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We present detailed physics based numerical models for characterizing 4H-
Silicon Carbide lateral MOSFETSs and vertical power DMOSFETsS for high temperature,
high field, DC, AC and transient switching operating conditions. A complete 2-D Drift-
Diffusion based device simulator has been developed specifically for SIC MOSFETs, to
evaluate device performance in a variety of operating scenarios, and to extract relevant
physical parameters.

We have developed and implemented room and high temperature mobility models
for bulk phonon and impurity scattering, surface phonon scattering, Coulomb scattering
from interface traps, and surface roughness scattering. High temperature models for
interface trap density of states and occupation probability of interface traps are also
implemented. By rigorous comparison of simulated I-V characteristics to experimental
data at high temperatures, physical parameters like interface trap density of states, surface
step height, saturation velocity, etc. have been extracted. Insight into relative importance

of scattering mechanisms influencing transport in SiC MOSFETs has been provided. We



show that the strongest contribution to low current in SiC MOSFETs is from the loss of
mobile inversion charge due to large amount of trapping at the interface, and due to very
low surface mobility arising due to a rough SiC-SiO, interface. We show that surface
roughness scattering dominates at high gate biases and is the most important scattering
mechanism in 4H-SiC MOSFETs.

Switching characteristics of SiC lateral MOSFETs have been modeled and
simulated wusing our custom device simulator. A comprehensive generation-
recombination model for interaction between inversion layer electrons and interface traps
has been developed. Using this model, we have modeled the time-dependent occupation
of interface traps spread inside the SiC bandgap. We have measured the transient
characteristics of these devices, and compare our simulation to experiment and have
extracted capture cross-sections of interface traps. Using the coupled experiment and
modeling approach, we are able to distinguish between fast interface traps and slow oxide
traps, and explain how they contribute to threshold voltage instability.

High power 4H-SiC DMOSFET operation in the ON and the OFF states has also
been analyzed. We show that in current generation SiC DMOSFETs, the ON resistance is
dominated by the channel resistance instead of the drift-layer resistance. This makes the
design of SiC DMOSFETs far from ideal. OFF state blocking capability and breakdown
due to impact ionization of the DMOSFETs are also modeled and simulated. We show
that the 4H-SiC DMOSFETs have excellent leakage characteristics and can support

extremely high OFF state drain voltages.
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Chapter 1

1. Introduction

Silicon Carbide (SiC) MOSFETs are at their early stages of development. There is
great interest in developing SiC MOS devices because of their promising applications in
high temperature high power environments. The wide bandgap of SiC makes it ideal for
operation in high temperature environments like engines, and oil-wells for power
conversion and sensor application. The high bandgap leads to extremely low leakage
currents making it suitable for UV sensor device design. The high thermal conductivity of
SiC and ten times higher breakdown field than Silicon makes it the material of choice for
high power MOSFET design capable of switching several amperes of current, while
blocking several kilovolts of voltage in the OFF state. Finally, as SiC has a natural oxide
in SiO,, making MOSFETs out of SiC is not hard. The benefits in terms of intrinsic
electrical and thermal properties of SiC over Silicon are highlighted in Table 1.1.
Amongst the various polytypes of SiC, 4H-SiC is considered the most promising for

MOSFET development, primarily due to its high intrinsic carrier mobility.

Table 1.1 Important physical properties of Silicon and polytypes of SiC

Si 3C-SiC | 6H-SiC | 4H-SiC
Bandgap (eV) 1.1 2.39 2.86 3.26
Intrinsic Electron Mobility (cm2/V s) | 1400 1000 600 1070
Saturation Velocity (x10” cm/s) 1 2 2 2
Critical Breakdown Field (MV/cm) 0.3 2 3 3
Thermal Conductivity (W/K-cm) 1.5 4.9 4.9 4.9




However, the issues of reliability, repeatability and stability of MOSFET
structures that had plagued Silicon several decades ago are very relevant today for SiC.
The biggest problem faced by the SiC MOS community today is the issue of very low
surface mobility. The low mobility is as a result of two main shortcomings of the SiC-
Si0O; interface. 1) The presence of a large number of interface traps [1][2][3] and ii) the
rough surface of the semiconductor [4][5]. These two disadvantages have the potential to
make SiC MOSFETs completely unviable.

The large number of interface states distributed over the entire bandgap of SiC
gives rise to large amount of Coulombic scattering of the inversion layer mobile carriers.
This lowers the surface mobility significantly. Further, the traps get occupied before the
inversion layer can form on application of a gate bias. This leads to low mobile charge
and hence lower currents. This also causes problems in proper engineering of the
threshold voltage of SiC MOSFETs. Understanding these interface traps, their causes,
their effects in various operating conditions, and their behavior at high temperatures is
very essential in order to use SiC MOSFETsS in various circuit applications.

The roughness of the SiC-SiO, interface is another cause of low surface
mobilities. The 8° off-axis step flow growth of the SiC substrate and thermal oxidation
causes step bunching at the interface. This step bunching gives rise to small nanosteps
and large macrosteps. These steps cause scattering of surface mobile carriers giving low
mobilities. Further, recent studies have found evidence of a Si-C-O transition region at
the interface, which may be another cause of high surface roughness scattering.

Other physics related issues in the development of SiC MOS devices are the

presence of oxide traps and fixed charge, oxide reliability, effects of ion implantation,



and phenomenon causing breakdown in the substrate. All these issues need to be
addressed before SiC MOS devices can be reliably used in high temperature high power

circuits.



1.1. Research Goals

The overall goal of this Ph.D. research is to formulate a comprehensive device
model for 4H-SiC MOS devices. The device model should be able to explain, extract and
predict the operation of 4H-SiC MOSFETs and DMOSFETs for a variety of operating
modes at room and high temperatures. The problem has been divided in to three distinct
parts — High temperature characterization of 4H-SiC MOS devices, transient modeling
and characterization of 4H-SiC MOSFETs, and modeling of 4H-SiC power DMOSFETs.
Details regarding the approach taken to achieve these goals, and the results of the

research will be discussed in the following chapters.

1.1.1. High Temperature Modeling and Characterization of 4H-SiC

MOSFETs

We will develop mobility models, interface trap physics models and other
relevant physical models for 4H-SiC MOSFETs for temperatures ranging from 25°C to
200°C. These models will be extensively tested and calibrated by comparison to
experimental I-V data. Typical issues that will be investigated include the behavior of
traps at the SiC-SiO, interface at elevated temperatures, change in current with
temperature, and how well the mobility models work for SiC devices at high
temperatures. The focus of mobility modeling at high temperatures will be on Coulomb
scattering mobility model, surface roughness mobility model, and high field saturation
velocity based mobility model. Density of states for the interface traps as a function of

temperature will be extracted by comparing simulated I-V curves to experiment.



1.1.2. Dynamics of Trap Occupation and Time Dependent Characterization

of 4H-SiC MOSFETs

We will investigate the behavior of 4H-SiC MOSFETs in transient switching
conditions. The focus of this research will be on characterizing the time dependent
occupation of interface and near-interface traps. We will investigate how this affects
threshold voltage shifts with time, current transience in the devices, and what effect will
it have on switching circuits. We will try to extract a very important physical
characteristic of the interface traps, namely the trap capture cross-section. A time
dependent trap occupation and generation-recombination model will be developed to
extract this quantity. We will also carry out transient experiments to calibrate our models
and get values for the trap cross section.

Using the dynamic trapping model described above, we will extract small signal
AC parameters like small signal conductance, capacitance, etc. for 4H-SiC MOSFETs.
We will extend our device simulator to calculate C-V curves and compare them to

experiment to further characterize the effects of interface traps on small signal circuits.

1.1.3. Physical Modeling and Characterization of High Power SiC

DMOSFETs

Finally, the physical models we develop for lateral SiC MOS devices will be
applied to power DMOSFET structures. Other phenomena relevant to high power
DMOSFETs such as impact ionization and breakdown will be investigated. Various

resistances of the DMOSFET will be analyzed and pointers would be suggested to



improve performance of these devices. Finally we will discuss mixed-mode modeling and

simulation of a boost-converter circuit using 4H-SiC DMOSFET.

In the next section we present the key contributions of this research effort. In
section 1.3 we review pervious work on SiC device modeling and characterization. In
section 1.4, we review some of our own previous work on room temperature low field

modeling of SiC lateral MOSFETs.



1.2. Key Contributions

e Development of a comprehensive 2-D Drift-Diffusion based device simulator
for SiC MOSFETs and DMOSFETs.

e Extraction of temperature dependence of interface states showing a spreading of
the tail of the distribution inside the 4H-SiC bandgap with temperature.

e Development of surface roughness mobility model incorporating the effects of
step flow growth process of SiC epi-layers.

¢ (Quantifying the effect of quantum confinement on interface trap occupation in
4H-SiC MOSFETs.

e Extraction of variability across chips and devices on a single wafer using SPICE
parameter extraction for SIC MOSFETs.

e Development of a comprehensive generation-recombination model for
describing the dynamic interaction of interface, near-interface and oxide traps
with inversion layer electrons.

e Development of a time-dependent trap occupation model and extraction of
capture cross-sections of interface traps.

e Experimental measurement of characteristic current transients in 4H-SiC
MOSFETs.

e Extraction of the relative contributions of channel resistance and drift layer
resistance to total ON resistance in 4H-SiC DMOSFET.

¢ Modeling OFF state characteristics of a 4H-SiC DMOSFET including impact

ionization related breakdown.



¢ Mixed mode modeling and simulation of 4H-SiC DMOSFET boost converter

circuit.

1.3. Experimental and analytical work on SiC device
characterization

Several groups have measured physical parameters for SiIC MOS devices using a
variety of methods. Zeng et al. [6] have shown a method of extracting energy dependent
interface trap density for 6H and 4H-SiC MOSFETs in the subthreshold region of
operation. Scozzie et al. [7] have shown the detrimental effects of interface-trapped
charge on the SiC MOSFET characteristics. Arnold et al. [8] have shown that interface
traps in SiC are responsible for decrease in transconductance, lower mobile inversion
charge density and low drift mobility of inversion layer electrons. Saks et al. [9] have
shown that severe trapping of electrons at the SiC-SiO, interface in 4H-SiC devices
causes a reduction in the number of free electrons in the inversion layer, and also a drop
in the mobility. Correlation between channel mobility and interface traps in SiC
MOSFETs has also been described by Suzuki et al.[10][11]. All these observations have
been made on the basis of experiments or compact modeling of SiC devices. Physics
based simulations of deep submicron 4H-SiC MOSFETSs have been presented by Dubaric
et al.[12], but the authors have assumed that there are no interface charges at the SiC-
SiO, interface. Roschke et al. [13] have proposed electron mobility models for 4H, 6H,
and 3C SiC, which describe the dependence of the electron mobility on doping
concentration, temperature and electric field. They too, have not shown any effect of

interface traps in their mobility models. Nilsson et al. [14][15] have described Monte



Carlo and drift diffusion simulations of 4H and 6H-SiC field effect transistors. But they
have only considered acoustic phonon scattering, polar and non-polar optical phonon
scattering, and ionized impurity scattering. Mickevicius et al. [16] have carried out Monte
Carlo simulations for SiC, but he has focused on phonon scattering and ionized impurity
scattering. Rolddn et al. [17] include the effect of a net interface charge in their work.
However, their interface trap model is not energy dependent. But experimental
measurements of interface state density of states for SiC have shown that the density of
states is energy dependent. Vathulya et al. [18] have used an energy dependent interface
state density of states model for 4H and 6H-SiC MOSFETs, and have extracted the
inversion layer mobility by fitting the current equations to experimental data. They have
used compact modeling and numerical methods to solve sets of equations simultaneously
to extract an average mobility. Powell et al. [19][20] have described in detail various
mobility models for 6H SiC MOSFETs. Their mobility model incorporates the effect of
scattering due to occupied interface traps. But they do not show how scattering varies
with depth inside the inversion layer. Their method for dealing with screening of the
scattering charge centers in deep inversion is empirical. All this work is largely based on
trying to extract relevant physics using experiment. A recent paper by Tilak et al. [21]
describes scattering mechanisms in heavily doped SiC MOSFETs in an analytical model.
Not much work has been done in terms of developing transport models for the effects
seen in SiC MOS devices.

Recently, Lelis et al. [22][23] and Gurfinkel et al. [24] have shown the presence

of oxide traps in SiC MOSFETs. They have shown their effects on long term threshold



voltage instability in these devices. Their work is mostly experimental and no models
exist for time-dependent characterization of SiC MOSFETs.

There is not much research on the characterization of SiC devices at higher
temperatures, and in real world application environments for example in switching
applications. This needs detailed understanding of not only steady state DC but also time
dependent, AC and transient behavior of SiC MOSFETs. We have tried to extract this

behavior and the underlying physics as part of this research.

1.4. Our Previous Work on Low Temperature Modeling and
Characterization of 4H-SiC MOSFET's

Previously, we have carried out detailed analysis of 4H-SiC MOSFET operation
at room temperature in DC bias conditions by numerically solving the steady state
semiconductor Drift-Diffusion equations. Room temperature mobility models for bulk
phonon scattering, surface phonon scattering, surface roughness scattering, and Coulomb
scattering by interface traps and oxide charges were developed and implemented
[25][26]. To determine the effects of the large density of interface traps found at the SiC-
SiO, interface, we extended previous work on Coulombic scattering
[29][30][31][32][33][34] by developing a first principles Coulomb scattering mobility
model specifically to model the physics of the inversion layer in 4H-SiC MOSFETSs. The
Coulomb scattering model took into account, scattering of mobile charges by occupied
interface traps and fixed oxide charges, distribution of mobile charges in the inversion

layer, and screening. Simulated I-V curves were compared to experimental data and the
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density of states for the interface traps was extracted. Simulations indicated that occupied
interface traps in 4H-SiC MOSFETs are responsible for mobility degradation, low
currents and high threshold voltages. Their effect diminished at high gate voltages due to
increased screening. It was also found that at high gate voltages, surface roughness
scattering plays a major role in mobility degradation in 4H-SiC MOSFETs. The main
results of these studies are given below.

Due to the very high density of interface traps at the SiC-Si0O, interface, there is
significant amount of immovable charge at the interface. This charge causes Coulombic
scattering of inversion layer electrons lowering their mobility. This mobility reduction
reduces the amount of current flowing through the device. Fig. 1.1 shows the different
mobility mechanisms controlling the total low field mobility in a 4H-SiC device for a
gate bias of 2V at room temperature. Coulomb scattering mobility is the dominant
mechanism close to the interface. As the gate voltage is increased, there is an increase in
the number of mobile carriers at the interface which screen the scattering charges causing
an overall reduction in Coulombic scattering. Also, the surface field rises with increase in
gate voltage giving increased surface roughness scattering. So, as shown in Fig. 1.2, at
Vgs = 12V, surface roughness mobility dominates the total low field mobility in the

device.
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Depth (nm)

Fig. 1.1 Comparison between Coulomb scattering mobility () and surface roughness
mobility (usg) at a gate-source voltage of 2V. Coulomb scattering mobility become

greater than, and hence less important than, surface roughness mobility at a depth of

around 5nm [26][27].
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Fig. 1.2 Comparison between Coulomb scattering mobility and surface roughness
mobility at a gate-source voltage of 12V. Coulomb mobility dominates the total low field
mobility (Ur.q) only near the surface. Beyond a depth of around Inm, the surface
roughness mobility dominates the total low field mobility for most of the distance over

which the current (/) is spread [26][27].
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An interesting effect of the large amount of Coulombic scattering at the interface
is that the peak of the current density curve occurs some distance away from the interface
[26][27]. Even though the electron concentration is highest at the interface, due to the
very low surface mobility, most of the current in a 4H-SiC MOSFET flows a few
nanometers away from the interface. As gate voltage increases, more electrons are pulled
closer to the interface and screening increases, and hence the peak of the current density

shifts towards the interface. This is shown in Fig. 1.3.
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Fig. 1.3 Current density variation with depth for a 4H-SiC MOSFET at room
temperature. Because of the extremely low mobility near the surface, the maximum

current does not flow at the surface, but some distance below it [26] [27].
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We also extracted the density of states for the interface traps (D;) by comparing
simulated Ip-Vgs curves to experiment as shown in Fig. 1.4. This interface trap density is
for a Nov 2004 4H-SiC MOSFET sample. The extremely large values of D;, seen here are

responsible for low currents and low surface mobilities (<15cm?/Vs) in the 4H-SiC

MOSFET.
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Fig. 1.4 Interface trap density of states for 4H-SiC MOSFET. D; %= 9.5x10" cm-*eV"!

D" = 4.0x10" cm™eV'[26][27]
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1.5. Device Modeling

The Drift Diffusion equations serve as the basic building blocks for
semiconductor device modeling. These equations are derived from the Boltzmann
transport equation by doing certain approximations. The drift diffusion equations consist
of the Poisson’s equation, the electron and hole current equations, and the current
continuity equations for electrons and holes. In this section, we describe these equations
in brief and then elaborate on the numerical methodology that is implemented to solve

them for a SiC MOSFET.

1.5.1. Drift Diffusion Model Equations

Poisson _Equation: The Poisson equation governs the behavior of the

electrostatics in the semiconductor device. It relates the electrostatic potential (¢), to the
net charge density inside the semiconductor. The charge inside the semiconductor is
made up of negatively charged electrons (n), positively charged holes (p), and ionized
dopants (Np*, Ny). The Poisson equation can be written as
V-(eVg)=—gl-n+p+N;-N;) (1.1)
Here, €1is the permittivity of the medium.

Current Equations: Current flowing inside a semiconductor is made up of two

components. The drift component arises due to the flow of electrons (or holes) in
presence of an electric field. The diffusion component of current is due to the flow of
electrons (or holes) from a region of higher concentration to a region of lower

concentration. Thus, the diffusion current depends on the concentration gradient of
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electrons and holes. The total electron (and hole) current is a combination of the drift and

diffusion currents, and is given as

—

J, =-qnu,V ¢ +qD,Vn (1.2)
J, =—apu,Vé—qD,Vp (1.3)
Here, 4, and g, are the electron and hole mobilities, and D, and D, are the

electron and hole diffusion constants. The diffusion constants are related to the mobilities

by the Einstein relations given by

D, = u, T (1.4)
q
k,T

D, :,up% (1.5)

Current Continuity Equations: The continuity equations are based on the

conservation of mobile charge. They relate the change in mobile charge concentration in
time to the gradient of the current density, and the rates of generation and recombination

of carriers. The continuity equations for electrons and holes are written as,

on_1g.j,-R,+G, (1.6)
ot ¢q
b__1g J,-R,+G (1.7)

Here G, and G, are the electron and hole generation rates, R, and R, are the

electron and hole recombination rates, and vV.-J , and vV.-J , are the net flux of electrons

and holes in and out of the specific volume. The current continuity equations state that
the total current flow into or out of a volume of space is equal to the time varying charge
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density within that volume plus any additions due to generation or recombination that
may occur.
The electron and hole concentrations can be written in terms of the electron and

hole quasi Fermi levels (¢, and ¢,) as

_ A

n—niexp( v, j (1.8)
_ _¢_¢p

p—niexp( —VT j (1.9)

Here, ¢1is the electrostatic potential, n; is the intrinsic carrier concentration and V7
is the thermal voltage.

The advantage of writing electron and hole concentrations in terms of the quasi-
Fermi levels is that we can directly solve for ¢, and @, to obtain values for n and p. The
range of @, and ¢, is the same as that of the electrostatic potential ¢. This allows for better
convergence in the numerical solvers. We show the discretization of the semiconductor
equations in n and p further in this chapter; but while solving the discretized set of
equations using the Gummel or the Newton’s methods described later on, we always

solve for @, and @,.

1.5.2. Important Parameters of the Drift Diffusion Model
We solve the Drift Diffusion equations everywhere inside the device for the
electrostatic potential (¢), electron concentration (n) and hole concentration (p). To

characterize the performance of a semiconductor device, we need to include the relevant

physical mechanisms that govern transport in the device. The physical transport models
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are incorporated as the mobility models for electrons and holes (4, and t,) and
generation-recombination models. For 4H-SiC MOSFETs, charge at the SiC-SiO;

interface is also a very important and critical physical parameter.

Mobility: We incorporate detailed models for electron and hole mobility in 4H-
SiC MOSFETs in to our device simulator. We consider bulk phonon scattering (up),
impurity scattering in the bulk, surface phonon scattering (usp), Coulombic scattering
from interface traps (4c), and surface roughness scattering (isg) while devising our
comprehensive mobility models for 4H-SiC MOSFETs. The details of these models are
given in Chapter 2. The different mobility mechanisms are summed up using

Matheissen’s rule as

! ! +L+L+L (1.10)

Boa Mo M Mo B

Using a combination of device modeling and experimental I-V measurement, we
can extract physical parameters governing the different mobility mechanisms in 4H-SiC
MOSFETs. We develop the mobility models from basic physics with as few empirical
parameters as possible. We then calibrate our simulated I-V characteristics to
experimental data over a wide range of biases and temperatures to extract the values of
the physical parameters. This gives us thorough understanding of the mobility

mechanisms governing transport in 4H-SiC MOSFETs.

Generation and Recombination: Various mechanisms for generation and

recombination are also incorporated into our device simulator. We include Shockley-
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Reed-Hall recombination due to trap centers, Auger recombination due to direct particle
recombination, and a new generation-recombination mechanism involving interface traps
and inversion layer electrons which will be discussed in more detail in Chapter 3.

Impact ionization related generation is also included in our 4H-SiC MOSFET
device simulator. This generation mechanism is important to characterize breakdown of
the 4H-SiC power DMOSFET. More details about impact ionization breakdown and the

associated generation model are given in Chapter 4.

Shockley-Reed-Hall (SRH) Recombination: The capture and emission of holes
and electrons by traps that reside in the mid-band energy zone is modeled using the well
known Shockley-Read-Hall (SRH) mechanism of recombination. The SRH

recombination rate is given by

2
G-R)™ = np 1 1.11
( ) t,(n+n)+7,(p+n,) (1.1

where, 7, and T, are the minority carrier lifetimes of electrons and holes

respectively. The minority carrier lifetimes for SiC are in order of a few hundred
nanoseconds.
For a n-doped SiC slab, when there is a current flowing through the device, the

electron concentration is much higher than the hole concentration (n >> p). If the carrier
lifetimes of electrons and holes are taken to be equal (Tn =T, ), then the SRH

recombination rate can be rewritten as
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G-Ry™ ~ P P (1.12)
Tpn T

p

At room temperature, the intrinsic carrier concentration of 4H-SiC is around
2x10® ecm™. For a slab of SiC doped with n-type impurity of the order of 10" donor
atoms per cubic centimeters, at room temperature, the hole concentration is going to be

around (10°*)*/10'® which is approximately 10°° cm™. Hence, it is easy to see that the

SRH recombination rate in SiC is going to be very small (around 10° cm™/s).

Auger Recombination: SiC is an indirect bandgap semiconductor. Therefore, the
probability of a direct band-to-band recombination by transfer of energy to another
carrier is very small. Hence, this recombination mechanism, known as the Auger
recombination is rare in SiC devices. In the direct recombination process, a free electron
in the conduction band combines with a free hole in the valence band, and the net
momentum of the two particle system is carried off by a third free particle, which can be

an electron or a hole. The Auger recombination rate is given by
Auger __ 2
(G -R)"™ =(np—nZ)C,n+C,p) (1.13)
where, C, and C, are the coefficients representing interactions in which the

remaining carrier is an electron and a hole respectively.

1.5.3. Boundary Conditions

In order to solve the coupled partial differential equations comprising the drift
diffusion system of equations, a proper methodology has to be followed. The equations

are solved for 2D structure, which is a section cut parallel to the channel of the MOSFET.
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These equations are solved for the electrostatic potential (¢), the electron concentration

(n) and the hole concentration (p) at discreet mesh points inside the device, in the source,

drain, bulk and the oxide regions. Appropriate boundary conditions for ¢, n and p, based

on the applied voltages at the various regions, are built in to the system.

GATE CONTACT

OHMIC
CONTACT

OXIDE

SOURCE

SKHSKEINTERFACE

EPITAXIAL LAYER

DRAIN

BULK

OHMIC CONTACT

Fig. 1.5 Structure of a 4H-SiC lateral MOSFET.
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CONTACT

The MOSFET device structure is shown in Fig. 1.5. It is divided into the source,

drain, bulk, oxide and interface regions, where the semiconductor equations are to be

solved. The boundary regions are the regions where external voltage is applied or an

artificial boundary is created.

Ohmic Contacts: The source, bulk and drain contacts are modeled as Ohmic

contacts. The boundary condition for the electrostatic potential is therefore given by

¢C0ntact = VContact + ¢n

for Ohmic contacts on n-type material and

21
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¢Contact = VContact + ¢p (1 15 )

for Ohmic contact on p-type material.

Here, ¢,and ¢, are the built in potentials for n-type and p-type semiconductors in

thermal equilibrium. For an n-type material with a doping of N, and a p-type
semiconductor doped to NA-, the built in potentials respectively are

NG N
nD (1.16) and 9, =V, 1nn—é (1.17)

1 1

¢, =V, In

where, n; is the intrinsic carrier concentration at temperature 7 and V7 is the

thermal voltage.
Since we are at thermal equilibrium, np = n” . Hence, for a n-type semiconductor

with a doping of Np at the Ohmic contact,

2 N, +4n?
p=l0 (1.18) and p=p NNV *AN (1.19)
n 2 2

Similarly, for a p-type semiconductor region doped to N4 at the Ohmic contact,

2 - VN +4n}
p="i (1.20) Ny - ki (1.21)
p

and = +
P=

Gate Contact: There are no mobile charge carriers inside the gate oxide. Hence,

only the Poisson’s equation is solved inside the oxide with the charge density taken as
zero. The semiconductor equations are not solved for n and p inside the oxide; hence no
boundary conditions are needed for n and p at the gate contact. The boundary condition

for the electrostatic potential on the gate contact is defined as
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Poue =V +VGB (1.22)

Vi is the applied gate voltage and VGB is the built-in gate voltage. It is equal to
the metal-semiconductor work function difference between the gate metal and the
semiconductor epi-layer of the 4H-SiC MOSFET.

Artificial Boundaries: Artificial boundaries consist of all boundaries in which

the device structure ceases to exist for simulation purposes, but in reality, this boundary
may not exist on the device physically. The artificial boundaries are placed far enough
away from the carrier transport activity where the change in electrostatic potential,
electron concentration and hole concentration, across the boundary, is negligible. At the
artificial boundaries, we have the conditions

9 _dn _op

= = 1.23
ON ON ON (1.23)

where ﬁ is the derivative taken in the direction normal to the artificial

boundary.

1.5.4. Discretized Drift-Diffusion Equations

The Drift-Diffusion system of equations is discretized in space and time using a
finite difference methodology. The Poisson’s equation is solved inside the semiconductor
and the oxide, whereas the current continuity equations are solved only inside the
semiconductor. At the semiconductor-oxide interface, the Gauss’s law is implemented in

order to solve for the electrostatic potential.
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Each equation is discretized in two dimensions using the finite difference method
where each position, (x, y), in the device is mapped to a mesh point, (i, j). The position of
x, at the i"" mesh line is designated by the notation x;; likewise, the position of y, at the 7

mesh line is designated by the notation y;. If needed, additional points can be defined as

lying between two consecutive mesh points. These points are designated by (i i%, jj or

(i, Jjt %) The distance between two mesh points are designated by the variables /; and
kj.
(1.24)

ki=yi.—-y, (1.25)

Poisson Equation: The Poisson equation gives an analytical representation of the

relationship between electrostatic potential (@) and the net charge distribution.
Semiconductor-Insulator Interface: At the semiconductor-oxide interface, it is

assumed that there are no free electrons and holes, and that the difference in the electric

displacement vectors in the insulator and the semiconductor is equal to the effective

surface charge.
d\surf ’ (Bt _ﬁs ): qurf (126)

where, D is the electric displacement vector and Q_ . is the effective surface

surf

charge density at the semiconductor-oxide interface, and a . is a unit vector in the

surf
direction of the semiconductor-oxide interface. This equation can be rewritten in form of

Gauss’s law by writing the electric fields at the semiconductor-oxide interface.

24



e E, —€E =0 (1.27)

ox " ox surf

Here, the electric fields are the fields perpendicular to the interface. Writing them

using the electrostatic potentials, we have

_99) __(_92) _
80x( aylx es( 8yjs Qs (1.28)

Writing the discretized forms of the first order derivatives we have the equation

for the electrostatic potential at the interface.

£ E E E
F? =¢. | |+0 . |2 |-0 | =+—"=1+0Q,,=0 (1.29)
Jox Jox l[k ] Jox l[k _1] dor | | k. . f

Jox Jox Jox Jox

where, j,, represents the mesh-line j which defines the interface. Qj,y 1s the net
effective surface charge at the mesh-point (i, j,,). It is the sum of the fixed oxide charge
and the interface trapped charge at that mesh-point.

Inside the Oxide: There is no charge present inside the oxide. Hence, the

Poisson’s equation will look like a simple Laplacian.
V=0 (1.30)

Finite difference discretization of the above equation has the following form.

F? = ¢”+;f + ¢’";f + ¢”~f2“ + ¢”~f; -0, i2+i2+i2 +i2 =0 (1.31)
! hl h2 kl k2 ! hl h2 kl k2
where,
h? = b (, ;‘ hi-1),h22 _h (hi2+ hi—l)’kIZ _ k; (kj;kj—l)’kzz _ ki (kj2+ kj—1) (1.32)

Inside the Semiconductor: Rewriting the Poisson’s equation inside the

semiconductor,
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V2¢i,j Z—gi -n,. exp(¢v—¢J+n exp{ ¢le P, }_Di’j (1.33)

T T; ;

Finite difference discretization of the above equation has the following form.

Fi?;' _ ¢i+;,j + ¢i—;,j + ¢i,j2+1 + ¢i,j2—1 ¢, iz"'iz"'iz"'iz
h1 hz k1 kz hl hz k1 kz

i~ P, i = P,
+ 4 —n, expl ——— |4+n, exp| — ML +D,;; =0
8 i,j VT' i, VT B

iJ iJ

(1.34)

s

Steady State Electron Current Continuity Equations: The steady state electron

and hole current continuity equations are solved at all mesh-points inside the
semiconductor. They are discretized by the Scharfetter-Gummel scheme [28]. The
temperature term in the equation is modeled as a local temperature 7;;. If the drift
diffusion equations are coupled with the heat flow equation, then we would be able to
extract the heat characteristics of the device. We have not used the heat flow equation in
my simulations, so the local temperature is in effect constant, and is equal to the
operating temperature of the device. The Scharfetter-Gummel discretization of the

steady state electron current continuity equation is given as
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(1.35)

n,; 1s the electron concentration at mesh-point (i, j).,B(}/) is the Bernoulli

function defined as

y
y)=—~— (1.36)
exp(y)-1
and,
PO il TR Vil EV NP (VT YRS Vi FE R Y
i+ VT‘i'j i— VT” Jts VT,-J J—3 VTiJ

The mobility terms in the above equation are written as,

By M Mo, TH,
L and = (1.38)

Here, ¢, and u, stand for the x-direction and the y-direction electron
Xij Yiij

mobility respectively, at mesh-point (i, j)

Steady State Hole Current Continuity Equations: The hole current continuity

equation can be discretized the same way as the electron current continuity equation.
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(1.39)
The mobility terms in the above equation are written as,
a, tH, H, TH,
ﬂp. 1. = Tooss 2 Do and ﬂPA 1 = pyl.jﬂ 2 pyl:] (1'40)

Here, ¢, and g, stand for the x-direction and the y-direction hole mobility

respectively, at mesh-point (i, j)

1.5.5. Numerical Methods

There are two numerical methods that are used to solve the set of discretized
equations. The first method is an iterative Gummel Iterative method which starts with an
initial guess for ¢, ¢, and ¢, at all mesh-points inside the device and solves the three
equations consecutively, to get to a solution. This solution acts like the initial guess for
the next solver, which is the Newton solver. The Newton solver solves for all three
variables ¢, @, and ¢, at all mesh-points simultaneously, using the Gauss-Newton
Algorithm.

Gummel Iterative Method: The Poisson, electron current continuity, and the

hole current continuity equations are solved for the electrostatic potential (¢), electron
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quasi-Fermi level (¢,), and the hole quasi-Fermi level (¢,), respectively, one after the
other, using an iterative solver.

First, the discretized Poisson’s equation is solved for ¢ at all points in the mesh
using an iterative method. In this case, ¢, and ¢, are kept constant. Next, using the new ¢
calculated over the mesh, the discretized electron current continuity equation is solved for
@, over the mesh. In this case, ¢ and ¢, are not allowed to change. Finally, using the new
¢ and ¢, values, the hole current continuity equation is solved at all mesh points and the
new ¢, is obtained.

The discretized finite-difference equations are solved using the iterative Gauss-
Seidel method. Here, as an example, we show how the solution for ¢ is obtained

iteratively. The discretized Poisson’s equation is arranged in the form
1,(¢".9,.6,)=0 (1.41)

where, k denotes the current iteration. The solver begins with an initial guess for ¢
at all mesh points in the device. According to Newton’s method for solving nonlinear

equations, we can write

a k
£,0.8,.0,)=1,(6°.6,.9, )+ A" (ai;j =0 (1.42)

Hence, we have,

-(£,f k
729)

Here, ¢ = ¢; = electrostatic potential at the mesh point (i, j). The iterations

Ag* = (1.43)  and P =" + AP (1.44)

continue till the error Ag¢" falls below a prescribed error criterion. Once convergence is
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reached for the electrostatic potential, a similar method is used to solve for the electron
quasi-Fermi level (¢,) and then for the hole quasi-Fermi level (¢,). Once we have

convergence for all three, we switch to the faster Newton’s method.

Newton Method: Unlike the Block Gummel Method, the drift-diffusion

equations remain coupled in this method. So ¢, ¢, and @, are computed simultaneously.
This is accomplished by defining a Jacobian matrix and solving for the changes in the

three variables between iterations. This process is represented as matrix equation as

i oF,  oF;  OF, 1 - k] -
09 o, 94, | | AP F,
oFy  OoFy  OFj —k
o n o A¢n - _ Fk
W % ~k k (1.45)
k k k .
OF) ~ OFy  OFf A¢p _F 6
| dp 99, 09, | -

where, the vectors é,qgn,ép signify that the matrix operation is performed for all

non-boundary mesh points of the variables @, ¢, and ¢,. Once the above matrix equation
is solved, the new values for @, @, and ¢, are obtained as

k+l _ gk k k+1 _ 1k k k+1 _ 4k k
) 1—¢ +A¢ 1—¢" +A@, and ¢," =9, +AQ, (1.46)

’ n

F¢,F¢ and F¢ are the discretized Poisson, electron continuity and hole
2 ,

continuity equations of the Drift-Diffusion system.
The Newton solver is allowed to iterate till it reaches the specified convergence
condition for all three variables. Then the current is calculated inside the channel, at the

drain contact, at the source contact and at the substrate contact. If the current is
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continuous across the device, then the simulation is proper and all relevant data is stored

in various files. A simple flowchart for the simulator is shown in Fig. 1.6.

Set up the device
dimensions, material
properties,
temperature, bias
voltages, doping
profile, etc.

|

Discretization of the
semiconductor
equations

Initial Guess
for ¢, on and
0p

lterative Gummel
Block Method.
Solve for ¢, n, p

Converged?

Newton’s Method
for better
accuracy

Converged?

Extract ¢, electron and
hole concentrations,
mobility, current density,
IV characteristics, etc.

Fig. 1.6 Flowchart for solving the drift-diffusion semiconductor equation system
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1.5.6. 2D Mesh

A 2D non-uniform mesh has been created for discretizing the drift-diffusion
equations for the MOSFET structure. The mesh is very fine near the drain and the source
junctions where there is rapid change in potential and charge concentration. Whereas,
near the center of the device, the mesh is coarse as there is not much variation in these
physical quantities there. In order to capture the physics of the inversion layer, the mesh
is kept very fine near the interface. The mesh spacing is kept as low as 2A near the
interface. This enables us to extract detailed physics of the inversion layer. For example,
we can extract mobility variations as a function of depth near the interface, or the current
density variation as a function of depth in a 4H-SiC MOSFET. The mesh is carefully
crafted so that the electrostatic potential does not vary by more than the thermal voltage

between adjacent mesh points.
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1.6. Thesis Outline

The rest of the thesis is dedicated to the discussion of the above mentioned
research goals.

The various aspects of developing high temperature models for 4H-SiC
MOSFETs will be discussed in Chapter 2. The models for interface trap density of states,
Coulomb scattering, Surface Roughness Scattering, etc. will be discussed in detail.
Simulation and experimental results will be compared for extracting the model
parameters. Details regarding the physics of transport in these devices with emphasis on
channel mobility will be part of this chapter. Quantum confinement in the channel and its
effect on interface trap occupation will also be discussed in this chapter. The chapter ends
with a discussion on variability in current SiC MOS devices as understood by SPICE
parameter extraction.

In Chapter 3, the dynamic response of 4H-SiC MOSFETs will be discussed. We
will derive a robust generation-recombination methodology describing interaction
between interface trap states and surface electrons, and use it to derive the time
dependent occupation of interface traps. The experimental setup and measurement
technique used to corroborate simulations, and to extract “effective” capture cross-
sections of the interface, near-interface and oxide traps will also be discussed.

Chapter 4 deals with the modeling of the transport in 4H-SiC power DMOSFETs.
ON state and OFF state characteristics are derived and model parameters are extracted by
comparison to experiment. Turn ON resistance is quantified and the role of channel
resistance in the behavior of these devices is explained. Further, modeling the breakdown

characteristics is discussed near the end of the chapter.
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Chapter 5 summarizes the research work and focuses on the important physical

phenomenon controlling transport in 4H-SiC MOSFETs.
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Chapter 2

2. High Temperature Modeling and Characterization of 4H-

Silicon Carbide MOSFETs

Typical proposed operating temperatures for SiC devices is from 25°C to well
beyond 400°C. This makes the characterization of the behavior of SiC devices at elevated
temperatures absolutely essential. We build on our previous work by developing
temperature dependent models for characterizing the working of SiC MOSFETs at high
temperatures. We extract the physics of the interface trap distribution at high
temperatures by comparing simulations to experiment. We observe a spreading of the
interface trap density of states near the conduction band edge with increase in
temperature. This coupled with the reduction in trap occupation probability at high
temperatures gives a complex relationship of occupied trap density and temperature. We
see an increase in current with temperature for 4H-SiC MOSFETs. A rigorous surface
roughness mobility model is developed which incorporates the effects of step flow
growth process of growing SiC wafers. We also estimate the saturation velocity of
electrons in the inversion layer and its change with temperature.

In the later part of the chapter we discuss modeling the quantum effects in the
MOSFET channel using a Density-Gradient modeling approach. We see that due to the
large oxide thickness (50nm), quantization does not have a significant effect on transport

in current SiC MOSFETs.
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Finally we introduce a methodology for extraction of SPICE parameters for 4H-
SiC MOSFETs. Details regarding parameter extraction and variation in key parameters

across devices on a single wafer are presented.
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2.1. Interface Traps and the effect of Temperature

Interface traps density of states inside the 4H-SiC semiconductor bandgap is
modeled as consisting of two parts. The trap states in the middle of the bandgap that have
a constant density with energy; and the traps near the band edges that are modeled as the
tail end states of some trap(s) lying in the conduction band (and/or valence band). These
band-tail states are very large in number generating the huge number of occupied traps at
the interface. They are therefore responsible for the detrimental effects observed in SiC
MOSFETs.

The density of interface traps for acceptor type traps that are located in the upper

half of the bandgap can be written as -

D,(E,.T)=D;“ + D;* (T)eXP(E' o J (2.1)

o(T)
Where, E; are the energy trap levels inside the bandgap, E¢ is the conduction band

energy, D) is the density of states for the traps located near the middle of the bandgap,
D% (T) is the density of states for traps at the conduction band edge, and o(T)is the

temperature dependent band tail energy parameter that governs the distribution of the
states close to the band edge. A similar expression can also be written for the donor states
located in the lower half of the bandgap.

The number of occupied traps depends upon the location of the Fermi level at the
interface, and hence is dependent on the applied gate voltage. We can write the

probability of occupation of the interface states as
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ft (Et): ! (2.2)

E -E
1+1exp ——F
2 k,T

E, is the Fermi level at the interface. The %2 term is included to account for the

double degeneracy in trap occupation. The density of occupied acceptor-like interface

traps is given by [26]
Et‘
Ny = [D,(E,)f,(E,)E, (2.3)
Em'utml

Where, E,...rq; 1s the neutrality point. We take the neutrality point to be the center

of the bandgap. The values for D, p«(r)and o(T) are estimated by comparing the
g p it it

simulated I-V curves at various temperatures to experimental data.

In the subthreshold and near-threshold regions of n-MOSFET operation, the
electron Fermi level is closer to the center of the bandgap. Because of this, the interface
traps in the midgap region of the 4H-SiC bandgap become occupied. Therefore,
comparisons of the simulated subthreshold and near threshold Ip-Vg characteristics of the
device with experimental data give us an estimate of the midgap density of states of the
interface traps. Fitting the subthreshold region of the Ip-Vg curve also enables us to
estimate the value of the band tail energy. Above threshold, in deep inversion, the
electron Fermi energy is closer to the conduction band-edge, causing traps at energies
closer to the band- edge to be occupied. Thus, we can extract the density of states of traps
near the band-edge by comparing the simulated and measured Ip-V characteristics in the
linear region.

Our results show a trend of spreading of the density of states near the edge of the

bandgap with rise in temperature. We believe that as temperature increases, the tail of the
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density of states for the trap(s) located in the conduction band (valence band in case of
donor states) will spread deeper into the bandgap. This is reflected as an increase in the
value of bandtail energy oin the density of states equation for interface traps. While our
extracted values portray a temperature dependence of interface trap density in SiC, there
has been little direct experimental evidence for this in the literature. However,
temperature variation of trap densities has been deduced for a Si—Si10; system [35], which
is similar to what we extracted for SiC. Increase in temperature does not have any

significant effect in the midgap densities (D) and their value remains constant.

Furthermore, increase in temperature also causes bandgap narrowing causing the
conduction band edge to move closer to the valence band. As a result there is a reduction

in the value of the band-edge density of states ( Di*°) with rise in temperature.

With increase in temperature, the probability of occupation of the interface traps
decreases. This would cause a net reduction in the occupied interface trap density. This
gives us an effectively higher mobile inversion charge in the MOSFET. Also, the
Coulomb scattering at the interface is reduced leading to a net increase in surface
mobility. These two effects in combination cause SiC MOSFET current to increase with

temperature.
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2.2. High Temperature Mobility Models

We have developed and implemented mobility models representing various
scattering phenomenon for 4H-SiC MOSFETs. These models have been developed for
low and high temperatures. At low temperatures, Coulomb scattering and surface
roughness scattering are the two dominant scattering mechanisms governing the total
current in low lateral field conditions. As temperature increases, Coulomb scattering will
become less important, and other scattering mechanisms like surface phonon and bulk
phonon scattering may become the dominant ones. For high lateral fields, we employ a
velocity saturation model to calculate the high field mobility.

The total mobility in the channel of a 4H-SiC MOSFET will be a net result of the
contributions of all these different mobility mechanisms. The different scattering rates

can be summed together to give the total scattering rate inside the semiconductor.

AL,
T)roar \T/)pu \TJsp \TJc \T/s

As mobility is inversely proportional to the scattering rate, the total mobility
inside the semiconductor is written using Matheissen’s rule as

r _t .t t. 1 (2.5)

B Hp Mo Mo Mo

Using device modeling and rigorous comparison to experiment, we extract values
for the physical parameters such as interface trap density of states, surface step height and
surface electron saturation velocity which determine these different mobilities. The

mobility models and their temperature dependence are described below.
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2.2.1. Low Field Bulk Mobility

Phonon scattering and ionized impurity scattering in the bulk are the mechanisms
limiting low field bulk mobility of charge carriers [20][36]. Introduction of impurities
(dopant atoms) in the semiconductor lattice gives rise to a perturbation of the periodic
potential of the crystal lattice. This perturbation (Coulombic potential) scatters the mobile
carriers flowing in the bulk semiconductor. For high doped regions of the MOSFET
(source and drain), ionized impurity scattering is an important scattering mechanism.
Further, lattice vibrations (phonons) in the bulk semiconductor also causes scattering of
the mobile carriers. The bulk mobility in 4H-SiC devices has been measured very
accurately using Hall measurements for a variety of dopings and temperatures. We have
used the Caughey - Thomas method for modeling bulk mobility [37]. The bulk mobility
can be represented as being dependent on the doping density and temperature according
to the following relation.

(3%)"’ s
ﬂmax T ﬂmm

Hp = 5 Hmin (2.6)
D
1+
(Nref j

The following table gives the values for the temperature dependence parameter

(@), and doping dependence parameters (N,,cand 5) [16][38].
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Table 2.1. Parameter values used for calculating the bulk mobility in a 4H-SiC MOSFET

[16][38].

Parameter Symbol Unit Value
Maximum Bulk Mobility | cm?/Vs 1071.0
Minimum Bulk Mobility |t cm?/Vs 5.0
Temperature Dependence a - 2.4

Doping Dependence Nier cm” 1.9x10"
Doping Dependence B - 0.40

2.2.2. Surface Phonon Mobility

Acoustic phonon scattering the surface is responsible for reduction in surface
mobility in MOSFETs. Surface phonon scattering is especially important at high
temperatures because of increase in phonon activity with increase in temperature. Surface
phonon mobility is modeled as being dependent on the surface field, the acoustic phonon
deformation potential and the average depth of the inversion layer at the surface. Various
values of the deformation potential from 11eV to 23.8eV have been listed in literature
[15][16][18].

The surface phonon mobility can be written as [19][26]

A B

HMoe =7

E, " TEY 2.7)

Where, A and B are parameters having the following forms [26]
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A=——"" (2.8)

1
B= e’ Pru?s on’ & 2.9)
mmMD.k, \4qm, '

m’ is the 2D density of states effective mass, m, is the conductivity effective mass
and m, is the perpendicular effective mass. oy, is the bulk density, v; is the velocity of
sound in the semiconductor, D, is the acoustic phonon deformation potential, E is the

perpendicular electric field, e is the electronic charge, T is temperature, 7 is Planck’s
constant and kg is Boltzmann’s constant. The measured and calculated values of the
parameters defining the surface acoustic phonon mobility in 4H-SiC MOSFETsSs are given
in Table 2.2.

Surface acoustic phonon mobility reduces with increase in perpendicular field. So,
it has more effect at higher gate voltages. Also, with increase in temperature, phonon
vibrations increase, causing increased phonon scattering of mobile charges. Hence, the

surface acoustic phonon mobility decreases with increase in temperature.
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Table 2.2 Parameter values for calculating surface acoustic phonon mobility in 4H-SiC

MOSFETs [16][39]

Parameter Symbol Unit 4H-SiC
Bulk Density Phbulk g/cm3 3.2
Velocity of Sound Vg cm/s 1.37x10°
Acoustic Deforma‘uon D,. eV 20
Potential
. my, mp, ms 0.29, 0.58,
Effective Mass (for electrons) 0.33
. m', me, m, 0.41, 0.39,
Effective Mass (for electrons) 0.41
Calculated Parameter A cm/s 7.8243x10’
Calculated Parameter B (V/cm)'2/3°°K°cm/ S 9.9240%x10°

2.2.3. Coulomb Scattering Mobility

Coulomb scattering of inversion layer charges by trapped charges and fixed
charges at the interface is the dominant scattering mechanism at low temperatures and
low gate fields in 4H-SiC MOSFETs. The Coulomb mobility (£) for electrons at a depth
z in the inversion layer, due to scattering caused by charges located at a distance z; inside

the oxide, at a temperature 7 is given as [25]

1 _ m*e3N2D (Zi)

- Flz, 2, T 2.10
te(z,2,.T) 1678k, T (22.7) (2.10)

Where,
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(2.11)

2 *
8m k,T
95 exp —2\/m—23sin2a+qu (z-z,) |d
a=0 kBT s 2 2 h

— o sin a+q..

Here, N,p (z,-) is the density of scattering charges located at z; inside the oxide, gy,
is the screening wavevector that depends on the inversion charge density and the depth of
the inversion layer, and « is the scattering angle. For our modeling and simulations, we
consider that all the trapped charges are located at the interface (z;=0).

At high temperatures, the mobile charges have higher energy, and so they scatter
less from the trapped charges. Hence, Coulomb mobility increases with temperature.
Further, due to lower probability of trap occupation at higher temperatures, the scattering
charge density also reduces, thereby giving higher mobility. Thus, the effect of
Coulombic scattering will be less at higher temperatures, giving a higher effective

mobility and thereby higher current in the SiC MOSFET.

2.2.4. Surface Roughness Mobility

Surface roughness mobility arises from the scattering of mobile carriers by
imperfections of the SiC surface [39][40]. 4H-SiC MOSFETs are grown on an 8° off-axis
substrate. This step flow growth procedure gives rise to surface steps that are about 1nm
high and repeat every 7nm. These steps are termed as nanosteps. Furthermore, there is
evidence of step bunching due to formation of very high (3-5 nm) and very long (30nm-
70nm) macrosteps along with the nanosteps at the SiC-SiO; interface [39][42][43]. A

schematic for such a SiC surface is shown in Fig. 2.1. This makes the SiC surface very
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complex and also causes significant surface roughness scattering at high fields

perpendicular to the interface.

Nanostep Macrostep [0001]

J’ ~1nm \ [1120]
o \ }

3-5nm

Surface

Fig. 2.1 Surface of a 4H-SiC MOSFET consisting of step bunches which are a

combination of nanosteps and macrosteps.

The surface roughness scattering rate is calculated by first writing a perturbation
potential arising from the fluctuations in the surface of the semiconductor. The
perturbation potential is written as

v

=T 2.12
32 (2.12)

‘/perturb(’7 ) = é‘(,7 )
S(F) represents the surface roughness which is the variation in the height of the

. . av . N
surface steps as a function of position, and a—glves the electric field at the
F4

semiconductor surface.
Surface roughness gives rise to fluctuations in the potential energy that electrons

feel, in essence, varying the depth of the local potential well. Thus, electrons directly at
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the interface, as well as those slightly away from the interface in the channel, are affected
by surface roughness. To account for the depth dependence of surface roughness
scattering, we consider the electrons to be free in the plane parallel to the surface, and
bound in the direction perpendicular to the interface. We then express the scattering as a
series of 2-dimension matrix elements at each depth. We evaluate the matrix element at
each depth in the channel thereby providing the surface roughness scattering rate as a
function of depth into the channel.

Fermi’s Golden Rule describes the probability of an electron scattering from an
initial state to a new state.

T, = 27” |H,, " §(E(k)-E(Kk")) (2.13)

Where Hy is the matrix element describing the interaction of the electron
wavefunction with the perturbation potential. The matrix element for the perturbation

potential for surface roughness scattering can be written as

Hy =| e"’?'fa(f)aa—ve—"’”df (2.14)
<

As the perpendicular field is independent of r, the matrix element can be written

in terms of the scattering wave vector g as
H, =F (z)[ 8(F)e " dr (2.15)

F,(z) is the perpendicular component of the electric field at a depth z inside the

MOSFET away from the interface, k and k  respectively represent the electron

wavevector before and after the scattering event, and scattering wavevector ¢ is the

vector difference k' —k .
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Thus, from the above equation, we can see that the matrix element is essentially
the Fourier transform of the fluctuation in the surface morphology as described by the
function &r). In Fermi’s Golden Rule, the square of the scattering matrix element is used

to calculate the scattering probability and it is written as [44]

|H, =e’F (z)S(q) (2.16)
Here, S(g) is the square of the Fourier transform of the roughness function J(r)
and is known as the roughness power spectrum. By convolution, the power spectrum is
also the Fourier transform of the autocovariance function %R,(5(r)) of 8(r) [45]. We

represent the surface roughness using an exponential autocovariance function as [45]
Rs;=(80r).0r—r))=A" e (2.17)
Where, A is the average step height and L is the step repetition frequency or

correlation length [44][45]. Therefore, the roughness power spectrum can be written as

T NI?
S(q)=<k|‘~’%|k3={— (2.18)
14 }

The roughness power spectrum represents the amount of scattering that can occur
for a given value of the scattering wavevector. The nanosteps give a very wide (small L)
power spectrum with small amplitude (small A), whereas the macrosteps give a very
narrow (large L) power spectrum with large amplitude (large A). As shown in Fig. 2.2,
we use a power spectrum that is a combination of the two to represent the step bunching

phenomenon at the 4H-SiC surface.
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Fig. 2.2 Power spectrum for the surface steps incorporating the effect of step bunching

(both nanosteps and macrosteps) and used in simulations to fit to experimental data.

Using Fermi’s Golden Rule and the scattering matrix element defined above, the
probability of scattering an electron with wavevector k and energy E to a new state with

wavevector k and energy E'is then written as

27[ , 27[2 2A2L2F 2
Sule)=""|H, [ 8(E-E)="— 2LLZ(Z) s
h(1+qj

2

(E-E) (2.19)

Including the effect of screening on surface roughness scattering [46], and using

the scattering probability given above, the scattering rate is written as [46][47]
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E and E’ represent the initial and final energies for the scattered electron. & is

the angle between k and k’. g, is the screening wavevector that is dependent on

inversion layer charge density. This scattering rate is then used to write the depth

dependent surface roughness mobility as

_m /[ 1A\ n 11
H(2)= ; <<rSR>> (chm*e AZLZJ T o 2.21)

where Q. is given as

/2

sin’(@)da
QSR:J- ( )d

’ sin(a)+*q$ (1 +sin’ (@) I Wj
\8m'k,T | h

Here, (z) is the depth dependent surface roughness mobility, 7 is Planck’s

(2.22)

constant, e is the electronic charge, m. is the conductivity effective mass, m* is the
density of states effective mass, T is temperature, kp is Boltzmann’s constant, ¢ is the
scattering angle and ¢, is the screening wavevector.

As temperature increases, the carrier concentration at the interface becomes less
dense thereby reducing the shielding of the surface potential perturbations by the channel
mobile electrons. This results in electrons, that are deeper into the channel and away from
the rough surface, to scatter at a rate which is slightly too high. To compensate for this
reduced shielding at higher temperatures, we introduce an effective field at each

depth F; (z,T) inside the semiconductor as
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Y
F,(zT)=F (z) (?j (2.23)

where ¥is an empirical parameter between zero and one.

For the MOSFET under measurement and simulation, we have extracted the root
mean squared height of the surface steps (A) as 3.5nm and the correlation length as L =
7nm. Simulations and comparison to experiment of Ip-Vgs curves at high temperatures

has given us the value of yas 0.65.

2.2.5. High Field Mobility — Saturation Velocity

The effect of high lateral field on the total mobility in a 4H-SiC MOSFET is
given in terms of the saturation velocity. The total mobility that includes the low field and

the high field components is written using Thornber’s model [48] as

1, (7)= ) . (2.24)
1+[IULF (T)EnJﬁ ’
v (T)

Where, vy, is the saturation velocity, Ej is the lateral field, g r is the total low

field mobility obtained by summing up the different mobility using Matheissen’s rule. yr
is the total mobility, and J'is an empirical parameter.
The saturation velocity decreases with temperature due to increase in phonon

scattering and is given as -

n
v, (T)=v,,(300)- (%ﬂj (2.25)

Our simulations and comparison to experiment have given us the values of these

parameters as: v(300) = 10’ cm/s, =2, and 7= 0.5.
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2.3. Parameter Extraction Methods

We employed two strategies for extracting the physical parameters of the
interface trap density of states and the mobility models. The main parameters responsible
for governing transport in the devices are the interface trap density of states (D;%%¢, D;™,
0), and the surface roughness step height (A). These quantities affect very distinct
regimes of device operation. The interface traps get occupied very quickly when gate bias
is increased, reaching close to the maximum occupied values close to threshold.
Therefore, comparison of the subthreshold Ip-Vgs simulated characteristics to experiment
enables us to extract the interface trap parameters. At large gate biases, the inversion
charge screens out the Coulomb scattering from occupied traps. In this case, the total low
field mobility is controlled by surface roughness scattering. Therefore, comparison of
simulated and measured Ip-Vgs characteristics at high gate bias would give values for the
surface roughness parameters. We extract these values by using an automated curve-

fitting method and also by directly varying the parameters based on past knowledge and

some available experimental data.

2.3.1. Automated Parameter Extraction

A curve fitting method involving the steepest descent Newton’s method algorithm
is used to extract the physical parameter values. For the four values to be extracted, four
distinct gate biases are chosen to represent the subthreshold, near-threshold, and large
gate bias region of the Ip-Vgs characteristics. Further, the parameters D,*%¢ and D;™ are

several orders of magnitude larger than the band-tail energy o and the surface roughness
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step height A. Therefore, we extract the logarithms of D,*%¢ and D, instead of the real

values.

The curve-fitting problem is set up as follows. Four points on the experimental Ip-
Vs characteristics are chosen. Then using an initial guess for the parameter values, we
simulate the four bias points. The cost function is evaluated as the difference between the
simulated and measured current values. The simulator is run four more times, each time
varying one of the parameters by a small amount. The calculated values of current in each
case are used to evaluate the derivative of the cost function due to each parameter. These
derivatives are then used in the Newton’s method to calculate the step direction for each
parameter. The new parameters are evaluated and the process is repeated until the cost
function reaches an acceptable error limit.

This method is simple, but it takes a very long time to get the extracted values.
The reason for this being the need to use the device simulator each time a derivative of
the cost function needs to be calculated. Therefore, the simulator needs to be run four
times in each Newton’s cycle. Also, if the initial guesses are not close to the final
solution, the method diverges very quickly. Also, as the change in current with gate bias
is exponential in subthreshold, quadratic in near-threshold, and linear at high gate biases,

the effects each parameter has on the cost function cannot be predicted very well.

2.3.2. Custom Parameter Extraction

During our work on extracting the physical parameters that govern transport in
SiC MOSFETs, we have found that using a more direct approach on selecting the values

for the interface trap density of states and surface roughness, provides a much quicker

53



method of obtaining fits to experiment. Our strategy involves obtaining fits to experiment
by choosing interface trap parameters that are close to values reported in literature, and
also measured by our collaborators at the Army Research Laboratory. We ensure that the
parameters do not go out of bounds with respect to the experimentally measured values.
Further, on obtaining close match to experiment, we use the steepest descent algorithm to

get to the final solution.
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2.4. High Temperature Lateral MOSFET Results

We have implemented the mobility models and the interface trap physics
described above in our 4H-SiC MOSFET device simulator and carried out simulations for
various devices with different bias voltages and temperatures. Here we present some of

the results and the physics we have extracted from them.

2.4.1. Linear and Subthreshold Current vs. Temperature Characteristics

We use a close correlation between simulation and measurement of Ip-Vgs in
subthreshold and linear regions to extract the density of states of the interface traps.
Interface traps have a strong effect on the sub-threshold and near-threshold regions of the
Ip-Vs characteristics of 4H-SiC MOSFETs. In the sub-threshold region, increase in gate
voltage causes a rapid occupation of the mid-gap states. As the gate voltage increases
further, the Fermi level moves closer to the band edge and thereby causes occupation of
band-edge traps. Therefore, simulation of the subthreshold characteristics and
comparison to experimental measurements gives us a measure of the mid-gap density of
states and the band-tail energy, whereas comparison of near-threshold characteristics
enables us to extract the band-edge density of states of the interface traps.

Fig. 2.3 and Fig. 2.4 show the low-field Ip-Vgs simulations and comparison to
experiment for a 424um x 5um 4H-SiC MOSFET at 25°C, 100°C and 200°C. The solid
lines are the experimental measurements while the circles are the simulations. The drain
bias in these measurements and simulations was kept at S0mV. The match between

simulations and experiment at all three temperatures and in the subthreshold, near-
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threshold and high gate bias regions can be clearly seen from the two figures. This
agreement gives us confidence that the models are an accurate description of the internal

operation of the device.
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Fig. 2.3 Simulated Ip-Vgs characteristics and comparison to experiment for a 4H-SiC

MOSFET at different temperatures. Vps = 50mV.
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Fig. 2.4 Simulated Ip-Vgs characteristics and comparison to experiment for a 4H-SiC
MOSFET at different temperatures. Vps = S0mV. (Plotted on log scale for subthreshold

region comparison. )

2.4.2. Extracting Interface Trap Density of States at Different Temperatures

As mentioned before, in the subthreshold region of operation, the Fermi level is
located towards the middle of the bandgap, indicating the occupation of the interface
traps located near midgap. Therefore, the good agreement between simulations and
experiment in the subthreshold region at the three temperatures enables us to extract the
value for the midgap density of states (D), and the temperature dependent band-tail
energy parameter (o(T)). We see a constant value of 2.4x10" cm?eV™! for the midgap

density of states for all three temperatures. The band-tail energy parameter increases
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monotonically from 67 meV to 93 meV as the temperature rises from 25°C to 200°C. We
believe this monotonic increase is due to the spreading of the band-tail states of the
interface traps with rise in temperature.

As gate voltage is increased, the Fermi level moves closer to the conduction band
and more of the band-edge states become occupied. Agreement between simulations and

experiment in this near-threshold region gives us the value of the band-edge density of

states (D;®‘(T)). The value of the band-edge density of states reduces from
5.7x10" cm™eV™! to 4.1x10" cm™ eV from 25°C to 200°C due to narrowing of the 4H-
SiC bandgap. The extracted interface trap density of states profiles at the three
temperatures is shown in Fig. 2.5. The trap density of states is higher over part of the
bandgap at higher temperatures. But, as the bandgap is larger at lower temperatures, traps
located at larger energies are exposed, thereby resulting in higher band-edge density of
states values.

We note that the extracted values for the trap density of states parameters are for
the particular 4H-SiC MOSFET under test. We have observed different interface trap
density of states for devices fabricated with different processes, and also from wafers

from different lots. Thus, the precise extracted values are likely to be subject to the exact

processing of the device.
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Fig. 2.5 Extracted interface trap density of states for different temperatures. Simulations
and comparison to experiment indicate spreading of the band-tail states at high
temperatures. Also, as the conduction band edge moves towards the middle of the

bandgap, the band-edge value of the density of states reduces.
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2.4.3. Extracting Surface Roughness

At large perpendicular electric fields, and hence large values of Vgs, surface
roughness scattering becomes the mechanism that dominates mobility in the inversion
layer. Therefore, by comparing simulated Ip-Vgs characteristics to experiment at high
gate voltages, we are able to extract the values for the surface roughness scattering
parameters A (rms height) and L (correlation length). The extracted values of A and L are
3.5 nm and 7.0 nm respectively for the 4H-SiC MOSFET under test. The step height is an
order of magnitude higher than the current Silicon MOSFETs. This makes surface
roughness scattering the dominant scattering mechanism in SiC MOSFETs, especially at
high vertical fields.

As has been discussed previously, the large value of A is indicative of the
presence of both nanosteps and macrosteps at the surface. In addition to step bunching at
the SiC surface, high surface roughness parameters may also be attributed to the presence
of a transition region between the 4H-SiC and SiO, regions near the interface. Recent
studies of the 4H-SiC/SiO, interface by high-resolution transmission electron microscopy
(TEM), Z-contrast scanning TEM, and spatially resolved electron energy-loss
spectroscopy have revealed the presence of a 2nm-20nm thick interfacial layer containing
Silicon, Carbon and Oxygen [49]. C-V measurements have verified that the inversion
layer forms inside this transition region. Some researchers have suggested a direct
relationship between the thickness of the transition region and surface mobility. This
transition region may also be the reason why we extract such large values of surface

steps.
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2.4.4. Extracting Saturation Velocity

In the saturation region of operation for a MOSFET, a large lateral electric field
forms at the drain-channel junction. This large field accelerates the channel electrons to
high velocities. The surface velocity saturates due to phonon scattering giving rise to a
high-field mobility component that is dependent on the saturation velocity and the lateral
electric field. The current in the saturation region is limited by this high-field mobility.
We simulate the high field Ip-Vps curves for the 4H-SiC MOSFET for different gate
biases and temperatures and compare them to experiment. This comparison enables us to
extract the saturation velocity (vy,), the parameter £ in Thornber’s high-field mobility
model and the temperature dependence of saturation velocity (7). Fig. 2.6, Fig. 2.7 and
Fig. 2.8 show the simulated and experimentally measured Ip-Vpg characteristics at room
temperature, 100°C and 200°C respectively. We see reasonably good agreement between
simulation and experiment. Our simulations indicate the value of saturation velocity at
room temperature to be approximately 1.0x10’cm/s which is roughly half of the bulk
saturation velocity. The temperature dependence of this saturation velocity (77 = 0.5) is
similar to the temperature dependence of bulk saturation velocity of 4H-SiC [50]. The

extracted high-field mobility parameters are given in Table 2.3.
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Table 2.3 Extracted parameter values from comparison of high temperature low field Ip-

Vs simulations to experiment

Parameter Symbol | Units 25°C 100°C 200°C
Midgap Trap Density of D, | em2eV! 2 4x10"
States
Bandedge Trap Density | py cae | (o201 | 573410 | 5.0x10° | 4.1x10"
of States
Band tail energy o meV 67 75 93
Fixedand Oxide Trap |y | o2 | 133x102 | 1.15x10"% | 1.05x1012
Charge
Average Step Height A nm 3.5
Average Correlation
Length L nm 7.0
TemperaFure l?ararpeter y i 0.65
for Effective Field in tg
Saturation Velocity Vsat cm/s 1.0x10’
Thornber Model S i 20
Parameter
Temperature
Dependence of n - 0.5

Saturation Velocity

62




2.4.5. Saturation Current vs. Temperature Characteristics

The comparisons of the simulated and experimental Ip-Vps characteristics for
different temperatures are given in Fig. 2.6, Fig. 2.7, and Fig. 2.8. Good agreement of
simulations and experiment is seen for different gate and drain biases for all three
temperatures. This helps us verify our low and high temperature mobility models and

extract the various physical characteristics of 4H-SiC MOSFETs.
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Fig. 2.6 Simulated and experimental Ip-Vps curves at room temperature for a 424um x

Sum 4H-SiC MOSFET for different gate biases.
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Fig. 2.7 Simulated and experimental Ip-Vps curves at 100°C for a 424um x Sum 4H-SiC

MOSFET for different gate biases.
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Fig. 2.8 Simulated and experimental Ip-Vpgs curves at 200°C for a 424um x Sum 4H-SiC

MOSFET for different gate biases.

64



2.5. Physics of High Temperature 4H-SiC MOSFET Operation

From our device simulations we can observe and interpret the physics of transport
inside a 4H-SiC MOSFET. We can observe the effect of various mobilities at different
temperatures and bias values, and thereby determine which scattering mechanisms
dominate under the various conditions. Here we compare and contrast the two main
scattering mechanisms observed in 4H-SiC MOSFETSs, Coulomb scattering and Surface
Roughness scattering, and characterize their effects at different biases. Further, we
discuss the behavior of low-field and high-field mobility as a function of temperature and
location inside the MOSFET. We examine how current changes with temperature in a
4H-SiC MOSFET and explain the rationale behind this behavior. Finally, using the
device simulator, we show the working of a hypothetical 4H-SiC MOSFET that has a
greatly reduced concentration of interface traps, and compare the results with the

MOSFET under test.

2.5.1. Coulomb Mobility and Surface Roughness Mobility:

After obtaining agreement with experiment, we are now able to compare the
effects of the various mobilities that help to determine 4H-SiC MOSFET behavior.
Simulation indicates that Coulomb and surface roughness mobilities are dominant in the
subthreshold and linear regions of operation. Fig. 2.9 and Fig. 2.10 show the Coulomb
scattering mobility and the surface roughness mobility at the center of the channel as a
function of depth inside the semiconductor for two different gate voltages. The plots in
Fig. 2.9 are for a gate bias of 3V. For this low gate bias, the figure indicates that Coulomb

scattering mobility has a greater effect limiting current than does surface roughness
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mobility. However, Fig. 2.10 shows that for larger gate voltages, surface roughness
mobility becomes the dominant mechanism. This transition from Coulombic dominated
mobility to surface roughness limited mobility, is due to increased screening of interface
charge by the inversion layer, and hence less interface state Coulombic scattering,

allowing Surface roughness to dominate. The figures also indicate that mobility is a

function of depth into the device. The 1 dependence of Coulomb potential causes
r

Coulomb mobility to rise very quickly with distance away from the interface. This effect
is even more pronounced at large gate voltages where screening is high. The figures also
indicate that surface roughness mobility increases with depth into the device. This is due
to the reduction of the surface roughness scattering potential with distance into the
device.

These results indicate that SIC MOSFET device processing should be focused on

both, reduction of interface traps as well as on smoothing the surface.

66



Mobility (cm’/Vs)

> 4 6 8 10
Depth (nm)

Fig. 2.9 Comparing Coulomb mobility (t) and surface roughness mobility (tsg) at low

gate bias. Coulomb mobility dominates near the interface due to less screening. Total

low-field mobility () follows the Coulomb mobility curve near the interface.
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Fig. 2.10 Comparison of Coulomb mobility and surface roughness mobility at high gate
bias shows that surface roughness mobility dominates near the interface. (The curves are

for the mobilities at the center of the channel and are plotted as a function of depth away

from the interface.)
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2.5.2. Temperature Dependence of Low-Field Mobility

By comparing experiment with simulation we are able to quantify the values for
mobility versus temperature and distance from the interface. Fig. 2.11 and Fig. 2.12 show
the bulk phonon mobility and the surface phonon mobility at three different temperatures
plotted as a function of depth. Both mobilities decrease with temperature. Hence, at much
higher temperatures, they would become the dominant mechanisms. Bulk mobility
obviously does not change with depth because the doping is constant in the epi-layer,
whereas surface phonon mobility increases with depth as it depends upon the

perpendicular electric field.

1000

900}

800} 1
=-=200°C

700_ ——-1DDDC ]
— u]

BOOf= == =TT m s s s s

Bulk Mobility (cnf//s)

400¢

B {010 R ———

200
Depth (nm)

Fig. 2.11 Bulk mobility is constant with depth as the doping is constant in the epi-layer. It
decreases with increase in temperature, but is still much higher than surface roughness

and Coulomb mobilities.
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Fig. 2.12 Surface acoustic phonon mobility as a function of depth at different
temperature. It also decreases with temperature, and may become the dominant mobility
at elevated temperatures and larger gate fields. (The curves are for the mobilities at the

center of the channel and are plotted as a function of depth away from the interface.)

Fig. 2.13 and Fig. 2.14 show the total low-field mobility as a function of distance
from the interface at room temperature, 100°C and 200°C, for gate biases of 2V and 10V,
respectively. As discussed above, at Vgs=2V, Coulomb scattering limits the mobility.
Furthermore, we see from equations (2.8) and (2.9), that Coulomb scattering is inversely
proportional to temperature. The higher the temperature, the more energy electrons have,
and are therefore less affected by the Coulomb potential. Also, Coulomb scattering is
directly proportional to the occupied trap density. As occupied trap density decreases
with rise in temperature, Coulomb scattering also decreases. Since the total low-field
mobility curve follows the Coulomb mobility curve at this gate bias, with increase in
temperature, the low-field mobility increases. This increase in total low-field mobility

with temperature at low gate bias can be seen from Fig. 2.13.
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Fig. 2.13 The total low-field mobility near the interface (0-2nm) shows an improvement
with temperature as at this gate bias condition, its value depends on the Coulomb

mobility

At higher gate biases, surface roughness mobility dominates, as discussed in the
previous section. Surface roughness mobility is only weakly dependent on temperature.
Therefore, we do not see much effect of temperature on the total low-field mobility at
higher gate biases (Fig. 2.14) near the interface. For deeper into the device, bulk phonons
start to cause total mobility decrease with higher temperatures, as shown by the 200°C

curve in Fig. 2.14.
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Fig. 2.14 Total low-field mobility near the interface (0-2nm) at high gate voltages does
not change much with temperature as the increase in surface roughness mobility with
temperature is quite small and it is opposed by the change in surface phonon mobility.
(The curves are for the mobilities at the center of the channel and are plotted as a

function of depth away from the interface.)

2.5.3. High-Field Mobility

The high-field mobility component becomes important in the saturation regime of
MOSFET operation. At large drain biases, there is a large lateral field near the drain-bulk
junction. This causes saturation of the velocity of surface mobile carriers causing high-
field mobility to become very small near the drain. Therefore, velocity saturation limits
the mobility and thereby current in the saturation region. The high-field mobility reduces
with temperature mainly because optical phonon scattering increases causing the
saturation velocity to decrease [47].

The behavior of total surface mobility near the drain-bulk junction is quite

complex. With a large drain bias, a depletion region develops near the drain-bulk junction
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causing the mobile electrons to be pushed away. This then causes a reduction in the
amount of trap occupation near the drain as shown in Fig. 2.15, resulting in an
improvement in the low-field mobility near the drain. This opposes the reduction in
mobility due to velocity saturation. Therefore, the total surface mobility is a complex
function of drain bias and temperature. As shown in Fig. 2.16, the total surface mobility
increases slightly as we go from the source to the drain on account of the reduction in
occupied trap density, but then near the drain boundary, owing to the large lateral fields,
it shows a sharp decrease.

Furthermore, as seen in Fig. 2.15, the total occupied trap density over the entire
gate length decreases with rising temperature. This causes an increase in the total
mobility with temperature in most of the channel, except for in the pinch-off region, as
shown in Fig. 2.16. The curves are for the surface mobilities plotted as functions of
position along the channel from the source (x<Oum) to the drain (x>5um). Finally, by
observing the highly doped source and drain regions of Fig. 2.16, we see that the bulk

mobility decreases with temperature.
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Fig. 2.15 Occupied interface trap density (N;) as a function of position along the
interface. N;; decreases with temperature along the entire length of the interface. Also, Nj

reduces as we go from source to drain
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Fig. 2.16 Total surface mobility as a function of position along the channel. An initial
increase in mobility is due to reduction in trap density as we go from source to drain. The
sharp reduction is due to the effect of velocity saturation. Also, total mobility increases
with temperature for most of the channel length. Curves are plotted for Vgs=5V and

Vps=10V bias condition.
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2.5.4. Current Density vs. Temperature

Fig. 2.17 and Fig. 2.18 show the current density as a function of depth for four
different gate biases and three temperatures for the 4H-SiC MOSFET. We can see that at
low gate biases, the current is spread deep into the device. As the gate voltage increases,
surface mobility improves slightly and also electrons are pulled closer to the interface.
This causes the peak of the current density curves to shift towards the interface. We can
also see that the current density is higher for higher temperatures. This effect is more
pronounced at lower gate biases because the improvement in surface mobility with
temperature is more significant at low gate voltages due to dominance of Coulomb

scattering.
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Fig. 2.17 Current density as a function of depth for different temperatures at low gate
biases. Current is spread out more, and the peak is slightly away from the interface owing
to large Coulombic scattering near the interface. Current density increases significantly

with temperature.
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Fig. 2.18 Current density as a function of depth for different temperatures at high gate
voltages. Peak of the current density curves is near the interface. Improvement in current
density with temperature is not so significant. (The curves are for the mobilities at the

center of the channel and are plotted as a function of depth away from the interface.).

2.5.5. Increase in Current with Temperature

In all three regions of the 4H-SiC MOSFET device operation (subthreshold, linear
and saturation), current increases when temperature increases from 25°C to 200°C. This is
shown in Fig. 2.19. There are numerous factors that affect the value of the current versus
temperature. These factors include the various scattering mechanism and the density of
interface states. However, simulations show that the dominant mechanism responsible for
the increase in current is the decrease of occupied traps with increasing temperature. As a
result, more electrons are available, at a given gate voltage, for conduction in the channel
as temperature increases. The occupied interface trap density and the inversion charge,
as a function of gate voltage, for three different temperatures is shown in Fig. 2.20. The

figure also shows that the occupied trapped charge is larger than the mobile channel
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charge, until gate biases become very large. This indicates that significant improvement
in current and transconductance can be realized through reduction of the interface trap

density.
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Fig. 2.19 Increase in current with temperature seen for a 4H-SiC MOSFET at a gate bias
of 10V.
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Fig. 2.20 Inversion charge density (N;,,) and occupied interface trap density (N;) as a
function of gate bias and temperature. A net increase in inversion charge with

temperature occurs due to reduction in trap occupation with temperature.
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2.5.6. Predicting Device Performance if Interface Trap Concentration is

Reduced

A useful application of modeling is that once you have confidence in the physical
models that define device operation, by obtaining agreement with experiment over a wide
region of biases and temperatures, you can use simulation to design and predict the
performance of devices that are not yet fabricated. Here, we use these capabilities to
predict the performance of 4H-SiC MOSFETs that have significantly reduced interface
state densities. In Fig. 2.21 we compare the Ip-Vgs characteristics of the experimental
device with those of a hypothetical device that differs by only a factor of ten reduction in
the band-edge density of states. The comparison is for the linear region of operation. In
Fig. 2.22, we show a comparison for Ip-Vpg of the actual and hypothetical devices in the
linear and saturation regions. The figures show that the reduction of interface traps yields
large improvement in current-voltage characteristics. We further note that the
temperature dependence of current changes when trap densities are reduced. We see a
lesser relative increase in current with temperature at a given bias in the case of our
hypothetical device with reduced trap density as compared to the experimental device.
Eventually, when the trap density of states become much less than the current values
(comparable to Silicon MOSFETs), we should actually see current reducing with

increasing temperature because of lower surface mobility at high temperatures.
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Fig. 2.21 Projected improvement current at three different temperatures, in a 4H-SiC
MOSFET on reduction of band-edge density of states of the interface traps by a factor of

10, in the linear region of operation.
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Fig. 2.22 Projected improvement current at three different temperatures, in a 4H-SiC
MOSFET on reduction of band-edge density of states of the interface traps by a factor of

10, in the saturation region of operation.
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2.6. Quantum Confinement in the Channel and Interface Trap
Occupation

The Drift-Diffusion model for device simulation described in the previous
sections does not include the effect of quantum confinement in the channel. For thin
oxides, channel confinement is an important phenomenon. Quantum confinement pushes
electrons away from the interface, and thereby increases the effective oxide thickness.
The increase in oxide thickness translates to a lower oxide capacitance (C,,) and lower
current in the MOSFET. The current generation SiC MOSFETs have very thick oxides
(~50nm). Therefore, an increase in the effective oxide thickness of a few nanometers due
to confinement will not noticeably change the transport properties. However, the
occupation of interface traps may be change if we considered a quantum confined
channel. Here we describe a simple methodology of including quantum effects in SiC
MOSFETs and using it to evaluate trap occupation. Our results show that effect of
quantum confinement is negligible for the current generation of SiC devices. Finally we
will discuss in brief the effect of quantization on channel mobility and how our classical
and quantum simulations would affect the extracted values of the physical parameters

which determine the scattering rates.

2.6.1. Quantum Correction using Density Gradient Method

To account for quantum effects, we incorporate the density gradient method to
add quantum corrections to the calculation of the electron concentration inside the

MOSFET channel. Equation (2.26) is the Schrodinger equation describing confinement in

79



the MOSFET channel. Here x is parallel to the MOSFET channel while y is perpendicular
to it. E is the energy of the system, V(x, y) is the potential inside the semiconductor, and

w is the wavefunction of the electrons confined in this quantum well.

{—h—z(ia—z+La—2j+V(x,y)}w(x,y)=EV/(x,y) (2.26)

2\m, ox* m,dy’

The square of the wavefunction at each location (x, y) inside the device gives the
probability of finding an electron there. This means that the square of the wavefunction is
a measure of the electron concentration at any point (x, y) inside the device. In the
Density Gradient formalism, the Schrodinger equation is solved approximately by
replacing the wavefunction by the square root of the electron concentration. The first
term of the Schrodinger equation then becomes the quantum correction that needs to be
applied to the current equations to get the quantum confined electron concentration
values. We term this as the effective quantum potential @py. Also, the channel is confined

only in the y-direction, and so the quantum potential can be written as [51][52]
oy =——F——5— (2.27)

Here, m, and n are the electron effective mass and the electron concentration
respectively, and 7 is the reduced Planck’s constant.

The quantum-corrected electron current equation is then written as

J, = —qn,unﬁ(¢+ ¢QM )+ qD,ﬁn (2.28)
Our new system of equations consists of the Poisson equation, electron and hole

continuity equations, and the effective quantum potential equation of equation (2.27).
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vig=-P (2.29)

E
o _1v.j 4G -R (2.30)
o q
P__lv.j+¢ -R (2.31)

We first solve the classical Drift-Diffusion system (@ = 0) self-consistently.
Then the quantum correction is calculated and the whole system is solved again to
include the effects of quantum confinement.

Evaluating the occupation of interface traps involves knowing the surface Fermi
level at each position x along the interface. We compare the Fermi level computed in the
classical solution and two models for Fermi level computed in the quantum corrected

solution. Then the occupation of traps is calculated and compared for the three cases.

2.6.2. Surface Fermi Level Obtained from Classical Solution

The Fermi level at each point along the interface is calculated by using the
classical electron concentration at the surface (n(x,0)) and the effective density of states at

the conduction band minima (N¢) for 4H-SiC as

E,(x)=E, - k’;T h{"g\’;’mj (2.32)
C

2.6.3. Extracting Fermi Level from Confined Inversion Layer

QM Model I: We follow the classical model methodology, but use the quantum

surface electron concentration to calculate the Fermi level and thereby determine the trap
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occupation. This model does not provide details of the quantization of the conduction
band. Due to quantum confinement, the conduction band will be split into quantized
levels, thereby moving the conduction band minima to a level higher than E. This effect
on energy quantization is included in the second quantum trap occupation model.

QM Model II: Taking into account the splitting of the 3D conduction band into
2D sub-bands, the total inversion electron charge density (2-D electron density) for single

sub-band occupation is written as [53][54]

e HEET o E- ) o

Where, n;,, is the 2-D electron inversion charge density, M is the valley
degeneracy, m* is the density of states effective mass, kg is Boltzmann’s constant, 7 is
temperature, and E| is the first sub-band energy level.

By considering triangular quantum well approximation, the solution of the
Schrodinger equation can be given in terms of Airy functions, and the first sub-band
minimum can be written in terms of the effective surface electric field (Fs) as

[46][53][54]

2 Yro %
E,(x)=E, + [ﬁqFS (x)} (234)
2m y 8
Here, Ec is the classical conduction band minima, and E; is the first sub-band
energy level. The sub-band level is a function of position along the channel because the
surface field varies from the source to the drain.

Using equations (2.33) and (2.34) and calculating the inversion layer charge

density (m;,, (x)) from the self-consistent solution of electron concentration obtained
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through our device simulation, we can calculate the Fermi level that incorporates the

effect of quantum confinement.

2.6.4. Comparison of Classical and Quantum Corrected Interface Trap

Occupation

Fig. 2.23 shows the electron concentration as a function of depth away from the

interface for the classical and quantum corrected cases at a gate-source voltage of 30V.

As expected, quantum confinement at large gate bias caused a significant reduction in the

electron concentration close to the interface.
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Fig. 2.23 Electron concentration as a function of distance away from the interface. The

curve is plotted at the center of the channel.
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Fig. 2.24 shows the occupied trap densities for the Classical and the QM Model 1.
Here, the Fermi level is calculated using the surface electron concentration alone. As the
surface electron concentration drops due to quantum effects, for gate-source voltages
between 0 and 15V, the occupied trap density predicted by QM Model I, is lower than the
classical results. For Vgg between 15 and 30V, QM Model I predicts that the occupied
trap densities are reduced even more. At higher temperatures, the channel confinement
reduces and so the occupied trap densities in the quantum confined case calculated using
the surface electron concentration alone, approach the classical values.

The results for lower gate biases seem to make physical sense, in that the
quantization tends to move the electrons away from the surface, and so it seems
reasonable to expect that quantum confinement gives reduced values of occupied traps.
However, as Vgs increases above 15V, it also seems reasonable that QM Model I over
predicts the reduction in trap occupation. This is likely to be attributable to the fact the
QM Model I uses only the surface electron concentration to calculate the Fermi level and
ignores the probability of electrons further away from the interface becoming trapped.

Fig. 2.25 shows the trap occupation calculated using the methodology outlined in
QM Model II. This approach is more detailed than the previous one, because here we
calculate the Fermi level relative to the first sub-band of the quantized conduction band.
Furthermore, QM Model II removes the limitations intrinsic to QM Model I, because it
allows for electrons in the entire inversion layer to contribute to trap occupation. It seems
that physical intuitions would indicate that QM Model II may be over-predicting the

population of occupied traps, because it assumes that electrons deeper into the channel
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also have a relatively high probability of occupying interface traps. As can be seen from

the figure, the calculated trap occupation is slightly higher than the classical case.

0 5 10 15 20 25 30

Vas M)
Fig. 2.24 Reduction of trap occupation due to quantum confinement as calculated by QM
Model 1. (Classical: Lines, QM Model I: Symbols). At high temperatures, trap occupation

in the quantum case approaches the classical values.
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Fig. 2.25 Calculated occupied trap density using QM Model II and compared with the
classical case. Slightly higher trap occupation seen in the quantum case at large gate

biases.
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In Fig. 2.26 we show the simulated Ip-Vgs characteristics for the Classical, QM
Model I and QM Model II cases. The classical simulation has been fit to the experimental

data and used to extract the density of states.
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Fig. 2.26 Comparison of simulated room temperature classical and quantum corrected

currents in the test 4H-SiC MOSFET to experiment.

We can clearly see that the Ip-Vgs curves obtained for the two quantum models
differ slightly from the classical case. The difference is less than 10% at all the gate
biases. Therefore as had been hypothesized, for thick oxides, quantum confinement

effects will not be significant.
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2.6.5. Channel Mobility and Quantum Confinement

In our modeling of the channel mobility and its various components, we have
mainly considered classical transport. The two main scattering mechanisms responsible
for mobility degradation in SiC devices, namely Coulombic scattering from interface
traps and surface roughness scattering, are surface mobility models. In case of a quantum
confined channel, the electrons will be some distance away from the surface. This means
that their interaction with interface traps, and with the surface roughness will be slightly
different than in the classical case.

Coulombic scattering from interface traps is only important in the sub-threshold
and near-threshold regimes of operation. At these gate biases, the potential well near the
surface is very wide, and therefore, quantization of the channel is minimal. In other
words, electron concentration at the SiC-SiO, interface does not show a sharp decline as
shown in Fig. 2.23. Therefore, the amount of Coulombic scattering of the inversion layer
electrons in the quantum corrected case does not differ too much from the classical case.
Any small difference in the amount of Coulombic scattering seen by the electrons at
various depths in the quantum confined case will translate into a slightly higher extracted
value of the band-edge interface trap density of states.

At higher gate biases, when quantum confinement is more pronounced and when
there is a sharp decline in the electron concentration at the interface, surface roughness
scattering is the dominant term. Surface roughness scattering (and therefore surface
roughness mobility) is dependent on the perpendicular field. The high surface field
extends several nanometers deep into the device away from the interface. Therefore the

effect of surface roughness scattering will still be strong at 1-2nm away from the
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interface where the electron concentration has its peak value. Thus, in the quantum
confined case too, surface roughness scattering will dominate at higher gate biases. The
difference between electron concentration at the surface in the classical and quantum
confined cases, and the change in surface roughness mobility with depth, would translate

to a slightly different value of the root mean square step height of the surface steps.
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2.7. SPICE Parameter Extraction

Development of SPICE models for 4H-SiC MOSFETs is an essential first step in
designing circuits using these devices. The SPICE models need to be consistent with
existing circuit simulators and be based on the same set of rules that are used for
traditional silicon devices. This requires having enough data, and consistency among
devices and wafers to formulate equations for important circuit design parameters such as
threshold voltage, mobility, length scaling, oxide thickness scaling, and others.
Commercial parameter extraction tools have been used to extract SPICE parameters for
SiC MOSFETs [55]. We have tried to understand the methodology of such parameter
extraction tools and implemented them in MATLAB to extract some basic SPICE
parameters for 4H-SiC MOSFETs. We show the extracted values for surface charge,
substrate doping density, channel length modulation, low field mobility and threshold
voltage for a set of devices manufactured on a single wafer. We show the variation of
these parameters amongst devices on the same wafer to highlight the inconsistency in

manufacturing SiC MOS devices.

2.7.1. SPICE Model Equations

We employ a set of equations to extract four important SPICE parameters, namely
low field mobility (UO), channel length modulation (LAMBDA), surface fixed charge
(NSS) and channel doping density (NCH). Using these, we also extract two “derived
parameters” namely the surface band bending (PHI) and the zero bias threshold voltage

(VTO). The set of equations is given below.
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q n;

4

PHI = 2k, T log( NCHJ (2.35)

E, PHI +2eq*NCH*PHI  NSS
VT0=XM-XS-7""+ > +*/ > c = (2.36)

ox ox

1, = U0*Cox * (%) #[Ves —VT0)*V,s —V2 [#(1+LAMBDA*V, ) (237)

Equation (2.35) relates the channel doping (NCH) to the derived parameter PHI
using the intrinsic carrier concentration of 4H-SiC (n;). Equation (2.36) relates the
threshold voltage to the channel doping, surface charge and material parameters like
bandgap (E,), affinities of the gate metal (y») and 4H-SiC (ys) , and the oxide capacitance
(Coy). Equation (2.37) gives the current in the 4H-SiC MOSFET as a function of the low
field mobility (UO), threshold voltage (VTO) and the channel length modulation
parameter (LAMBDA). VDs,;, is the minimum between Vgs-VTO and Vpg, and is used to
determine whether the MOSFET is in linear region of operation or in saturation. Some of

the constants used in the compact model are listed in table below.

Table 2.4 Constants used for compact model and SPICE parameter extraction

Constant Symbol Unit Value
Affinity of Gate Metal Xm eV 4.10
4H-SiC Affinity Zs eV 3.6
4H-SiC Bandgap E, eV 3.26
Oxide Thickness TOX nm 50
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2.7.2. Simulated Annealing Technique

Extraction of MOSFET parameters from the measured current-voltage data can be
thought of as a non-linear least squares optimization problem. General purpose
optimization techniques can be used to obtain values for a complete set of model
parameters in a single operation. This is accomplished by simultaneously adjusting the
values of all parameters to produce a nonlinear least squares fit of the model to a set of
measured device characteristics.

p is the vector of the parameters to be optimized. f(p) is the error evaluated at

each data point. The quantity to be minimized is given as [56]

Q=1 (p)IP=31,(p) (2.38)
where,

fip)= 1 ); {’:” - (2.39)
I, is the calculated drain current and I,"“*“*? is the measured drain current at the

K" data point. The data points are the bias voltages at which measurements have been
taken. I,,,;, 1s a scaling factor.

The problem of parameter extraction for MOSFETSs is a multi-minima non-linear
least squares optimization problem. One possible solution to such a problem is to employ
stochastic optimization technique such as the Simulated Annealing (SA) method [57].
Given infinite time, the SA method will converge to the globally optimal solution.

SA method is a stochastic method which simulates the annealing process in
thermodynamics. It was developed by observing that there is a useful connection between

statistical mechanics, in which systems have many degrees of freedom at a given
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temperature, and minimization of a function dependent on many parameters. It has been
applied successfully to solve many VSLI physical design optimization problems.

In the SA method, each new search step is determined randomly. If the error cost
function reduces, the search step is accepted. Further, if there is an increase in the error
cost function, then based on a probability function, the search step can be accepted. The
probability function which decides whether such a step is accepted or not depends on the

current annealing temperature

if P= exp(_ QW_Q] >r, Where r is a random number between 0 and 1, then the
SA

step will be accepted.

The key to have a good SA method based minimization program is the cooling
schedule. The algorithm will start with a large value of T's4 and gradually lower it as the
iteration process progresses. When Ts4 is large, the algorithm is unlikely to become
trapped in local minima of Q, since the perturbations which increase Q can be accepted.
A fixed number of random perturbations are allowed to occur at each temperature. After
that, the temperature is reduced according to the cooling schedule. If the temperature is
reduced too quickly, the optimized solution will not be reached.

The cooling schedule that gave the best results on both counts is to use 754" =

dT s, with a=0.95.

2.7.3. SPICE Parameter Extraction Results
We extracted SPICE parameters for 14 4H-SiC MOSFETs with varying widths

and lengths. All the MOSFETs were fabricated on one wafer in form of two separate

chips, each containing seven devices. Fig. 2.27 shows the simulated and measured Ip-Vps
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characteristics of a few these MOSFETs. We get appreciable match between the

simulated and experimentally measured data. It seems to be a very

considering we only used four fitting parameters.
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Fig. 2.27 Fits obtained to experimental Ip-Vps curves using simulated annealing

parameter extraction methodology for 4H-SiC MOSFETs. The circles are simulations

and the dashed lines are experimental data.
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Fig. 2.28 and Fig. 2.29 show the extracted threshold voltage and low field
mobility respectively, for a set of seven devices. The x axis in the figures shows the sizes
of the MOSFETSs in microns (WxL). As can be seen from the plots, the threshold voltage
and the low field mobility vary significantly across the chip. The data is not sufficient to
extract any statistical understanding for the parameters, but it clearly highlights the
inconsistency in making these devices. The different threshold voltages may be attributed
to variation of interface trap density of states across the wafer, while the variation in
mobility may be attributed to both, variation in trap density and variation in surface
roughness.

Fig. 2.30 and Fig. 2.31 show the variation in threshold voltage and channel
doping respectively for the two chips containing seven devices each. The intra-chip and
inter-chip variations are clearly seen. The manufacturer provided us with an approximate
channel doping density of 5x10"cm™. Our extracted channel doping densities are close

to this number.
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Fig. 2.28 Extracted values for the zero order threshold voltage for seven 4H-SiC
MOSFETs on one chip.
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Fig. 2.29 Extracted values for the low field mobility for seven 4H-SiC MOSFETSs on one
chip.
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Fig. 2.30 Extracted zero order threshold voltage for two sets of 4H-SiC MOSFETs on
two separate chips fabricated on the same wafer. Variability is seen between intra-chip

and inter-chip devices.
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Fig. 2.31 Extracted channel doping density for two sets of 4H-SiC MOSFETs on two
separate chips fabricated on the same wafer. Variability is seen between inter-chip and

intra-chip devices.
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2.8. Chapter Summary

We discussed high field high temperature 2D Drift-Diffusion based modeling and
simulation of 4H-SiC lateral MOSFETs with emphasis on developing physics based
models for interface traps and surface roughness scattering mobility.

Our simulations and comparison to experiment showed that interface trap
occupation up to 200°C causes a reduction in the mobile charge in a 4H-SiC MOSFET
leading to low current. A spreading of the band-tail states of the interface trap distribution
inside the bandgap was also observed and quantified. Extracted trap density of states
showed band-edge values close to the mid 10" cm™eV™! range whereas mid-gap values
are close to the low 10''cm™eV™ levels.

We showed that surface roughness scattering is the dominant mobility
degradation mechanism. Extracted values of surface step height of approximately 3.5nm
suggest presence of step bunching, and/or a Si-C-O transition layer at the SiC-SiO;
interface. Detailed analysis of the mobility inside the device showed that screening plays
a very important role in surface scattering.

Surface electron mobilities were found to be as low as 20 cm?/Vs at room
temperature.

High temperature simulations showed that current increases with rise in
temperature in 4H-SiC lateral MOSFETs. This effect is primarily due to the reduction in
trap occupation and consequent increase in mobile inversion charge at higher
temperatures.

We also implemented the density-gradient method for solving the Schrodinger
equation inside the MOSFET channel and showed that that due to the large oxide
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thickness of approximately 50nm, quantum effects in the channel do not have a
significant impact on trap occupation and current in the MOSFETs.

Finally, we implemented a genetic algorithm to extract SPICE parameters for 4H-
SiC lateral MOSFETs. We find that extracted values for low field mobility, threshold
voltage, and channel doping vary significantly across a chip and between chips on the

same wafer.
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Chapter 3

3. Dynamics of Trap Occupation and Time Dependent

Characterization of 4H-S1C MOSFETSs

The applications of SiC MOSFETs are going to be in power switching circuits
that would alleviate the need of having bulky transformers. Recent measurements of
threshold voltage instabilities by fast I-V methods have shown that the SiC-SiO; interface
not only contains fast interface traps, but also slower near-interface and oxide traps
[21][23][24]. Steady state modeling and simulations cannot characterize the effects of
each of these defects. So, the switching or transient characterization of these devices is
necessary. We have developed time dependent trap occupation models and carried out
transient experiments to evaluate the switching properties of 4H-SiC MOSFETs. Using
our dynamic trapping models, we can also extract physical parameters like the trap
capture cross-sections of the interface and near-interface traps.

Experimental and analytical work on extracting the trap distribution in Si and SiC
devices had been carried out by using various techniques including fast -V ,
capacitance—voltage (C—V ) and conductance—voltage (G—V ) measurements; charge
pumping; deep-level transient spectroscopy; and isothermal capacitance transient
spectroscopy, among others [58][59][60][61][62][63]. In all the techniques, assumptions
have to be made for the location of the Fermi level, or the amount of band-bending, or the

trap cross-section in order to extract the trap density of states using this technique. We do
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not need to make any such assumptions as we solve for the Fermi level, the number of
occupied traps, the number of surface electrons and the surface potential self-
consistently.

We have developed an algorithm that can be used to study the dynamics of the
interface traps. The algorithm uses a time dependent trapping and generation-
recombination model which provides information of trap occupation as a function of
both, time and energy. While the model provides details of the dynamics of trapping in
energy and time, it also fits into standard device simulation methodologies. It does not
need to make any assumptions regarding the surface potential, the band bending or the
trap cross-sections. We independently evaluate the trap density of states and the trap
cross-section areas by comparing steady state DC simulations and transient simulations to

experimental Ip-Vgs and Ip-f data.
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3.1.  Generation-Recombination Model and Time Dependent Trap
Occupation

In an equilibrium scenario, the occupation of the interface traps distributed in
energy space can be defined using an energy-dependent occupation probability that is
associated with the location of the Fermi level at the surface. The Fermi level for
electrons at the surface and for the interface traps will be the same under equilibrium
conditions, enabling us to calculate the occupation of traps if the surface electron
concentration (or Fermi level) is known.

However, when the MOSFET is subject to a switching signal at the gate, the
surface electron concentration may change at a different rate than the rate of occupation
of the interface traps. So, using the surface electron Fermi level directly to calculate the
trap occupation will not give the correct dynamics of trapping. Therefore, we use a
different formalism to write the time dependent occupation of interface traps, wherein the
occupation of a trap at an energy E; in the bandgap at a given time depends upon the
occupation at that energy at a previous time and the rate at which surface electrons
become trapped.

We begin by defining the rate of change of occupied trap density W at energy

E,, as the net capture/emission rate of surface electrons u,, (E, ).

anit (Et’t)

> =u,(E,) 3.1)

Our goal now is to derive an expression for this net capture/emission rate u,, (E,)

of electrons at the surface. As explained later in this paper, this is incorporated into our
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device simulator to study the dynamics of interface trap occupation. (Note that since
u, (Er) is only dependent on time implicitly, we have dropped time (¢#) from the

function’s argument.)

We model this capture/emission of an electron at the SiC-SiO, interface as a
generation-recombination phenomenon between a trap and a surface electron in the
device. This generation-recombination is quantified using a methodology similar to the
Shockley-Hall-Read and the Boltzmann’s equation-based formalisms employed to obtain
expressions for bulk generation-recombination [64][65]. Here, the capture of a channel
electron by an interface trap is represented as a recombination event at the surface, and

the emptying of an interface trap into the semiconductor is viewed as a generation event.

102



3.2. Derivation of Expression for the Generation-Recombination
Rate u..(E,)

Recombination is defined as the capture of a surface electron by an unoccupied
trap. This recombination rate is therefore proportional to the number of occupied electron

states and the number of unoccupied trap states, with a proportionality factor (capture

probability) ¢, (E , Et) For a trap energy level E,, the density of unoccupied or free trap

states n;"" (E,) is calculated using the density of states for the interface traps D, (E,)

it
and the probability of occupation of the traps f, (Et)
n" (E,) =1~ £,(E,)ID, (E, )E, (3.2)
Similarly, the number of occupied electron states n(E) at a given energy E is
found using the conduction band density of states for electrons g(E), and f(E) which is
the occupation probability of the electron state at energy E.
n(E)= f(E)g(E)E (3.3)
Thus, the rate of capture (recombination) of electrons at energy E into unoccupied
interface traps at energy E,, is written as the product of the right hand sides of equations
(3.2) and (3.3) and the energy dependent capture probability ¢, (E ,E t) as
du,(E.E,)=[(1~ f,(E) D, (E,)dE ] [ (E) ¢ (E)dE]- ¢, (E.E,) (3.4)
Likewise, the emission (generation) rate of electrons from traps, is proportional to
the number of occupied interface traps at energy E,, and the number of free electron states
at energy E, with the energy dependent emission probability e, (E.E . )as the
proportionality factor.
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du,(E.E)=[f,(E) D, (E,)dE,]- |1~ f(E) ¢(E)dE]-e, (E.E,) (3.5)

The net generation-recombination rate for the capture-emission process between a

trap at energy E, and a surface electron at energy E, is then given as the difference of the
capture and emission rates. Writing this difference and canceling out the common terms

gives the generation-recombination rate below.
du,(E.E)=|1- £,(E)f(E)c,(E.E )~ ,(E )1~ f(E)e,(E.E,)|-D,(E,) dE, ¢(E)dE
(3.6)
To simplify this expression, we first eliminate one of the two proportionality
factors by determining a relationship between them. This gives the generation-
recombination rate using only the capture probabilityc, (E,E,). We then write the
capture probability c, (E, E,), which depends on trap energy and electron energy, as a
product of two functions; the trap energy dependent effective trap capture cross-section
A,(E,) and the average thermal velocity <v,h> of electrons at all energies in the
conduction band. Integration over the free electron energy provides an expression for the
net generation-recombination rate (u,, (E,)) for traps at energy E,. This expression
involves the density (D, (E,)) and effective capture cross-section (A, (E,)) of traps at E,,
trap occupation probability ( f (Er ), and the electron concentration (r) in the channel. For

the sake of clarity, we have put the details of this derivation in the Appendix. The final
expression obtained for the net generation-recombination at a trap energy level E; is given
below. Here, N¢ is the effective conduction band density of states for electrons and E¢ is

the conduction band minimum.
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The expression derived above gives the net generation-recombination rate for the
mechanism of capture of surface electrons into interface traps, and emission of electrons
from the occupied traps to the semiconductor, for traps located at different energy levels
E, in the 4H-SiC bandgap.

The total generation-recombination rate involving the traps located at all the
energy levels in the 4H-SiC bandgap is calculated by integrating the trap energy
dependent generation-recombination rate of the above equation, over all trap energies

from the neutrality point (E,..q;) to the conduction band minimum (E¢).

U, =) f D,(E,)A,(E,) n(l—f,(E,))—%NC f,(E,)exp(%ﬂdEt (3.8)

Ee

It is important to emphasize that two critical functions have been obtained in this
section. The above equation gives the total generation-recombination rate between
channel electrons and traps. This expression is incorporated in to the electron current
continuity equation of the standard Drift-Diffusion model to self-consistently account for
trapping and de-trapping of channel electrons. Meanwhile, equation (3.7) yields the
expression for the filling and emptying of interface traps distributed at each energy level
inside the bandgap. This is used to calculate the dynamical filling of traps in energy and

time, as will be discussed below.
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3.3. Time Dependent Trap Occupation

The trap energy dependent generation-recombination rate of equation (3.7) is used
to evaluate the trap occupation at each energy level in the 4H-SiC bandgap in the
MOSFET as a function of time. The number of occupied traps at energy E; and time +At
can be written using Taylor’s series expansion as:

anit (Et’t) +

- olar?) (3.9)

n,(E.t+At)=n, (E, t)+At-

As the change in number of occupied traps over time has been defined as the
capture/emission rate (equation (3.1)), the above expression is written using the
generation-recombination term of equation (3.7) as:

n,(E,.t+At)=n, (E, 1)+ At -u_(E )+0(Ar?) (3.10)

To determine the dynamics of trap occupation, it is actually prudent to not solve
for n, (Er,t+At) directly, but obtain the time dependent trap occupation probability at
each energy E;. The occupied trap density can be written using the density of states and
the trap occupation probability as:

n,(E,)=D,(E,)f (E,)AE, (3.11)

Now, by using the expression for u,, (E,) in equation (3.7), as well as the

relationship between occupied trap density and the trap occupation probability described

above, the time dependence of occupation probability at each energy E; inside the

bandgap is written as:
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f(E . t+At)= f(E, 1)+ At - —2 O(Atz) (3.12)

Finally, the total occupied trap density at a given time ¢ is written by summing

over all trap energies as:
EC
= > D,(E)f,(E, .0)AE, (3.13)

Having derived these expressions, we incorporate them into the drift-diffusion
system of equations, and solve them numerically to obtain the time dependent behaviour
of the carrier concentration, electrostatic potential, internal current densities, terminal
currents and the occupied trap density, in a 4H-SiC MOSFET. In addition, by using
equation (3.7) for the trap energy dependent generation-recombination rate, along with
equation (3.12), the trap occupation probability at each trap energy level inside the 4H-
SiC bandgap as a function of time is obtained. This allows us to track which trap levels
in the bandgap become occupied first, and which ones take more time to be filled. We
thereby generate a time dependent profile of the occupation of interface traps distributed

in the bandgap of 4H-SiC.
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3.4. Simulation Methodology and Algorithm

To simulate the device performance we solve the Drift-Diffusion model for 4H-
SiC MOSFETs in two-dimensional space and time. This highly nonlinear model consists
of a system of coupled partial differential equations, consisting of the Poisson, and
Current-Continuity equations for electrons and holes. As part of the drift diffusion

scheme, the time dependent occupied trap density (N, (¢)) of equation (3.13), and the

total generation-recombination rate (U.) of equation (3.8) are incorporated into the
Poisson and Electron Current Continuity equations, respectively. The Poisson equation
for the interface can be written as
€SiCV¢_8oxV¢:_q(Nf _Nit(x7t)) (3.14)
where, &ic and &,, are the permittivities of 4H-SiC and Si0O; respectively, Nf is
the fixed charge at the interface, Ni(f) is the occupied trap density at time ¢, and ¢ is the
electrostatic potential.
The electron current continuity equation now incorporates the total recombination
rate due to interaction between electrons and interface traps given by equation (3.8). Thus

we write the new current continuity equation for electrons as

on

1
o0 ¢q

V-J,+(G-R)yy, +G-R),,;.-U.,(t) (3.15)

The algorithm for the transient simulation is shown in form of a flowchart in Fig.
3.1. We start by setting up the device with an initial gate bias of OV and the drain bias of

0.5V as in the experiment, and solve the Drift-Diffusion equations in steady state to
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obtain the initial solution. This gives us the value for the occupied interface trap density
at the initial biases, which is used to calculate the occupation probability f,(E,) at time
t=0. Using initial values of ft(Et), and the initial electron concentration (n), we calculate
the generation-recombination rate u,(E,) at each trap energy and the total generation-
recombination rate U, at time =0 using equations (3.7) and (3.8), respectively.

Now begins the time loop of our transient simulation. First, the time ¢ is
incremented and the gate bias is updated. The next step is to solve the Drift-Diffusion
equations at this new time instant. At each iteration, while solving for the electrostatic
potential (¢), electron concentration (n) and hole concentration (p), we use the current
values of the electron concentration, and the occupation probability of the previous time
step, to evaluate the trap energy-dependent generation-recombination rate and the net
generation-recombination rate. Once convergence is reached for ¢, n and p, the new
occupation probability at each trap energy level (E;) is calculated using equation (3.12),
and the new occupied trap density is calculated by equation (3.13). Finally, the current
density inside the device and terminal currents are calculated. Thus the trap dynamics and
the behavior of device at a specific instant in time have been evaluated. We then
repeatedly evaluate the time-loop for the duration required to resolve the transient

dynamical response of the interface traps and the overall device
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Fig. 3.1 Flowchart showing the methodology for transient simulation of 4H-SiC
MOSFETs with time dependent trap occupation and the trap-surface electron generation-

recombination models.
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3.5. Experiment and Measurement

We have carried out experiments to measure the transient behavior of 4H SiC
MOSFETs. The experiments have been carried out at UMD and NIST, Gaithersburg,
MD.

In order to calibrate our model, and to extract the cross-sectional area for the
interface traps as a function of energy, we carried out experiments to measure the
transient current response of 4H-SiC MOSFETs. Using various circuits, we have tried to
measure the drain current of a 4H-SiC MOSFET under fixed drain-source bias and a
pulsed gate voltage signal. We observed that the MOSFET drain current shows an initial
peak and then a slow decay to the steady state level on application of a fast gate pulse.
We then performed simulations for the same device using the same biasing and gate pulse
conditions to match the experimental measurement. This enabled us to extract the trap
cross-section area for the interface traps.

The interface traps, especially the ones near the band-edge, react very quickly to
the applied gate pulse. So in order to characterize them, the requirement for the rise time
of the gate pulse was to be much less than the response time of the fast traps. Hence, we
require gate pulses with rise times less than a nanosecond. Unfortunately, we have not
been able to carry out error free measurements for such a fast pulse. Effects of stray
capacitance, displacement current due to the large MOFSET capacitances (owing to large
sized MOSFETs), and inductance of the measurement probes and cables, have stopped us
from going below 100ns rise times. But, even then, we have been able to characterize the

interface trap cross-section to a certain degree of satisfaction.
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3.5.1. Circuit for transient measurement

Fig. 3.2 shows the schematic for a circuit used to measure the transient drain

current in the 4H-SiC MOSFET.
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Fig. 3.2 Circuit used for transient current measurement in 4H-SiC MOSFETs

A fast pulse is applied to the gate of the MOSFET and the voltage at the drain
resistor is measured using a fast digital oscilloscope. This gave us the measure of the
drain current. Care was taken to minimize any stray capacitances and inductances that
may affect the results. The circuit was kept as close to the probe station’s probe as
possible with high impedance low capacitance probe used to measure the drain voltage.

The drain current is given as:
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I,(t)=-22 —>~ (3.16)

To account for the change in drain current due to change in Vpg, a correction is

applied to the drain current as:

I57()=1,(t)x (3.17)

V(1)
The applied gate pulse had rise time of a 100ns and was from OV to 5V. The drain
resistance was chosen to give appreciable change in the drain voltage that could be easily

detected and was well above the noise level for the oscilloscope.

3.5.2. Other Circuits

We also experimented with other circuits at NIST that enabled us to use SMA
connectors for error free measurement of the rapidly changing transience in the drain
voltage. But these circuits necessitated the use of operational amplifiers which were not
fast enough for our sub 100ns fast pulse response measurement criteria.

We used an operational amplifier with a 1GHz unity gain bandwidth in the
difference amplifier configuration shown in Fig. 3.3 to measure the fast transient drain
voltage. This enabled us to use SMA cables instead of the high impedance probes for
measuring the drain voltage. This configuration worked quite well for gate pulse rise
times as low as 250ns, but was not good enough for the sub 100ns requirement we had.
Fig. 3.4 shows the PCB layout for the difference amplifier. Care was taken to minimize
stray capacitance and inductance on the PCB. The entire PCB was placed inside a
shielded cage of the probe inside the probe station. The PCB layout was done using

EAGLE layout tool.
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Fig. 3.3 Difference amplifier circuit used for transient current measurement of 4H-SiC
MOSFETs.

Fig. 3.4 Board layout for the difference amplifier used for transient current measurement.




3.6. Comparison of Simulation and Experimental Results and
Parameter Extraction

The extraction of the underlying physics governing the transient behavior of SiC
MOSFETs is carried out according to a systematic algorithm. The two unknown
quantities that are responsible for the dynamic occupation of interface traps are the
density of states and the effective capture cross-sections of the interface traps. We extract

them individually by carrying out steady state and transient simulations.

3.6.1. Extracting Interface Trap Density of States (D, (E,))

First, DC Ip-Vgs measurements and simulations are carried out to extract the trap
density of states using methods we have reported previously. Interface trap density of
states is typically modeled as having a flat distribution in the midgap and an exponential

increase near the band-edges

. E—-E
D,(E,)=D;“ +Dy* -exp( o j (3.18)

Here, D is the midgap density of states, D:** is the band-edge density of states

and o is the band-tail energy.

A close correlation between the measured current and the simulated current in
subthreshold and near-threshold regions gives us the values for the midgap and band-
edge density of states, and the band-tail energy for the interface traps. In steady state DC,
the measurement times are so large that all the traps located at all different energy levels
can react to the applied bias completely. Therefore, the time-dependence of trap

occupation, and capture cross-sections play a negligible role in the measured current
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value. Thus, we can independently extract D, (E,) using DC Ip-Vgs measurement and
simulation.

The extracted interface trap density of states, as well as the comparison between
simulated and experimentally measured DC drain current versus gate voltage (Ip-Vgs)
characteristics of the tested 100um x Sum 4H-SiC MOSFET are shown in Fig. 3.5. The
band-edge interface trap states are mainly responsible for mobility degradation and low
currents in 4H-SiC MOSFETs. They also play the major role in determining the transient

characteristics in these devices.
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Fig. 3.5 Extracted D, (E, )profile for acceptor type traps in a 4H-SiC MOSFET from DC

drain current versus gate voltage (Ip-Vgs) comparison to experiment (inset). The

extracted values for the midgap density of states D, the band-edge density of states

D:*, and the band tail energy o, are 2.0x10" cm?eV, 4.4x10" cm?eV™! and 75meV,

respectively.
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3.6.2. Extracting Energy Dependent Trap Effective Capture Cross-sections
(4,(E,))

Fig. 3.6 shows the simulated and experimentally measured transient current
flowing through the 4H-SiC MOSFET on application of a 0-5V gate pulse with a rise
time of 100ns. Initially, the current rises very quickly and reaches a peak because the
interface traps respond slowly as compared to the inversion layer formation. As the traps
get filled, conduction electrons become trapped and so the current decays to its steady

state value.
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Fig. 3.6 Experimental and simulated transient current responses of a 4H-SiC MOSFET.
The gate was pulsed from OV to 5V with a rise time of 100ns. The simulated curve
follows the experimental measurement; thereby verifying the dynamic trapping and
generation-recombination models, and allowing us to extract the energy dependent trap

capture cross-section profile.
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From our transient simulations and comparison to experiment, we extract the trap
capture cross-sections. The peak of the drain current is limited by the fastest traps, which
are ones with the largest capture cross-sections. Therefore values for the capture cross-

sections (A, (E,)) for the fast traps are extracted by comparing simulated and measured

peak currents. On the other hand, the slow decay in the current is due to the filling of
interface traps with smaller capture cross-sections or oxide traps. So, capture cross-
sections for the slow traps are extracted by comparing the simulated and measured
current decays. Since the capture cross-section relates to both interface and oxide traps,

we will refer to A, (E,) as an Effective Capture Cross-section. The values for effective

capture cross-sections that provide agreement between experiment and simulation are
shown in Fig. 3.7. The characteristics of this curve indicate two distinct general energy
regions in the 4H-SiC bandgap for capture cross-sections. The traps near the band-edge
show a large capture cross-section, while those approximately 0.3eV away exhibit much
smaller capture cross-section. The traps lying near the band-edge behave as fast interface
traps, whereas those lying towards the middle of the bandgap behave as slower interface
traps, and oxide traps. The traps lying below 2.6eV are always completely filled at the
range of applied gate biases, and hence have minimal effect on the transient response of
the system. Therefore, we show capture cross-sections for energies higher than 2.6eV in

this figure.
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Fig. 3.7 Energy dependent trap capture cross-section profile that gave simulated transient
current comparable to the measured characteristics. Two distinct levels of capture cross-
section were obtained indicating the presence of fast traps lying near the conduction band
and slow traps in the middle of the bandgap. The energy scale is shown from 2.6eV

above the valence band (0eV) to the minimum of the conduction band for 4H-SiC.
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3.6.3. Time and Energy Dependent Occupation Probability of Traps

Fig. 3.8 is a three dimensional plot of trap occupation probability as a function of
energy and time. The plot can be thought of as a series of curves. The first curve
represents occupation probability versus energy at 10 seconds (or immediately) after a
voltage is applied to the gate, while the last curve gives the occupation probability
approximately 10~ seconds later. Fig. 3.9 shows the occupation probability versus energy
of the interface traps for four different time instances equal to Os, 100ns, 1us and 10us.
The graphs are for traps that are at located at the interface halfway between the source
and drain.

The occupation probability curves are explained as follows. At the beginning of
the gate pulse when Vgs = OV, the trap occupation probability follows the equilibrium
Fermi-Dirac distribution with a Fermi level of about 2.9eV. As the band-edge traps are
empty and have large capture cross-sections, they get occupied quickly. This is seen in
the rise in the occupation probability near the conduction band. As time progresses, the
traps further away from the band-edge start getting occupied, whereas those near the
band-edge settle down to their final occupation levels. This is seen in the increase in
occupation probability over time at trap energies away from the conduction band. Finally
at some time greater than 10us, the current reaches steady state and a new quasi-
equilibrium with a Fermi level of approximately 3.2eV arises. Thus, as shown in the
figures, a long time after application of a fast 0-5V gate pulse, a new Fermi-Dirac type
distribution profile for interface trap occupation, with a higher occupation level

corresponding to the new gate voltage emerges.
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Fig. 3.8 Time dependence of the trap occupation probability at different trap energy

levels inside the 4H-SiC bandgap. The time is shown in logarithmic scale.
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Fig. 3.9 The occupation probability curves at 4 different time instances (highlighted in
Fig. 3.8) are shown here. At the beginning of the gate pulse when Vgs = OV, the trap
occupation probability follows the equilibrium Fermi-Dirac distribution with a Fermi
level of about 2.9eV. With time, the fast traps at the band-edge get occupied before the
traps lying deeper in the bandgap get filled. Finally at some time greater than 10us, a new
equilibrium with a Fermi level of approximately 3.2eV arises. The energy scales are
shown from 2.4eV above the valence band (0eV) to the minimum of the conduction band

for 4H-SiC.
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3.6.4. Time Dependence of Occupied Interface Trap Density and Inversion

Charge Density

We show the time dependent charging of the interface traps in real-space (along
the channel), and the time dependence of the inversion layer charge density in the 4H-SiC
MOSFET in Fig. 3.10 and Fig. 3.11, respectively. Fig. 3.10 shows a section of the
interface from the center of the device to the edge of the drain. When the gate pulse is
applied at time ¢=0, the occupied trap density is very small. The rise in trap density does
not occur immediately. Until up to approximately 10ns, the trap density has not increased
much. Then as the band-edge traps become occupied, the occupied trap density starts
increasing, reaching close to its final value in the first few microseconds. After that, the
change in occupied trap density is less because only the traps away from the conduction
band edge are yet to be filled and the trap densities there are much lower. The figure also
shows that near the drain, in the small gate-drain overlap region, the occupied trap
density is very high. As there is a huge source of electrons in this narrow overlap region,
almost all the traps are occupied, and the occupation does not change with time either.

As shown in Fig. 3.11, the behavior of the inversion charge is different from the
interface trapped charge. As the traps do not respond immediately to the applied gate
pulse, the inversion charge density rises quickly and attains a maximum. Then as the
traps become occupied over time, the inversion charge density starts decreasing until it
reaches its steady state value. This peak and subsequent decay in the inversion charge

gives rise to the current transients observed in 4H-SiC MOSFETs.
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Fig. 3.10 Time dependent occupation trap density in a 4H-SiC MOSFET subject to a 0-
S5V gate pulse with a 100ns rise time. The interface from the middle of the device
(x=2.5um) to the drain-gate overlap (x=5um) is shown. Traps do not start rising instantly
and the first 10ns do not cause much trap occupation. Almost all traps are occupied at the

interface over the drain overlap region due to the huge source of electrons below it.
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Fig. 3.11 Time dependence of inversion charge in the channel on application of 0-5V gate
pulse with a 100ns rise time. The inversion charge rises to a maximum before decaying
and settling down at the steady state value. This peaking of the inversion charge density

causes the current transients shown in Fig. 3.6.
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3.7. AC Characterization of 4H-SiC MOSFETSs

The time dependent trap occupation model can be used to extract the AC small
signal characteristics of the 4H-SiC MOSFET. The finite-time response of interface trap
results in an extra capacitance in parallel to the inversion layer capacitance. Usually, this
capacitance is thought of as a low-frequency effect alone, because it is assumed that the
interface traps cannot respond to a high frequency signal. The difference between high
frequency and low frequency C-V measurements can then be used to extract the interface
trap density of states. Our modeling of the dynamic response of the interface trap showed
that the assumption that interface traps do not respond to high frequency (IMHz) signals
is not really valid. In fact, we found that interface traps in 4H-SiC MOSFETSs can respond
to signals as high as 100MHz. Therefore, it may be misleading to assume that C-V
measurement done at IMHz gives only the semiconductor capacitance, and therefore can
be used as a reference against which the low frequency C-V could be compared. Our
modeling of the high-frequency C-V characteristics indicated that using the standard hi-lo
C-V method underestimates the interface trap density of states.

We calculate the gate capacitance of the 4H-SiC MOSFET in presence of
interface traps by applying a small signal to the gate of the structure while keeping the
source and drain connected to ground. We run the simulation in small time steps for
several cycles of the input signal until AC steady state is reached. We then calculate the
change in total charge of the device in one cycle. The ratio of the change in the total
charge in the device to the small signal applied voltage gives the total capacitance of the
device. This is carried out at different gate biases, and different small signal frequencies

to get C-V curves for the 4H-SiC MOSFET. Fig. 3.12 shows C-V curves for three
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different frequencies for a 100um x Spum 4H-SiC MOSFET with a 50nm gate oxide. The
C-V curves differ from each other in three regions: accumulation, near threshold, and
deep inversion. The difference in the capacitances in accumulation and deep inversion is
due to the inability of the holes (in accumulation) and electrons (in inversion) to respond
to high frequency signals. But, the difference in the C-V curves near threshold is due to

the inability of the interface traps to respond to the various frequencies.

04 - . .

0.35

-10 -5 0 5 10

Fig. 3.12 C-V curves for a 100pum x Sum 4H-SiC MOSFET with a 50nm oxide, at three
different frequencies. The different values of capacitance near threshold indicate the

ability/inability of the interface traps to respond to an AC signal.

Fig. 3.13 shows the C-V curves in the near-threshold to deep inversion levels for a
frequency of 100MHz and different trap capture probabilities. For the case of faster traps
(with larger ¢, values), the capacitance is higher as compared to the simulations involving
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slower traps. The differences in the C-V curves clearly illustrate the effect of interface

trapping on capacitance measurements.
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Fig. 3.13 High frequency C-V curves in the near threshold to deep inversion bias regime
for different trap capture cross-section values. The bigger the trap cross-sections, the

faster they respond, thereby giving higher capacitance.
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3.8.  Application to high-k gate stacked MOSFETs

The issues of interface and near-interface traps that are present in SiC MOSFETSs
are also seen in devices with high-k dielectrics. Silicon MOSFETs with gate stacks of
Si0O; and high-k dielectrics like HfO, have shown presence of high densities of interface
traps at the SiO,-HfO, interface and also at the Si-SiO, interface. These interface traps
cause threshold voltage instability, irregular switching, and oxide reliability issues. The
dynamic trapping model developed above can be applied to high-k Si MOSFETs too.
Further improvement in terms of including a gate-tunneling model will enable us to probe
deeper into the oxide and characterize the traps at the SiO,-HfO, interface in terms of the

traps density of states, and the trap cross-section areas.
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3.9.  Chapter Summary

A methodology for modeling and characterizing the transient response of 4H-SiC
MOSFETs has been developed. The method combines new physical models, simulation
techniques and experiment to provide insight into the details of MOSFET time-dependent
dynamics. A new physical model for generation-recombination between interface traps
and channel electrons was derived. Expressions were obtained for both, the total and the
energy dependent generation-recombination rates. A set of algorithms was then
developed that enabled these rates to be incorporated into the Drift-Diffusion model so
that their effect on switching of 4H-SiC MOSFETsS could be evaluated numerically.

Once the new physical models were incorporated into the simulator that solved
the semiconductor equations in space and time, we could obtain results for drain current
during the switching of the device. By correlating the simulated and measured peak and
decaying values of the transient current, we were able extract the effective capture cross-
sections of these traps. We found that states near the band-edge would become occupied
much more quickly and had much larger effective cross-sections than those that were
several tenths of an eV away from the band-edge. This leads to the conclusion that the
fast traps with large cross-sections are likely to be interface states, while the traps with
the smaller cross-sections are a combination of midgap interface states and oxide traps.
Finally, with the dynamics of trapping incorporated into the simulator, we were able to
probe deeply into the physical basis of the switching characteristics of the device.

The simulations strongly indicate that the MOSFET turn-on begins with the

establishment of a conducting channel. Establishment of the channel is then followed by
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the reduction of the channel mobile electron concentration due to their subsequent
occupation in interface and oxide traps, leading to reduced drain current.

By viewing the dynamics of the traps, we can further conclude that improvements
in long-term device reliability (times greater than several microseconds) can be achieved
by reducing oxide traps, while short-term stability can be controlled by focusing on

reduction of interface traps.
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3.10. Appendix: Details of the Derivation of the Generation-
Recombination Model

The details of our derivation for the generation-recombination rate for traps and
channel electrons are given below. Starting with equation (3.6), we have the generation-

recombination rate between a trap at energy E; and an electron at energy E as
du,,(E.E,)=[(1- £,(E)f (E)c,(E.E,)- f,(E, 1~ f(E))e,(E.E,)) D, (E,)dE, ¢(E)dE
(3.19)
Here, fr(Er) represents the probability that a trap at energy level E; inside the
bandgap is occupied. Also, f (E ) represents the probability of occupation of an electron
state at energy E in the conduction band. These two probabilities in equilibrium may be

written using Fermi levels for traps ( E¢*) and for surface electrons ( E¢ ") as:

1
E )= .
SE)=— (E, _E;WJ (3.20)
I+—exp|l ————
2 k,T
1
f(E)= (3.21)

E _ Eelectron
1+ p[j
k,T

The %2 term is due to double degeneracy in trap occupation probability. kp is
Boltzmann’s constant and 7 is temperature.

To simplify equation (3.19), we first eliminate one of the two proportionality
factors by determining a relationship between them. To obtain this relationship, consider
the system of surface electrons and interface traps under equilibrium. Then, the rate of

capture of a surface electron at energy E into a trap at energy E, will equal the rate of
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emission of a trapped electron at E, to an empty conduction band state at E.

du,(E,E,)=du,(E,E,)—du,(E,E,)=0. Further, the surface electron Fermi level will

electron

equal the trap Fermi level, that is E = E;” = E,.. For this case, by equating equation
(3.19) to zero, we obtain a relation between the emission probability (e,) and the capture

probability (c,) as:

i_::{f,(lE,)_lj(l/f(lE)—lj G2

Substituting equations (3.20) and (3.21), respectively, for ft(Et) and f (E)

above, the ratio of emission and capture probabilities reduces to the following expression,

which is a function of trap energy, electron energy and lattice temperature.

E —F
én =lexp : (3.23)
c, 2 k,T

n

We use this relationship to eliminate the emission probability from the net

generation-recombination rate equation, and writing it using only one proportionality
factor ¢, (E JE, ) Rewriting the generation-recombination rate (3.19) using the above

relationship and the expression for f(E) from (3. 21), we obtain the following net

generation-recombination rate.

1 E — electron
du, (E.F,)= (1—ﬁ(Et>)—5ﬁ(Et>exp[%ﬂ-c,,(E,E)D,,(E,)dE, FEg()aE
B
(3.24)
The net generation-recombination rate for a trap located at energy E; in the

bandgap due to the electrons distributed at all energies in the conduction band can be
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obtained by integrating the above equation over electron energy E from conduction band

minimum E¢ to infinity, as:

u.(E,)= (1—f,(E,))—%ﬁ(E,)exp[#ﬂD”(E,)dE, -ﬁf(E)g(E)c,,(E, E,JdE

(3.25)

To evaluate the integral in the above expression, we introduce an effective
energy-dependent trap capture cross-section A, (Er) We write the capture probability
c, (E ,E,) as a product of this capture cross-section and an average thermal velocity <v,h>

of electrons in the conduction band. Then, we pull the trap capture cross-section and
average thermal velocity terms out of the integral reducing it to simply the electron
concentration at the surface (n). Thus, the net generation-recombination rate for a trap at

energy E, simplifies to

k,T

uw(E,)={<1—f,(Et>>—§f,<E,)exp(wHD,,<E,)A,.,(E,)dEt}-n-<vm> (3.26)

Finally, writing the surface electron Fermi level E{“"* in terms of the surface

electron concentration and an average conduction band density of states N¢ as

N
E;lecmm — EC _kBT ln(_cj (327)
n

we arrive at the final expression given below for the net recombination rate for

traps located at energy E; inside the 4H-Si1C bandgap.

u (E)=(v,)-[D, (£, 4, (E,)dE, ] {n 1~ 1 (ED- N 1 )exp[%ﬂ (3.28)
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Chapter 4

4. Physical Modeling and Characterization of High Power

4H-SiC DMOSFETs

Owing to the large critical breakdown field of 4H-SiC, power devices made using
this material can theoretically exhibit excellent performance. A Double diffused
MOSFET (DMOSFET) is a power device used primarily as a switch in a power converter
or motor control circuit. In the ON state, the DMOSFET operates in the linear region
close to zero volts drain-source bias and a high gate-source bias. In the OFF state the
DMOSEFET operates at zero volts gate-source bias and possibly several thousand volt
drain-source bias. Modeling and characterization of the transport in 4H-SiC DMOSFET
is very important to understand its operation, limitations, and design. Because the
operation of a DMOSFET is similar to a lateral MOSFET, we can apply the same
mobility mechanisms, interface trap models, etc. derived in the chapters above to model
and simulate the 4H-SiC DMOSFET. A very important aspect of DMOSFET modeling is
to understand the breakdown mechanism in the device.

The chapter is structured as follows. First we discuss the design and operation of a
4H-SiC power DMOSFET. Then we model the ON state behavior of the device and
extract relevant physical information by comparing simulations to experiment. After that
we model impact ionization in the 4H-SiC DMOSFET and characterize the OFF state
behavior. Finally we discuss mixed-mode modeling and simulation of a boost converter

circuit using a 4H-SiC DMOSFET.
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4.1. DMOSFET Structure and Operation

The Double Diffused MOSFET (DMOSFET) is a semiconductor power device
mainly used in power switching operation. The operating conditions of the DMOSFET
requires it to block several hundred volts to kilo volts of DC voltage when the device is
OFF, and pass several amperes of current when the device is ON. This requires a more
complex structure than a standard MOSFET. The width of the DMOSFET is very large in
order to allow high current flow, which necessitates a fingered or more exotic layout of
the transistor. Also, the large blocking capability is achieved by using a vertical device
structure. The 2-D cross-sectional structure of a single n-channel DMOSFET cell is
shown in Fig. 4.1. The two sources are connected together. Two channels are formed in
the p-well regions near the semiconductor-oxide interface when the device is ON. The
current flows horizontally in the channel; but then once the electrons reach the low doped
JFET region, the vertical field arising due to the drain bias pulls the electrons down in the

vertical direction, thereby changing the direction of current.
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Fig. 4.1 Structure of the 4H-SiC DMOSFET under test.

4.1.1. DMOSFET Doping Profile

Important metrics for the design of a DMOSFET include the doping of the n- drift
region, the length of the drift region, width of the JFET regions, and the p-well doping.
Fig. 4.2 shows the typical doping profile of the DMOSFET. The p-well is Gaussian
doped with a surface doping value of 5x10'® cm™, while the peak doping of 10"°cm™
occurs approximately 0.5um away from the interface. For the device under test, the n-

drift region was doped to approximately 2.75x10" cm™. Further, the length of the drift
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region was 11um. The cell pitch was 13.5um. The gate was 8um long with two channels
of 1.5um each. The oxide thickness was 50nm. The total area of the gate was 0.085cm’.

This translates to a width of 83.55388 cm. This huge width enables the device to pass

currents as high as 5A.
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Fig. 4.2. Doping profile of the 4H-SiC DMOSFET. The p-well is Gaussian doped with a
peak value of 1x10"cm™ at 0.5um away from the surface. The drift layer is uniformly
doped to 2.75x10"cm™. Only half of the device in the x-direction starting from the source
contact to the middle of the JFET region is shown here. Only 2um of the drift region (y-

direction) is shown. The gate oxide is 50nm thick and stretches from x=0Opm to x=8um.
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4.1.2. Operation of the DMOSFET

The DMOSFET works exactly like an enhancement mode lateral MOSFET.
When a positive bias is applied to the gate of a n-channel DMOSFET, the p-well regions
near the interface start getting depleted. Once the gate bias crosses the threshold voltage,
an inversion layer is formed in each of the p-wells near the interface. On application of a
drain bias, electrons flow from both the sources, through the two channels and in to the
lightly doped JFET region. From there, the vertical field due to the drain bias pulls the
electrons to the drain contact and out of the device. During OFF state, the gate voltage is
at or below zero volts. In this case the channel is turned off and the drain-source voltage
drops across the drift region and the heavily doped p-well.

Typical operation scenario of the DMOSFET will be as a switching element in a
power converter circuit. Fig. 4.3 shows an example of the boost converter with a SiC
DMOSEFET acting as the switch.

On application of a large positive voltage to the gate of the DMOSFET, a large
current flows through the device. This brings down the voltage at the drain to a few
millivolts, and thereby turns off the diode D1. In this case, the storage capacitor C2 is
providing power to the load R. During this ON period, the current drawn from the battery
charges up the inductor and thereby stores energy in it. The DMOSFET should be able to
source a very large current without requiring a large drain bias. That is, the DMOSFET
should remain in the linear region of operation during the ON cycle. This assures a linear
increase in inductor current and also insures that the power being supplied by the battery

is not wasted as heat in the DMOSFET itself. Thus, during the ON part of the switching
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cycle, the DMOSFET has a very small drain voltage (a few hundred millivolts), while
sourcing a large amount of current.

When the DMOSFET is switched OFF, the current through the inductor abruptly
starts decreasing. This causes the entire inductor voltage to add to the battery voltage and
appear across the DMOSFET. In this cycle, the inductor is supplying power to the load.
For the boost converter operating as a voltage doubler (achieved for a 50% duty cycle),
the DMOSFET has to block 2*VDD voltage in the OFF state. A proper choice of
inductor and DMOSFET is essential to make sure that the boost converter design works
optimally for the load resistance. Thus, the ability to block a very high voltage when the

DMOSEFET is in OFF state is the other operating condition for the device.

B

u
1 D1

4H-SiC

VDD C1 DMOSFET

2 c2 LRL

— L 200u=~ =25

VG
Py 2

Fig. 4.3 Schematic of a boost converter using the 4H-SiC DMOSFET as a switch. VDD
is the battery, VG provides the switching gate pulses to the DMOSFET, L1 and C2 are

the energy storage units, and RL is the load.

Thus, it is important to characterize the DMOSFET in two distinct regions of
operation. (1) ON State where a large current is flowing through the device while the
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drain bias is at a few hundred millivolts and (2) OFF state when zero current is flowing
but the drain bias is at few hundred volts. The device should have a very low ON
resistance so that a large amount of current can be drawn through the device with very
little ON state drain voltage. And at the same time it must be able to block a very large
voltage in OFF state. Therefore, a figure of merit for such power devices is the blocking
voltage to ON resistance ratio, which will be discussed in more detail later. Further, the
DMOSFET needs to switch at a fast rate, to avoid power dissipation during switching.

Therefore, modeling the dynamic response of DMOSFET is also of essence.

4.1.3. Figure of Merit of 4H-SiC DMOSFETsSs

The two distinct regions of operation of a DMOSFET govern its design metric.
For a traditional DMOSFET, the ON resistance is controlled by the drift layer resistance.
This is not true for the current generation of SiC DMOSFETs as we show later. For
traditional DMOSFETs, a low ON resistance can be obtained by a short and high doped
drift layer. But, a short and high doped drift layer would give rise to large electric fields
during OFF state. These large electric fields would cause impact ionization in the device,
leading to device breakdown. So, a tradeoff between low ON resistance and high
blocking voltage ensues and is determined by the material properties of the
semiconductor.

When a small drain bias is applied to the DMOSFET, the resistivity or the ON

resistance of the uniformly doped n- drift region can be written in terms of the electron
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concentration (n), bulk mobility (4,), the length of the drift region (Lg4), for a unit area
device as

_ Ly @.1)

R =
qns,

on

Writing the electron concentration as equal to the doping, the ON resistance is

given as

L,
=" (4.2)
qNDlun

During OFF state, when a large bias is applied to the drain, the drift region will be
depleted. In this case, the maximum depletion width will correspond to maximum
allowed drain voltage (blocking voltage V). As the maximum depletion width is equal to

the length of the drift region (Lg), it can be written in terms of the applied blocking

voltage as

i 265V +
Wi =L, = \/ Scz(lz\l; #u) 43)
D

For Vg>> ¢B 78

/2 -V
Ldrift — ESlC B (44)
gN

Substituting for ¢*Np in equation (4.2), we have

3
Ldrift

- (4.5)
28SiCVBlun

on

Now, if the device breaks down at the blocking voltage Vp, then the electric field

inside the drift region at a drain bias of Vp must be equal to the critical breakdown field
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(E¢) for SiC. Writing Ec = Vp/Layi, and substituting for L. in the above equation we

have

_ /) (4.6)
26'SiC‘/BIttn

on

The figure of merit is then written as [66]

2
FOM = X—B =2€u M, E; 4.7)

The figure of merit gives a measure of how high the blocking voltage could be for
a specified ON resistance in the DMOSFET. It is dependent on the permittivity, the bulk
electron mobility and the critical breakdown field of the material. Thus it provides a
method to compare DMOSFETs fabricated using different materials. For example,
Silicon and 4H-SiC have similar permittivity (&;=11.8, &;c=9.8), similar intrinsic bulk
mobilities (us; = 1400 cmZ/Vs, Msic= 1071 cmZ/Vs), and similar dependence of mobility
on doping. Therefore, the only real difference between Silicon and SiC in terms of the
DMOSFET figure of merit is the critical field. As the breakdown field of 4H-SiC is
approximately 10X that of Silicon, the figure of merit of 4H-SiC DMOSFET is almost a
1000X of that of Silicon DMOSFETSs. That means that for a given ON resistance, SiC
DMOSFETs will be able to switch almost 30 times higher voltages than Silicon
DMOSFETs. This shows the tremendous advantage SiC enjoys over Silicon in terms of
power DMOSFETs. Fig. 4.4 compares the theoretical limits of the ON resistance versus
blocking voltage capabilities of Silicon and 4H-SiC DMOSFETs.

In the next two sections we will demonstrate modeling of the ON state and OFF

state characteristics of 4H-SiC DMOSFETs.
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Fig. 4.4 Theoretical limits of the ON resistance versus blocking voltage capacity of
Silicon and 4H-SiC DMOSFETs. 4H-SiC DMOSFETs have a much lower ON resistance
than Si DMOSFET:s at all blocking voltage values.
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4.2. ON State Modeling and Characterization

We extend the physics based numerical models for surface mobility, interface trap
densities, incomplete ionization, etc. that we had developed for lateral 4H-SiC MOSFETSs
to a vertical power DMOSFET. Mobility models for Coulombic scattering and surface
roughness scattering, doping density dependent bulk mobility models, distribution of
interface traps in energy space and incomplete ionization of dopants are incorporated in
our custom 4H-SiC DMOSFET simulator. We follow the now familiar procedure of
extracting interface trap density of states profile and the surface roughness parameters
from the subthreshold and the linear Ip-Vgs characteristics respectively. Then, we model
the turn-ON behavior of the DMOSFET and evaluate the various resistances in the device

that control the total ON resistance.

4.2.1. Extracting Physical Parameters from Ip-Vgs Characteristics

The simulated Ip-Vgs characteristics (Fig. 4.5) are compared to experiment to
validate our models and extract various physical parameters. As seen from the figure,
excellent agreement is achieved between the simulated I-V curves and experiment. This
allows us to extract the interface trap density of states profile and the surface roughness
parameters for the DMOSFET. In Fig. 4.6 we show the extracted interface trap density of
states profile for the DMOSFET. The band-edge density of states is approximately
3.6x10"cm™eV™" which is comparable to the values extracted for the lateral MOSFET.
Further, the extracted surface roughness step height is approximately 3.5nm which is the

same as that obtained for lateral devices.
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Fig. 4.5 Linear and subthreshold region Ip-Vgs curves for the 4H-SiC DMOSFET.
Excellent match is achieved for the entire gate bias range which allows us to extract the

interface trap density of states and the surface roughness values for the device.
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Fig. 4.6. Extracted interface trap DOS profile for the DMOSFET. The band edge DOS is
D% ~ 3.6x10" cm?2eV™!, mid-band DOS is D;™~1.8x10"'cm?eV!, and the band-tail

energy is o= 70meV
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4.2.2. Turn-ON Characteristics and Channel Resistance

After extracting the physical parameters for the interface trap density of states and
the surface roughness step height, we simulate the turn-ON characteristics of the
DMOSFET. Fig. 4.7 shows the comparison of the simulated and experimentally
measured turn ON behavior of the 4H-SiC DMOSFET. There is no fitting parameter
involved in simulating the Ip-Vpg characteristics shown here. Thus, once the interface
trap and surface roughness parameters are extracted from the Ip-Vgs characteristics, we

can immediately and accurately predict the ON state behavior of the DMOSFET.
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Fig. 4.7 Turn ON characteristics of the 4H-SiC DMOSFET. Excellent comparison is seen

between simulations and experimental data.
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The ON resistance of the DMOSFET can be calculated from the slope of the Ip-
Vps curves shown in Fig. 4.7. At a gate bias of 15V, the simulations and experiment
show that the total ON resistance of the device is 300mV/0.9A = 333.33 m{2. For an area
of 0.085cm?, this translates to a specific ON resistance of 25.8 mQ-cm”. By looking at the
potential profiles inside the device, we can now find the areas which contribute to this
ON resistance and thereby understand the mechanisms that are limiting transport in the
DMOSFET.

In Fig. 4.8 we show the potential profile in the 1.5um length channel (x=0.5um to
x=2.0um) of the DMOSFET. Now recall that there are two sources and two channels in
our DMOSFET cell. At any given drain bias, the two channels will carry equal amounts
of current (equal to half of the total drain current). Therefore, by evaluating the potential
difference across any one channel at a given drain bias, and by calculating the drain
current using our device simulator, we can calculate the channel resistance. As shown in
the inset in Fig. 4.8, at the applied drain bias (Vps) of 300mV, the voltage drop across
one channel is approximately 225.7mV. With 0.45A of current passing through the
channel, this gives the channel resistance of approximately 501m€. Thus, the total
resistance of the two channels of the DMOSFET each carrying equal currents of 0.45A

will be 250.5mQ. Therefore, the channel component of the specific ON resistance is

V,=225mV,I,=09A= R, :Q*Area =21.31mQ-cm’ (4.8)

ch

This is approximately 75% of the total ON-resistance of the DMOSFET at Vgs =
15V! Thus, the ON resistance of the DMSOFET is almost completely controlled by the
channel resistance. The drift layer plays a very small role in determining the ON
resistance.
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Recall that the design metric for a good DMOSFET is the tradeoff between
blocking voltage and ON resistance, and that is optimized by varying the doping and the
length of the drift region. Now, for the particular MOSFET under test, this design
methodology will not work because the drift layer is responsible for only a small part of
the total ON resistance. Thus, the current DMOSFET is far removed from the
theoretically ideal 4H-SiC DMOSFET and substantial improvement is possible with
regards to the ON resistance.
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Fig. 4.8 Potential profile in the channel at Vpg=300mV and Vgs=15V. The voltage drop

of approximately 225mV in the channel is indicative of a large channel resistance.

147



Two physical effects contribute to this channel resistance. One is the reduced
inversion charge density due to the large number of occupied interface traps. As shown in
Fig. 4.9, at a gate bias of 15V, less than 50% of the total induced charge in the channel is
available as mobile carriers for conduction while the rest occupies the interface traps. The
extracted interface trap density of states profile has band-edge density of states values of
3.6x10"cm?eV™" and midgap values of 1.8x 10"'em?eV™'. The second performance
degradation effect is the lowering of surface mobility due to Coulombic scattering from
the interface traps and surface roughness scattering. The extracted value of surface
roughness (A ~ 3.5nm) indicates the presence of step bunching at the interface. Fig. 4.10
shows the electron mobility in the channel at various depths inside the device. The

surface mobility is as low as 6 cm?/Vs.
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Fig. 4.9 Comparison of the immobile occupied interface trap charge density (dashed) and
the mobile inversion charge density (solid with symbols) in the channel. Less than 50%

of the total induced charge (N;+N,,) is available for conduction in the DMOSFET.
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Fig. 4.10 Electron mobility in the channel at various depths into the device. Surface
mobility at Vgs=15V is as low as 6 cm?/Vs on account of surface roughness and interface

trap scattering.
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4.2.3. Optimization of Turn-ON Resistance

As a design experiment, we tried to optimize the ON resistance of the test
DMOSFET by varying the width of the JFET region. The total resistance of the
DMOSEFET consists of the channel resistance, the JFET resistance, and the drift layer
resistance. The flow of electrons inside the DMOSFET is from the two sources into the
channels, then into the JFET region where the depletion regions near the p-wells force the
electrons into a narrow region, and then from there into the drift region. Consequently,
current flows into the device from the drain contact, vertically through the drift layer
towards the surface. The field lines get constrained around the two p-wells directing the
current into a narrow path (JFET region). From there, the current changes direction and
flows laterally through the channels, and eventually out of the two sources. This flow of
current is shown in Fig. 4.11. By varying the width of the JFET region for the given
DMOSFET we would expect a change in the ON resistance.

Fig. 4.12 shows the same phenomenon in form of current density curves in half of
the device. The lines represent the vertical component of the current density at various
depths away from the interface. Close to the surface, the vertical current is constrained in
the narrow JFET region. As we go deeper into the drift region, the electrons spread out
more, and so the current density curves spread out too. Finally, near the drain contact, the

current density is almost constant throughout the entire pitch of the DMOSFET cell.
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Fig. 4.11 Current flow inside a 4H-SiC DMOSFET. The arrows represent the direction of

flow of current (from the drain to the sources)
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Fig. 4.12 Current spreading in the DMOSFET. In the JFET region, the current is confined
to a narrow width, but as electrons move towards the drift region, they spread out and

thereby the current density curves spread out over the entire width of the device.

151



We varied the width of the JFET region and simulated the turn ON characteristics
each time. In Fig. 4.13 we show the extracted turn ON resistance as a function of width of
the JFET region. We see that the best ON resistance is obtained at a JFET width of 4mm.
Note that the value of the ON resistance is much higher than the theoretically achievable
ON resistance at the given doping density. This is because the ON resistance is
dominated by the channel resistance. Therefore, in the given DMOSFET, optimization of
the JFET width may not look very important. But if the channel resistance can be

eliminated, then careful design needs to be done to optimize the width of the JFET

region.
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Fig. 4.13 Optimal JFET width can be obtained by simulating ON resistance for different

device geometries. JFET width of 4um gave the best ON resistance at 20V gate bias.
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4.3. OFF State Modeling and Characterization

For DC-DC converters, motor control and other power applications, SiC power
DMOSFETs will be required to block several kilovolts in the OFF state, while at the
same time limiting the leakage current to less than a few nanoamperes. This large drain-
source voltage creates very high electric fields reaching several MV/cm inside the device.
Using the device simulator, we can pin-point the places in the DMOSFET where the
electric field is the highest, and then engineer the devices to control it. Impact ionization

at large electric fields causes breakdown of the DMOSFET.

4.3.1. Impact Ionization Models

Impact ionization coefficients have been calculated or measured for holes and
electrons in 4H-SiC [67][68][69]. Fig. 4.14 and Fig. 4.15 show a comparison of these
published impact ionization coefficients respectively for holes and electrons, as a
function of the electric field. For 4H-SiC, the hole ionization coefficients are larger than
the electron ionization coefficients over most of the electric field range. This would
indicate a higher probability of hole initiated impact ionization in 4H-SiC devices. The
differences between the coefficients reported by the various groups arise from the
methods used to measure them or from the Monte Carlo simulations employed to
calculate them. This variation in the impact ionization coefficients translates to
significantly difference impact ionization rates. Therefore, using these published

coefficients will give considerable variety in the calculated breakdown voltages.
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Fig. 4.14 4H-SiC hole impact ionization coefficients as reported in Konstantinov et

al.[67], Ng et al.[68], and Baliga et al.[69]
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Fig. 4.15 4H-SiC electron impact ionization coefficients as reported by Konstantinov et

al. [67], Ng et al., [68] and Baliga et al. [69]
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The best way of choosing the proper ionization coefficients is to extensively
calibrate the calculated breakdown characteristics with experimental data. Using the
impact ionization coefficients published in literature, we simulated SiC avalanche
photodiode (APD) breakdown characteristics for a number of devices manufactured by
different groups and reported in literature [70]. This work showed that the ionization
coefficients reported by Konstantinov et al. [67] gave consistently good match to
experiment. The impact-ionization rates for holes (£;) and electrons (¢;) which give the

best match to experimental data in APDs are written as [67]

_(eE) | &¢
'B’"_(é”] p_ qu,,(s‘ﬁqu,,)} 42
a, =(‘2€ exp{— (qif")z} (4.10)

Here, E is the local electric field, 4,/4, are the electron/hole mean free paths (4,
=2.99nm, A,=3.25nm), ¢&,=0.36eV is the optical phonon energy, &"/&/ are the
electron/hole ionization energies (&' =10eV, &/ =7eV), and ¢ is the electronic charge.

We use these coefficients to evaluate impact ionization and breakdown in the 4H-
SiC DMOSFET. We do not have breakdown data for the DMOSFET, and so the results

are predictions based on calibration carried out on 4H-SiC APDs [70].
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4.3.2. Impact Ionization Simulation

The impact ionization coefficients given in equations (4.9) and (4.10) are used to
calculate the impact ionization rate inside the device. The rate of impact ionization is

given as

Gii =,

J}’l

AV (4.11)
where J, and J), are the electron and hole currents.

The above equation is included in the Drift-Diffusion model as part of the steady

state electron and hole current continuity equations.

V-J,+(G-R)gy +(G-R),,c +G, =0 (4.12)

- v'jp+(G_R)SRH+(G_R)AUG +G; =0 (4.13)

First the set of equations along with the Poisson equation are solved without
including impact ionization to obtain a solution at the given bias point. Then the
semiconductor equations are solved again using the aforementioned methodology and
including impact ionization.

Modeling impact ionization in semiconductors is difficult. Near breakdown, the
current in the device changes by several orders of magnitude for a small change in
applied bias. This radical change is very difficult to capture in a device simulator. The
problem becomes more complex for a 2-D device simulation as with the DMOSFET.

We employ a combination of several strategies to simulate impact ionization in
the 4H-SiC DMOSFET. As a first step, we identify the regions in the device with the
maximum electric field. Due to the exponential dependence of impact ionization rate on

electric field, we expect to get the highest carrier multiplication values in the regions with
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the highest field. We set up a fine mesh in these regions and continuously monitor them
so that the mesh can be progressively refined in-order to achieve convergence. We
employ two convergence criteria specifically to check for impact ionization convergence.
We check for the convergence in the impact ionization rate itself, and also check for
convergence in the electric field. We exit the simulation when one or the other criteria is
met. Other numerical techniques used to achieve convergence include starting the
simulation with a high impact ionization rate everywhere in the device, and progressively
lowering the values till convergence is reached. We also continuously monitor various
regions of the device to make sure that incomplete ionization does not complicate the

simulation process.

4.3.3. Breakdown Characteristics of 4H-SiC DMOSFET

We simulate the OFF state characteristics of the 4H-SiC DMOSFET by applying
zero volts to the gate and the source and a high voltage to the drain. The OFF state
characteristics include the leakage current and the breakdown voltage calculation.

The first step in calculating breakdown in 4H-SiC DMOSFET is to calculate the
electric field inside the device at large drain biases. Fig. 4.16 shows the electric field
inside the DMOSFET when 2000V are applied to the drain. The peak electric field is
observed near the p-well corner and along the p-well n-drift junction. The rest of the
voltage is dropped across the entire drift layer depleting it completely. Our high voltage

simulations show that the electric field reaches as high as 3MV/cm at the corner of the p-
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well while the device is blocking 2000V. This large field initiates impact ionization in the

device.

Drain
N+ Substrate

N- Drift Region

P Well

Source Gate

il s

Fig. 4.16 Peak electric field of approximately 3MV/cm seen at the corner of the p-well
region in the 4H-SiC DMOSFET structure under 2kV drain bias and OV gate and source

biases.

Fig. 4.17 shows the impact ionization rate (G;;) inside the device just prior to
breakdown. As can be seen clearly, the maximum ionization is observed at the corners of
the p-well where the electric field is the maximum. The 4H-SiC DMOSFET breaks down

at values of Gj; greater than 1x10*" cm>s™.
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Fig. 4.17 Impact ionization rate inside the DMOSFET at 2kV drain bias. The largest
impact ionization rate is seen at the p-well boundary where the electric field also has its

maximum.

We ramp up the drain voltage in small steps and calculate the current at each
value to find the maximum blocking voltage for the device. Fig. 4.18 shows the current
density in the device at the onset of impact ionization (approximately drain voltage of
2043V). As can be seen in the figure, due to the generation of huge number of electrons
and holes near the p-well junction, a low-resistance path between the source and the drain
contacts passing through the high field region near the edge of the p-well is created. A
large current begins flowing along this path and thereby further increases impact

ionization in the device. This eventually leads to breakdown in the 4H-SiC DMOSFET.
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Fig. 4.18 Current density inside the DMOSFET just prior to breakdown shows creation of
a very low resistance path from the source contact, through the p-well region and the

completely depleted drift region, to the drain contact.

Finally, as shown in Fig. 4.19, we see breakdown due to impact ionization
occurring at 2048V for the device under test, causing the current to rise exponentially
from a few nanoamperes to several milliamperes. Another interesting feature of the 4H-
SiC DMOSFET is the extremely low leakage current seen in Fig. 4.19. The large
bandgap and extremely low intrinsic carrier density gives us this low leakage current of a

few nanoamperes even at drain biases in excess of 2kV.
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Fig. 4.19 Ip-Vps showing impact ionization occurring at approximately 2048V in the 4H-
SiC DMOSFET. The off-state current jumps from the nanoamperes level to several

milliamps due to avalanching effect.
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4.4. DC-DC Converter Mixed Mode Simulation

4H-SiC DMOSFETs are power devices which will be employed as switches in
power converter modules. Typical operating scenario for a 4H-SiC DMOSFET would be
in a transient switching mode at switching frequencies in excess of 20 kHz. The
DMOSEFET will require to pass a large current during ON state while block a large
voltage during OFF. Fig. 4.20 shows a typical boost-converter circuit schematic in which
the power DMOSFET is given a gate pulse to turn it ON and OFF.

When the DMOSFET is turned ON, it provides a low resistance path for current
to flow. This causes the drain voltage to reduce close to zero, and the inductor is charged.
The inductor current increases almost linearly with time, giving rise to a constant voltage
close to the battery voltage across the inductor. During the ON cycle, the diode D1 is
OFF and the storage capacitor C2 supplies power to the load RL.

When the DMOSFET is turned OFF, the current through the DMOSFET goes to
zero and the inductor current starts decreasing. This changes the polarity of the inductor
voltage and the sum of the battery voltage and the inductor voltage appears at the drain of
the DMOSFET. This turns ON the diode D1, and the inductor current then charges the
storage capacitor C2 and also supplies power to the load. Thus, the load resistor is
supplied current via the inductor when the DMOSFET is turned OFF, and through the
capacitor C2 when the DMOSFET is ON.

Variation of the duty cycle of the gate voltage enables us to change the output
voltage across the load resistor. A 50% duty cycle causes twice the battery voltage to

appear across the load resistance. The efficiency of such a boost converter circuit can be
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higher than 90%. In order to achieve this high efficiency, the ON resistance of the

DMOSEFET needs to be as small as possible.

7 L."'/ "25 'H . [:% Py
u
! D1
4H-SiC
VDD C1 DMVIOSFET
1200 C2 ~RL
— - 200u=" <25
VG
L

Fig. 4.20 Schematic of a boost converter using the 4H-SiC DMOSFET as a switch. VDD
is the battery, VG provides the switching gate pulses to the DMOSFET, L1 and C2 are

the energy storage units, and RL is the load.

4.4.1. Mixed Mode Simulation Methodology

The DMOSFET has an inductive load during ON state. Modeling the switching
behavior of the DMOSFET under this inductive load is essential to understand the
limitations imposed on switching frequency, interface trap dynamics, reverse recovery,
etc. We carried out mixed-mode simulation of a 4H-SiC DMOSFET operating as a
switch with an inductive load with a goal to eventually building a complete 4H-SiC
MOSFET mixed-mode simulator for simulating complex power converter circuits.

Fig. 4.21 shows the circuit we simulated as part of this effort. The DMOSFET is
switched from OFF to ON by applying a 10V pulse to the gate. We calculate the effect of
the inductive load on the drain current and drain voltage of the DMOSFET when the

device is turned ON and when it is turned back OFF.

163



The actual boost converter is designed with a 25uH inductor, and ten cells of the
simulated 4H-SiC DMOSFET. We simulate a single cell of the DMOSFET, and so we
scale all the components while simulating the circuit. The real circuit can be thought of as
a parallel combination of the circuit shown in Fig. 4.21. As the inverse of the inductance
is summed in a parallel circuit, ten inductors each of 250uH in parallel are equivalent to a
single 25uH inductor. That is why we show a 250uH inductance for the mixed mode

simulation.

2028

L1 250uH .
Drain
4H-SiC
VDD |+ DMOSFET
10V |- S1| Gate 52.
™
VG ()

Fig. 4.21 Circuit with the inductively loaded 4H-SiC DMOSFET for mixed-mode

simulation.

Mixed mode simulation of the above circuit involves solving Kirchoff’s laws
along with the semiconductor Drift-Diffusion equations self-consistently. For the circuit

in Fig. 4.21, we can write Kirchoff’s voltage law as
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dl,

Voo _LE:VDS (4.14)

Where I is the current flowing through the loop, L is the inductive load, Vpp is
the battery voltage and Vpg is the voltage at the drain of the 4H-SiC DMOSFET.

The current flowing through the DMOSFET depends upon the drain bias and is
calculated by solving the complete Drift-Diffusion system of equations (Numerical

solution is described in chapters 2 and 3).
I, (t): Joo (VDS (t)’VGS (t)) (4.15)

fpp 1s represents the solution of the drift-diffusion system of equations for the
applied gate bias at time ¢, and the estimated drain voltage at time ¢. For the circuit of Fig.
4.21, the inductor current is equal to the drain current. Therefore, equations (4.14) and
(4.15) are solved iteratively at each time ¢ to obtain unique values of Ip and Vpg at that
time.

We also simulate the above shown circuit along with a load resistor as shown in
Fig. 4.28. We follow the same methodology as discussed above to solve for the drain
voltage and current during the switching cycles. But in this case, the inductor current is

equal to the sum of the drain current and the current through the load resistance.

V(1)

L()=1,)+1,()=1,(1)+ A

(4.16)

Equations (4.14), (4.15) and (4.16) are solved iteratively at each time ¢ to obtain

solutions for current through the DMOSFET and the drain voltage.
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4.4.2. Mixed Mode Simulation Results

4H-SiC DMOSFET with Inductive Load (Fig. 4.21): As a first step towards

mixed mode simulation of complete power converter circuits, we simulated a 4H-SiC
DMOSFET with an inductive load and subject to a 0-10V gate pulse. When the gate
pulse is applied to the DMOSFET, the device turns on and draws current from the battery
and thereby charges the inductor. The DMOSFET provides a very low resistance path for
the current to flow. Therefore, the voltage at the drain drops down quickly to a very low
value as shown in Fig. 4.22 and Fig. 4.23.

As the inductor charges up, it draws more current from the supply, and so the
drain voltage of the DMOSFET rises up. The DMOSEFT remains in the linear region of
operation during the entire charging cycle. The current rises almost linearly with time as
shown in Fig. 4.24. The linear change in current with time translates to almost a constant
voltage across the inductor. If the DMOSFET were an ideal switch with zero resistance,
the entire supply voltage would appear across the inductor with zero voltage at the
DMOSEFET drain.

Fig. 4.25 shows the power dissipated by the 4H-SiC DMOSFET during this
charging cycle. The power dissipated is limited to a few milliwatts and so most of the
energy is stored in the inductor in the charging cycle. This energy is then transferred to

the load when the DMOSFET is turned OFF.
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Fig. 4.22 Turn ON response of the 4H-SiC DMOSFET with an inductive load. The
DMOSEFET provides a low resistance path for the current to flow, and so the drain

voltage decreases to a very small value during the ON (inductor charging) cycle.
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Fig. 4.23 Voltage at the drain of the 4H-SiC DMOSFET during the charging cycle of the
boost converter. The drain voltage is very low as the DMOSFET provides a low

resistance path for the inductor's charging current.
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Fig. 4.24 Current during turn ON of a 4H-SiC DMOSFET with an inductive load. The
current rises almost linearly with time thereby ensuring that the voltage across the

inductor remains close to VDD, and the drain voltage remains very low.
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Fig. 4.25 Power dissipation in the 4H-SiC DMOSFET during the charging cycle of the

boost converter.
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Fig. 4.26 and Fig. 4.27 show the turn OFF behavior of the 4H-SiC DMOSFET
with an inductive load. When the DMOSFET is turned off, the current in the DMOSFET
tries to go to zero. But the inductor does not allow the current to reduce to zero
instantaneously. As there is no other path for the current to flow through, the inductor and
the drain-source capacitance of the DMOSFET form a leaky L-C tank circuit. This gives
rise to large oscillations in the voltage at the drain and current in the 4H-SiC DMOSFET.
In a complete boost-converter as shown in Fig. 4.20, the inductor supplies power
(current) to the load resistance via the diode D1 when the DMOSFET is turned off. This

effectively limits the voltage at the drain of the DMOSFET to a maximum of 2*Vpp,.
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Fig. 4.26 Turn OFF behavior of the 4H-SiC DMOSFET with inductive load showing the

voltage ripples which occur due to creating of a leaky L-C tank circuit.
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Fig. 4.27 Current in the inductively loaded 4H-SiC DMOSFET during ON and OFF state.
Oscillations in the current can be seen due to formation of a leaky L-C tank circuit during

turn OFF.

4H-SiC DMOSFET with Inductor and Load Resistance (Fig. 4.28): Finally

we model the boost converter with a resistive load. The mixed mode simulation now
consists of the battery, charging inductor, 4H-SiC DMOSFET and a resistance
representing the electric motor load. Fig. 4.27 shows the circuit used for the mixed mode

simulation.
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Fig. 4.28 Inductively loaded 4H-SiC DMOSFET and a load resistance mimicking the

operation of a full boost converter.

Use of the resistive load provides a discharge path for the current that is stored in
the inductor when the DMOSFET is ON. When the DMOSFET is turned ON, the
DMOSFET provides a very small resistance path for the current to flow. Therefore, the
drain voltage drops to a low value effectively shorting out the load resistance. In the
complete boost converter circuit, a storage capacitor would be supplying power to the
load resistance during this phase of the switching cycle. As shown in Fig. 4.29, when gate
voltage is high, the drain voltage drops to a small value. The inductor current is equal to
the DMOSFET drain current during this time, and it increases almost linearly with time.

This is shown in Fig. 4.30. During this time, the load current is close to zero.
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Fig. 4.29 Drain voltage on the 4H-SiC DMOSFET during the switching cycles of the

mixed mode simulation of the boost converter circuit.

ON OFF ON OFF
0 5 10 15 20
Time (us)

Fig. 4.30 Inductor (Ip), 4H-SiC DMOSFET drain (Ip), and load (Ir) currents during the

ON-OFF switching cycles of the boost converter mixed mode simulation
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When the DMOSFET is turned OFF, the drain current reduces to zero very
quickly, leaving the inductor current to flow through the load resistance. During this OFF
cycle, the inductor transfers power to the load resistance. The load current equals the
inductor current and it slowly decreases with time. The drain voltage (voltage across the
load) rises quickly at first as the polarity of the inductor voltage changes sign, but then
decreases with time. This continues until the 4H-SiC DMOSFET is turned back ON, after
which the whole inductor charging and discharging cycle is repeated.

We do not see the voltage and current oscillations of Fig. 4.26 and Fig. 4.27 in
this simulation because the inductor current has a discharge path through the load
resistance in this case. So there is no oscillatory L-C tank circuit as with the first case,

leading to an absence of the voltage and current oscillations.
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Mobile Charge inside the 4H-SiC DMOSFET during Turn-ON: Electron and

hole concentrations inside the 4H-SiC DMOSFET change rapidly during the turn-ON
part of the boost converter switching cycle. The electron and hole concentrations inside
the DMOSFET are shown for different times during the turn-on phase of the switching
cycle in Fig. 4.31. When the gate voltage in the DMOSFET is ramped up, electrons flow
from the highly doped source into the channel and build up the inversion charge. These
inversion layer electrons and pulled by the drain-source field into the JFET and drift
regions, thereby creating a path for the DMOSFET current to flow. As shown in the
figure, the entire inversion layer is formed in the 0.5us it takes for the gate to ramp up to
its maximum value. During this time, the hole concentration in the channel and JFET
regions decreases rapidly from its depletion levels (close to the intrinsic concentration) to
very small values (~10->"cm™). The majority carriers (electrons) and the minority carriers
(holes) respond almost immediately to the applied gate signal, and so the DMOSFET can
easily respond to a fast gate turn-on signal. From 0.5us to 5.5us, the gate voltage is held
constant at SV. During this time the current in the DMOSFET is rising almost linearly
with time as has been shown in Fig. 4.30. The electron concentration in the channel and
JFET regions also rises correspondingly, but as the inversion layer is completely formed
and surface electron concentration has already reached ~10"cm™ levels during turn-ON,
any further rise in electron concentration (~10"cm™ to ~10*cm™) cannot be visualized

on the log scale of the plots.
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Fig. 4.31 Electron and hole concentration inside the 4H-SiC DMOSFET changing with
time during turn on. Electron plots show the formation of the inversion layer in the
channel and occupation of the JFET region by electrons leading to current flow. Hole

concentration plots show decrease in concentration in the JFET regions with time as the

gate voltage rises.
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Mobile charge inside the 4H-SiC DMOSFET during TURN-OFF: Fig. 4.32

shows the changes in the electron and hole concentrations inside the DMOSFET during
the turning OFF phase of the switching cycle. As the gate is turned off, the electrons in
the channel and JFET regions rapidly decrease in concentration to the intrinsic carrier
concentration levels. As seen in the plots of electron concentration, the JFET region loses
its electrons before the channel. The hole concentration in the channel and JFET regions
rises from the 10°%m™ levels to the intrinsic carrier concentration values of
approximately 10%m™. The minority and majority carriers need a finite amount of time
to go back to their steady OFF state levels. This time characterizes the minimum OFF
time required for proper operation of the boost-converter circuit. In other words, the rate
of change of minority and majority carriers during turn OFF determines the reverse
recovery characteristic of the 4H-SiC power DMOSFET, and thereby imposes a limit on
the maximum allowed switching frequency. After turn OFF has been achieved, a
depletion region is reformed in the JFET and drift region whose width depends upon the

value of the blocked drain-source voltage.
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Fig. 4.32 Electron and hole concentration inside the 4H-SiC DMOSFET during the turn
off cycle. Electron plots show rapid decrease in electron concentration in the JFET and
channel regions with a final level equal to the intrinsic carrier concentration emerging
there. Hole concentration rises from the 10°%cm™ ON state levels in the channel and
JFET regions to the intrinsic carrier concentration. The OFF state depletion region in the

drift and JFET regions evolves during this turn OFF phase.
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4.5. Chapter Summary

We described the design and operation of a 4H-SiC power DMOSFET and
compared it to a Silicon DMOSFET in terms of its blocking voltage and ON resistance
capabilities. We saw that the SiC devices have a significantly higher figure of merit than
Si power DMOSFETs.

We modeled the operation of a high power 4H-SiC DMOSFET in the ON and
OFF states using our custom 2-D Drift-Diffusion simulator. The ON resistance of the test
DMOSFET was approximately 25m{ at room temperature. Approximately 75% of this
resistance was due to the channel resistance.

We extracted interface trap density of states and surface roughness parameter
values for the DMOSFET by comparing simulated I-V curves to experiment. We saw that
less than 50% of the total induced charge in the device serves as mobile inversion charge,
while the rest just fills up the interface traps. We also calculated that at the operating
conditions of high gate bias, surface roughness is the dominant mobility degradation
mechanism in this device.

We also simulated the OFF state behavior of the 4H-SiC DMOSFET and modeled
impact ionization related breakdown in the device. We found that impact ionization is
initiated at the corners of the p-wells and at the p-well n-drift junctions. The calculated
breakdown voltage for the device was found to be in excess of 2kV.

Finally, we implemented a mixed-mode simulator for simulating an inductive
load on the 4H-SiC DMOSFET. We see how current is stored in the charging inductor
when the DMOSFET is turned ON, and that the charged inductor supplies power to the

load during the OFF period of the switching cycle.
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Chapter 5

5. Summary, Conclusions and Future Work

In this chapter we summarize the results of this research, highlight the major

conclusions and discuss the further course of research.

5.1.  Summary of Research

Silicon Carbide MOSFETs and power MOSFETs have enormous potential for
replacing Silicon based devices in high power, high temperature applications. The
advantages of SiC over Si lie in its material properties such as high bandgap, high
thermal conductivity and very high breakdown field. These properties enable us to
fabricate SiC high power devices that can operate at very high temperatures (>400°C),
pass tens of amperes of current in the ON state while leaking only a few nanoamperes in
the OFF state, and block tens of kilovolts without breaking down. While these properties
make SiC MOS devices ideal for high power electronics applications, current generation
devices are plagued with severe problems. Our research has focused on identifying,
understanding, and quantifying the effects of these bottlenecks which degrade the
performance of 4H-SiC MOSFETs.

We employed a robust and rigorous numerical modeling and electrical
characterization approach to understand transport in 4H-SiC MOSFETs and power
DMOSFETs, at room and high temperatures, in DC, AC and transient regimes of

operation. We developed physical models for scattering mechanisms such as Coulomb
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scattering from interface traps and surface roughness scattering, and incorporated them as
mobility models in our custom 2D Drift Diffusion based device simulator for 4H-SiC
MOS devices. We modeled and characterized the behavior of interface traps at room and
high temperatures and extended the experimental characterization of interface trap
density of states to the entire bandgap. We modeled I-V characteristics of 4H-SiC lateral
MOSFETs and power DMOSFETSs, and compared them to simulations to extract values
for physical quantities such as interface trap densities, fixed oxide charge, surface
electron saturation velocity, and roughness at the SiC-SiO, interface.

We developed a new generation-recombination model to explain the dynamic
interaction between interface traps and inversion layer electrons during transient
switching of the 4H-SiC MOSFET. Using this model, and with close comparison with
ultra-fast transient current measurement, we were able to extract effective capture cross-
sections of the traps in a SiC-SiO, system. On the basis of the extracted effective capture
cross-sections we were able to distinguish between interface, near-interface, and oxide
traps.

Finally, we developed numerical and physical models to characterize the ON state
and OFF state performance of 4H-SiC power DMOSFETs. We analyzed the turn ON
characteristics of the DMOSFET and extracted relevant physical parameters from close
corroboration with experiment. We also simulated the breakdown behavior of these
devices and evaluated blocking voltage capability of the test 4H-SiC DMOSFET. We
developed a mixed-mode simulator to analyze the performance of an inductively loaded

4H-SiC DMOSFET in form of a DC-DC boost converter.
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5.2.  Major Conclusions

Listed below are the main conclusions of this research.

4H-SiC MOS Device Simulator: A comprehensive 2-D Drift Diffusion based

device simulator has been developed for 4H-SiC MOS devices, which incorporates
quantum corrections calculated using the Density Gradient methodology. Physical
models for Coulombic scattering from interface traps, surface roughness scattering,
interface trap density of states and occupation, generation-recombination, incomplete
ionization, temperature dependence of mobility, dynamics of interface traps, impact
ionization, and other physical effects typical to SiC devices have been developed and
implemented.

Interface Traps in 4H-SiC MOSFETSs: Interface traps play a major role in

determining transport in 4H-SiC MOSFETs by reducing surface mobility at low gate
biases, and by reducing the amount of mobile inversion charge. Less than 50% of total
induced charge in current generation 4H-SiC MOSFETs is available for conduction.
Extracted interface trap density of states show an exponential increase near the band
edges, with values at the conduction band edge in the mid 10" cm™?eV™' range. The mid-
gap density of states is in the low to mid 10" cm™eV™' range. Interface trap states show
more spreading into the bandgap at higher temperatures (band-tail energy increases with
temperature), while the band-edge values decrease due to reduction in bandgap at high
temperatures. Screening of interface traps plays a big role at high gate biases, effectively
reducing Coulombic scattering by traps and thereby increasing Coulomb mobility

significantly.
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Surface Roughness: A robust surface roughness mobility model that incorporates

the effect of step bunching arising due to the off-axis growth process of SiC wafers has
been developed and implemented. Step bunching is observed at the interface, with an
extracted root mean square step height of approximately 3.5nm. Surface roughness
mobility dominates transport at high gate biases. Surface electron mobilities were found
to be as low as 20 cm?/Vs at room temperature.

Trap Dynamics and Effective Capture Cross-sections: A generation-

recombination model and a dynamic trapping model have been developed to characterize
the interaction between interface traps and inversion layer electrons in 4H-SiC
MOSFETs. Experiments to measure the transient characteristics of SiC MOSFETs show
a characteristic decay in drain current with time indicating the presence of interface, near-
interface and oxide traps. Extracted “effective capture cross-sections” of the traps showed
that traps lying close to the band-edge were fast traps, while those away from the band-
edge behaved like slow near-interface or oxide traps.

High Power DMOSFETSs: The operation of a high power 4H-SiC DMOSFET in

the ON and OFF states was modeled and analyzed. Extracted trap densities and surface
roughness parameters were similar to those for lateral MOSFETSs. Approximately 80% of
the ON resistance in the test device was due to the channel resistance. Impact ionization
related breakdown in the 4H-SiC DMOSFET was modeled and the calculated the
breakdown voltage was in excess of 2kV. A mixed-mode simulator for simulating a boost

converter circuit using a 4H-SiC DMOSFET was implemented.
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5.3. Future Work

Significant effort needs to be put in to develop robust models for transport in SiC
MOS devices. TCAD based device design requires thorough analysis of the physics of
processing, and transport mechanisms typical to SiC devices. Further, due to the rather
uncoordinated approach to process standardization for SiC devices, many physical
parameters relevant to one manufacturer may not be applied to others. A few areas where
our research can be extended to which would help in understanding, quantifying and
eventually standardizing models for SiC MOS devices are given below.

One of the recent observations in 4H-SiC MOSFETs is the presence of a
transition region comprising of Silicon, Carbon and Oxygen (Si-C-O layer) at the SiC-
SiO, interface. It has been shown that this transition layer maybe several nanometers
thick. Modeling and characterizing the effect of this transition region may serve to be
very important in gaining better understanding of transport in the channel in SiC
MOSFETs.

Modeling heat generation and dissipation especially during switching of SiC
power DMOSFET is very essential for efficient circuit design. Solving the heat flow
equation along with the semiconductor equations would allow us to extract the effect of
rising lattice temperature, and also creation of hot spots in the device. Further, using the
heat equation and thermal resistances associated with bonding and packaging materials,
we would be able to generate temperature maps for the power DMOSFETSs, and also
suggest appropriate cooling methodologies for the power converter systems.

In our research, we briefly touched on deriving compact model parameters for
SiC MOSFETSs. More work can be done in this area to extract the complete BSIM model

183



for SiC, which can be then used to simulate circuits using SiC MOSFETs and
DMOSEFETs. Closely correlating the compact model to the more physical Drift-Diffusion
model and to experimental measurements is another very interesting research area.
Device modeling and characterization techniques can be implemented to analyze
the long term stability issues of current generation SiC MOS devices. Presence of deep
oxide states causing threshold voltage instability and giving rise to hysteresis in Ip-Vgs
curves can be analyzed by implementing an oxide tunneling model within the Drift-

Diffusion framework.
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