel formed on the vertical sidewalls
of the trench as a result of the applied gate bias. The current then spreads
into the drift region from the bottom of the trench at approximately a 45°
angle, eventually becoming uniform through the remainder of the struc-
ture. The total specific on-resistance (Rongp) of the trench-gate power
MOSFET is determined by the resistive components along this conduc-
tion path:

Ron,sp = RCH + Rp + Rsubs (6'14)
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where Rcy is the channel resistance, Rp is the drift region resistance
(including current spreading effects), and Rgyps is the resistance of the N*
substrate. These components can be analytically modeled based on the
current flow distribution illustrated in Fig. 6.21.

&\\\\\}\\S\§;RCE
p_BASE

N* SUBSTRATE

MMM

Figure 6.21. Current Flow Path in the Trench-Gate 4H-SiC Power MOSFET.

The specific channel resistance can be expressed as:

Rexs = pLch
piny Cox (Ve — V)
where piny is the electron mobility in the inversion layer, Coy is the
specific capacitance of the gate oxide, V is the applied gate bias, and Vi
is the threshold voltage. The oxide capacitance per unit area is given by:

(6.15)

Coe = - (6.16)

lox

where e,y is the dielectric constant of the gate oxide and ty is its
thickness.
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The drift region spreading resistance is calculated as:

Rp :prln<V€,) + pp (t — Wyy) (6.17)
T

where ¢ is the drift region thickness beneath the P-base region, Wr is
the trench width, and Wy is the mesa width (as shown in Fig. 6.21).
The substrate resistance contribution is given by:

Rsubs = psubstsubs (6 18)

where pgubs and tgups are the resistivity and thickness of the substrate,
respectively. A typical value for this contribution is approximately 4 x
1074 Q-cm?.

2.5

4H-SiC Trench-Gate MOSFET
2.0 —{ Channel Mobility = 100 cm?/V.s

—

] Total

15

I—I—I—I—I—'—I—I—I—I—I—I—I—I—I—I—I—I—H—T Drift
W — =

0.5

Specific On-Resistance (mQ-cm?)

JIDIINEsses==22 Lo

0 1.0 2.0
Channel Length (microns)

Figure 6.22. On-Resistance Components for a 4H-SiC Trench-Gate MOS-
FET.

Using these analytical expressions, the specific on-resistance of 4H-SiC
trench MOSFETs was modeled for a drift region doping concentration of
1 x 10'6 ¢cm™ and a thickness of 20 ym, corresponding to a breakdown
voltage of about 3000 V. To exploit the scaling advantage of the trench-
gate architecture, a gate oxide thickness of 0.05 um was used. The mesa
width (Wy) and trench width (Wr) were both set to 0.25 pm, values
achievable using 0.5 pum design rules. The effective gate drive voltage
(Vo — V) was taken as 5 V, assuming a gate drive voltage of 10 V and
a threshold voltage of 5 V—consistent with the inversion-mode 4H-SiC
MOSFET model described in Chapter 9.
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The various on-resistance components are illustrated in Fig. 6.22 for
a channel mobility of 100 cm?/Vs. Experimental studies on planar 4H-
SiC MOSFETs have demonstrated even higher inversion layer mobilities,
suggesting that such performance could also be achievable in trench-gate
devices. As expected, only the channel resistance increases with increasing
channel length, since the cell pitch remains constant. The results indicate
that the drift region resistance dominates: for a 1 pm channel length, a
total specific on-resistance of 1.8 mQ-cm? is obtained, which is within a
factor of two of the ideal drift region resistance.
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Figure 6.23. On-Resistance Components for a 4H-SiC Trench-Gate MOS-
FET.

The previous results assume a channel mobility of 100 cm?/Vs. How-
ever, most research groups report significantly lower inversion layer mobili-
ties in 4H-SiC structures. The influence of reduced mobility on trench-gate
MOSFET performance is shown in Figs. 6.23 and 6.24 for mobilities of 25
and 2.5 cm?/Vs, respectively. At jin, = 25 cm?/Vs, the channel resistance
becomes comparable to that of the drift region, raising the total specific
on-resistance to 2.3 mQ-cm?. When the mobility is further reduced to
Winy = 2.5 cm? /Vs, the channel resistance becomes dominant, increasing
the specific on-resistance to approximately 7.5 m§-cm? for a 1 gm channel
length.

These findings indicate that, despite the high channel density of the
trench-gate architecture, the channel resistance can still dominate the over-
all on-resistance if the inversion layer mobility is low. The relative con-
tribution of the channel resistance depends on the drift region resistance,
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Figure 6.24. On-Resistance Components for a 4H-SiC Trench-Gate MOS-
FET.

which in turn is a function of the device breakdown voltage. To clarify
this relationship, consider a 4H-SiC trench-gate MOSFET with a 0.5 pm
cell pitch (based on 0.5 pum design rules), a 1 ym channel length, and a
0.1 pm gate oxide thickness. The drift region parameters are adjusted to
achieve different breakdown voltages. For this oxide thickness, the thresh-
old voltage is about 15 V, and the gate drive voltage was set to 20 V in
the analysis. The specific on-resistance as a function of breakdown voltage
is shown in Fig. 6.25 for p,y = 25 cm?/V-s.

At low breakdown voltages (below 600 V), the drift region thickness ¢
becomes smaller than the mesa width Wy;. Under these conditions, the
current does not spread at a 45° angle from the trench bottom but instead
flows directly from a width Wt to a cross-sectional width p = Wyt + Wp.
The drift region resistance in such cases can be expressed as:

p
Rp = In( — 6.19
p=pin(h) (6.19)

From Fig. 6.25, it can be concluded that the specific on-resistance of
4H-SiC trench-gate MOSFETs approaches the ideal drift-region limit for
breakdown voltages exceeding 5000 V, even with a channel mobility of
25 cm?/V-s. However, for breakdown voltages below 1000 V, the channel
resistance becomes the limiting factor. At 1000 V, the expected improve-
ment in specific on-resistance over silicon power MOSFETs is approxi-
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Figure 6.25. Specific On-Resistance for 4H-SiC Trench-gate MOSFETs

mately 100x, compared to the 2000x theoretical advantage in drift region
performance alone. For comparison, the performance of planar inversion-
mode 4H-SiC MOSFETs is also shown in Fig. 6.25, based on identical
channel length, oxide thickness, and mobility. The trench-gate structure
demonstrates a fivefold reduction in specific on-resistance due to its higher
channel density. These results emphasize the importance of developing ad-
vanced fabrication techniques—similar to those used for low-voltage silicon
UMOSFETs—to achieve small cell pitches and fully exploit the benefits of
the trench-gate 4H-SiC MOSFET design.

The analytical on-resistance model presented here, originally devel-
oped to highlight the critical role of channel inversion layer mobility in
SiC trench-gate MOSFETs, assumes that the entire applied drain bias is
supported by the N-drift region. However, in low-voltage devices, the N-
drift doping concentration becomes comparable to that of the P-base, so
that a significant portion of the voltage drop occurs within the P-base
region as well. An extended model that accounts for this effect predicts
a further reduction in the overall specific on-resistance. Nevertheless, for
SiC trench-gate MOSFETs designed to support around 1000 V, the total
on-resistance remains fundamentally limited by the channel inversion layer
mobility.
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6.2.4 Threshold Voltage
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Figure 6.26. Enhanced Trench-Gate Power MOSFET Structure.

The threshold voltage of the trench-gate inversion-mode MOSFET
structure can be modeled using the same physical principles previously
described for the planar inversion-mode MOSFET. The threshold volt-
age for 4H-SiC devices can be estimated from the analytical relations and
graphical data provided in that discussion. Based on this analysis, a gate
oxide thickness of approximately 0.05 um and a P-base doping concentra-
tion of 1 x 10" cm™ yield a threshold voltage of about 5 V.

However, such a relatively low P-base doping concentration may lead to
a reach-through—induced breakdown, as observed in planar 4H-SiC MOS-
FETs. To mitigate this limitation, a structural enhancement is illustrated
in Fig. 6.26. In this configuration, a highly doped P* region is incorporated
beneath the source region to prevent the depletion region from extending
excessively into this area of the device. A thin, lightly doped P-base region
is then formed adjacent to the trench sidewalls, effectively controlling the
threshold voltage.
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The inclusion of the P™ region not only stabilizes the threshold voltage
but also suppresses reach-through within the neighboring P-base region,
thereby enabling the device to sustain high drain voltages up to the break-
down limit imposed by the drift region.

6.2.5 On state and Output Characteristics

The on-state voltage drop of the trench-gate 4H-SiC power MOSFET
structure is primarily determined by its specific on-resistance. From nu-
merical simulations performed with a gate bias of 10 V, it was observed
that the current flows through the inversion channel and then spreads
from the bottom of the trench into the drift region. This behavior results
from the formation of an accumulation region at the trench bottom caused
by the applied positive gate bias. The current then distributes into the
drift region at an angle of approximately 45° before becoming uniform
throughout the rest of the device. These results are consistent with the
assumptions used in deriving the analytical model for forward conduction.

The specific on-resistance was simulated for various values of channel
inversion-layer mobility. In these simulations, a drain bias of 1 V was
applied while sweeping the gate bias up to 20 V in order to extract the
transfer characteristics. A drain bias of 1 V was selected since the on-state
voltage drop of such structures typically lies in this range. The resulting
transfer characteristic, shown in Fig. 6.27 for a device with a cell pitch of
1 pum, indicates that the threshold voltage determining the on-resistance
is approximately 5 V, allowing proper device operation at a gate bias of
10 V. This value is consistent with the analytical prediction discussed in
the previous chapter for a P-base doping concentration of 9 x 10 ¢cm—3
and a gate oxide thickness of 0.05 um. The impact of varying the channel
inversion-layer mobility is also illustrated in this figure: as expected, a
reduction in channel mobility results in a lower drain current.

The specific on-resistance values obtained from the on-state simula-
tions are compared in Fig. 6.28 with those calculated analytically using the
model developed in the previous section. In the simulations, the channel
mobility values were extracted from the current—voltage characteristics of a
lateral 4H-SiC MOSFET structure, employing the same interface degrada-
tion factor used for the vertical 4H-SiC trench-gate MOSFET simulations.
The analytical predictions show excellent agreement with the numerical
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Figure 6.27. Transfer Characteristics of the 4H-SiC Trench-Gate MOSFETs.

results, thereby validating the analytical model for use in the design of
trench-gate 4H-SiC power MOSFETs. From the comparison, it can be
concluded that a channel mobility exceeding 50 cm?/V's is sufficient to
achieve a low specific on-resistance for a 3 kV trench-gate 4H-SiC power
MOSFET with a 1 pm cell pitch.
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Figure 6.28. Specific On-Resistance for the 4H-SiC Trench-Gate MOSFETs.
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The output characteristics of a power MOSFET define the region within
which the device can safely operate during switching transients in power
applications. The current—voltage loci during transient operation must re-
main within the limits set by these characteristics. The output character-
istics of the 4H-SiC trench-gate power MOSFET structure were obtained
by biasing the gate at various voltages and sweeping the drain voltage up
to 2800 V. The results, shown in Fig. 6.29 for a structure with a 1 pym cell
pitch, demonstrate excellent performance up to a gate bias of 10 V, with
high output resistance and stable current control. However, it is important
to note that the electric field within the gate oxide reaches its breakdown
strength at a drain bias of approximately 1000 V. This represents a signifi-
cant limitation to the safe operating area (SOA) of the trench-gate 4H-SiC
MOSFET structure and must be carefully considered during device design
and operation.
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6.3 Recap of Conventional SiC MOSFET Archi-
tectures and Emerging Device Concepts

Throughout this dissertation, the two most established silicon carbide
(SiC) MOSFET architectures — namely the planar and the trench struc-
tures — have been analyzed in detail. Both are mature technologies for
medium- to high-voltage power applications (typically in the 600 V-1.7 kV
range), yet they present distinct trade-offs in terms of channel mobility,
gate-oxide reliability, and specific on-resistance (Ronsp) 23, 24].

Planar SiC MOSFETs. The planar architecture represents the first
generation of commercial SiC MOSFETs [23]. The inversion channel is
formed laterally along the SiC/SiOs interface, parallel to the wafer sur-
face. This configuration offers excellent oxide reliability and benefits
from well-established fabrication processes, but the lateral channel
limits the current density and leads to a relatively higher specific on-
resistance, since only a portion of the surface area contributes to conduc-
tion [23]. In addition, short-channel and mobility-degradation mechanisms
at the SiC/SiOq interface further constrain scaling [25].

Trench SiC MOSFETs. In trench MOSFETS, the inversion channel
is formed vertically along the sidewalls of deep trenches etched into the
SiC substrate. This geometry significantly enhances cell density and
enables lower Ronsp compared to planar devices [23]. Nevertheless, the
design introduces reliability concerns associated with gate-oxide stress at
trench corners and increases process complexity, particularly in achiev-
ing smooth and passivated trench interfaces to avoid electric-field crowd-
ing [24]. Shielding and optimized trench profiles are often adopted to
mitigate field concentration and improve robustness.

Recent Technological Evolutions. Recent advancements in SiC power
MOSFET technology aim to combine the performance advantages of trench
and planar structures while mitigating their drawbacks [26]. Representa-
tive directions include:

e Double-Trench MOSFETs (DT-MOS) — employ both gate and
source trenches to improve charge balance and reduce R, (address-
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ing field crowding and conduction loss) [23];

e Shielded Gate Trench MOSFETs (SGT-MOS) — integrate a
P-type region or a field-plate beneath the gate to shield the oxide
from high electric fields, improving Eyax robustness and breakdown
voltage (BV) [24];

e FinFET-like or Vertical Fin MOSFETs — utilize a narrow SiC
fin to increase channel control and enhance mobility, with recent
demonstrations and analyses in SiC pointing to improved electro-
static control [27];

e Superjunction (SJ) and Charge-Balanced Structures — achieve
an improved BV Ry sp trade-off through engineered lateral charge
compensation; foundational theory and limits are discussed in |28,
29, 30, 31].

Table 6.1. Comparison of main SiC MOSFET architectures: main pros, cons,
and maturity.

Type Pros Cons Status
Planar Reliable oxide; easy process High Ron; low current Comm. (Gen. 1-2)
Trench Low Ron; compact cell Oxide stress; complex etch ~ Comm. (Gen. 3-4)
D-Trench Balanced field; low loss Difficult process; yield risk R&D
Shielded High BV; safe oxide Larger cell; extra masks Pilot
FinFET Good control; high p Hard fab; heat issues Research
SuperJct. Best BV—-Ron trade-off Tight doping control Demo

Overall, SiC MOSFET technology continues to evolve toward struc-
tures that offer higher electric-field tolerance and improved channel control-
lability [26]. In this context, the emergence of Gate-All-Around (GAA)
SiC MOSFETSs represents a promising step forward, providing full elec-
trostatic control of the channel and enabling new performance-scaling op-
portunities in the 1.2 kV class. Early device concepts and TCAD-based
evaluations in SiC report encouraging trends for Ry, s, and switching ca-
pability 32, 33, 34].
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6.4 1.2 kV SiC Gate-All-Around MOSFET Con-
cept and Design

The next generation of power electronic devices must deliver both high
energy efficiency and high power conversion density. As extensively dis-
cussed in Chapter 2, Silicon Carbide (SiC) has emerged as the most promis-
ing semiconductor for advanced power electronics, thanks to its high crit-
ical electric field, fast switching capability, and high-temperature opera-
tion [1]. The outstanding performance of SiC, compared to conventional
silicon (Si), continues to drive research efforts aimed at improving SiC de-
vice quality and reliability. Nevertheless, several technological challenges
still hinder the full exploitation of SiC’s material advantages.

From a device design perspective, two main architectural approaches
are reported in the literature to realize high-voltage SiC MOSFETs:

(i) Planar-gate MOSFETS;
(ii) Trench-gate MOSFETS.

The drift region can be implemented either as a constant-doping layer or
using charge-balanced structures such as Superjunction [28, 29]or Semi-
Superjunction [31] configurations. All these device concepts require a
termination region, which occupies a significant portion of the die area,
especially in high-voltage designs. Since the termination defines the de-
vice Breakdown Voltage (BV), it directly affects both performance and
manufacturing cost.

In this section, a novel SiC MOSFET architecture without a dedicated
termination region is proposed and analyzed through TCAD simulations.
The concept is based on SiC pillars, epitaxially grown on an n* Si sub-
strate and fully surrounded by silicon dioxide. In the proposed Gate-All-
Around (GAA) SiC MOSFET, the gate electrode completely wraps
around the pillar region, providing full electrostatic control of the channel.
The absence of a termination region is enabled by the vertical electric field
distribution: the electric field peaks inside the oxide rather than at the
SiC surface, thus avoiding edge breakdown phenomena.

This our work on SGAA devices has been primarily addressed in two
publications [33, 34]. In a separate study [35], we demonstrated the ef-
fectiveness of incorporating a ferroelectric material as the gate oxide to
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mitigate thermal stress during short-circuit tests. The main findings are
summarized in the following sections.

6.4.1 The Proposed Device

A schematic representation of the proposed GAA SiC MOSFET is
shown in Fig. 6.30. The overall structure consists of multiple n-type SiC
cylindrical pillars (unit cells), each surrounded by a silicon dioxide layer
and connected in parallel. The pillars are grown on a heavily doped n™
Si substrate, which acts as a common drain contact. On the top surface,
a P-body region forms the channel, surrounded by a thin SiOy gate oxide
that is connected to the gate electrode. Although high-k dielectrics could
potentially improve gate control, in this work standard silicon dioxide has
been considered in order to evaluate the intrinsic device performance using
conventional materials.

Source
Gate alignment n* SiC

Smooth surface
of SiC NWs

Gate oxide:
High-k, Low Dit

a
=
wvi

Planarization

n*Si substrate

Drain Congact

Drain

(@) 0

Figure 6.30. a) A sketch of the overall SIC GAA MOSFET design concept,
b) A detail of the single pillar structure.

The TCAD model of the proposed device is assumed to be rotationally
symmetric along the vertical axis, as illustrated in Fig. 6.31. Both the
SiC pillar and the surrounding oxide contribute to the active area of the
device. The geometrical relationship between the pillar and oxide regions




144

CHAPTER 6. Power MOSFETSs

is defined as illustrated in Fig. 6.31(b), where Ly = 2(Rcp + Ro2). Further
design parameters are summarized in Table 6.2. The cylindrical geometry
of the single cell enables the use of a 2D axisymmetric mesh to simulate the
full 3D electrostatic behavior with reduced computational cost. Standard
physical models were adopted for the TCAD simulations, including carrier
mobility, recombination, and impact ionization models. Fixed interface
charges at the SiC/SiO2 boundary were also considered.

L,

'stack

Rotation axis

Ren

(a)

Rch +R02

& L=2(R,+R )

(b)

Figure 6.31. A sketch of the TCAD structure. a) A vertical section of a
single pillar and b) the spatial distribution assumed among the pillars within

this work.

Table 6.2. Design Parameters of the Proposed SiC GAA MOSFET.

Parameter Value Parameter Value
Rol 0.05 pm Ldrift 6 pm
Roo 0.2 pm Lstack 0.7 pm
Lo 5.9 pm Ren 2 pm
Ly, L 0.1 pm Len 0.5 pm
N+t+ 5% 108 cm=3  Pp 4% 107 em—3

Np 1.1 x 1016 ¢cm—3
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6.4.2 Quantum Confinement Considerations

When the radius of the SiC pillar becomes comparable to a few tens of
nanometers, it approaches the characteristic length scale associated with
the electron de Broglie wavelength, and quantum confinement effects
start to appear [36]. The (non-relativitic) electron wavelength can be es-
timated by:

h
A= ——, 6.20
V2m*E ( )
where h is Planck’s constant, m* is the electron effective mass, and E
is the kinetic energy of the electron, which can be approximated by the
thermal energy E ~ kT, where k is the Boltzmann constant and 7' the
absolute temperature.

Assuming m* = 0.3mg (typical for 4H-SiC) and T' = 300 K, we obtain:

\ 6.63 x 10734
V2 x 0.3 x9.11 x 10731 x 4.14 x 10~ 2"

~ 8-10 nm. (6.21)

Hence, when the channel radius Roy approaches ~10 nm, the confine-
ment energy becomes non-negligible, leading to discrete energy levels and
a widening of the effective bandgap Eg. This behavior marks the transi-
tion from classical to quantum transport.

In Synopsys TCAD, this phenomenon is modeled using the Modified
Local Density Approximation (MLDA) approach [9], which accounts
for quantum corrections to the electron density distribution and allows a
more accurate description of inversion-layer mobility.

When Rog > 10 nm, the electrons in the channel can be considered
as free particles, and bulk-like transport models are valid. However, when
Reog =~ 10 nm, both electronic and optical properties start deviating from
their bulk values, as the inversion layer thickness approaches the exci-
ton Bohr radius. In this regime, the energy spectrum becomes discrete
and Eg becomes size-dependent — a hallmark of the quantum confine-
ment effect. For a rigorous mathematical and physical treatment of this
effect—and its engineering implications—see [36].
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6.4.3 Device Dimensions, Simulation Setup and Results

The length of the drift region (Lgyift) was set to 6 pm, allowing a
breakdown voltage (BV') of approximately 1300 V, without requiring a
dedicated termination region. The extensive numerical characterization of
the proposed structure is carried out through TCAD simulations, including
both the static forward (Jp—Vgs and Jp—Vpg) and reverse characteristics.
All the numerical results reported in this work refer to a configuration in
which the source region is connected to the P-body through an ohmic
contact located along the symmetry axis.

3.5

—R,=20nm

—R,=25nm

w

R, =75nm
ch
. |——R,,=200nm

= Il
o N s

Current Density JD[kAIcmz]

o
3

I~

Gate-Source Voltage VGSM

o

Figure 6.32. Sub-threshold transfer characteristics for different pillar radius
Rep.

Figure 6.32 shows the sub-threshold Jp—Vgg characteristics for devices
with channel radii (R.) of 20 nm, 25 nm, 75 nm, and 200 nm. Assuming
that the threshold voltage Vrp is defined as the gate voltage Vgg at which
Jp = 10 A/cm?, and that the sub-threshold slope is evaluated at Jp =
10719 A /em?, a peculiar dependence of Vg on the radius is observed: it
decreases as the radius is reduced down to 75 nm, but increases again for
radii below 25 nm (see Fig. 6.33).

More specifically, the sub-threshold region exhibits two coexisting ef-
fects that influence the Vpy—radius dependence:

(i) As the radius decreases, the drain current increases for very low Vg
values (e.g., Vs = 2.5 V);
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(ii) The sub-threshold slope initially increases with decreasing radius
down to 75 nm, and then decreases for smaller radii.

The latter effect is governed by the ratio between the oxide capacitance
(Cox) and the depletion capacitance (Cp). The slope in the sub-threshold
region is expressed as:

q Cox
= 22
s In(10) kT (COX + CD> ’ (6.22)

where ¢ is the elementary charge, k is the Boltzmann constant, and T’
is the absolute temperature.

The oxide capacitance per unit area for a cylindrical structure is given
by:

€0X

Ren+Ro ’
}kch 1) RCh

Cox = (6.23)
In (

where epx is the oxide permittivity.
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Figure 6.33. Vg and Sub-threshold slope dependence on the pillar radius
Rep.

As shown in Fig. 6.34, Cox increases as the radius decreases, leading to
a reduction in Vg, which is inversely proportional to Cpx. When the pil-
lar radius becomes sufficiently small, the P-body depletion region extends
across the entire pillar cross-section. At this point, the P-body capaci-
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tance behaves as that of a cylindrical capacitor with silicon permittivity.
For very small radii, Cox continues to increase according to (6.23), but
Cp rises even faster, thereby reducing the sub-threshold slope and causing
an increase in Vrpy. When the radius is below 50 nm, the depletion ca-
pacitance Cp dominates, further decreasing the slope and enhancing the
threshold voltage.
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Figure 6.34. Analytical Cpx dependence on the pillar radius Rp,.

The analysis of the high-current regime is performed by evaluating the
current density within the SiC portion of the pillar. Assuming that the
oxide spacer between pillars has constant thickness, the overall current
density per device area scales down proportionally to a geometric factor.
The high-current Jp—Vgg curves in Fig. 6.35 show that a smaller radius
leads to higher series resistance at large current levels. For this design,
the channel resistance is comparable to—or even smaller than—the drift
region resistance, resulting in current limitation by the drift region at low
gate voltages. The main advantage of the proposed configuration is that
the conduction channel extends around the entire perimeter of the pillar.
However, the on-resistance (Roy) is ultimately limited by the narrow drift
region.

In Fig. 6.36, the extracted capacitances Crsg, Coss, Cps, and Crgs
are shown for a radius of 75 nm. Results indicate that the gate-to-drain
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Figure 6.35. High current transfer curves for different pillar radius R.p,.

(G/D) and gate-to-source (G/S) overlaps are negligible. Interestingly, as
Cps remains very small, this leads to Crgs = Cpsg, with both showing
similar variation with the drain voltage.

Figure 6.37 reports the Jp—Vpg characteristics for four different ra-
dius values. For R., > 75 nm, the saturation current slightly decreases,
whereas it increases more than linearly for radii of 20 nm and 25 nm.
The corresponding on-resistance (Roy), extracted at Jp = 200 A/cm?, is
shown in Fig. 6.38.

The blocking Jp—Vgp characteristics for the same designs are reported
in Fig. 6.39. For a fixed interface charge density (Qr) at the SiC/SiO2
interface, the breakdown voltage (BV') remains nearly constant.

Finally, Fig. 6.40 reports the reverse Jp—Vgp characteristics for two
different Qp values and two radii. The results clearly show that Qp sig-
nificantly affects the BV: higher Qr values lead to a lower breakdown
voltage.
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6.4.4 Evaluation of Short Circuit Capability of The SiC
SGAA

The short-circuit capability was assessed by means of electro-thermal
simulations. Figure 6.41 reports both the drain current (Ip) and the max-
imum device temperature for channel radii of 50 nm and 1 pm. As ex-
pected, the structure exhibits poor short-circuit ruggedness due to the
large fraction of silicon dioxide in the active stack. For the 1 um pil-
lar, even though the current turns off, the temperature does not return
to its initial value; instead, it remains elevated and eventually triggers a
delayed thermal-runaway failure. Neither structure can withstand a 1 us
short-circuit pulse. For the 50 nm pillar, the maximum temperature rises
abruptly to very high values. The test circuit and the short-circuit stress
conditions (including supply, gate drive, pulse width, and boundary condi-
tions) will be described in detail in the next section. An additional effect is
observed during the short-circuit event for the 50 nm pillar: the temper-
ature peak occurs on the drain side rather than on the P-body side (see
Fig. 6.42). Conversely, for the larger (1 pm) pillar the temperature peak
is located beneath the P-body region, as typically expected. Overall, the
proposed structure shows very limited short-circuit capability.
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Figure 6.41. Short circuit waveforms for two pillar radius values.
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6.4.5 SiC GAA MOSFETs: Electrothermal Gains Enabled
by Ferroelectric Gate Stacks

In planar MOSFETS, it has been demonstrated that integrating a ferro-
electric material (e.g., HfO2) into the gate stack can improve thermal man-
agement during transient events by leveraging the temperature-dependent
dielectric behavior (Figs. 6.43-6.44) described by Curie-Weiss theory [37].
Building on this concept, in this section we propose, for the first time,
the integration of a SiOy /ferroelectric gate stack into the SGAA architec-
ture, replacing the conventional oxide layer (Fig. 6.45). This novel de-
sign—referred to as FERRO POWER SGA A—exploits the reduction
in dielectric constant with temperature (Fig. 6.44) to mitigate current over-
shoot during short-circuit conditions, thereby enhancing device robustness.

€ A

-

=]

<

-

@ .

g Ferroelectric Paraelectric

@) Pr#0 Pr=0

O |@ Memory

‘5 |a Neuromorphic .

B 0 Negative capacitance During =~

B Short-Circuit

2 T Ae

A OP
n >
Te T

Figure 6.43. Typical temperature behavior of the dielectric constant in fer-
roelectric materials. While conventional low-power applications operate below
the Curie temperature (T¢) to exploit ferroelectric properties, the FERRO
POWER SGAA is designed to function above T¢, leveraging the temperature-
dependent decrease in permittivity to enhance short-circuit robustness.

Therefore, in this work, unlike the standard SGAA design, the gate
oxide is replaced by a SiOg /ferroelectric stack as shown in Fig. 6.45, where
the vertical cross-section of a single FERRO POWER SGAA cell is re-
ported. The SiOs layer ensures high-quality interface properties with SiC,
while the ferroelectric layer—operating in its paraelectric phase (i.e., above
its Curie temperature, T )—exhibits a dielectric constant that decreases
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with increasing temperature (Figs. 6.43-6.44). The ferroelectric material
considered in this study is hafnium oxide (HfO3), an overview of which is
given in the following discussion.

For a standard SGAA MOSFET, the drain current follows
In(T) o Cox u(T) [(Vas — Vern(T) Vs — §Vis|,  (6:24)

where Cox is the cylindrical gate-oxide capacitance per unit area:

_ €0X
COX N ln(-Rch + Rol
Rch

: (6.25)
) Ren

Here, p is the carrier mobility, epx is the dielectric permittivity of SiOs,
and Vgg, Vps, and Vppg denote the gate—source voltage, drain—source
voltage, and threshold voltage, respectively. Equation (6.24) highlights
the temperature-dependent parameters u and Vpg. As temperature rises,
Vg typically decreases due to increased carrier generation, which tends
to increase Ip [1]. Carrier mobility p may initially improve due to re-
duced Coulomb scattering but generally declines at higher temperatures
due to phonon scattering [38]. Overall, Ip often decreases at high temper-
ature because of mobility degradation. However, during high-current or
prolonged short-circuit conditions, leakage currents may dominate, poten-
tially causing thermal runaway.

The key innovation of the FERRO POWER SGAA lies in replacing
the temperature-invariant Cpx with a temperature-dependent gate capac-
itance. This mitigates Vg reduction and suppresses temperature/current
surges. The effect is achieved by integrating a ferroelectric layer into the
gate stack, exploiting its temperature-sensitive permittivity [39]. Electri-
cally, the gate stack behaves as two cylindrical capacitors in series: one
with constant capacitance (SiO2) and one with temperature-dependent ca-
pacitance (ferroelectric). Ferroelectric materials exhibit spontaneous po-
larization reversible via an external electric field, showing a temperature-
dependent hysteresis in the polarization—electric field (P-E) curve [40, 41].
According to Landau’s theory [39], the phase transition at T marks the
shift to the paraelectric phase, eliminating hysteresis [42]. The temper-
ature dependence of the relative permittivity e, follows the Curie-Weiss
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law: o
cwW
T) = A 2
HT) = A (6.26)
with the sign factor A\ defined as
-1, T < T,
A= ¢ (6.27)
1, T>Tg,
so that the absolute dielectric constant reported in Fig. 6.49 reads
e(T) = & (T)ep. (6.28)

Here, Cowy is the Curie-Weiss constant and gq is the vacuum permittivity.
It should be noted that e, is highly sensitive to processing conditions,
including annealing, doping, and grain structure [43].
The capacitance per unit area of a cylindrical ferroelectric capacitor is
given by
e(T)
1 (Rch + Ro1 + Ry
Rch + Ry

where the parameters are summarized in Table 9.

Crp(T) =

, (6.29)

) (Ren + Ro1)

Lastly, the total gate-stack capacitance per unit area in the FERRO
POWER SGAA (series combination of SiO2 and ferroelectric) is

Cre(T)Cox

Crestack(T) = Cre() + Cox

(6.30)

whose temperature dependence is shown in Fig. 6.46.

Unlike low-power ferroelectric devices (e.g., memory, negative-capacitance

switches) that operate below T to exploit hysteresis, the FERRO POWER
SGAA is designed to operate above T¢. During normal operation and
switching, the temperature exceeds T (see red dot in Fig. 6.48), plac-
ing the ferroelectric in its paraelectric phase. During short-circuit events,
additional temperature rise reduces Cpg stack due to the drop in e,(T")
(red cross in Fig. 6.43). This diminishes gate coupling and slows current
growth—creating a negative electrothermal feedback that helps stabilize
the device. Importantly, above T the device exhibits no hysteresis, which
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Figure 6.46. Comparison between the capacitance of the SiOy/HfOqy stack
(81.25 nm) and that of a SiO9 layer (50 nm). The two capacitances are equal
at the operating temperature of 400 K.

is desirable in switching applications. The oxide and ferroelectric thick-
nesses must be chosen to match the performance of a standard SGAA
at the designated operating temperature. The FERRO POWER SGAA
is thus expected to behave equivalently during normal operation, while
outperforming under short circuit. This performance equivalence and en-
hancement are formally expressed as

Crestack(T) = Crg T =Top, (6.31)

CFE,stack(T) < CRE VT>TOP, (6.32)

where Tpp is the operating temperature (400 K), and Crp represents the
cylindrical gate capacitance of a reference SGAA MOSFET at the same
temperature. Equation (6.31) ensures that the output and transfer char-
acteristics of the proposed device align with those of the reference SGAA
device, whereas Eq. (6.32) guarantees enhanced short-circuit robustness at
temperatures exceeding Top.

To ensure a fair comparison, the standard SGAA and the FERRO
POWER SGAA structures are identical and were simulated using the
same device parameters reported in Table 6.2; in this case, the channel
radius is fixed at R., = 2 pm. Under these common settings, and in order
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to achieve a one-to-one DC matching at Tpp with the conventional SGAA,
the gate dielectric of the FERRO POWER SGAA was implemented as a
SiOy/HfO9 stack with a total thickness of 81.25 nm, equally split
between the two layers, instead of the 50 nm SiOs gate oxide used in
the standard structure (see Table 6.2). The effectiveness of this choice in
reproducing the reference DC characteristics is illustrated in Figs. 6.47 and
6.48, while the short-circuit performance is shown in Fig. 6.51.
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Figure 6.47. Comparison of the static performance of the FERRO POWER
SGAA and SGAA at the operative temperature of 400 K: Isothermal transfer
characteristics in linear and logarithmic scales for Vpg =20 V.
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Figure 6.48. Comparison of the static performance of the FERRO POWER
SGAA and SGAA at the operative temperature of 400 K: Isothermal output
characteristics by varying Viag.
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Figure 6.49. Vypy comparison between FERRO POWER SGAA and stan-
dard SGAA. Vrpy is extracted from isothermal simulations as the gate volt-
age at which the channel electron density equals the ionized acceptor density.
Analysis performed at Vpg =0 V to avoid 2D effects.

6.4.6 Results: Electrothermal Behavior in Short-Circuit
Conditions

Mixed-mode electrothermal TCAD simulations represent a powerful
tool for evaluating the behavior of power devices under real operating con-
ditions. In our short-circuit analysis, the simulated test circuit consists
of a gate-connected pulse source (Vg), with the drain terminal biased at
the supply voltage (Vpys). To emulate parasitic effects introduced by the
packaging, stray inductances of 7 nH and 40 nH are added at the source and
drain terminals, respectively |24, 44]. The short-circuit testbench and the
corresponding component values are reported in Fig. 6.50 and Table 6.3,
respectively. To model transient self-heating, a thermal contact was ap-
plied to the drain surface of the FERRO POWER SGAA MOSFET. This
enables the implementation of a mixed (Robin-type) thermal boundary
condition, where the heat exchange with the environment is represented
by a surface thermal resistance (ryy,, orange dashed line in Fig. 6.50), and
the ambient temperature is set at 300 K.

However, due to the novelty of the SGAA architecture, no experimen-
tal thermal data are currently available for this specific device configura-
tion. As a result, the r, value adopted in the simulations (0.01 cm?K/W)
was extrapolated from literature studies on planar MOSFETSs (24, 45|, de-
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spite the significant differences in geometry, manufacturing technology, and
thermoelectric behavior between planar and SGAA MOSFETs. In spite
of this limitation, the goal of this work is not to determine an exact value
for r¢n, but rather to demonstrate the potential of incorporating a ferro-
electric material to mitigate harmful thermal effects during short-circuit
events. Therefore, the absolute value of 7}, is not critical in this context;
what truly matters is the relative electrothermal performance under iden-
tical thermal boundary conditions when comparing the FERRO POWER
SGAA to the standard SGAA.

Finally, short-circuit tests were performed at 800 V with a pulse du-
ration of 5 us, in accordance with established methodologies for assessing
short-circuit robustness in 1.2 kV SiC MOSFETSs [46, 47, 48]. As shown
in Fig. 6.51, the FERRO POWER, SGAA initially conducts more current
during the first 1.5 ps, owing to its higher Cox (Fig. 6.46) and lower
threshold voltage Vpy in the 300-400 K range (Fig. 6.49). However, be-
yond 400 K (i.e., above Tpp), this trend inverts: around 1.5 us, the drain
current of the FERRO POWER SGAA drops sharply below that of the
standard SGAA. At approximately 2.3 us, a thermal crossover occurs: the
temperature rise of the FERRO POWER SGAA slows down, leading to a
lower final peak temperature by the end of the gate pulse (5 us), compared
to the standard SGAA.

Table 6.3. Short-circuit testbench parameters.

Element Symbol Value
Bus voltage Veus 800 V
Gate drive (amplitude) Veg.amp(t) 18V
Gate pulse width tp 5 us
Gate resistor Rq 5Q
Source sense resistor Rg 1 mQ
Stray inductance (source) LsTRAY1 7 nH
Stray inductance (drain) LsTrAY2 40 nH

Thermal resistance (surface) 7y 0.01 cm?K/W
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Figure 6.50. Electro-thermal mixed-mode circuit used to simulate the short-
circuit event of the devices under test (DUT).
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Figure 6.51. Short-circuit behavior of FERRO POWER SGAA vs. standard
SGAA. Drain-current (Ip) and surface-temperature waveforms for both de-
vices during a short-circuit event with Vgyg = 800 V applied for 5 us.
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6.4.7 Case Study: Ferroelectric HfO,

As previously mentioned, the device operates above the Curie tem-
perature (T¢), where the polarization—electric field (P-E) curve no longer
exhibits hysteresis. Consequently, this study focuses exclusively on the
Curie-Weiss behavior of the dielectric constant, deliberately excluding any
effects related to polarization hysteresis. Hafnium oxide (HfO9) is selected
as the ferroelectric material for this case study due to its proven compatibil-
ity with CMOS technology. Depending on the processing conditions—such
as film thickness, oxidant dose, and annealing treatment—HfO5 can ex-
hibit ferroelectric properties in both doped [49] and undoped [50] forms.
Moreover, its integration into semiconductor processes is well established,
as the non-ferroelectric phase of HfO is already widely used as a high-k
dielectric in modern integrated circuits [51, 52].

The temperature dependence of the dielectric constant in the paraelec-
tric phase of HfOy was extracted from experimental data reported in [53].
The inverse dielectric constant (1/¢) was fitted using the Curie-Weiss
law, yielding a Curie temperature (T¢) of 193 K and a Curie-Weiss con-
stant (Cow) of 3447 K. This T ensures sufficient thermal margin, guar-
anteeing that the device operating temperature remains well above the
ferroelectric—paraelectric transition point. These parameters were imple-
mented in Sentaurus simulations via a user-defined physical model. While
HfO5 has been extensively studied for its ferroelectric behavior below
Tc—particularly across various dopants and concentrations—its dielec-
tric behavior above Ty has received significantly less attention. To date,
the only available studies are [37, 54, 55|, where the advantages of using
HfO5 above T¢ in planar power MOSFETSs were first demonstrated. This
work showed that the temperature-dependent dielectric constant can help
suppress local temperature and current-density peaks during short-circuit
events, thereby mitigating unwanted thermal drift and improving device
robustness.




164 CHAPTER 6. Power MOSFETSs

6.4.8 Summary

In this study, we have proposed a novel SiC-based power MOSFET
architecture, termed the FERRO POWER SGAA. A key limitation
of the conventional SGAA design lies in its poor robustness under short-
circuit conditions, primarily due to the low thermal conductivity of the
surrounding SiOg gate oxide. In our design, we integrated a ferroelec-
tric stack—specifically SiOy/HfOos—instead of the usual SiOg. Above the
Curie temperature T, HfO2 operates in the paraelectric regime, exhibiting
a temperature-dependent dielectric constant that decreases with increasing
temperature, following the Curie-Weiss law. Electrically, the SiO9/HfOq
stack behaves as two series capacitors. The equivalent gate capacitance
CrEstack was dimensioned to match the DC characteristics (both trans-
fer and output) of the FERRO POWER SGAA to those of the reference
SGAA at the operating temperature Top = 400 K, while simultaneously
enhancing short-circuit resilience by leveraging the thermal drop in per-
mittivity beyond Tpp. Mixed-mode TCAD simulations show that the
FERRO POWER SGAA exhibits a substantially lower peak temperature
at the end of a 5 us gate pulse compared to the standard SGAA. Although
it shows a higher peak drain current in the 300-400 K range—due to
the higher gate capacitance and lower threshold voltage—its drain current
rapidly decreases beyond Tpp, leading to a significantly lower average cur-
rent over the entire pulse duration. These results confirm that integrating
a ferroelectric gate stack can significantly improve short-circuit robustness

in cylindrical SiC GAA MOSFETs.




Chapter

Conclusions

This dissertation has developed along two complementary research
lines.

Line I — Compact electrothermal modeling and experiments on
SiC JBS/MPS diodes. The first line focused on a scalable, SPICE—compatible
compact model for SiC merged-PiN-Schottky (MPS) diodes capable of de-
scribing both unipolar and bipolar conduction while accounting for tem-
perature and self-heating effects. Crucially, the model also captures the
snapback phenomenon, which can strongly impact the reliability of MPS
diodes by triggering local current focusing and premature device failure.
The proposed circuit framework offers, for the first time to our knowledge,
a lumped-parameter interpretation of snapback that can inform the design
of power semiconductor devices beyond MPS structures, wherever similar
conduction mechanisms arise.

The model’s validity was demonstrated in a realistic case where two
non-optimally matched parallel diodes—with small structural differences—were
subjected to surge testing. Compared with full electrothermal simulations,
the compact approach proved simpler and faster to deploy in scenarios that
are often cumbersome for standard device simulators, significantly reduc-
ing pre-processing and runtime while maintaining physical fidelity.

Within this first research line, an experimental campaign was also car-
ried out on a specific class of 1.2 kV SiC JBS diodes to optimize die wire-
bonding strategies inside the package with the goal of improving surge
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robustness. Pulsed I-V, thermal resistance, and surge measurements were
performed, complemented by failure analysis, across three distinct bond-
ing configurations. The study experimentally showed that the “stitch”
configuration delivers superior surge robustness compared to the alterna-
tives. Furthermore, failure analysis highlighted clear differences in the
dominant failure mechanisms across the three options. These results will
be expanded in a future journal paper, where additional simulations and
thermo-physical analysis will be used to explain the physical origin of the
observed asymmetry in failure modes.

Line IT — Study and development of 1.2 kV SiC Gate-All-Around
(GAA) MOSFETs. The second line addressed the study, development,
and simulation of 1.2 kV SiC Gate-All-Around (GAA) MOSFETs. Mixed-
mode electrothermal TCAD simulations (as well as static and dynamic
analyses) revealed several attractive physical-electrical properties. The
MOSFET channel, wrapped at 360° by the gate oxide, enables superior
electrostatic control and a more uniform electric-field distribution. No-
tably, this architecture can eliminate the dedicated termination region and
thereby increase the active area, improving the trade-off between specific
on-resistance and blocking capability.

However, because the GAA structure is fully surrounded by silicon
dioxide, it demonstrates limited capability to handle thermal stress—especially
during short-circuit events. To address this limitation, the final part of
the dissertation proposes, and for the first time demonstrates via TCAD,
the effectiveness of integrating a ferroelectric (HfO9) gate stack within the
SGAA to limit current and thus self-heating during short-circuit transients.
Based on experimental dielectric data for HfO5 reported in the literature,
we developed a temperature-dependent permittivity model implemented
in Synopsys Sentaurus through a user-defined physical model (Physical
Model Interface, PMI), since standard TCAD tools do not natively sup-
port temperature-dependent dielectric constants. The results indicate that
a ferroelectric gate stack can introduce a beneficial negative electrothermal
feedback under stress, thereby enhancing short-circuit robustness without
penalizing nominal operation.
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Overall perspective. Across both research lines, the contributions span
modeling, experimental methodology, and device-architecture innovation:
(i) a scalable electrothermal compact model for SiC JBS/MPS diodes—including
snapback—with TCAD validation and application to surge scenarios; (ii)
a systematic, measurement-driven assessment of bonding strategies to im-
prove surge robustness in 1.2 kV SiC JBS diodes; (iii) the conception and
advanced TCAD evaluation of a 1.2 kV SiC GAA MOSFET, including
a ferroelectric gate-stack solution that mitigates thermal stress in short-
circuit conditions. Together, these results provide concrete guidelines for
both device designers and circuit engineers targeting efficient, reliable SiC
power electronics in transportation and related high-performance applica-
tions.
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