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Abstract 
Silicon Carbide (SiC) is a wide band-gap semiconductor material with 
excellent material properties for high frequency, high power and high 
temperature electronics. In this work different SiC field-effect transistors 
have been studied using theoretical methods, with the focus on both the 
devices and the methods used. The rapid miniaturization of commercial 
devices demands better physical models than the drift-diffusion and 
hydrodynamic models most commonly used at present. 
The Monte Carlo method is the most accurate physical methods available 
and has been used in this work to study the performance in short-channel 
SiC field-effect devices. The drawback of the Monte-Carlo method is the 
computational power required and it is thus not well suited for device design 
where the layout requires to be optimized for best device performance. One 
approach to reduce the simulation time in the Monte Carlo method is to use a 
time-domain drift-diffusion model in contact and bulk regions of the device. 
In this work, a time-domain drift-diffusion model is implemented and 
verified against commercial tools and would be suitable for inclusion in the 
Monte-Carlo device simulator framework. 
Device optimization is traditionally performed by hand, changing device 
parameters until sufficient performance is achieved. This is very time 
consuming work without any guarantee of achieving an optimal layout. In 
this work a tool is developed, which automatically changes device layout 
until optimal device performance is achieved. Device optimization requires 
hundreds of device simulations and thus it is essential that computationally 
efficient methods are used. One important physical process for RF power 
devices is self heating. Self heating can be fairly accurately modelled in two 
dimensions but this will greatly reduce the computational speed. For realistic 
influence self heating must be studied in three dimensions and a method is 
developed using a combination of 2D electrical and 3D thermal simulations. 
The accuracy is much improved by using the proposed method in 
comparison to a 2D coupled electro/thermal simulation and at the same time 
offers greater efficiency. Linearity is another very important issue for RF 
power devices for telecommunication applications. A method to predict the 
linearity is implemented using nonlinear circuit simulation of the active 
device and neighbouring passive elements. 
The work has contributed to a substantial improvement in the area of device 
simulation and increased efficiency in device design in general, but 
particularly for SiC RF power MESFETs. 
Keywords: SiC, Device simulation, RF, power, MESFET, self heating, 
linearity, drift-diffusion, Monte Carlo 
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1 Introduction 
The evolution within the area of computers and telecommunications seen 
today is based on and limited by the improvements that have been achieved 
in electronic device technology. To continue this rapid progress, the 
performance of electronic devices has to increase continuously. The method 
most commonly used to improve system performance is the scaling down of 
transistors. As the dimensions are reduced the individual device 
performances increase, allowing higher switching speeds of the system. With 
smaller dimensions the number of transistors also increases, and the 
functionality per unit area is improved. Although devices are becoming 
smaller and more advanced, the fundamental limits achievable with the 
devices and materials presently used are rapidly being reached. The 
performance of the devices is related to both their structure and the electrical 
transport parameters of the material. For power devices, device scaling is not 
the route to follow, as the breakdown voltage and consequently the output 
power is reduced. To increase the speed with maintained power, materials 
with better transport properties than those achieved by silicon can be used. 

Device simulation is the most important tool for understanding and design of 
high performance devices. The accuracy of the models used at present in 
commercial software [1] such as the drift-diffusion (DD) and the 
hydrodynamic (HD) model is reduced when the device dimension is 
reduced. More advanced methods for device simulation become necessary to 
match the improvement rates achieved over the last few decades. A first 
principles method such as the Monte-Carlo (MC) method [2] is more exact 
than other methods but is also much more computationally demanding. One 
of the advantages of the MC method is that the efficiency increases as the 
devices reduce in size, whereas traditional methods are insufficient. Due to 
the accuracy of the method, Monte Carlo simulations can be used for the 
prediction of material properties that are difficult to measure and even for 
non existent materials. A problem which occurs with MC device simulations 
is that the majority of the time is spent on the calculation of transport in 
high-doped contact regions, which is of limited interest for the device 
performance. 



2 CHAPTER 1. Introduction 

Silicon Carbide is a new and interesting material for high speed, high 
temperature and high power electronics due to the favorable combination of 
transport parameters [3]. Silicon Carbide exists in numerous different lattice 
structures, so called polytypes, of which only a few have been exploited 
experimentally. The transport parameters, after many years of research, are 
still neither sufficient nor final. Better measurements using higher quality 
samples and better processing techniques are constantly being presented. 
One of the most important parameters for high power devices, the impact 
ionization coefficients, has been characterized thoroughly but with large 
quantitative differences. 

One application area for SiC devices is in telecommunication systems, where 
the MESFETs are the most developed SiC switching devices and are now 
commercially available [4]. Vertically oriented MESFETs are also 
manufactured [5] but suffer from large parasitics, limiting their performance. 
SiC MOSFETs are also very interesting devices for the future, as, for the 
past decade, the oxide quality has been causing major concerns. In recent 
years strong improvements have been achieved in MOSFET channel 
mobility [6] and commercial devices will probably be available in the near 
future. However a great deal of theoretical understanding regarding the 
surface transport is, as yet, unavailable. 

For RF power devices self heating and linearity are two fundamental 
problems and methods to study these effects are crucial. Self heating can be 
modeled in commercial software by coupled electro/thermal simulations [1] 
but as these ignore three-dimensional effects the methods are insufficient for 
device design. Little support is available from simulation tools for the 
estimation of the system level linearity of these devices. Large-signal 
transient-analysis at RF frequencies results in low convergence rates in the 
commercial software packages. 

In device design of high performance devices, much time is spent optimizing 
the layout to achieve optimal performance. Device optimization is difficult 
even with advanced simulation software, as the influence of many different 
layout parameters must be evaluated and optimal performance is often 
achieved by having to take multiple trade-offs into consideration. 

1.1 Thesis Objectives 
The aim for this thesis is to significantly improve the methods for design of 
semiconductor devices in general and SiC RF power MESFETs in particular. 
Better transport models for silicon carbide are required. Efficient and 
accurate models for self-heating and linearity are highly wished for. 

Knowledge regarding the impact of the use of different transport models in 
device simulation particularly in new materials, such as SiC, is generally 
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limited. Through the use of simulations of identical short channel vertical 
MESFETs, the influence of the different models can be studied. The 
transport parameters are critical for accurate device simulations and from a 
variety of sources, mainly measurements, but also Monte-Carlo simulations, 
the most critical parameters are determined. 

Using the Monte Carlo method, theoretical predictions can be made of 
material properties even for non-existent materials. In this work the 
suitability of the polytype 2H-SiC for device fabrication is studied by means 
of Monte Carlo Simulations. The outcomes of such studies are valuable as 
they act as the basis for decisions regarding which new materials require the 
input of effort. 

The impact ionization process is investigated bringing together different 
measurements and theoretical calculations. Device simulations are 
performed to attempt to explain features observed in measurements and thus, 
it is hoped that a clearer situation of the picture will emerge. 

A vertical MESFET shows very good intrinsic high-frequency properties, 
much better than that offered by manufactured devices. Parasitics cause the 
majority of differences observed and methods to reduce these are thus 
studied, which could improve the situation for vertical MESFETs. 

Surface transport in SiC MOSFET devices is necessary for Monte Carlo 
simulations of these devices. In this work simplified models for the surface 
transport have been implemented and evaluated. Improved ways to reduce 
the computational requirements for Monte-Carlo device simulations is 
highly desirable. A time-domain drift-diffusion model that could be used in 
contact regions of the device is one possible solution and such a tool is 
implemented and evaluated in this work. 

One aim of this work is to simplify the design process by developing a tool 
for automatic optimization using iterative device simulations. Better models 
for self-heating and linearity are also important for efficient device design, 
and, preferably, these should be accessible from the optimization tool. Both 
the accuracy and the computational efficiency are critical for such models. 

1.2 Thesis Outline 
The thesis is arranged with a general introduction to field effect transistors in 
chapter 2 and silicon carbide in chapter 3. Chapter 4 is an introduction to 
device simulation together with the improvements accomplished by this 
work. 

In Chapter 5 a review of SiC MESFETs that have been manufactured and 
modeled is presented. In this section the devices simulations conducted in 
this work are presented. 



4 CHAPTER 1. Introduction 

Chapter 6 contains a summary of the papers included in this thesis and the 
impact they have had on the research  

In the last chapter the work is summarized and concluded. Some topics for 
consideration, which are a natural continuation of this work, are also 
presented. 

 



 

2 Field Effect Transistors 

2.1 MESFET 
MESFET (Fig. 2.1) is an abbreviation of MEtal Semiconductor Field Effect 
Transistor. The channel is depleted by a voltage applied to the gate contact, 
which is a rectifying Schottky junction between the gate metal and the 
channel. With a negative gate potential the channel is depleted, the current is 
reduced, and it reaches zero at the threshold voltage, VTh. The MESFET is 
very similar to the JFET (junction FET), where the gate Schottky-contact is 
replaced by a p-n junction. 

A MESFET transistor can be designed using different topologies, as 
illustrated in Fig. 2.1. The most common MESFET design is to align the 
channel in a moderately doped conducting layer at the surface. The gate 
contact is a Schottky junction formed on top of the channel; the drain and 
source are ohmic contacts formed on a highly doped material. Either semi-
insulating or p-type bulk material is used. The applied gate voltage depletes 
the channel from the surface down towards the bulk. A MESFET can also be 
oriented in the vertical direction, with the gate formed by metal in etched 
trenches. The advantage of this structure is that the channel length is not 
limited by the lithographic resolution, and shorter channels can be 
accomplished. The channel is depleted in the lateral direction from the gate 
fingers, which are located on the opposite sides of the channel. To achieve 
low parasitic drain resistance, the transistor structure is placed on high-doped 
substrate. One main drawback of this structure is the large capacitance 
between the gate pad and the high-doped substrate and the large parasitic 
drain resistance. As the channel is depleted from both sides, a reduced 
applied voltage is required to deplete the channel. The transconductance, 
(gm), defined in equation (2.1) is therefore higher than for a lateral MESFET 
with the same channel thickness. 
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Fig. 2.1. Different MESFET topologies. A) The lateral MESFET is the 
most widely used structure. B) A vertical MESFET is achieved by 
placing the gate fingers at the bottom of etched trenches. C) V-groove 
gate FET. 

2.2 MOSFETs 
MOSFET is an abbreviation for Metal Oxide Semiconductor Field Effect 
Transistor. The operation of the MOSFET is totally different to that of a 
MESFET. In an n-type MOSFET the semiconductor below the gate is lightly 
to moderately p-doped. By applying a positive potential to the gate, the P-
doped layer is depleted and electrons are attracted to the gate forming an 
inversion layer, which constitutes the channel. A thin insulator prohibits a 
current from passing through the gate and a carrier inversion occurs close to 
the insulator surface. 

For an N channel MOSFET a positive gate voltage is required to open the 
channel. This is very suitable for digital circuits, which are very simple for 
this technology, and MOSFETs are the most widely used transistors in 
present day consumer electronics. For low power digital electronics a 
symmetrical lateral MOSFET is used (Fig. 2.2). 

The main difference between small-signal and power MOSFETs, such as the 
D-, U- and LD-MOSFET, is the existence of a drift layer between the gate 
and drain in the power device. In the drift layer the potential difference is 
distributed thus reducing the maximal electric field in the transistor. Due to 
the lower electric field, increased drain voltages are allowable and the high 
power performance improves. The DMOSFET can be designed as both a 
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Fig. 2.2. Different common MOSFET structures. The lateral MOSFET is 
the most widely used structure for small signal digital applications. The 
LDMOSFET dominates in applications for RF power devices. The D and 
UMOSFET are for high power devices at lower frequencies. 

lateral and a vertical device, both of which have a lateral channel, but which 
have different drift layer orientations. 

For RF power applications the more complicated LDMOS structure is used, 
whilst for high power applications a vertical device such as the DMOSFET 
is preferred to increase the breakdown voltage even further. The channel in 
the DMOSFET is aligned horizontally below the oxide but as it reached the 
n- region the current turns vertically in the drift layer. In the UMOSFET 
structure both the channel and the drift region is aligned vertically. This 
allows higher packing density and reduced on-state resistance than the 
DMOSFET, which has caused its recent increase in popularity. 
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Fig. 2.4. Class A operation for a power amplifier. 

For high power devices an important parameter is the maximal power (PMax) 
that can be delivered to a load. In this work PMax is calculated assuming a 
class A operation, which means that the quiescent point is set symmetrically 
within the current and voltage range (Fig. 2.4) giving a maximal voltage and 
current swing. 

 
2

max KDS
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VVV +
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VDSmax is the maximal allowed drain-source voltage and VK is that voltage-
drop in the on-state. VGSmin is the lowest allowed gate voltage for the signal, 
close to the threshold voltage, which for n-channel MESFET is a negative 
value. Assuming maximum current and voltage swing, PMax can be estimated 
by: 

 ( ) ( ) ( )( )
88

minmax GSDKDKDSPPPP
Max

VIVIVVIVP −−
==  (2.5) 

To compare device structures the output power per unit length is often used 
and is simply calculated as the PMax divided by the device width and 
consequently is given in W/mm. 





 

3 Silicon Carbide 
Silicon carbide (SiC) is a very promising material for use in high-
performance semiconductor devices. Among the most important transport 
parameters for electronic devices are the mobility (µ), saturation velocity 
(vsat), breakdown electric field (Ecrit), and thermal conductivity (λ). The 
mobility describes the mean velocity that the electrons and holes travel with 
when an electric field is applied. At low electric fields the velocity increases 
proportional to the field. At higher fields the proportionality is lost and the 
velocity is saturated at vsat. When the electric fields exceed Ecrit, the impact 
ionization becomes large, rapidly increasing the current, which destroys the 
material if the current is not limited. The thermal conductivity does not 
directly affect the performance, but with a good thermal conductivity it is 
easier to conduct the heat away from the chip to a heatsink. As the mobility 
and saturation velocity are reduced at high temperatures, a high thermal 
conductivity indirectly gives better performance for power devices.  

In Table 3.1 the transport properties are listed for SiC and the most 
commonly used semiconductor materials. The advantages of SiC over Si are 
the twofold increase in saturation velocity, tenfold increase in breakdown 
fields, and the more than doubling of thermal conductivity. The carrier 
mobility in silicon carbide is somewhat lower than in silicon, but in general 
the transport parameters give silicon carbide devices better performance than 
comparable silicon devices. 

SiC process technology has until recently been very immature and this has 
delayed a commercial breakthrough by several years. The process is 
continuously improving, and is presently reaching a level where commercial 
SiC devices are actually obtainable. Compared to silicon, SiC is very 
expensive, the wafers are of low quality, and they are difficult to process. 
However, both the material quality and the process maturity are improving 
rapidly, and the price is expected to drop, when large volume commercial 
devices are introduced into the market. 

For SiC devices to be commercially successful, they have to offer improved 
performances to those achieved by using silicon technology. Power Schottky 
diodes [7] and Microwave MESFETs [4] are recently commercially 
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available SiC devices, which have to be able to compete with other 
technologies, both in price and performance. High-temperature electronics is 
another field, where silicon cannot compete above 300°C, due to the large 
intrinsic carrier concentration. In only a few years, SiC devices are expected 
to dominate high-temperature electronics. As the market share of SiC 
devices increases, it is assumed that other high frequency, high temperature, 
and high power switching devices will follow. 

3.1 SiC Material 
Silicon carbide has been known for a long time to have good electrical 
properties, but until recently the material quality has not been acceptable for 
commercial devices. The major defects, which have stalled the development, 
are known as micropipes. These are formed during the growth process, and 
are formed throughout the whole wafer thickness, and totally ruin a device. 
It is now possible to find commercial wafers, which contain less than 5 
micropipses/cm2 [8], thus making it possible to manufacture single devices 
with a high yield. Recently the crystal growth techniques have been 
improved even further and virtually defect free crystals are in sight [9]. For 
large integrated circuits and high-power devices, which require a large 
defect-free area, high quality is a must. The limitation of the active device or 
circuit size is calculated as the reciprocal of the micropipe density, and is 
now 0.2 cm2, which gives a 50% probability of a micropipe-free device. 
Other critical defects are dislocations, where about 0.1-10% is disastrous for 
device functionality [10]. Another problem discovered recently, is that of 
stacking faults growth during the operation of p-n junction diodes [11]. This 
is disastrous for bipolar devices as the stacking faults grow by means of the 
recombination energy. Unipolar devices do not suffer from stacking fault 
problems and in bipolar devices the effect is reduced through increased 
crystal quality. Recently a pin-diode has been operated for over 1000 hours 
without degradation [12].  

Table 3.1. Material properties for some different semiconductors. 

  Si GaAs GaN 3C-SiC 4H-SiC 6H-SiC 

vsat cm/s 1.0·107 2.0·107 2.5·107 2.0·107 2.0·107 2·107

µ0n Vs/cm2 1350 8500 800 750 950 420 

EG eV 1.12 1.4 3.39 2.2 3.2 3.0 

ni300K cm-3 1·1010 1.8·106 1.9·10-10 6.9 8.2·10-10 2.3·10-6

Ecrit MV/cm 0.3 0.4 3.3 1 2.2 2.5 

λ W/cmK 1.7 0.5 1.3 3.6 3.7 4.9 
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As the material quality increases, the main obstacle to the production of SiC 
commercial devices is the price of the material and the processing. However, 
as the production volumes of commercial SiC devices increase, both the 
material and production cost are reduced. 

Silicon carbide is a new material, and the processes involved are different to 
those of silicon, and some of the process steps are still in their infancy. SiC 
is a very hard material and almost inert, which makes SiC processing 
problematical. Implantation of dopants is difficult to perform [13], especially 
p-type [14], and the etch rate is slow [15]. Schottky [16] and Ohmic [17] 
contacts are now fairly well developed processes in SiC. SiC epitaxial layer 
growth is also well established, and bulk wafers with an epitaxial layer 
structure are supplied from wafer manufacturers. Hence, the etching of 
structures in epitaxial layers is the most common method for the 
manufacture of SiC devices. SiC has SiO2 as its naturally occurring oxide, 
although the quality of the oxide layer reported is not as good as for silicon, 
suffering from both a low surface mobility and low breakdown strength. 
This is large drawback for MOSFET devices which would be very promising 
for high-temperature electronic devices. However, much research is focused 
on this particular area and the quality is constantly increasing. 

3.2 Transport Properties 
A large part of this work has been devoted to discovering reliable transport 
parameters for different SiC polytypes, mainly 4H-SiC. For reliable 
estimations of device performance, this is very important, since the transport 
parameters have a large influence on the simulation results. Published 
measurements are the main source of information used in the tuning process 
of the transport models. The immature nature of silicon carbide, and lack of 
measurements for many transport properties, implies that the available set of 
transport parameters is incomplete. For additional transport parameters full-
band Monte Carlo simulations are used to extract important parameters. The 
full band Monte Carlo model is based on theoretical calculations of the band 
structure, and can be used to extract many properties that are difficult to 
extract from measurements. In the Monte Carlo model a few parameters for 
scattering probabilities are matched against mobility measurements, thus the 
extracted values depend to some extent on measurements. 

3.2.1 Mobility 
The mobility is a number that defines how easily the electrons and holes can 
be moved in an electric field. Due to random scattering within the crystal, 
the velocity does not increase with constant acceleration as in a vacuum. The 
electron velocity rather quickly reaches an equilibrium mean-velocity 
proportional to the mobility and the electric field. 
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 Ev ee µ−=  (3.1) 

The mobility in SiC is somewhat lower than for silicon and much lower than 
in high-mobility materials, such as GaAs. The low mobility in SiC devices is 
compensated for by operation at larger electric fields taking advantage of the 
higher carrier velocity. To some extent the mobility can be described using 
the same models as those used for silicon. The parameters for the mobility 
models are collected from measurements for a temperature dependent 
mobility model [18]. In Paper IX, this model has been improved by adding 
temperature dependencies for the high field transport parameters vsat and β, 
extracted from Monte Carlo simulations. 

3.2.2 Saturation Velocity 
At high electric fields the velocity ceases to be proportional to the electric 
field, due to increased scattering. The velocity saturates at vsat, which for SiC 
is approximately twice the value for silicon. A high saturation velocity 
allows faster devices with shorter switching times. 

3.2.3 Band Gap 
The band gap is a forbidden zone in the energy spectra for a crystal. Without 
a band-gap the crystal is a metal, and with a large band-gap the crystal is an 
insulator. A semiconductor has a band-gap up to a few eV. For some 
traditional semiconductors the band gaps are: 1.11 eV for Si, 0.7 eV for Ge, 
and 1.4 eV for GaAs. 

Many of the favorable transport parameters in SiC are related to the large 
band-gap, which is of the order of 3 eV. For such a large band gap the 
intrinsic carrier concentration is negligible at temperatures up to 600 degrees 
Celsius. The intrinsic carrier concentration is responsible for the thermal 
noise, and also partly responsible for the leakage current, which are both 
very small in large band-gap materials. The minimum energy required to 
create an electron-hole pair is equal to the band-gap that in SiC falls within 
the 3 eV range corresponding to a photon with wavelength close to 400 nm. 
SiC devices are thus also insensitive to the main part of the visible spectrum, 
making SiC suitable as a detector material for UV radiation with minimal 
noise from the visible background [19]. 

3.2.4 Critical Electric Field 
For high electric fields the carrier energy is increasing, and, as the energy 
exceeds the band-gap, the probability of an impact ionization event 
increases. In an impact-ionization event the carrier knocks out one electron 
from the valence-band, creating an electron-hole pair (EHP). As the energy 
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must be conserved, the energy for the incident carrier is reduced by the 
band-gap energy plus the initial energy for the created electron and hole. 

The critical electric field is related to the impact ionization rate, which 
increases as the carrier energy exceeds the band-gap. Due to the large band-
gap the critical electric field is thus about 10 times higher in SiC than for 
small band-gap materials, such as Si and GaAs. With high Ecrit devices can 
be much smaller for the same voltage, alternatively operate at much higher 
voltages. 

3.3 SiC Polytypes 
Silicon carbide exists in hundreds of different polytypes, the most common 
being 3C-, 4H- and 6H-SiC. Furthermore, islands of 15R can be found on 
4H and 6H wafers, and small crystals of 2H-SiC have been grown [20]. The 
digit in the name is the number of double layers (one Si and one C layer) in 
the primitive lattice cell; and the character gives the type of crystal 
symmetry. H stands for hexagonal, C for cubic and R for rhombohedral. A 
schematic view of some of the different SiC polytypes is presented in Fig. 
3.1. In the hexagonal structure a clear distinction exists between the different 
directions in the lattice. The direction parallel to the central axis in the 
hexagonal structure is called the crystal axis, or c-axis. In commercially 
available wafers the c-axis is normally oriented perpendicular to the surface, 
usually being a few degrees off axis. The transport parameters for the most 
common SiC polytypes, together with some other semiconductors, are 
presented in Table 3.1. 

3.3.1 6H-SiC 
6H-SiC has a large anisotropy due to the long repetition length in the 
crystallographic lattice. The mobility in the direction perpendicular to the c-
axis (commonly parallel to the surface) is four times greater than in the c-
axis direction [21]-[23]. Compared with Si the mobility in 6H-SiC is about 
25% in the direction perpendicular to the c-axis, and 7% in the direction 
parallel to it. The saturation velocity for 6H-SiC is 2⋅107 cm/s in the 
direction perpendicular to the c-axis, but only 0.6⋅107 cm/s in the direction 
parallel to it. 

3.3.2 4H-SiC 
The low-field mobility for 4H-SiC is about half that of silicon with a small 
anisotropy (20% higher in the direction parallel to the c-axis) [21][22][24]. 
The anisotropy in 4H-SiC depends on the electric field, and at high electric 
fields the saturation velocity is 20% lower in the c-axis direction. 
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Fig. 3.1. Schematic structure for some different SiC polytypes. 

4H-SiC and 6H-SiC are the most mature polytypes and they are the ones 
which have been characterized most thoroughly. The transport properties are 
better for 4H-SiC and, at present, this polytype forms the basis for most of 
the commercial products.  

3.3.3 3C-SiC 
3C-SiC has an advantage as it is able to be grown on silicon substrates, 
however at the moment with reduced quality. This allows for the possibility 
in the future of integration of 3C-SiC devices with silicon technology on the 
same chip. Another advantage is that 3C-SiC does not suffer from stacking 
faults growth, as these tend to grow towards 3C-SiC. 3C-SiC has larger 
electron mobility than for 4H-SiC but has reduced hole mobility. The main 
disadvantages when compared to other polytypes are the lower band-gap and 
breakdown field and the advantage of replacing existing silicon devices is 
strongly reduced. 

3.3.4 15R-SiC 
15R-SiC is very complex, namely 15 atomic layers ordered in a 
rhombohedral structure. A few years ago, much attention was focused on 
15R-SiC, owing to improved experimental MOSFET performance when 
compared to the other polytypes. These devices have been manufactured on 
4H- or 6H-SiC, where pieces of 15R-SiC were found. Mono-crystalline 15R-
SiC wafers are however not a reality in the near future.  
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3.3.5 2H-SiC 
2H-SiC is not a commercially available substrate, but small mono-crystalline 
pieces have been grown [20]. Monte Carlo simulations predict that the 
performance perpendicular to the c-axis direction is similar to 4H-SiC, but 
the mobility is better in the parallel to the c axis direction (similar to silicon) 
[25]. 

3.4 Carrier Freeze Out 
The large band-gap is in most cases favorable, but it also causes one of the 
largest disadvantages of SiC, namely the energetic deep doping levels. The 
energy levels for the doping materials used in silicon carbide are located at a 
significant distance from the band-edge, and at low temperatures a fraction 
of the carriers are not thermally activated, i.e. they are instead frozen in the 
band-gap without being ionized. The best dopant in SiC is nitrogen (n-type), 
which is a donor located in the range of 50-80 meV [26][27] from the 
conduction band-edge. For P-type doping Al is often used, with an ionization 
energy above 200 meV [26]. The ionization energy should be compared to 
the mean thermal energy for the carriers at room temperature, kBT=25.9 
meV. Poisson statistics determine the donor freeze out. The number of free 
carriers is calculated according to (2.2). 

 
kT

EE
D

eff DF

eg

Nn −

⋅+
=

1
 (3.2) 

ND is the doping level, g is the degeneration factor, EF is the Fermi energy, 
and ED is the energy relative to the band-edge for the doping atom. The 
fraction of ionized carriers as a function of the doping level is shown in Fig. 
3.2. At low doping levels most of the carriers are ionized at room 
temperature, but the fraction is reduced at higher levels. The reason for this 
behavior is due to the Fermi-level, which is also a function of the doping 
concentration. At low doping levels the Fermi-level is located in the middle 
of the band-gap, which gives a negative number in the exponent, which 
accordingly approaches zero. 

The Fermi energy approaches the band edge as the doping concentration 
grows, and the fraction of ionized carriers is reduced. However, in high- 
doped materials the impurity energy level also decreases, which is not taken 
into account in Eq. 3.2. In Fig. 3.2 the fraction of ionized electrons and 
conductivity for 4H-SiC as a function of the doping level is shown. The 
conductivity is calculated from the concentration of electrons / holes (n/p), 
the mobility (µ), and the electron charge, (q). 

 he pqnq µµσ +=  (3.3) 
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Fig. 3.2. Fraction of ionized carriers and the corresponding 
conductivity for 4H-SiC using the donor energy level ED=52 meV [26] 
calculated from the mobility in ref [21] using eq 3.3. The solid line is 
calculated with full ionization at high doping levels. 

The metal, non-metal transition is predicted to occur at 5.6·1018 cm-3 [28]. At 
high doping levels the incomplete ionization is modeled as a linear transition 
from incomplete ionization below ND=1·1018 cm-3 to full ionization at 
ND=1·1019 cm-3 and above [29] which reduced the resistivity one order of 
magnitude for highly doped SiC. 

3.5 Thermal Conductivity 
The thermal conductivity for SiC is close to that for copper, a quality that is 
very important in power semiconductor devices in order to transport the heat 
from the power dissipated in the device. 

For high power devices the thermal effects constitute one of the main 
limiting factor of the performance. One of SiC´s competitors is gallium-
nitride (GaN), which is a material with similar properties to those of SiC but 
which are less mature. One drawback of GaN is the even lower thermal 
conductivity than that in silicon (1.3 W/cmK). However, GaN is often grown 
on SiC substrates, with its better thermal conductivity. Nevertheless, the 
GaN-SiC interface has lower thermal conductivity than GaN itself [30] 
which leads to a degradation of the performance. 
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Fig. 3.3. Impact ionization coefficients for 4H-SiC in the direction 
parallel to the c-axis. 

3.6 Surface Mobility 
The surface mobility describes the transport in the inversion layer of a 
MOSFET device and is critical for device performance. Pioneering 
experiments have given very poor values for the surface mobility in SiC 
devices in the range of 10 cm2/Vs. The low mobility is related to the high 
defect density in the oxide-semiconductor interface and doubts about SiC 
MOSFETs as commercial devices have been expressed in many quarters. 
The mobility is presently reaching values above 150 cm2/Vs [6] and 
commercial MOSFETs are expected to appear in the market shortly. The 
surface mobility for silicon carbide MOSFETs is discussed in more detail in 
section 5.3. 

3.7 Impact Ionization 
For high-power devices the impact ionization process is very important for 
accurate predictions of the high power performance. In silicon carbide the 
impact ionization is not fully understood, even though the process has been 
studied throughout the last two decades [31]-[43]. Many of the pioneering 
measurements reported a positive temperature coefficient of the impact 
ionization coefficient. As the impact ionization heats the lattice, such a 
behavior would further increase the impact ionization. This would be a very 
serious problem, causing local hot spots, unstable operation and thermal 
runaway, destroying the device. In later measurements the impact ionization 
coefficient shows a negative temperature dependency and thus the positive 
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Fig. 3.4. Impact ionization coefficients for 4H-SiC in the direction 
perpendicular to the c-axis. 

sign presented previously was mainly contributed to by the presence of deep 
levels in the samples used. 

In Fig. 3.3 the most important measurements and calculations of the impact 
ionization coefficients in the c-axis direction in 4H-SiC are presented. The 
two most important measurements performed until recently have been made 
by Konstantinov et. al. [37] and by Raghuantan and Baliga [38]. There is a 
significant contradiction between these two measurements as the reported 
impact ionization coefficients differ by approximately a factor of 5. 
Theoretical studies report that the large anisotropy in the impact ionization 
coefficients is expected [39]. In paper III it has been shown that both 
measurements [37] and [38] could be unified and explained by large 
anisotropic impact ionization coefficients. However, at high impact 
ionization direct optical transitions in the subbands [40] or through midgap 
levels [41] is present producing luminescence. If the higher impact 
ionization rates reported by Konstantinov et. al. had been be caused by 
anisotropic impact ionization rates, then it would be expected that the 
luminescence during breakdown would be localized near the edges, which is 
not the case in the measurements where the light emission is nearly uniform 
[42]. 

Recent measurements [43] support the theory regarding anisotropic impact 
ionization coefficients and reported 60% reduced breakdown voltage in 
devices fabricated on ( 0211 ) wafers compared with (0001) devices. 
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Newly developed models for the advanced transport including band-to-band 
tunneling [44][45] predict less anisotropy than previous models. In the c-axis 
direction the model includes band-to-band tunnelling and gives impact 
ionization coefficients close to the values reported by Konstantinov et.al. and 
Hatakeyama et.al. The reported values in the direction perpendicular to the 
c-axis direction are presented in Fig. 3.4. The theoretical calculations here 
are based on a simpler and a less correct model. The impact ionization 
coefficients are of the same order as reported by Hatakeyama, but electrons 
dominates rather than the holes reported in the measurements. 

3.8 Minority Carrier Life time 
In many devices the performance is directly dependent upon the lifetime of 
the minority carriers. The minority carrier lifetime (τ) is strongly related to 
the crystal quality and defects, which reduces the lifetime considerably. The 
lifetime of SiC has been investigated in several experiments over the past 
few years [46]-[51]. The highest reported values are up to 2 µs at room 
temperature, which is achieved in thick (40-60 µm) CVD grown epitaxial 
layers [48][49]. The lifetime decreases with the epitaxial layer thickness and 
for a 10 µm thick epitaxial layer the lifetime is 0.2 µs because of both higher 
surface and junction recombination rates. It should be mentioned that in thin, 
doped channel layers the lifetime is even smaller than these values. An 
increased surface recombination rate is very commonly seen in 
semiconductor device technology due to dangling bonds caused by 
imperfections at the surface termination. In SiC an increased recombination 
rate is also observed in the metallurgic junction between the epilayer and the 
substrate. By introducing a lifetime shorter than 1 ns in the volume closer 
than 0.1 µm to the metallurgic junction, contradictions between steady-state 
and transient current can be explained [51] using simulations. A highly 
reduced lifetime is also observed in the junction region in the measurements 
presented in refs [46] and [48]. A reduced lifetime in the junction region can 
be an advantage for switching diodes and is sometimes created deliberately 
in silicon diodes by irradiation. The reverse recovery time is reduced, which 
increases the switching speed. This is preferable to a reduced lifetime within 
the whole base region of the diode, which increases the series resistance and 
consequently increases the forward losses. 

3.8.1 Theoretical Device Performance 
A simple calculation is performed to illustrate the benefits that can be 
accomplished using SiC instead of Si. Assuming that a diode is to be 
manufactured that must be able to withstand a minimal blocking voltage of 
VBlock, the depletion width (w) for a diode with a single sided depletion 
region at high voltages can be expressed as 
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ND is the doping concentration, ε the permittivity of the semi-conductor and 
q the electron charge. The blocking voltage is then ECrit times the depletion 
width, w. Squaring both terms in equation 3.5 gives the following form. 
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The critical electric field is 10 times higher for SiC than for silicon, allowing 
a 100 times higher doping concentration for the same breakdown voltage. 

The transit time, tt, is the time it taken for a carrier to travel across a device, 
which can be approximated to 
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The saturation velocity in SiC is twice as high as that for Si and the depletion 
width is reduced 10 fold according to eq 3.5. This gives a transit time which 
is reduced by a factor of 20 compared to its silicon counterpart.  

The current density, J, is dependent on the carrier concentration, ND, and the 
saturation velocity. 

 satD vqNJ =  (3.7) 

As the doping level could be kept two orders of magnitude higher than for 
silicon and vsat is twice the silicon value, the current density is 200 times 
higher for the SiC device.  

The required device area (A) for a given current is directly proportional to 
the current density and is 200 times lower for the SiC device. The junction 
capacitance (C) is proportional to the area divided by the depletion width. 
The depletion width is 1/10 in SiC giving a capacitance reduction by a factor 
of 20 for the SiC device compared to a silicon device with the same current. 

The leakage current for a p+-n junction can be described as the sum of the 
diffusion current and the generation current in the depletion region. 
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Dp is the diffusion constant, τp the minority carrier lifetime, ni the intrinsic 
carrier concentration and τg the generation lifetime. The intrinsic carrier 
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concentration is 1020 times smaller in large band-gap materials such as SiC 
when it is compared to Si. This term dominates both contributions, which 
gives a very small leakage-current compared to that of a similar device 
manufactured in silicon. 

A similar diode manufactured in SiC instead of Si can thus be manufactured 
on an area which is 200 times smaller and be 20 times faster with negligible 
leakage current. 

Assume instead that a diode with maximum blocking voltage has to be 
designed. According to eq 3.6 the tenfold increase in Ecrit allows a 100 times 
increase in blocking voltage for the same doping level. It should be noted 
that at present the crystal quality is not as good as for silicon and doping 
levels below 5⋅1015 cm-3 are difficult to realize. However, Schottky diodes 
with blocking voltage of 4.9 kV and pin-diodes with blocking voltage as 
high as 8.6 kV have been successfully demonstrated [52].  

Another drawback that has not been accounted for in this example is the 
donor freeze-out due to incomplete ionization. The fraction of ionized 
carriers at room temperature is shown in Fig. 3.2 as a function of the doping 
concentration. The current density is thus reduced in a similar manner. 
However at low doping-levels, which are used in the base region of high 
voltage diodes, the fraction of ionized carriers is still high. 

Similar calculations can be performed for any of the known semiconductor 
devices and a mature process technology would ensure a strong position for 
SiC in the semi-conductor devices industry for high-performance devices. 

 





 

4 Semiconductor Device Simulations 
Semiconductor device simulations have become a very important tool for 
device design due to the large development cost for new technologies. In 
device design the performance of an individual transistor is simulated, and 
the layout is optimized for the best performance based on given restrictions. 
The device performance is described by macroscopic values such as current, 
voltage, and capacitance. These macroscopic values depend on a number of 
microscopic values within the device, which all have to be known before the 
device performance can be calculated. 

The basic idea with regards to semiconductor simulations is to apply a 
potential or current to some defined terminals, and to calculate the behavior 
of the microscopic properties, such as carrier concentration, velocity, carrier 
energy, and potential, within the device. Each of these quantities depends on 
the position in space, and a grid (mesh) is defined in the device, usually in 2-
dimensions. The third dimension is in most cases regarded as being uniform, 
and the device parameters are all expressed in terms of per unit of length. In 
this section the most fundamental parts of semiconductor device simulations 
are described. For a more in-depth treatment ref. [53] is recommended. 

The potential (V) is in most cases calculated from Poisson’s equation, which 
is usually solved numerically by a coupled system of partial differential 
equations, PDEs. 

 
ε
ρ

−=∇ V2  (4.1) 

The potential depends on the charge density distribution (ρ) within the 
device and the permittivity (ε). The electric field (E) is calculated from the 
gradient of the potential.  

 VE −∇=  (4.2) 

Device simulation methods are divided into two groups; Particle based and 
concentration based. In particle based simulations the trajectory of individual 
carriers is calculated, whilst in concentration based methods, the carrier 
concentration is calculated. In the particle-based Monte-Carlo method, 



26 CHAPTER 4. Semiconductor Device Simulations 

 

Fig. 4.1. Example from electron distribution in a Monte Carlo 
simulations of a vertical SiC MESFET. 

different levels of approximations are introduced to deal with the problem’s 
complexity. Today the most advanced models are based on the full band 
Monte Carlo method with k-vector dependent scattering rates, and band-to-
band tunneling between subbands included. Concentration based methods 
are categorized according to the level of approximations used. The most 
commonly used models are different hydrodynamic models and the drift-
diffusion method. 

4.1 Monte Carlo Method 
In the Monte Carlo method the trajectory of every individual particle is 
calculated under the influence of the electric field, the semiconductor band 
structure, and scattering processes, which are selected randomly at each 
scattering event. In Fig. 4.1, examples of the carrier distribution in a device 
simulation of a SiC vertical MESFET are shown. Both the position in real 
space and the carrier energy are shown. The larger dots correspond to 
electrons that are localized in the 2nd band. Using a large number of particles, 
the result is a good approximation to the transport in real devices. The Monte 
Carlo method is the most accurate technique available for device 
simulations. It is, however, very computationally consuming due to the large 
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number of carriers and the detailed description of the underlying physical 
models. 

The Monte Carlo simulation program is based on three important parts: the 
band structure, a number of scattering models, and a method for solving 
Poisson’s equation. In the full band Monte Carlo simulator developed at 
Mid-Sweden University (GEMS), the band structure is implemented as a 
lookup table, containing the energy and energy gradient in the irreducible 
wedge of the Brillouin zone. A number of symmetry operations are defined 
to transform each point in the Brillouin zone to the irreducible wedge and 
back again. The band structures used in this work are based on band-
structure calculations presented in references [54]-[56]. The scattering 
processes considered in the simulations are: acoustic phonon scattering, 
polar-optical phonon scattering, optical intervalley phonon scattering, as 
well as ionized and non ionized impurity scattering. For the acoustic and 
optical phonons, the coupling constants are obtained by fitting the mobility 
as a function of temperature from bulk simulations to experimental data 
[21][22]. 

The potential is calculated self consistently from the charge distribution 
using Poisson’s equation, eq. 4.1, where the charge from each single carrier 
is distributed across the nearest mesh cells. In this way the information about 
its position within the cell is accounted for. The electric field is determined 
from the potential gradient (Eq. 3.2). From the electric field the velocity in k 
space (vk) is calculated according to Eq. 4.3. 

 
h

qEvk
−

=  (4.3) 

The velocity in real space (v) is determined from the k-vector energy 
gradient, Eq. 4.4. 

 εkv ∇=
h

1
 (4.4) 

In Monte Carlo simulations, small devices have an important advantage in 
that a reduction in the number of carriers also gives a reduction in 
computational time compared to larger devices. It should be noted that small 
devices are the most difficult to simulate accurately using regular drift-
diffusion or hydrodynamic device simulators due to the limitations in these 
models. 

The strength of the Monte Carlo method is the high detail level of the 
underlying physics, where relatively few approximations have to be made 
and there are few empirical parameters involved. This makes it possible to 
use the Monte Carlo method to extract material parameters, which are 
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 (a) (b) 

Fig. 4.2. Electron transport in 6H-SiC using the Monte Carlo method. 
(a) The band-structure for 4 conduction bands in 6H-SiC close to the 
band-minima in the M-point. The carrier movements are illustrated 
assuming an applied electric field of 1·105 V/cm in three crystal 
directions, without scatterings. (b) The velocity and position in real 
space for the same case. 

difficult or impossible to measure. This has been a great advantage in the 
study of SiC properties, where many of the transport parameters have not 
been experimentally determined. In this work the Monte-Carlo method has 
been used for studies in the polytypes 2H [25], 4H [24] and 6H-SiC [23]. 

In Fig. 4.2 an example of the electron transport in 6H-SiC is illustrated. 6H-
SiC is a material with hexagonal symmetry and where the conduction band 
minimum is at the M-point in the Brillouin zone. In 6H-SiC the unit cell is 
very long in the c-axis direction, see Fig. 3.1. The dimensions of the 
Brillouin zone are calculated by a Fourier transformation of the real space 
unit cell, resulting in a very short distance between the M and L points in k-
space. The band-structure from the conduction band minima in the M-Γ, M-
K and M-L directions is shown in Fig. 3.1a, where the anisotropy is obvious. 
The effective mass is a direct measure of the curvature of the band structure 
in band minima, and is calculated as: 

 

2

2*

dk
d

m
ε
h

=  (4.5) 

This means that a small curvature corresponds to a heavy particle with low 
mobility according to Eq. 4.5. In Fig. 4.2 the movement of electrons in 4H-
SiC is illustrated in three orthogonal directions assuming constant electric 
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field and no scattering events. Where the condition of a constant field 
applies, a carrier moves with constant velocity in k-space which is illustrated 
in Fig. 4.2a by symbols separated by 50 fs in time. A carrier reaches the zone 
boundary in the M-L direction first. As a carrier is crossing the zone 
boundary in the L point it reenters at the –L point and changes from the 1st to 
the 2nd band (Changes direction in the irreducible wedge in k-space). Next 
time it passes the L-point it changes back from the 2nd to the 1st band and 
after reaching the M point it starts all over again. This cycle has some 
interesting features in real space as shown in Fig. 4.2b. The velocity 
becomes negative after it passes the M-point in k-space for the first time. 
The carrier is thus moving in the opposite direction to that expected due to 
the electric field. After one full cycle the carrier has returned to the original 
position and appears not to have moved at all. This phenomenon is called 
Bloch oscillation and occurs in all directions provided there is no scattering. 

4.1.1 Scattering events 
In order to understand the carrier transport in semiconductor devices more 
features must be added, namely scatterings, which are very important for 
accurate carrier transport in semiconductors. The importance of scattering 
events is illustrated by the previous example and is required for the electrical 
transport in semiconductors except for very short distances where scattering 
free (ballistic) transport is possible. High scattering rates decrease the 
mobility, since the carrier velocity is, in most cases, reduced by scattering 
events. The carrier moving in the material will sooner or later interact 
(scatter) with other carriers, impurities, or lattice vibrations (phonons). In 
these scattering events the position in k-space changes abruptly and the 
carrier can either gain or lose energy depending on the type of scattering. In 
real space the momentum changes abruptly, giving the carrier a new velocity 
and direction. 

4.1.2 Carrier heating 
One more interesting point that can be explained from Fig. 4.2a, is the 
anisotropy of carrier heating. Assume a carrier which is moving in an 
electric field in the M-L direction. In order to achieve carrier energy above 
0.2 eV the electron must reach band 3 or 4, which is only possible by means 
of several scattering events that give the carrier a total additional energy of 1 
eV. Such a chain of events is very unlikely, and the carrier energy is thus 
limited to energies below 0.2 eV for the main part of the carriers. Carriers 
moving in the M-Γ direction can reach several eV accelerated by the electric 
field alone, which gives a much higher mean carrier energy. Consequently, 
the impact ionization rates are expected to be much higher, and the electric 
breakdown field lower, in the M-Γ direction (perpendicular to the c-axis). 
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4.1.3 Poisson’s equation 
The potential within the device is calculated from the carrier concentration 
using Poisson's equation (4.1). The mesh in the device simulator has to 
resolve the Debye length, LD [57]. 

 
d

D Nq
kTL 2

ε
=  (4.6) 

As the carriers might travel for too long before they will affect the electrical 
field, oscillations not existing in the real device might occur in the 
simulation if this condition is not fulfilled. As the Debye length is very short 
in high-doped regions, the Debye length condition requires a dense mesh for 
accurate simulations of contact regions, which are often of limited interest 
for the device operation. A non uniform mesh may also result in artificial 
forces [58] on the carriers in Monte Carlo simulations if the carrier is not 
distributed over the neighboring mesh cells correctly. In GEMS the mesh 
needs to be both uniformly spaced and the Debye length resolved in the 
highest doped areas. For a large device this leads to an extremely large mesh 
size, and the solution of the Poisson’s equation totally dominates the 
simulation time. 

Monte Carlo simulations are hence used only for the active part of the 
device, including as little as possible of the contact regions. The doping 
levels in the contact are also kept relatively low to allow a less dense mesh 
without oscillations. 

4.2 Hydro-Dynamic Model 
Electrical device simulations are based on the Boltzmann transport equations 
(BTE). BTE is a bookkeeping equation for the probability of finding a 
carrier in a specific time and place in both real and k-space. 
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BTE describes the dynamics of the carrier distribution function (f) in both 
real (r) and momentum (k) space. F is Force, s is the generation and 
recombination function, t is time, and v is velocity. 

From Boltzmann’s transport equations a number of balance equations can be 
derived, which individually describe different physical properties, such as 
the carrier density, carrier momentum, energy density, and the energy flux. 
Carrier position and energy change in time and space are described by the 
balance equations. The models using the balance equation for both carrier 
and energy are called hydrodynamic models.  
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Fig. 4.3. Energy relaxation time as function of the electric field for 
electrons in 4H and 6H-SiC. 

The energy flow is characterized by the energy relaxation time (τrel), which 
gives the time constant for the energy loss by scattering. In the 
hydrodynamic models used relaxation time is approximated by a constant. 
The constant relaxation time approximation is valid at low fields, when the 
dominant scattering mechanism is elastic or isotropic. 

In SiC the polar-optical scattering mechanism is dominant, and it is neither 
elastic nor isotropic. The relaxation time, displayed in Fig. 4.3 for 4H and 
6H-SiC, has been extracted from Monte-Carlo simulations. It is clear that τ 
is both anisotropic and field dependent and if the hydrodynamic model 
should be used for SiC a field dependent relaxation time should be used. 

4.3 Drift-Diffusion Model 
The most computationally efficient transport model is the drift-diffusion 
model. This is an approximation, where the diffusion term is simplified. The 
diffusion is in general a function of the gradient of both the carrier density 
and carrier temperature. In the drift-diffusion approximation the influence of 
the carrier temperature gradient is ignored, and only the carrier density 
gradient is considered. This of course has some implications for the results 
produced. The validity of the approximation is acceptable, as long as the 
variations in the carrier temperature are moderate. At low-field transport, 
and near-equilibrium conditions, the drift-diffusion approach successfully 
describes the carrier transport. The model can also be used for high-field 
transport, as long as the gradient in the carrier-temperature is small. 
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Fig. 4.4. Carrier velocity and energy as function of electric field 
extracted from Monte Carlo simulations. The solid lines correspond to 
the best fit for the Caughey-Thomas transport model in (eq 4.9). Left) 
4H-SiC. Right) 6H-SiC. 

4.4 High-Field Transport 
For high electric fields the number of scattering events increases, resulting in 
a saturation of the mean carrier velocity. In a device simulation the mean 
carrier velocity is expressed as the mobility multiplied by the electric field 
and for this reason the mobility for high electric fields is reduced. 

 Ev µ=  (4.8) 

For high-field drift-diffusion simulations the Caughey-Thomas expression 
for mobility (µ) is commonly used. 
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This gives the overall form for the transition for the mean velocity from µ0E 
at low field to vsat at high electric fields, where µ0 is the low field mobility. 
The curvature parameter β is used for tuning the transition for medium 
fields. In Fig. 4.4 the carrier velocity as a function of the electrical field 
extracted from full-band Monte-Carlo simulations is shown for both 4H- and 
6H-SiC.  

In the hydrodynamic model the electric field is replaced by an effective field, 
which depends on the carrier temperature (u), lattice temperature (u0) and 
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Fig. 4.5. Comparison of simulation between a time-domain and a time-
independent solution for the drift-diffusion equations. Left) Mid-
channel concentration in a turned-on Si vertical MESFET. Right) IV 
characteristics for a Si MOSFET. 

relaxation time (τrel). The temperature-dependent mobility in the 
hydrodynamic model is calculated as. 
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4.5 Time reduction in Monte-Carlo Simulations 
The main drawback of the Monte Carlo Method is the large computational 
power required. This demand increases for large devices because of the 
increased number of carriers. To reduce the simulation time required, super-
particles [2] are often used instead of simulating each electron and hole. For 
realistic device simulations high-doped areas are still a problem, since most 
of the carriers are located in these regions. The high-doped regions are 
usually working as low resistive regions, and are not of major importance for 
transport within the device. In these cases it may be wasteful to spend most 
of the simulation time for these high-doped regions. One way to reduce the 
simulation time is to use adaptive carrier scaling [59], where the carrier 
scaling factor is handled dynamically within different regions of a device 
with a large scale factor in high-doped regions. A way to reduce the 
simulation time further is to use a high-level model such as the drift-
diffusion [60] model locally or initially. 
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Commercial drift-diffusion simulators calculate time-independent solutions 
for the transport equations. However, a time-independent solution is not 
necessary for regional incorporation with an ensemble Monte Carlo 
simulator, since this is itself a time-domain solution. It is thus sufficient to 
solve the drift-diffusion equation in the time domain. This substantially 
simplifies the incorporation of a drift-diffusion model, and the two models 
can be used in different parts of a device. 

In this work a time dependent drift-diffusion simulator is developed to 
evaluate the concept and verify that the time dependent solution agrees with 
commercial semi-conductor simulation software using the same models. In 
Fig. 4.5 a comparison between the two models is shown for the carrier 
concentration in a Si vertical MESFET and for an IV plot for a Si MOSFET. 
The two models are in good agreement and the time dependent model can 
thus be integrated into the Monte-Carlo framework so that it could be used in 
contact and bulk regions in device simulations. A simpler way of 
incorporation DD with MC is to use the model in the start-up of a simulation 
and in this way start the Monte-Carlo simulation from a steady-state solution 
reducing the time until the simulation converges.  

4.6 Anisotropic Simulations 
As discussed in previous sections many of the transport parameters in SiC 
are anisotropic due to the hexagonal lattice, which has to be accounted for in 
device simulations. In drift-diffusion and the hydrodynamic model in the 
Medici package used in this work [1] this is implemented as a constant 
scaling factor for the mobility (and other parameters) in the x-, y- and z-
directions, which is based on ref [61]. This model can be used for SiC with 
fairly good results, if the transport properties are handled with great care. To 
achieve the best results the transport model should be tuned for transport 
parallel to the current direction. In the perpendicular direction the anisotropic 
factor should be chosen for the best low-field mobility agreement. In both 
2H- and 6H-SiC the anisotropy is fairly constant, which gives good results 
even if the current is not purely one-dimensional. In 4H-SiC the anisotropy 
changes from 80% to 120% (Fig. 4.4), which gives inaccurate results using a 
constant scaling factor in a device with two-dimensional current flow. A 
better way to describe the anisotropy would be to have separate values of the 
constants in the mobility expression for the two directions. It is however not 
a problem in devices as long as the channel is straight as the electric field in 
the contact regions is low. 
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4.7 SiC Device Simulations 
One main problem for SiC device simulation has been the shortage of 
reliable measurements of many of the transport parameters. Furthermore, 
anisotropic transport models have to be used, contrary to isotropic materials 
such as Si and GaAs. The degree of anisotropy is not constant, which is 
assumed in the anisotropic model used in Medici. In SiC the mobility, 
saturation velocity, relaxation time, and impact ionization coefficients are 
some of the parameters, all being anisotropic. Mote-Carlo simulations 
predict a negative differential mobility for high electric fields. No 
measurements are performed at such high fields and the implemented high-
level mobility models cannot be fitted against the calculations.  

In paper I the influence of mobility and saturation velocity is studied in 4H- 
and 6H-SiC device simulations. In the same paper the relaxation time is 
reported to be both anisotropic and electric-field dependent. The influence of 
anisotropic impact ionization coefficients in 4H-SiC has been studied in 
Paper III. 

Some theoretical works on SiC devices are presented both as simulations 
[62]-[71] and device modeling [72]-[75]. The simulations are used for 
predictions of the SiC device performance, evaluation of new device 
concepts, understanding of measurements, and for studies of simulation 
methods. Device modeling can be divided into two categories: physics-based 
models and empirical models. The physics-based model relies on physical 
device parameters, and preferably uses no empirical data. The advantage of 
physics-based models is that it can be used both for rapid optimization of 
device structures, as well as circuit simulations. It is however often very 
difficult to extract a physical model for state-of-the art devices, since the 
short-channel effects and two-dimensional effects cannot be ignored. In this 
case device design and optimization can be performed instead, using 
iterative device simulations, a more computer-time consuming task but still 
fully possible. 

It is simpler to extract an accurate empirical model for a device, but such a 
model can only be used for circuit simulations, and only a few conclusions 
can be drawn regarding how the device dimensions affect the performance. 

4.7.1 Mobility and Saturation Velocity 
The anisotropic transport properties of SiC are generally not constant, and in 
some cases parameters even change from less to more than unity, meaning 
that the most favorable transport direction changes with the applied field. 
Hence, a model of the field dependent anisotropy is necessary to accurately 
describe the transport in SiC. This is not possible using constant mobility 
anisotropy. To minimize the errors the transport properties have to be 
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Fig. 4.6. Electron velocity as function of the electric field for 
temperatures between 300 and 700K. The symbols are full-band Monte 
Carlo simulations and the lines are the best fit of high field transport 
parameters vsat and β in eq 4.9. 

altered, depending on the orientation of the device. Accordingly, two sets of 
transport parameters are used: one for transport parallel to the c-axis, and 
one for the perpendicular direction (parallel to the surface on a (0001) 
wafer). In a device where the current is mostly confined within one direction 
this approximation is still very good. In devices where the channel is one 
dimensional and, for instance, contact regions are localized in the 
perpendicular direction, the method gives good results as the field in the 
contact regions is low. In a more two-dimensional device, such as the 
DMOSFET, this approximation gives an incorrect transport picture, and the 
influence of the incorrect model can be estimated from the difference in the 
high/low field anisotropy. The only way to solve this problem is to use better 
anisotropic models of the transport properties.  

In 4H-SiC the anisotropy in mobility is fairly small and switches from below 
to above one. At N=1⋅1017 cm-3 the low field mobility is 730 cm2/Vs parallel 
to the c-axis and 610 cm2/Vs in the perpendicular direction. The 
corresponding saturation velocities are 1.7⋅107 and 2.0⋅107 cm/s. With a 
constant factor for the anisotropy, it is not possible to achieve the correct 
transport in the direction perpendicular to the main current direction, where 
only the low field parameters are valid. However, in this direction the 
electric field is often low, and the approach can be used with good accuracy. 
The mobility models used in the device simulations are based on extraction 
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Fig. 4.7. Analytical model for the high field transport parameters vsat 
and β. The symbols are the extracted values from Fig. 4.6 and the solid 
lines represent the model in eqs 4.13-16. 

from state-of-the-art measurements by Roschke and Schwierz [76]. Small 
modifications are made to fit the parameters into the models available in the 
Medici package. The equations for the used low field mobility are: 

 
( )

( ) ( ) 76.0

102
76.0

300

4.2
300

0
171

40950
40

⋅

−

−

⊥
+

−
+=

totNT

T

cnµ  (4.11) 

 
( )

( ) ( ) 76.0

102
76.0

300

4.2
300

||0
171

481140
48

⋅

−

−

+

−
+=

totNT

T

cnµ  (4.12) 

In Paper IX this model has been improved including the temperature 
dependency of the high-field mobility-parameters, vsat and β. The parameters 
are extracted from full band Monte Carlo simulation results shown in Fig. 
4.6, together with the best fit to the high-field mobility according to Eq. 4.9. 
The extracted values, as a function of the temperature, are shown in Fig. 4.7 
together with values from a standard expression for vsat (Eq. 3.13-14), and a 
linear model for β (Eq. 3.15-16). 
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In 6H-SiC the anisotropy is large and almost constant. Parallel to the c-axis 
the mobility is 69 cm2/Vs at N=1⋅1017 cm-3 and is 330 cm2/Vs in the 
perpendicular direction. The corresponding saturation velocities are 0.6⋅107 
and 2.0⋅107 cm/s. Any attempt to simulate device performance with isotropic 
transport models in 6H-SiC would not be accurate. A constant anisotropy 
model gives satisfactory results in most cases due to the very large 
anisotropy which does not change significantly with the electric field. 

4.7.2 Relaxation Time 
The relaxation time has been extracted from Monte Carlo simulations in 
Paper I, and is shown in Fig. 4.3. From the figure it is clear that the energy 
relaxation cannot be regarded as a constant, which is the case in the models 
used. The relaxation time is also very anisotropic for high electric fields due 
to the band structure properties of 4H- and 6H-SiC. As shown in Fig. 4.2a, 
the energy bands are separated in the direction parallel to the c axis, which 
gives low mean energy in this direction, see Fig. 4.4. As the energy loss in 
scatterings is fairly constant a low energy particles relaxes more quickly 
even though the scattering probability is lower than for particles with high 
energy. Consequently, the relaxation time is not increased for high fields in 
the direction parallel to the c-axis due to the initially small mean carrier 
energy. 

Compared to silicon the relaxation time is very short in SiC, of the order of 
0.02-0.05 ps, while it is 0.2 ps in Si due to the presence of polar-optical 
scattering in SiC. 

4.7.3 Impact Ionization Coefficients 
The impact ionization process needs to be characterized further for accurate 
modeling of the breakdown process in SiC. 4H-SiC is the polytype, where 
the anisotropic impact ionization has been studied most thoroughly. In SiC 
devices the influence of anisotropic impact ionization coefficients can be 
very strong. The band structure of SiC indicates that the impact ionization 
coefficients should be very anisotropic, which is observed in full band 
Monte Carlo simulations. In paper III the influence of anisotropic impact 
ionization is studied, and the strength of the effect is shown. More recent 
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state-of-the-art calculations including band-to-band tunneling, gives a 
reduced but still significant anisotropy in the impact ionization coefficients. 
For the direction parallel to the c-axis the values observed by Hatakeyama et. 
al. (eq. 4.17-18) are in reasonable agreement with those measurements made 
by Konstantinov et al. and the theoretical calculations (Fig. 3.3). One 
important discrepancy is however the different slope for the impact 
ionization coefficients. 
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In the direction perpendicular to the c-axis the only available measurement 
has been performed by Hatakeyama et. al. (eq. 4.19-20). Available 
theoretical calculations predict ionization rates of the same magnitude but 
with different slope and a higher rate for electrons. However, these 
calculations do not include band-to-band tunneling and the results are thus 
much less reliable than the results in the c-axis direction. 
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4.8 Drift-Diffusion versus Hydrodynamic model 
The drift-diffusion model is very time efficient for semiconductor device 
simulations. For silicon simulations the drift-diffusion model is insufficient 
for very small devices, where non-local effects become more pronounced. In 
these cases the hydrodynamic model is better for use involving predictions 
of device performance. The hydrodynamic model involves a significantly 
increased computational effort, and is mainly used for submicron devices. 
For device simulations in 4H-SiC devices, the drift-diffusion model has been 
shown to give accurate results even for submicron devices. This is related to 
the tenfold reduction in relaxation time compared to that of silicon, which 
means that that the maximum distance for non-local effects is much shorter 
than in silicon. The range for non-local effects, which can be approximated 
by the relaxation time multiplied by the saturation velocity, is only a few 
nanometers in SiC. This means that the drift-diffusion model is adequate for 
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Fig. 4.8. Thermal distribution on the surface layout for a device with 
10 fingers each 200 µm long with 50 µm pitch, from heat transfer 
simulation. 

SiC devices down to dimensions around 0.1 µm. In simulations of smaller 
devices, a hydrodynamic model with a non-constant relaxation time, or 
preferably the Monte-Carlo method, should be used for accurate results. 

4.9 Thermal effects 
Semiconductor devices that are operating at high power levels are inevitable 
heated by the power dissipation. It is important that simulations can calculate 
this effect properly in order to predict the device performance. The heating 
effect is one of the most important limiting factors for RF power-devices, 
which for SiC devices have been studied both using analytical models [77] 
and 2D coupled electro-thermal simulations [78]. 

The lattice heating requires a sparse layout of the device to allow sufficient 
heat transfer from the dissipated power. Lattice heating for SiC MESFETs is 
studied in paper IX, where the electro thermal problem is solved 
consistently. The heat transfer has to be treated in three dimensions for 
correct thermal effects. Today it is not realistic to simulate RF power devices 
in three dimensions, due to the dense mesh required in the cross section of 
the device together with the multi-finger layout required for high power. 
Instead, the heat transfer problem is solved separately in 3D, and coupled by 
the thermal resistance with the electrical device simulation performed in 2D. 
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Fig. 4.9. Comparison between simulations without thermal effects, 
coupled electro/thermal simulations and the semi-coupled solution for a 
2D case. 

4.9.1 Heat transfer simulations 
The stationary heat transfer is described by 

 ( ) qTk =∇∇−  (4.21) 

T is the temperature, k is the thermal conductivity and q is heat sources. In 
the case without internal source and constant thermal conductivity it is 
reduced to the Laplace equation: 

  (4.22) 02 =∇ T
The heat transfer simulation is performed in 3D using FEMLAB [79] using 
heat sources with a power density of PD

HT placed on the top corresponding to 
the device layout. The temperature of the rear surface is constant and other 
surfaces are isolated. The temperature distribution in the device fingers and 
substrate/cell periphery for such a simulation is shown in Fig. 4.8. The 
thermal resistance can then be expressed as the relation between the lattice 
heating and the dissipated power. 

 HT
D

Max
Th P

T
R =  (4.23) 
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Fig. 4.10. Cross-section temperature distribution from a coupled 
electro-thermal simulation. 

As the power density is given in W/mm the thermal resistance is 
consequently expressed in mmK/W. Using this equation for the thermal 
resistance, a scalar value is achieved, which implies that the temperature in 
different device fingers must be approximated with a constant.  

The approximation is necessary unless the electrical simulation is divided 
into small segments and that both electrical and thermal simulations are 
repeated for a few steps until they converge. As the power is increased 
slightly in the parts where the temperature is less than TMax, it should 
consequently give increased heating in these parts. The introduced error is 
thus a slightly increased temperature in the outer parts of the layout than in 
reality and consequently a small underestimation of the total output power. 

4.9.2 Electrical simulations 
A drift-diffusion model is used for the electrical simulation, where the 
electro/thermal coupling is achieved via the thermal resistance alone. The 
simulation temperature is given by: 

 DissThMax PRT =  (4.24) 

The power dissipation can either be calculated simply as P=U·I for the 
actual terminal voltage or through the use of any other voltages. This is very 
important, in for instance RF power devices, where the power dissipation 
can be calculated more correctly from the bias point and the signal 
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Fig. 4.11. Output power density and lattice heating as function of the 
thermal resistance for SiC MESFET. 

amplitude, rather than from the simulated terminal voltage. The simulation 
of the relation ID=f(VD)|VG=VGmax is required to estimate the output power 
(Fig. 2.4). For this IV curve, the lattice heating is calculated from the 
corresponding quiescent point by: 

 
( )( )

4
minmax DDDK

DQDQDiss
IIVVIVP ++

==  (4.25) 

The semi-coupled electro-thermal model is validated against a fully coupled 
model for a two-dimensional problem and the results are shown in Fig. 4.9. 
Very good agreement is shown in the figure between the two methods. The 
same graph also shows the importance of using the lattice heating 
calculation, as the current drops dramatically due to the increased 
temperature. 

A cross section of the device for the fully coupled electro-thermal simulation 
is shown in Fig. 4.10. The finger pitch and bias point are selected to give the 
same situation as for the 3D heat-transfer simulation in Fig. 4.8. Comparing 
these two figures, two things should be noted: 1) The lattice heating is 146˚C 
in the 2D case, while taking 3D effects into consideration the heating is just 
83˚C. 2) The temperature variation in the cross section of a device is 8˚C 
(5%), while in the 3D surface layout the temperature varies by 26˚C (31%). 
Three dimensional effects is thus much more important to consider than 
cross sectional variations in the temperature. 
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Fig. 4.12. Linearity estimation. A) MESFET performance in the load-
line B) Power amplifier circuit.  

In Fig. 4.11 the output power and the lattice heating are shown as a function 
of the thermal resistance. With the large temperature variations at the surface 
according to Fig. 4.8, the accuracy of constant temperature approximation 
must be investigated further. The maximum and minimum temperature in 
Fig. 4.8, and when combined with Fig. 4.11, correspond to equivalent 
thermal resistances of 7 and 5 mmK/W. In these cases the output power is 
4.95 and 5.1 W/mm, i.e. the introduced error in output power is less than 
3%. The power dissipation is likewise scaled and the heating achieved in 
Fig. 4.8 is thus accurate. 

By super-positioning of small device segments working at different 
temperatures, parameters that are more dependent on the temperature can 
also be studied. 

4.10 Linearity 
Linearity is very important for many applications in wireless communication 
systems to avoid mixing between neighboring channels. The main sources of 
the nonlinearities in MESFETs are found in the gate-capacitance and 
transconductance.  The depletion width is proportional to the square root of 
the applied voltage. Both the capacitance and transconductance are directly 
related to the depletion width, which makes them nonlinear. The non-
linearity can be improved by channel engineering. A thin and highly doped 
channel is better for the linearity, than a thick and low doped channel [80]. 
Ideally, the channel doping profile should be delta shaped, but this is of 
course not possible to implement. A major problem is that a higher doping 
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Fig. 4.13. Linearity estimation. A) Large signal non-linear transient 
analysis. B) Harmonic Distribution. C) POut=f(PIn). D) Enlargement of 
POut=f(PIn) around the 1 dB compression point. 

level reduces the breakdown voltage, as it becomes more difficult to deplete 
the gate-drain region. 

Assuming a purely resistive load, the transistor operation follows the load 
line in Fig. 2.4 fairly well. By extraction of the nonlinear device parameters 
in the load line from device simulations (Fig. 4.12a), the system performance 
can be estimated by large-signal transient analysis. For each time step the 
gate-voltage determines the correct values for the gate capacitance and drain 
current. The results from the simulated circuit (Fig. 4.12b) are shown in Fig. 
4.13. In the output of the transistor the signal is clearly compressed. Based 
on FFT analysis, the harmonic distribution (Fig. 4.13b) and the output power 
as a function of the input power are shown in Fig. 4.13c,d. For this device 
the 1 dB compression point occurs at 47 dBm (50 W) output power, where 
the gain is 11 dB. 
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Fig. 4.14. Comparison between Simplex and Simulated annealing in an 
optimization of 4H-SiC RF power MESFET. 

The calculations are still preliminary, and have to be validated against 
measurements before they can be used quantitatively in the design stage of 
new devices. 

4.11 Semiconductor device optimization 
A large part of this work has focused on device optimization in the design of 
semiconductor devices. In paper VII the concept of device optimization is 
introduced, where the optimization is implemented to solve a specific task. 
The concept has been further developed as a general tool, where the device 
and the optimization criteria and algorithms can easily be changed 
independently of each other. An important feature is the possibility of 
activation/ deactivation of the variables that are optimized, from a run-to-run 
basis. This can speed up the total optimization by initially optimizing only 
the most critical parameters before optimizing all parameters. 

4.11.1 Optimization Goal 
One difficult aspect of the device optimization is to determine what is really 
optimal from the application point of view. For RF power devices both high 
frequency properties and the power handling capabilities have to be 
considered. In this work the output power is estimated according to Eq. 2.5. 
For high frequencies both fT and the RF gain (MSG) at the carrier frequency 
are important. In the present study combinations of these parameters (fT, 
fT·PMax, MSG·PMax, fT·PMax·MSG) are used as the optimization goals. Using fT 
alone results in devices with very low breakdown voltage, and consequently 
is not suitable for power devices. 
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Second-order effects such as linearity and device heating can also be of great 
importance for the final application. Incorporating such details into the 
optimization during the device design offers a clear competitive advantage, 
and makes it possible to increase the market share for the manufactured 
devices. The importance of estimating these effects as rapidly as possible is 
thus critical and the methods described in the previous chapter for self 
heating and linearity are thus very interesting. 

4.11.2 Optimization Algorithm 
Both a local (Simplex) [81] and global (Simulated Annealing) [82] 
optimization algorithm are included in the optimization tool. In paper VIII 
both of them are shown to be important for the tool functionality. Simplex 
converges more rapidly than Simulated Annealing but as it is a local method, 
it can be caught in local maxima. Optimal performance in RF power devices 
is obtained by a trade-off between frequency and power. In such cases the 
optimization criteria often contain numerous local extreme points, and local 
optimization methods are thus insufficient. Simulated annealing is an 
efficient global optimization algorithm, which is required for such tasks. In 
Fig. 4.14 a comparison between the two optimization algorithms is shown. 
Both algorithms give the same performance when optimizing fT alone, but in 
the more complex case Simplex does not converge to the global maximum. 

 





 

5 Silicon Carbide Field-Effect Transistors 
In recent years numerous SiC devices have been manufactured [83]-[124]. 
The device with highest fT so far reported is a lateral 4H-SiC MESFET with 
fT=22 GHz [83]. For a vertical MESFET the best achieved performance is 
fT=7 GHz [100]. Early SiC MOSFET devices had poor performances due to 
difficulties with the inversion channel mobility at the oxide. Still, RF 
performance as high as fT=7 GHz is achieved, with just 30 cm2/Vs surface 
mobility [119]. However, the surface mobility has been increased and SiC 
MOSFETs will probably be commercially available within the next few 
years. The surface mobility is not a problem in MESFET devices, since the 
channel conductivity relies on bulk transport properties. 

5.1 Lateral MESFETs 
Lateral MESFETs (commonly just called MESFETs) have been widely 
explored by several different groups [83]-[97]. The MESFET is the SiC 
device type that has offered the best RF-performance of those manufactured 
until now [83]. State-of-the-art devices are manufactured on semi-insulating 
substrates, which give low parasitic gate capacitance. A p- buffer layer is 
introduced between the channel and the substrate, to give better control of 
the threshold voltage and avoiding carriers to penetrate into the substrate. 
The lateral MESFET is commonly produced in a straightforward manner 
based on the etching of an epitaxial structure. 

In paper VII an optimization of vertical MESFETs has been performed, 
resulting in a device which for agrees favorably with the manufactured 
devices. Assuming a lithographic resolution of 0.2 µm, the best performance 
achievable is fT=25 GHz. There are few parasites in SiC MESFETs, but a 
reduction of the gate-source spacing could increase the performance slightly. 
The state-of-the-art device is manufactured with 0.45 µm gate length and 0.2 
µm gate-source spacing. In lateral transport, 4H-SiC is about 30% better than 
6H-SiC. A 2H-SiC device could be slightly better than a 4H-SiC device. 
However, the difference is not sufficiently large to encourage the 
development of 2H-SiC wafers. The transport properties of 3C-SiC suggest 
device RF performances similar to those in 4H-SiC but with a reduced 
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breakdown voltage. The advantage of 3C-SiC is the possibility to grow on 
silicon substrates to integrate SiC power devices with Si logic circuits. 
However, the thermal conductivity is thus reduced on the Si substrate, 
degrading the performance for power devices, especially as the temperature 
must be kept at a level allowed by the silicon circuits. 

5.1.1 Buffer Layer 
Large transconductance (gm) is required for high-frequency operation. For 
large gm in a MESFET the channel has to be restricted to just a thin layer, 
otherwise the channel cannot be modulated efficiently by a small gate signal. 
The channel restriction can be achieved by introducing a p-n junction 
beneath it. For n-channel MESFETs a p-type substrate can be used. The 
doping level of the substrate is also of importance. In the channel, electrons 
are pushed away from the Schottky gate down into the substrate. With high-
doped bulk material, the depletion region in the channel-bulk interface is 
smaller, giving a higher electric field and more efficient shielding of the 
channel. In a lightly doped substrate carriers penetrate more deeply than 
when high doping is used. As a result the threshold voltage increases at 
higher drain bias due to less gate control of the channel. A highly doped p-
substrate is thus recommended for a well-defined threshold voltage. One 
drawback of a p-type substrate is the parasitic pad capacitance between the 
pad and the substrate. The increased parasites, particularly the gate 
capacitance, reduce the high-frequency performance of the device 
considerably. Much better performance can be achieved if the channel is 
placed on top of an insulator, where the pad capacitance is minimal. When 
an insulator is used, the channel can also be fully depleted with no substrate 
conduction. In recent years SiC semi-insulating substrates have been 
successfully manufactured [125]-[126], and are now commercially available. 
The semi-insulating material, which is created by the introduction of deep-
level impurities such as vanadium, reduces the minority carrier lifetime to 
the nano-second region. A problem that occurs with such a substrate is the 
presence of traps, with both short and long lifetimes. Trapping in the semi-
insulating substrate, results in a drift in the drain current with a time-scale of 
minutes. The explanation is that as the traps are charged they deplete the 
channel from underneath [85]. The traps recombine stochastically, 
increasing the 1/f noise [87] during pinch-off significantly due to the 
substrate conductivity. 

The effects from the substrate on the channel are reduced introducing a p-
type buffer region between the two layers. The carriers in the buffer layer 
reduce the high-frequency performance, and consequently a lightly doped 
layer is preferable, which must be thick to prevent penetration into the semi-
insulating substrate. With this configuration short channel effects dominate 
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the device performance and a high doped layer is optimal to enhance the 
pinch-off characteristics. A high doped p-layer will also reduce the 
breakdown voltage as most of the potential difference between source and 
drain will be localized just beneath the drain contact as the p-buffer layer 
form a low resistive path. The breakdown voltage will thus be determined by 
the channel thickness and doping. 

An innovative device design presented by Konstantinov et.al [99], the lateral 
epitaxi (LE) MESFET, utilizes a highly doped p-buffer layer only under the 
gate contact. The advantage is that much higher p-buffer doping can be used 
which suppresses the short channel effects well and still enables a high 
breakdown voltage as the gate and drain are separated by a low doped p-
layer. 

5.2 Vertical MESFETs 
To increase the transconductance it is desirable to modulate the channel from 
both sides. In a lateral structure it is problematic to design a device which 
has a two-sided channel depletion.  

Orienting the channel vertically, a two-sided depleted channel can be 
obtained using a rather simple process. The vertical MESFET (Fig. 2.1b) is 
often called a static induction transistor (SIT) or a permeable base transistor 
(PBT). These devices have been discussed for a long time [127], but have 
never been a commercial success. Their structure is identical but, different 
parts of the IV-characteristics are used. Over the last decade many vertical 
MESFETs in SiC have been manufactured [100]-[106]. 

The vertical channel orientation of a MESFET has some advantages 
compared with that of the lateral. The length of the channel in a vertical 
MESFET is not limited by the lithographic resolution, making it possible to 
create a very short channel with a moderate resolution. In the vertical 
MESFET the channel is surrounded by gate contacts on both sides of the 
channel. The two-sided depletion approximately doubles the trans-
conductance compared to that of a single-sided gate. Even though the 
channel length is independent of the lithographic resolution, it is of 
importance. The gate capacitance, which is important for high-frequency 
operation, increases with the width of the gate-trench. For a large gate-
spacing the doping concentration has to be kept low to make it possible to 
switch off the device. A low channel doping also reduces the maximal 
current in the device and therefore also the power density. The extremely 
short gate makes short channel effects more dominant than in vertical 
devices. 

For vertical MESFETs 4H-SiC is far better than 6H-SiC devices. There is 
approximately a fivefold difference in performance, due to very low mobility 
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Fig. 5.1. Two strategies to reduce the parasitics in vertical MESFETs. 
A) Etched and metallized trenches from the rear side decreases the 
drain-resistance. B) The vertical MESFET realized on top of a semi-
insulating substrate. 

in the direction parallel to the c-axis in 6H-SiC. In 2H-SiC the mobility is 
higher in this direction and 2H-SiC devices are expected to be about 20% 
better than similar 4H-SiC devices. One drawback of the vertical MESFET 
is the worse planarity, which is assumed to reduce the yield in device 
manufacturing. 

5.2.1 Parasitics 
The main problems concerning the state-of-the-art devices are, however, still 
related to the parasitics in the drain resistance and gate capacitance. The gate 
pad is usually placed in the gate metal-layer, where there is a large parasitic 
capacitance between the pad and the highly dopey substrate. By increasing 
the gate-drain spacing, which reduces the intrinsic high frequency 
performance of a vertical MESFET, the capacitance is reduced. This means 
that the design of an optimal vertical MESFET is not straightforward, since 
optimal device performance is achieved by a trade-off with the gate-drain 
spacing. The drain resistance also degrades the device performance and 
increases with a reduced channel and gate width. More trade-off situations 
must be considered in the design of a vertical MESFET than for a lateral 
MESFET and device design is thus more difficult. 

In paper VII the geometry of vertical MESFETs including parasitics has 
been optimized by iterative 2-dimensional drift-diffusion simulation. The 
best performance achieved assuming 0.2 µm lithographic resolution is fT=7.5 
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GHz [100] which is close to the value obtained experimentally. Without 
reducing the parasitics the performance of vertical MESFETs can thus not be 
increased by scaling. 

If the parasitics could be reduced, vertical MESFETs would be an interesting 
candidate for high-power, high-temperature and high-speed electronics. Two 
different ways of obtaining this are exploited by simulations in paper VII 
and shown in Fig. 5.1. In the first device trenches are etched and metallized 
from the rear side of the wafer, and the gate pad are placed on top of a field-
oxide layer. In this way both the drain resistance and the gate capacitance are 
reduced significantly. The unity current gain frequency (fT) can in this way 
be increased from 7.5 to 34 GHz. It may, however, be difficult to 
manufacture this device, since it is very difficult to etch deep trenches in 
SiC. As an alternative the vertical MESFET could be manufactured on a 
semi-insulating substrate with all three contacts on the top side of the wafer. 
This device suffers from a distributed drain resistance and fringe effects, 
which may reduce the performance for power devices. The high-frequency 
performance is however good and fT as high as 43 GHz has been achieved in 
simulations. The drawback, from a processing point of view, is that the 
planarity is worse and the metallization may be difficult to perform. 

5.3 MOSFETs 
The advantages of SiC power MOSFETs over the corresponding Si Devices 
have been known for a long time [107]. They are: high current density, low 
on-state resistance, high breakdown-voltage, and a high allowable 
operational temperature. Many studies have been carried out in the SiC 
MOSFET area over the past years [107]-[124]. Until recently the 
performance of manufactured MOSFETs had been limited by the oxide 
quality achievable. The oxide problems are: low surface mobility, low 
breakdown voltage, and gate oxide leakage. There is a quality difference 
depending on SiC polytypes, crystalline face, and processing used. 

In a MOSFET device an electric field is applied perpendicular to the 
channel, which is parallel to the direction of the gate oxide. The electric field 
is necessary to create the population inversion, but the mobility is reduced 
due to the large number of surface scatterings and trapping in defect levels. 
This is known as the surface mobility and it decreases with increased electric 
field perpendicular to the oxide. However, the channel carrier density in the 
channel also increases with the same electric field due to enhanced 
population inversion. For high performance MOSFET devices, it is thus 
necessary to obtain a high surface mobility, which is required for high 
transconductance. 
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Fig. 5.2. Simple surface transport model. The carrier is reflected 
diffusly with the probability C and otherwise specular. 

In power MOSFETs for low-frequency applications, the blocking voltage 
and the on-resistance are two of the most important parameters. The 
blocking voltage gives the maximum allowable voltage for device operation; 
and here SiC has an advantage over Si. A low on-state resistance allows a 
large current with small circuit losses and less power dissipation in the 
device. The on-state resistance is inversely proportional to the mobility, 
which must be sufficiently high for practical applications. 

The surface mobility is thus a critical parameter for both high-power, high 
frequency, and of course microwave power MOSFETs. 

5.3.1 Polytypes 
In SiC the experimentally obtained surface mobility is low, and is different 
for each polytype [107][109]. The mobility values extracted from identical 
devices manufactured in 4H, 6H and 15R-SiC are 5, 37 and 50 cm2/Vs 
respectively. In later experiments the surface mobility has been improved 
significantly. In 4H-SiC the surface mobility has now reached 150 cm2/Vs 
for 4H-SiC [6] and 95 cm2/Vs for 6H-SiC [110]. The origin of the low 
surface mobility is related to the number of traps [111][112] in the SiC-SiO2 
interface. The SiO2-SiC interface-states are located around 2.9 eV above the 
valence band in all three polytypes [109]. For 4H-SiC these levels are 
located within the band-gap, and accordingly contribute to many of the 
interface traps. Both 6H-SiC and 15R-SiC, have band-gaps close to 3 eV and 
the interface state distributions are mainly situated within the conduction 
band. 

In paper IV, Monte Carlo simulations are performed on a MOSFET 
structure, and surface mobilities are extracted. The surface mobility model in 
Fig. 5.2 has been used for silicon [113] with good results. It is based on a 
combination of diffuse and specular scattering. For diffuse scattering the 
direction of the carrier is selected randomly, while for specular scattering the 
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reflected angle is equal to the angle of incidence. The type of scattering is 
selected randomly using a fixed probability. With this model it has been 
shown that the surface mobility is also related to the anisotropy of the bulk 
mobility. The surface mobility for a 6H-SiC device aligned perpendicularly 
to the c-axis is not as sensitive to increased fraction of diffuse scattering. 
This is related to the low bulk mobility in the c-axis direction for 6H-SiC, 
which reduces the number of surface scattering events, and increases the 
mean time between scatterings (relaxation time), (τ) in the region where the 
surface scattering dominates. The mobility, which is directly proportional to 
τ is thus also increased. 

 
*m

qτµ =  (5.1) 

The effective mass, (m*) is inversely proportional to the curvature of the 
band structure in k-space. 

5.3.2 SiC face 
The surface mobility depends not only on which face of the SiC lattice wafer 
is being used, but also on the anisotropy in the current direction on the 
surface [114]. The ( 0211 ) face has been giving higher surface mobility than 
the conventional (0001) Si-face, especially for 4H-SiC. The surface mobility 
in this case is increased from 5 (45) to 95 (115) cm2/Vs for 4H (6H)-SiC. On 
the ( 0211 ) face, the channel can be oriented both parallel to the c-axis and 
perpendicular to it. In this case the anisotropy is related to the bulk 
anisotropy of the bulk material, and in 4H (6H)-SiC the mobility in the c-
axis direction is 1.17 (0.32) times the value in the direction perpendicular to 
the c-axis. The mobility is higher in the 〈 0011 〉 direction of the ( 0211 ) face 
than in the same direction on the ( )0001  face. Assuming that the surface 
mobility was given only by the anisotropy in the bulk material, it follows 
that the surface mobility in 6H-SiC on the (0001) face ought to be higher 
than on the ( 0211 ) face, since the mobility perpendicular to the channel is 
lower on the (0001) face. 

By post-oxidation of the 4H-SiC ( 0211 ) face, the surface mobility has 
reached 110 cm2/Vs [115]. Recent results on the conventional (0001) Si-face 
have reported a surface mobility of 150 cm2/Vs [6] by gate oxidation in N2O 
surroundings. 

5.3.3 Surface orientation 
The surface mobility is also reported to be anisotropic for different channel 
orientations on the (0001) Si face [116] in 6H-SiC. In the direction parallel 
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Fig. 5.3. Surface transport model taking the surface steps into 
consideration. 

to the surface steps, the measured surface mobility is 50 cm2/Vs, while it is 
just 23 cm2/Vs in the perpendicular direction. Interestingly, both these 
orientations are perpendicular to the c-axis direction and the corresponding 
bulk mobility is nearly isotropic. Many substrates are manufactured slightly 
off-axis, 8° for 4H-SiC, and 3.5° for 6H-SiC. Because of the finite size of the 
crystal unit cell the resulting surfaces are not perfectly plane. The anisotropic 
surface mobility cannot be explained by the just the off-axis orientation 
combined with the anisotropic bulk mobility, as the angles are too small. 
Instead this anisotropic surface mobility is thus directly related to the surface 
properties. A 3.5° off-axis orientation gives a surface step at each 16th atom, 
and 8° every 7th. The surface steps are terminated by C-atom dangling bonds 
that increase the defect density. Apart from the dangling bonds, the surface 
roughness is also important for the surface mobility since carriers moving 
parallel to the steps experience a smoother surface than those moving 
perpendicular to the steps. 

In paper V, a Monte Carlo model (Fig. 5.3) is presented, which includes the 
surface roughness effects of the surface steps. In this model the surface 
scatterings are randomly divided into two parts with different probabilities, 
representing scattering against the two perpendicular surfaces in the step. 
Scatterings on the two surfaces are both treated as constants but are dealt 
with by using different fractions of specular and diffuse scattering. The 
simulations show that the mobility in the direction perpendicular to the 
surface steps is very sensitive to the crystal off-axis angle. In the direction 
parallel to the surface steps, the dependency is more moderate. For 6H-SiC 
the surface mobility parallel to the surface steps is 50 cm2/Vs, and it is 23 
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Fig. 5.4. Additional MOS structures manufactured in SiC a) ACCUFET 
[123] b) SIAFET [124]. 

cm2/Vs in the perpendicular direction to the steps. The simulated anisotropy 
for the surface mobility is 2.5, which is in reasonable agreement with the 
measured value of 2.2. However, the simulated mobility level is 
approximately five times higher than the reported value obtained from 
measurements, and this discrepancy is explained by interface states, which 
are not considered in the Monte Carlo simulations. The carriers are trapped 
in the interface states for short periods of times, causing a considerable 
reduction in their effective mobility. 

Recently, the oxide quality has been considerably improved with surface 
mobility exceeding 100 cm2/Vs, and SiC MOSFETs are rapidly approaching 
commercial viability. 

Another way to improve the channel mobility in SiC MOSFETs, is to keep 
the electrons away from the SiC-SiO2 interface. This can be achieved by 
using a buried channel [117], which has resulted in a channel mobility 
reported to be as high as 140 cm2/Vs. In MOSFETs manufactured with a 
thick gate-oxide (9000 Å), the inversion layer mobility is 160 cm2/Vs for 
4H-SiC and 110 cm2/Vs for 6H-SiC [118]. On the other hand, both these 
solutions give less control over the channel, and consequently give low 
transconductance and poor high-frequency performance. 

4H-SiC RF Power MOSFETs with fT as high as 7 GHz have been 
manufactured [119]. The effective mobility of these devices is only 30 
cm2/Vs, which clearly shows the potential for SiC MOSFETs for RF Power 
applications. 
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SiC MOSFETs are very promising for high-power devices, provided the 
problem of channel mobility can be solved. Different groups have 
manufactured SiC power MOSFETs in recent years [120]-[124]. SiC 
MOSFETs devices can be manufactured in numerous ways, both with lateral 
and vertical channel orientation, which in experiments have shown blocking 
voltages above 4 kV. 

In addition to the standard structures shown in Fig. 2.2, a few other 
interesting structures have been manufactured (Fig. 5.4). In an n-channel 
accumulation mode MOSFET (ACCUFET), the channel is a thin n-doped 
layer, with a p-type region located a short distance beneath it (Fig. 5.4a). At 
zero gate-bias the n-channel is fully depleted by the built in fields from the 
p-n junction below, and from the gate electrode. Applying a positive bias to 
the gate contact creates an accumulated channel just beneath the oxide 
interface. 

The SIAFET [124] (Fig. 5.4b) is a four-terminal device with two gate 
electrodes (GM and GP). Under positive GM-bias it works in a manner similar 
to that of an ACCUFET. By applying a positive GP-bias, two of the effects 
of on-resistance can be reduced: 1) The depletion region near the buried p+ 
gate is reduced, which widens the channel. 2) Injection of minority carrier 
from the buried gate. The SIAFET can work as a three-terminal device 
connecting diodes between the two gates. 

5.4 Applications for SiC Field Effect Transistors 
One driving application for RF power devices is in the output stage in base 
stations for the third generation mobile telephone systems. SiC MESFET 
devices offer a better performance when compared to silicon devices for the 
same application, with respect to the power level, as well as gain and 
impedance matching. This enables construction of RF output stages that can 
replace silicon technology using fewer external components and a much 
simpler cooling system. 

The main drawback concerning the devices used at present relates to the 
linearity required by the 3rd generation mobile systems. Today, advanced 
signal processing is used to compensate for the nonlinearity in the RF power 
amplifiers. This has created an enormous market pull to deliver new devices, 
which simultaneously have the required power, frequency, and linearity. The 
technology that best fulfills these requirements will be adopted by system 
suppliers, which in turn will achieve a very large market share. Silicon 
technology (LDMOSFETs) is stretched close to its theoretical limitations, 
and it is unlikely that silicon can be improved to that extent. Silicon Carbide 
has superior material properties compared to silicon, and has more room for 
a trade-off until the desired linearity is achieved. 
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Another application category for high-speed power devices are switched 
AC-DC and DC-DC converters. The high-frequency performance is here not 
as critical as for telecommunication systems, but the breakdown voltage and 
the on-state resistance should be improved. The market for these products is 
enormous, and it is today totally dominated by silicon MOSFETs. With the 
switching speed used today it is difficult for SiC devices to compete with 
silicon technology. The desire is to increase the switching frequency beyond 
1 MHz, enabling very small designs, where present day bulky inductors and 
capacitors can be replaced by much smaller counterparts. For these products 
SiC becomes a very interesting material with its high switching speed and 
breakdown voltage. To increase the switching speed the magnetic material 
must also be developed. Prototypes presently exist for materials up to 5 
MHz, but the goal is to manufacture magnetic material operating up to 50 
MHz. The important parameters for switched power supplies is the on-state 
resistance (RDSon), breakdown voltage, and switching times. 

 





 

6 Summary of Papers 
In this work the performance of field effect transistors in silicon carbide is 
studied using device simulations. Nine papers are included in this thesis, 
which cover different aspects of this topic. They cover the range from 
extraction of transport parameters to design and simulation of SiC devices. 
The papers have advanced the research in device design methods using 
optimization methods and efficient simulation of device heating. SiC RF 
power devices are used as a test bench for device optimization but the tool 
developed can be used for any other material or application Additionally this 
work has increased the understanding of the simulation aspects of SiC 
devices. 

The first paper in this work is dedicated to the evaluation of existing 
transport models for SiC device simulation. 

In the papers I-VI, device simulations are used as a tool to investigate 
different aspects of the carrier transport in SiC. The Monte Carlo model is 
used in papers I, II, IV, V and VI as a tool to study device performance both 
from a microscopic and macroscopic perspective. 

In paper III the drift-diffusion model is used to study the breakdown 
behavior in 4H-SiC using an anisotropic model of the impact ionization 
parameters. This gives an interesting explanation of the background to the 
differences between the experiments performed up to that time. Recent 
measurements indicate that the impact ionization coefficients are in fact 
anisotropic but not as much as indicated in this paper. Better theoretical 
models also give less anisotropy than that initially reported. 

Papers VII-VIII, focus on device design for SiC devices. The method used is 
iterative drift-diffusion simulation for optimization of the design parameters 
to provide maximal device performance. The method is shown to be very 
efficient in the design of new semiconductor devices with regards to 
optimizing the device layout for a specific application. This is a quick 
method available for the validation of the suitability of new device concepts 
for a given application, and an excellent aid in the design stage of the final 
device layout. 
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In the final paper, a method for simulation of self heating in RF power 
devices is presented based on 2D electrical simulations together with 3D 
thermal simulations. This method is more accurate and much faster than 
previous methods such as 2D coupled electro-thermal solutions. Additionally 
the available set of transport parameters have been upgraded with 
temperature dependency of the high-field transport parameters. 

Paper I. The Effect of Different Transport Models in Simulation of 
High Frequency 4H-SiC and 6H-SiC Vertical MESFETs 

Author List: K. Bertilsson, H.-E. Nilsson, M.Hjelm, C. S. Petersson, P. 
Käckell, C. Persson. 

Reference: Solid State Electronics 45 (2001), pp 645-653. 

Authors Contribution: Major part of the work. 

In this paper the drift-diffusion, hydrodynamic and Monte-Carlo transport 
models have been evaluated for simulations of SiC devices in 4H and 6H-
SiC. It is shown that the drift-diffusion model is as good as the 
hydrodynamic model (with constant relaxation time) for SiC device 
simulation. This is due to the very short relaxation time in SiC when 
compared with silicon. The drift-diffusion model can be used with accurate 
results for shorter channel-lengths in SiC devices than in silicon. The 
relaxation time as a function of the electric field is extracted from full-band 
Monte Carlo simulations and it is shown that it is both strongly field-
dependent and anisotropic. 

Paper II. Monte Carlo simulation of vertical MESFETs in 2H, 4H 
and 6H-SiC 

Author List: K. Bertilsson, E. Dubaric, H.-E. Nilsson, M. Hjelm, C. S. 
Petersson 

Reference: Diamond and Related Materials 10 (2001), pp 1281-1286. 

Authors Contribution: Major part of the work 

A comparison of simulated device performance is investigated for vertical 
MESFETs in 2H-, 4H-, and 6H-SiC. In the paper an ideal device is assumed, 
and it is shown that ideal vertical MESFETs have much better performance 
than lateral MESFETs. The best published results for vertical MESFETs 
report fT=7 GHz. This paper points out that the performance of the 
manufactured SiC vertical MESFETs is limited by parasitics. 
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Paper III. Simulation of Anisotropic Breakdown in 4H-SiC Diodes 
Author List: K. Bertilsson, H.-E. Nilsson, C. S. Petersson 

Reference: Proceeding of 7th IEEE Workshop on Computers in Power 
Electronics -2000, Virginia Tech, Blacksburg, Virginia, USA, 
16-18 July 2000, pp 118-120. 

Authors Contribution: Major part of the work 

An anisotropic impact ionization model is used in simulations of breakdown 
characteristics in SiC diodes. The impact ionization coefficients are 
extracted from Monte Carlo simulations [39], and then used in the drift-
diffusion simulations. In these drift-diffusion simulations the same structures 
as in the experimental characterization of the impact ionization coefficients 
are used. It is shown that the discrepancies between the two measurements 
can be explained by anisotropic impact ionization coefficients. 

Paper IV. Simulations of Submicron MOSFETs in 2H, 4H and 6H-SiC 
Author List: E. Dubaric, K. Bertilsson, H-E. Nilsson 

Reference: Physica Scripta, Vol. T101, 2002, pp. 14-17 

Authors Contribution: Performing Monte Carlo simulations of surface 
transport and for the MOSFET devices and analysing data. 

It is shown that short-channel SiC MOSFETs can reach excellent high 
frequency performance, assuming that the surface mobility can be improved 
to levels close to those common in silicon. The paper also gives a possible 
explanation of the better surface mobility reported previously for 6H-SiC 
when compared to 4H-SiC. Assuming that the two materials have the same 
low oxide quality, the high anisotropy of the 6H-SiC bulk mobility reduces 
the number of surface scatterings significantly, which contributes to less 
surface mobility degradation.  
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Paper V. Full Band Monte Carlo Study of Bulk and Surface 
Transport Properties in 4H and 6H-SiC 

Author List: M. Hjelm, K. Bertilsson, H-E. Nilsson 

Reference: Applied Surface Science No. 184, 2001, pp. 194-198. 

Authors Contribution: Participation in discussions of the model and the 
results. 

Bulk and surface transport parameters are studied using the full band Monte 
Carlo simulator. The bulk transport is studied with applied electric fields in a 
number of angles from parallel to the c axis to perpendicular to it. 
Interestingly, in highly anisotropic materials such as 6H-SiC, the carrier 
movement direction differs from the direction of the electric field. This 
effect is strongest for electric fields applied at about 10-30° from the c-axis 
direction. In a short range of angles the current vector differs by more than 
45° from the electric field vector. The surface mobility is studied using a 
new model taking the effect of surface steps into consideration. A similar 
anisotropy to that experimentally observed in SiC MOSFETs [116] is 
obtained with the model. 

Paper VI. Numerical Simulation of Field Effect Transistors in 4H and 
6H-SiC 

Author List: H-E. Nilsson, K. Bertilsson, E. Dubaric, M. Hjelm 

Reference: Journal of WIDE BANDGAP MATERIALS, Vol. 9,No. 4, 2002 
pp. 293-305 

Authors Contribution: Running the simulation of the MESFET devices and 
participated in discussions and evaluation of results 

An overview of SiC device modeling that has been performed at Mid-
Sweden University is presented. The results are based on Monte-Carlo, drift-
diffusion and hydrodynamic models. The paper includes bulk simulations as 
well as short channel MOSFETs and vertical and lateral MESFETs. 
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Paper VII. Optimization of 2H, 4H and 6H-SiC high-speed vertical 
MESFETs 

Author List: K. Bertilsson, H-E. Nilsson 

Reference: Diamond and Related Materials No. 11, 2002, pp. 1254-1257. 

Authors Contribution: Major part of the work 

The optimization concept is used in the design of SiC vertical MESFETs 
including major parasitics. Using a traditional layout, the optimized value for 
fT reaches 7.5 GHz. It is shown that the performance cannot be increased as 
much as for lateral MESFETs using increased lithographic resolution. This is 
due to the large parasitic gate-pad capacitance and drain resistance, which 
are the limiting factors for fT. Two strategies are proposed to reduce the 
parasitics in vertical SiC MESFETs. Based on these strategies two optimized 
structures are also presented, which show increasing fT with improved 
lithographic resolution as expected. With 0.2 µm lithographic resolution fT 
reaching 43 GHz is obtained. 

Paper VIII. The power of using automatic device optimization, based on 
iterative device simulations, in design of high-performance 
devices 

Author List: K. Bertilsson, H-E. Nilsson. 

Reference: Solid State Electronics Vol 48 (10-11), 2004, pp 1721-1725. 

Authors Contribution: Most of the work. 

The optimization concept has been extended to a toolbox, where the devices 
or optimization parameters and goal can easily be changed. This enables 
efficient validation of different device concepts for a specific application. It 
is shown that global optimization algorithms are preferable, especially in 
cases where one or more trade-offs have to be considered in the optimization 
process. Different optimization goals suitable for RF power devices are 
suggested and it is important that both RF characteristics (fT, fMax, MSG) and 
power performance (PMax) are considered simultaneously. The layout 
achieved for the different goals is presented and analyzed. 
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Paper IX. Calculation of lattice heating in SiC RF power devices 
Author List: K. Bertilsson, C. Harris, H-E. Nilsson 

Reference: Solid State Electronics Vol 48 (12), 2004, pp. 2103-2107. 

Authors Contribution: Major part of the work 

A new and more computationally efficient method for simulation of RF 
power devices, including self heating, is proposed. The method is based on 
2D device simulation combined with 3D heat-transfer simulation. From the 
heat transfer simulation the thermal resistivity is calculated for the device 
chip. In the device simulation the device temperature is coupled by the 
temperature increment given by the power dissipation over the thermal 
resistance of the device. The method is validated against a fully coupled 
electro/thermal solution in two dimensions, giving in this case good 
correspondence. It is not realistic at present to perform fully coupled 
solutions in three dimensions for RF power devices. In the paper it is shown 
that the thermal effects have to be treated in 3 dimensions to obtain a 
realistic picture of their influence on the device performance. The proposed 
method is thus better suited for the task than fully coupled solutions, giving 
both better accuracy and computational efficiency. 

 



 

7 Summary and Conclusions 
Silicon Carbide devices have a promising future for high-temperature and 
high-power electronic devices. 

The transport models and parameters still need to be characterized further to 
increase the accuracy of predictions made by SiC device simulations. Much 
debate has been focused on the impact ionization coefficients for different 
SiC polytypes. Most recent research has been conducted using 4H-SiC and 
the understanding increases constantly and several measurements and 
calculations also point in this direction. 

For commercial products the main obstacles are the expense of mono 
crystalline SiC and the defects associated with the SiC crystal. The quality is 
constantly increasing, and it can be assumed that the price will be reduced as 
the production volumes increase. For microwave power-devices the 
encapsulation is also an important part of the cost. As it is the same as for 
silicon devices the higher breakdown voltage and better high temperature 
performance simplifies much of the device surrounding, such as load 
matching and cooling system. In silicon technology large arrays of MOS 
capacitors are used for matching purposes and in SiC technology these 
would not be necessary. SiC devices are thus a competitive alternative to 
their Si counterparts. 

This work has opened new and improved methods for design and simulation 
of semiconductor devices. The available set of transport parameters have 
been extracted from different measurements and extended to incorporate 
temperature dependencies of high field transport parameters for 4H-SiC. It 
has been shown that the drift-diffusion model gives reasonable accuracy 
down to at least 0.2 µm due to the short relaxation time. Monte-Carlo 
simulations of 2H-SiC show that the performance could be slightly improved 
by using 2H-SiC in the direction parallel to the c-axis compared to the use of 
4H-SiC. The advantage is however not significant enough to encourage large 
investments in the crystal growth. 

The impact ionization process is still not fully understood, however, several 
different sources are pointing in similar directions reporting highly 
anisotropic impact ionization coefficients. In the direction perpendicular to 
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the c-axis only one measurement is available and there are no reliable 
calculations so the parameters might need to be tuned in the future as better 
experiments are performed. 

Self heating is important in RF power devices and must be included in the 
design stage. Fully coupled electrical/thermal simulations are inadequate in 
two dimensions and unrealistic in 3D. An efficient way for self heating 
calculation is developed using a combination of 3D thermal simulations and 
2D electrical simulations. The method gives better predictions regarding the 
heating, and requires less simulation time compared to that involved in 
coupled 2D simulations and the method can thus be incorporated into the 
optimization phase of the device design. 

To perform this work three different tools have been developed: 1) A time 
domain drift-diffusion device simulator. 2) A circuit simulator handling 
nonlinear elements. 3) An optimization tool for efficient device design. 

To increase the computational efficiency for device simulations using the 
Monte-Carlo method, passive parts of the devices could be modeled using 
much simpler drift-diffusion equations. As the Monte-Carlo method is, by its 
nature, a time-domain solution this is also sufficient for the drift-diffusion 
part. A time-domain drift-diffusion simulator is developed to study the 
feasibility of the model, and good correspondence has been established for 
different devices with a commercial time-independent solution. 

The system linearity of a power amplifier is estimated directly from device 
simulations using non-linear circuit transient analysis. For 
telecommunication systems the linearity is perhaps, at present, the most 
important factor requiring improvement. The need to estimate the system 
linearity directly from simulations is thus critical. 

Device optimization by iterative simulations is used in the design of RF 
power devices with promising results. As the computational performance 
steadily increases, the use of optimization in device design is expected to be 
frequently used in the future. 

7.1 Future Work 
There is still some important work required to further improve the design 
methods. 

7.1.1 Device simulations 
Semiconductor simulation is a valuable tool for material characterization and 
device layout optimization. For material characterization first-order principle 
simulations, for instance based on the Monte-Carlo model, are required to 
extract unknown material properties. The Monte-Carlo method is also an 
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excellent tool for studies of internal phenomena in semiconductor devices, as 
well as extraction of device characteristics. For realistic MOSFET 
simulations the surface mobility model should however be improved further. 

The most accurate device-simulation model used at present is the multi-band 
transport model. It is necessary to use the multi-band model at high electric 
fields for a better understanding of the breakdown mechanisms in SiC 
devices. The drawback of the Monte-Carlo method is the computational 
requirement necessary for device simulation. It may be a CPU-month for a 
simple IV-characterization of a transistor. The time domain drift-diffusion 
simulator should thus be included in the GEMS framework so that passive 
parts of the simulated devices could be solved in a significantly simpler 
manner. 

7.1.2 Device Optimization 
In a device layout optimization 100-1000 simulations are required, which 
makes the Monte-Carlo method unsuitable. It is necessary to have a short 
simulation time to achieve a reasonable optimization time for a device. For 
SiC devices the drift-diffusion model is the best candidate for this purpose, 
due to the fast simulation time and its accuracy even for short devices. 

Second order effects should be integrated into the device optimization, such 
as the developed methods for self heating and linearity. Additional effects 
such as wave propagation effects are interesting to incorporate into the 
design stage to obtain a better picture of the influence of phase differences in 
the device. This could possibly be achieved by either a lumped element 
approach or integration of the active element in some electromagnetic 
simulator. The dynamics of the heating is also important particularly at low 
frequencies but also in the case for RF frequencies, as the envelope of the 
signal might be much lower than the carrier itself. 

The device optimization used here is only for SiC RF power devices, but 
should be extended to new materials, devices and applications. As the tool is 
implemented in an object oriented style this could easily be accomplished. 
The biggest challenge is to define new optimization goals that are critical for 
the specific application. 

7.2 Future trends for SiC devices 
Silicon Carbide will most certainly be used widely for some specific 
applications within a few years. Today, SiC is used as a substrate for blue 
LEDs in GaN / InGaN. The main disadvantage at present for SiC devices is 
the price and long term stability, making it difficult to compete with large 
volume Si devices. Volume products are therefore required to reduce the 
price for SiC substrates and processing. These volume products have to be 
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devices that outperform their silicon counterparts. For high-temperature 
applications SiC has a tremendous advantage over Si in its large band gap. 
Silicon devices can operate to about 150°C, which can be extended to the 
200-300°C range using silicon on insulator technology [128]. For silicon 
carbide the high-temperature range can be extended further to over 600°C 
using standard devices. Immaturities in packaging technology are still a 
problem for these high temperatures. Commercial devices operating for a 
long time at 600°C with large thermal cycles are thus still not commercially 
available. For high-temperature logics the SiC MOSFETs are most suitable. 
Assuming that the problems concerning the gate-oxide layer can be solved, 
SiC may find a necessary volume product in automobile electronics. Other 
interesting applications are base stations for mobile communication systems 
and switched power supplies working at increased frequency. SiC Schottky 
diodes and MESFETs are commercially available and more and significantly 
better devices are expected to follow. 
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