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ABSTRACT 

 

Improving switching characteristics is one of the ongoing challenges for all power 

electronics devices like- transistors, MOSFETs, diodes.  For overcoming this particular 

challenge, researchers have been working on its internal structures, setups as well as 

several material-based studies. In this study, the switching characteristics of MOSFETs 

and PiN diodes have been analysed. For the MOSFET, the DC characteristics are shown 

after changing its base materials by Si, Ge and SiC but the overall study and simulation 

setups were kept as usual. Among the three, the Ge based MOSFET shows comparatively 

better response than the MOSFETs of Si and SiC based in terms of its turn on voltage 

and output characteristics. Same type of materials-based study were done for the PiN 

diodes.  The Ge based PiN diode depicts better forward recovery time as well as forward 

recovery voltage than for the others two materials. This study describes briefly about the 

outcomes from the three MOSFETs along with the three PiN diodes. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction  

Solid-state electronics, also known as power electronics, are used to control and convert 

electrical power. Semiconductors are important in power electronics evaluation because 

they provide higher efficiency, higher power density, and lower cost in an integrated 

system [1]. 

The age of Si power devices spanned the last half-century. For example, Si MOSFETs 

with a trench gate structure is popular for applications below 600 V. On the other hand, 

super junction Si MOSFETs and Si insulated gate bipolar transistors (IGBTs) are 

preferred for 600 V to 6.5 kV, and the Si IGBT practical operating temperature is below 

173°C [2]. Si devices, on the other hand, have some performance limitations, such as 

lower switching frequency, switching speed, operational temperature and voltage, and so 

on. Wide band gap (WBG) materials, such as silicon carbide (SiC) and gallium nitrate 

(GaN), have emerged as a breakthrough for power device applications [2]. Fig. 1 depicts 

the reasons why Si should be phased out of the power electronics industry. 

 

 

Fig. 1. Comparison of Material attributes among Si, SiC and GaN with a range of 

0 to 5 [2] 
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After the age of Si as a wide-bandgap semiconductor material, SiC began to play a crucial 

but popular role in the evolution process of this industry for the last two decades, with 

Ge also becoming popular in some aspects [1], [3]–[5]. The switching characteristics of 

power switches such as power diodes, MOSFETs, IGBTs, and BJTs are another 

important aspect of this topology [1], [5]. 

Power MOSFETs and their overall performance with various materials and MOSFET 

structures have been the subject of extensive research [5]–[8]. In some aspects, SiC 

devices have an 80% lower switching loss than Si devices, prompting the development 

of a hybrid application of Si-IGBT and SiC-MOSFET [9]. The SiC MOSFET performed 

better than the Si-MOSFET in terms of on-resistance and high-temperature applications 

[7]. Junction Field-effect Transistors (JFET) research has been done using various 

materials such as Si, SiC, and others to overcome MOSFET's challenges [10]. The total 

ionization dose degrades the MOSFET's oxide layer, resulting in a change in threshold 

voltage and current rating, according to the researchers [11]. A MOSFET's DC 

characteristics under optical illumination were also studied [12]. The majority of this type 

of research uses Si, SiC, GaAs, GaN, and other similar materials, but other materials such 

as Ge have also been used [10]. 

However, after varying the semiconductor materials by Si, Ge, and SiC, the DC 

characteristics of MOSFETs for specific parameter settings are discussed in this paper. 

Using the COMSOL Multiphysics simulation software, the responses of the three 

MOSFETs based on Si, Ge, and SiC were simulated sequentially in terms of electron 

concentration, hole concentration, electric potentials, transfer characteristics, and output 

characteristics. Throughout the study, it was discovered that the Ge MOSFET 

outperforms the other two in certain methodologies, despite Si and SiC's dominance [3], 

[7]. Besides, There are many researches done on low and high-power diodes such as PN 

junction diode, Schottky, JBS, and PiN diodes in different aspects [13]–[16]. The forward 

and reverse recovery of different PiN diodes have also been studied several years how to 

reduce the recovery time and power loss along with using different semiconductor 

materials [17]–[20]. In this study, we discussed about the switching and recovery 

characteristics of PiN diode for Si, Ge and SiC materials. 
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1.2 Basics of n-type MOSFET 

1.2.1 MOSFET’s Structure 

MOSFETs are a type of Field-effect Transistors that have oxide insulation in the gate 

metal. Because of its advantages over other types of MOSFET, the enhancement type 

MOSFET with n-channel is more popular, and its construction is shown in Fig. 2[6]. 

An nMOS is a voltage-controlled device with highly n-type doped source and drain 

regions, as well as a p-type doped body region, and four types of terminals: source(S), 

drain(D), gate(G), and body(B) [6]. 

2  

Fig. 2. An n-type enhancement MOSFET from the perspective view [21]. 

1.2.2 N-type MOSFET’s switching and its DC Characteristics 

Because both the source and the body are grounded, the gate-to-source voltage (Vgs) is 

in charge of creating the channel between the source and the drain, as well as controlling 

the threshold voltage (Vt), which causes the channel to start creating, and finally, the 

drain-to-source voltage (Vds) is in charge of controlling the terminal current (Id) [22].  

 

Fig. 3 depicts the output characteristics curve of a basic nMOS with the triode and 

saturation region [21], [22]. Besides, the threshold voltage of the MOSFET can be 

understood from the figure. 
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Fig. 3. Output characteristics of an enhancement n-type MOSFET [22]. 

1.3 Basics of PIN Diode 

1.3.1 PIN Diode’s Structure  

Like any other normal diode, the PiN diode has a highly doped P+ region is separated 

by an intrinsic region from the N+ region, as Fig. 4(a) [23]. 

 

 

         (a) Cross section                 (b) Forward Biasing             (c) Reverse Biasing 

Fig. 4. Structure and biasing conditions of a PiN diode, (a) Cross section             

(b) Forward Biasing (c) Reverse Biasing [23] 
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The intrinsic region is injected with holes and electrons during the forward-biased 

condition. In the intrinsic region, these electrons and holes can’t recombine instantly, but 

rather has a certain amount of lifespan (τ). However, there is no stored charge in the 

intrinsic region during the reverse-biased condition and the device functions as a 

Capacitance (CT) shunted by a parallel resistance (RP). The corresponding diagrams on 

forward and reverse biasing circuits are shown by Fig. 4(b) and Fig. 4(c) respectively 

[23], [24]. 

 

1.3.2 Switching and Recovery Characteristics of PiN Diode: 

 

 

           

               (a) Forward Recovery                                     (b) Reverse Recovery 

Fig. 5. Recovery characteristics of a PiN diode, (a) Forward Recovery                                     

(b) Reverse Recovery [24] 

Transitioning from reverse to forward biased, power diodes need a certain amount of 

time when it’s called turn ON. During the transition to ON state, forward diode voltage 

drop, VFr transiently reaches a high value due to the sudden rising rate of the forward 
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current and after the forward recovery time, tfr, the VFr reaches a steady-state value with 

steady but forward recovery current, If, is shown in Fig. 5(a) [24].  

Similarly, the transition from forward to reverse biased needs a reverse recovery time, trr 

to reach the recovery level of reverse recovery voltage drop, VRr with reverse recovery 

current, Irr after a sudden fall rate, which is also shown in Fig. 5(b) [24]. 

 

1.4 Objective 

Our objective is findings on switching and DC characteristics such as transfer 

characteristics, output characteristics, etc. as well as carrier concentration, electric 

potentials of the Metal Oxide Semiconductor Field-effect Transistors (MOSFET) as well 

as how the forward recovery properties of a PiN diode changed after the semiconductor 

materials were altered by Silicon (Si), Germanium (Ge) and Silicon Carbide (SiC) 

material.  

 

1.5 Thesis Outline  

In this thesis, we described and discussed about our analysis in 5 chapters. The outlines 

of our thesis are as follows:  

Chapter 1 contains the introduction. In this chapter, introduction of the thesis topic has 

been discussed.  

Chapter 2 contains literature review. All the previous works related to this thesis has been 

discussed in this chapter.  

Chapter 3 contains methodology where the method of developing the Comsol model has 

been discussed.  

Chapter 4 contains result and discussion where the result of our thesis has been discussed.  

Chapter 5 contains conclusion where conclusion and future work has been discussed. 

 

1.6 Summery   

After the simulation, done by COMSOL Multiphysics 5.5 Software, the DC 

characteristics response for the Ge based n-type MOSFET is found better than the other 

Si and SiC based MOSFETs for a specific geometry and other setups. And for the PiN 

diode of Ge gave the better forward recovery characteristics than the other two, Si and 

SiC based PiN diode. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

Essentially, power devices are electronic devices that convert or control electrical power 

flow. Diodes, MOSFETs, BJTs, IGBTs, Thyristors, and other common power devices 

are commercially available and well-known. The field of power electronics encourages 

the device of efficient switching with high voltage, high temperature as well as high 

current application. On these bases, Si based power devices has been dominated the field 

for a long age and nowadays SiC stats to play a popular role in some aspects as well as 

Ge based devices [3], [5], [25], [26]. All the time, the switching characteristics of various 

power electronic devices plays the crucial role in its efficiency and operation [3], [5], 

[25]–[27]. 

The MOSFET (Metal Oxide Semiconductor Field-effect Transistor) is a voltage control 

device in which the output current, terminal current, or drain current, Id, can be controlled 

by changing the gate voltage Vgs. Besides, many researches done on low and high-power 

diodes such as PN junction diode, Schottky, JBS, and PiN diodes in different aspects 

[14], [15], [27], [28]. The forward and reverse recovery of different PiN diodes have also 

been studied several years how to reduce the recovery time and power loss along with 

using different semiconductor materials [17], [19], [20], [29]. Some researchers proposed 

to use the SiC based PiN diode for efficient switching [27]. Silicon-on-Insulator (SOI) 

PiN diode achieved faster and half of reverse recovery time needed than the conventional 

diode for a certain parameter [30].  

 

2.2 Power Devices of Different Materials 

Power devices are electronic devices that convert or control electrical power flow. 

Nowadays WBG semiconductors are becoming more popular in power devices, such as 

diodes, JFETs, MOSFETs, IGBTs, and thyristors, due to their higher temperature, 

efficiency, voltage, switching speed, and switching frequency [1]–[3]. 

 

2.3 MOSFET’s Study 

Vast research has been going on power MOSFET and its overall performance with 

different materials and structures of MOSFET used [3], [5], [7], [10]. SiC devices show 

about 80% lower loss in switching than the Si devices in some aspects so that hybrid 
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application of Si-IGBT and SiC-MOSFET was also proposed [31]. On the aspect of on-

resistance and high-temperature application, the SiC MOSFET showed better 

performance than the Si-MOSFET [1]. For overcoming MOSFET’s challenges, research 

on Junction Field-effect Transistors (JFET) was done by using different materials like 

Si, SiC, and others [10]. Researchers presented how the MOSFET’s oxide layer can be 

degraded by the total ionization dose causing the change in threshold voltage and current 

rating [11]. DC characteristics of a MOSFET under optical illumination were also 

researched [8]. Most of these types of research are based on Si, SiC, GaAs, GaN, etc., 

but the other materials like Ge [10], [32]. 

 

2.4 PIN Diode’s Study  

There are many types of research done on low and high-power diodes such as PN junction 

diode, Schottky, JBS, and PiN diodes in different aspects [6], [10], [32]. The forward and 

reverse recovery of different PiN diodes have also been studied for several years how to 

reduce the recovery time and power loss along with using different semiconductor 

materials [18]–[20]. Some researchers proposed to use the SiC-based PiN diode for 

efficient switching [5], [27]. Silicon-on-Insulator (SOI) PiN diode achieved faster and 

half of the reverse recovery time needed than the conventional diode for certain 

parameters [30]. 

 

2.5 Previous Work: 

2.5.1 On a future for power electronics [J. D. Van Wyk et al. (2013)]: 

In 2013, J. D. Wyk et al. [2] proposed that after at least a century, power electronics 

technology may be approaching maturity, which, like many other technologies before it, 

is a significant reason to critically analyse the current state of the art and prospective 

future progress. It's critical to understand how and when the original driving ideology for 

the extraordinary development of power electronics technology emerged in this process. 

On the basis of a state-of-the-art assessment, it may be concluded that the historical 

evolution of power electronics technology is approaching the boundaries of the 

technology's most essential internal metrics in its current form. This indicates that the 

internal development process has reached a mature stage. However, it is apparent that 

future maturity only relates to the internal constituent technologies of power 

semiconductor switch and power electronic switching network technology. Emerging 

applications can help drive the development of the core technologies of power 
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electronics. External power electronics constituent technologies of packaging, 

manufacturing, cooling, control and sensing, and environmental impact technology are 

not only in their infancy, but will provide enormous research, development, and 

application opportunities—BUT will only be driven from the outside by emerging future 

applications! 

 

2.5.2 A survey of wide bandgap power semiconductor devices [J. Millan et al. 

(2014)]: 

In 2014, J. Millan et al. [3] published his research work on WBG materials. He proposed 

that the unique material features of WBG open the door to a new generation of more 

efficient power converters in areas where Si-based systems have significant constraints, 

such as high temperature, high voltage, and high frequency operation. Because of the 

commercial availability of high-quality wafers and the maturity of the technological 

process, SiC and GaN are the best WBG semiconductor materials for these new power 

devices at the moment. Commercially accessible high voltage SiC SBDs and JBS diodes 

are already serious competitors to Si diodes. SiC JFETs and MOSFETs, on the other 

hand, will compete with Si IGBTs up to 5 kV breakdown voltages. Due to difficulties in 

enhancing the gate interface of SiC MOSFETs, JFETs were the first commercial SiC 

switches. Normally-on JFETs and normally-off hybrid cascade topologies with a 

normally-on SiC JFET in series with a low-voltage Si MOSFET are well-known. On the 

other hand, normally-off SiC JFETs still have high resistance channels that need to be 

addressed. Up to 1.2 kV SiC MOSFETs are now commercially available. The benefits of 

enhancing the SiC MOSFET are projected to be transferred to the SiC IGBT, allowing 

commercial development of IGBTs with breakdown voltages greater than 10 kV. The 

majority of GaN power devices are made with epitaxial GaN layers on Si, sapphire, or 

SiC substrates. GaN diodes with high voltage have been developed and are expected to 

be commercialized soon. Furthermore, in the recent decade, significant advancements 

have been made in HEMTs manufactured on GaN heterostructures. The high electron 

mobility values and significant 2DEG concentration make these structures appealing for 

high frequency switching/power applications. Despite the fact that the HEMT structure 

is inherently a normally-on device, numerous approaches have been devised that enable 

the integration of normally-off HEMTs. Up to 600 V, GaN HEMTs are already 

commercially accessible. Finally, for low resistance, high voltage GaN power switches, 

hybrid MOS-HEMT structures are being studied. 
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2.5.3 Review of Silicon Carbide Power Devices and Their Applications [X. She et al. 

(2017)]: 

In 2017, X. She et al. [5] published his research on SiC based power devices and proposed 

that both academics and industry have paid close attention to SiC devices and power 

electronics systems. This study provides a comprehensive overview of the primary 

applications of emerging SiC technologies. The design problems and potential 

development trends are also discussed. SiC power conversion technologies are being 

adopted by industry and demonstrated in many essential applications such as solar, 

traction, UPS, and electric vehicles. SiC will, in conclusion, change the entire energy 

conversion business. 

  

2.5.4 A Comparison between Si and SiC MOSFETs [J. Wang et al. (2020)]: 

In 2020, J. Wang et al. [7] published his research work about the comparison between Si 

and SiC MOSFET. In this study, the on-resistance and high-temperature properties of Si 

and SiC power MOSFET devices are compared and the results are analysed. It must be 

overlooked that the experiments described above contain numerous flaws. In an electro-

thermal study, for example, if the applied voltage is increased significantly and the 

saturation current condition emerges, the temperature of SiC power MOSFETs may 

rapidly rise. As a result, the condition of greater voltage and smaller scale will be 

investigated in future research. It is also expected to employ more advanced analytical 

techniques to evaluate the material structure and to investigate strategies to improve some 

MOSFET physical features.  

 

2.5.5 Switching characteristics of silicon carbide power PiN diodes [A. Elasser et al. 

(2000)]: 

In 2000, A. Elasser et al. [27] conducted an investigative analysis on switching 

characteristics of SiC power PiN diodes and proposed that with the SiC diode inserted, 

the switching reverse recovery losses are significantly decreased. Not only are IGBT 

losses smaller, but they also do not rise with increasing temperature, whereas Si diode 

losses increase dramatically. At higher temperatures, the disparity is likely to be 

substantially greater. At 25℃ and 150℃, SiC diode losses are an order of magnitude or 

lower, and IGBT losses are 3-5 times lower when the SiC diode is utilized. These findings 

highlight the benefits of employing SiC devices. SiC devices can function at significantly 

greater temperatures and have lower switching losses, voltage, and current stress. They 
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can also function at extremely high voltages and switching frequencies. The advantages 

for circuit designers are enormous, particularly for applications requiring high voltages, 

such as X-ray tubes, high temperatures, such as those required for aircraft engine power 

supply, and high switching frequencies, which are employed in small converters. In 

hybrid motor control modules, SiC diodes can also be employed. Power converters will 

be able to run at high efficiency and low EMI thanks to low switching losses, low reverse 

recovery current, and time. However, the findings of this study demonstrate that using 

SiC diodes in Si IGBT switching circuits can now be advantageous due to the significant 

reduction in switching losses. 

 

2.5.6 Ge MOSFETs performance: Impact of Ge interface passivation [C. H. Lee et 

al. (2010)]: 

In 2010, C. H. Lee et al. [32] conducted a series of test experiments on the impact of Ge 

MOSFET interface passivation and found that using a combination of self-passivation 

and valency passivation, the were able to achieve the highest electron (1920 cm2/Vs) and 

hole mobility (725 cm2/Vs) in Ge MOSFETs. In n-MOSFETs, for the first time, an 

increase in electron mobility was recorded at low temperatures, which was enabled by a 

huge drop in Dit. In the instance of p-MOSFETs, the effects of surface orientation on hole 

mobility were explored, and it was discovered that Ge (110) orientation with a channel 

direction of <110> is a promising candidate, however thermal processing requires greater 

care. Ge CMOS appears to be a solid choice for technology beyond Si, according to this 

comprehensive analysis. 

 

2.6 Summery   

The DC characteristics response for the Ge based n-type MOSFET is determined to be 

better than the other Si and SiC based MOSFETs for a specified geometry and other 

settings after simulation using COMSOL Multiphysics 5.5 Software. And the Ge PiN 

diode outperformed the other two, Si and SiC based PiN diodes, in terms of forward 

recovery. 
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CHAPTER 3 

METHODOLOGY AND OUTCOMES  

3.1 Introduction  

In this section, COMSOL Multiphysics 5.5 and 5.6 version have been used as helping 

tool for our analysis. The process involved in developing these models in software has 

been shown with proper explanation and figures. Here a n-type MOSFET model in 

COMSOL Multiphysics 5.5 has been used, which can give transfer characteristics, 

electron and hole concentrations, electric potentials and output characteristics of Si, Ge 

and SiC materials based MOSFET regarding voltage, current, power by varying the 

source, drain and gate voltage. Besides, we build a PiN diode model for findings their 

forward recovery characteristics such as band energy diagram, electric potential, electron 

concentration, forward recovery responses for Si, Ge and SiC based materials. 

 

3.2 n-type MOSFET’s Methodology for all three types 

3.2.1 The Geometry and Mesh Used for three MOSFET 

The geometry of the MOSFET with a width of 3µm, a depth of 0.1µm, and a height of 

0.7µm is shown in Fig. 6(a), and the mesh of the model is shown in Fig. 6(b). 

 

 

(a) Geometry of the MOSFET 
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(b) Mesh design of the MOSFET 

Fig. 6. Geometry and Mesh of the n-type MOSFET, (a) Geometry of the MOSFET 

(b) Mesh design of the MOSFET 

All three Si, Ge, and SiC based MOSFETs in this paper use the same geometry and mesh 

as shown in Fig. 6(a) and Fig. 6(b). As shown in Fig. 6(a), the N+ Source and N+ Drain 

regions are both 0.03µm long and 0.5µm wide, with n-type doping of 1×1020 1/cm3. The 

rest of the body is p-type doped with 1×1017 1/cm3 and is considered the body region. 

The gate's Oxide layer is 30nm thick, with a relative permittivity of 4.5. The temperature 

in the simulation is set to 293.15K by default. 

To observe the transfer characteristics, output characteristics, and others, the study is set 

up with gate voltage (Vg) for a range of 1V to 5V with an interval of 0.5V and drain 

voltage (Vd) for a range of 0V to 5V with an interval of 0.5V, which are represented for 

all three MOSFETs in the following. 

 

3.2.2 The Simulation Structure Used for the three MOSFETs 

Firstly, a low voltage as 10mV, is given in drain and a swept of study for 0 to 5V is given 

in gate to observe the threshold voltage of the specific geometrical n-type MOSFET for 

three time for three different materials. Secondly, a swept of study for 0 to 5V is given 

in drain to see the changes on the output characteristics. The output characteristics with 

different values of drain voltage as well as the transfer characteristics with different vales 

of gate voltage for all three MOSFETs have also been seen.  
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3.2.3 The properties of Materials used for the three types 

In Table 1, the material properties applied for Si, Ge, SiC are documented. The most 

basic properties are included here and others are generated by COMSOL Multiphysics 

5.5 simulation software. Rest of the properties are in Appendix-II. 

Table 1. Applied properties of the three materials [3, 5, 20, 21]. 

 

Property 
Applied values for 

 Si Ge SiC 

Relative Permittivity 11.7 16.2 9.7 

Thermal conductivity [W/m.K] 131 60 450 

Density [kg/m3] 2329 5323 3200 

Band gap [eV] 1.12 0.664 3.26 

Electron affinity [eV] 4.05 4 3.24 

Effective density of state, the 

conduction band [1/m3] 
2.8×1019 1.04×1019

 1.7×1025
 

Effective density of state, the valence 

band [1/m3] 
1.04×1019

 6.0×1018 2.5×1025
 

Mobility of the Electron [m2/ V.s] 0.145 0.390 0.090 

Mobility of the Hole [m2/ V.s] 0.050 0.190 0.012 

Electron lifetime, SRH [μs] 10 1×10-3
 2.5×10-6 

Hole lifetime, SRH [μs] 10 1×10-4
 5.0×10-7 

 

 

3.3 PIN Diode’s Forward Recovery Characteristics  

PiN diodes have mainly two types of switching characteristics which are forward 

recovery characteristics and reverse recovery characteristics. Among them, the study of 

the forward recovery characteristics for Si, Ge and SiC based PiN diodes have been 

analyse here. 

3.3.1 PiN Diode’s Geometry and Mesh for all three types of materials 

Fig. 7(a) and Fig. 7(b) shows a PiN diode with an 80µm length and a cross-section area 

of 1×10-6 m2. The geometry of the PiN diode shown in Fig. 7(a) and Fig. 7(b) is used in 

our study for all three types of PiN diodes: Si, Ge, and SiC. In the arc length of 70µm to 

80µm, the P+ region is 10µm long with p-type doping of 1×1019 1/cm3 and the N+ region 

is also 10µm long with n-type doping of 1×1019 1/cm3 in the arc length of 0µm to 10µm. 
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(a) Geometry of the Si based PIN Diode 

 

 

(b) Mesh design of the Si based PIN Diode 

Fig. 7. Geometry and Mesh of the Si based PIN Diode, (a) Geometry of the Si 

based PIN Diode (b) Mesh design of the Si based PIN Diode 

Finally, in the arc length of 10µm to 70µm, the intrinsic region between P+ and N+ is so 

low that n-type doping of 5×1013 1/cm3 is observed. And the simulation is set up with a 

1×10-5 relative tolerance and a temperature of 193.15K. 
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3.3.2 The Simulation Structure for PiN Diode’s Forward Recovery 

The study of this paper is simulated the forward recovery of a basic PiN diode, which is 

driven with current density ramp rates, 
𝑑𝑗

𝑑𝑡
 = 1×109 A.cm-2s-1, 2×109 A.cm-2s-1, 1×1010 

A.cm-2s-1 and a fixed current density of 100 A.cm-2. This same setup with the same 

geometry is used for the three PiN diodes based on Si, Ge and SiC respectively.  

The right endpoint is connected to the ground and the current flows from the left. Then 

a ramp function along with a cut-off is applied to define the linear current ramp up to the 

highest on current. A study of Semiconductor Equilibrium step is applied for the 

beginning. After that, a study of time-dependent step is applied to observe the response 

of the forward recovery, with an auxiliary sweep for simulating a few different current 

ramp rates. The simulation is set up with the temperature of 193.15K. 

 

3.3.3 The Properties of Materials used for Three PiN Diode 

In Table 2, the material properties applied for Si, Ge, SiC are documented. The most 

basic properties are included here and others are generated by COMSOL Multiphysics 

simulation software. Rest of the properties are in Appendix-II. 

Table 2. Applied properties of the three materials [24], [44], [45]. 

Property 
Applied values for 

Si Ge SiC 

Relative Permittivity 11.7 16.2 10 

Thermal conductivity [W/m.K] 131 60 450 

Density [kg/m3] 2329 5323 3200 

Band gap [eV] 1.2 0.664 3.26 

Electron affinity [eV] 4.05 4 3.24 

Effective density of state, the conduction 

band [1/m3] 
2.8×1019 1.04×1019 1.7×1025 

Effective density of state, the valance band 

[1/m3] 
1.04×1019 6.0×1018 2.5×1025 

Mobility of the electron [cm2/V. s] 1450 3900 900 

Mobility of the hole [cm2/V. s] 500 1900 120 
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The experimental diode is studied after being structured by Si, Ge and SiC material to 

observe the differences in the response. 

The properties of materials given for Si-PiN, Ge-PiN, and SiC-PiN diodes are presented 

in Table 2. There are the most basic properties given here and the COMSOL 

Multiphysics 5.5 simulation software uses some other pre-generated properties for the 

materials as well.  

  



18 

 

CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

4.1 n-type MOSFET’s DC Characteristics  

We can see the surface dopant concentration for Si, Ge and SiC based MOSFET. 

4.1.1 Surface Signed Dopant Concentration 

Here, the Fig. 8(a) shows the signed dopant concentration for Si MOSFET whereas 

Fig. 8(b) and Fig 8(c) shows the signed dopant concentration for Ge and SiC based 

MOSFET respectively. 

 

 

(a) For Si MOSFET 

 

(b) For Ge MOSFET 
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(c) For SiC MOSFET 

Fig. 8. Surface Dopant Concentration of Si, Ge & SiC MOSFET when Vg = 4V & 

Vd =0.01V, (a) For Si MOSFET (b) For Ge MOSFET (c) For SiC MOSFET 

Almost similar type of signed dopant concentration is found for the three MOSFETs. The 

Source and the drain are highly n-type doped with the concentration as 10×1019 1/cm3. 

Due to very low amount of drain voltage as 10mV, there are charges are flowing through 

the channel. The channel and body part of the MOSFETs have the signed dopant 

concentration of near to zero. Rest of the output of signed dopant concentration are in 

Appendix-I. 

 

4.1.2 Transfer Characteristics 

 

(a) For Si MOSFET 
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(b)  For Ge MOSFET  

 

(c)  For SiC MOSFET 

Fig. 9. Transfer characteristics of Si, Ge and SiC MOSFETs, (a) For Si MOSFET 

(b) For Ge MOSFET (c) For SiC MOSFET 

The transfer characteristics of Si, Ge, and SiC MOSFETs are shown in Fig. 9(a), 9(b) & 

9(c) respectively. As a switching device, the Ge-MOSFET has an advantage because it 
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only requires a minimum threshold voltage (Vt) of about 1V, whereas the Si-MOSFET 

requires 1.2V and the SiC-MOSFET requires 2.8V.  

Because the SiC-MOSFET requires a higher threshold voltage, it cannot be operated with 

a drain voltage below 2.8V, and the output characteristics curve for this range cannot be 

found. 

4.1.3 Electron Concentrations 

The electron concentrations for Si, Ge and SiC based MOSFETs are shown in Fig. 10(a), 

10(b) & 10(c) respectively. The results are for Vd = 0V and Vg = 4V range. 

 

 
(a) For Si MOSFET 

 

 

 
(b) For Ge MOSFET 
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(c) For SiC MOSFET 

 

Fig. 10. Electron Concentration of Si, Ge & SiC MOSFET when Vd=0V & 

Vg=4V, (a) For Si MOSFET (b) For Ge MOSFET (c) For SiC MOSFET 

The electron concentrations for Si, Ge and SiC based MOSFETs are shown in Fig. 11(a), 

11(b) & 11(c) respectively. The results are for Vd = 2.5V and Vg = 4V range. 

 

 
(a) For Si MOSFET 

 

 
(b) For Ge MOSFET 
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(c) For SiC MOSFET 

 

Fig. 11. Electron Concentration of Si, Ge & SiC MOSFET when Vd=2.5V & 

Vg=4V, (a) For Si MOSFET (b) For Ge MOSFET (c) For SiC MOSFET 

The electron concentrations for Si, Ge and SiC based MOSFETs are shown in Fig. 12(a), 

12(b) & 12(c) respectively. The results are for Vd = 5V and Vg = 4V range. 

 
(a) For Si MOSFET 

 

 
(b) For Ge MOSFET 
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(c) For SiC MOSFET 

 

Fig. 12. Electron Concentration of Si, Ge & SiC MOSFET when Vd=5V & 

Vg=4V, (a) For Si MOSFET (b) For Ge MOSFET (c) For SiC MOSFET 

However, the SiC-MOSFET has a larger depletion region than the other two for the 

same setup and drain and gate voltages, as shown in both Fig. 11(c) and Fig. 12(c), 

which may affect output characteristics. This characteristic could be due to the material 

properties of SiC. Rest of the output of electron concentration are in Appendix-I. 

4.1.4 Hole Concentrations: 

Fig. 13(a), 13(b), 13(c), 14(a), 14(b), 14(c), 15(a), 15(b) & 15(c) depict the hole 

concentration in Si, Ge, and SiC MOSFETs, respectively. With the increase of Vg and 

Vd, we can see how the hole concentrates more around the source, channel, and drain 

side. The depletion region expands as Vg and Vd increase, as shown in Fig. 13(a), 13(b), 

13(c), 14(a), 14(b), 14(c), 15(a), 15(b) & 15(c) for all three types of MOSFETs: Si, Ge, 

and SiC MOSFETs, respectively. 

 
(a) For Si MOSFET 
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(b) For Ge MOSFET 

 

 
(c) For SiC MOSFET 

 

Fig. 13. Hole Concentrations of Si, Ge & SiC MOSFET when Vd=0V & 

Vg=4V, (a) For Si MOSFET (b) For Ge MOSFET (c) For SiC MOSFET 

The hole concentrations for Si, Ge and SiC based MOSFETs are shown in Fig. 13(a), 

13(b) & 13(c) respectively. The results are for Vd = 0V and Vg = 4V range.  

 
(a) For Si MOSFET 
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(b) For Ge MOSFET 

 

 
(c) For SiC MOSFET 

 

Fig. 14. Hole Concentrations of Si, Ge & SiC MOSFET when Vd=2.5V & 

Vg=4V, (a) For Si MOSFET (b) For Ge MOSFET (c) For SiC MOSFET 

The hole concentrations for Si, Ge and SiC based MOSFETs are shown in Fig. 14(a), 

14(b) & 14(c) respectively. The results are for Vd = 2.5V and Vg = 4V range.  

 
(a) For Si MOSFET 
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(b) For Ge MOSFET 

 

 
(c) For SiC MOSFET 

 

Fig. 15. Hole Concentrations of Si, Ge & SiC MOSFET when Vd= 5V & 

Vg=4V, (a) For Si MOSFET (b) For Ge MOSFET (c) For SiC MOSFET 

The hole concentrations for Si, Ge and SiC based MOSFETs are shown in Fig. 15(a), 

15(b) & 15(c) respectively. The results are for Vd = 5V and Vg = 4V range. The depletion 

region expands as Vg and Vd increase, as shown in Fig. 13(a), 13(b), 13(c), 14(a), 14(b), 

14(c), 15(a), 15(b) & 15(c) for all three types of MOSFETs: Si, Ge, and SiC MOSFETs, 

respectively. Here, we can see the SiC-MOSFET has a larger depletion region than the 

Si-MOSFET and Ge-MOSFET. Rest of the output of hole concentration are in 

Appendix-I. 

4.1.5 Electric Potential: 

The electric potentials for Si, Ge, and SiC based MOSFETs are shown in Fig. 16(a), 

16(b), 16(c), 17(a), 17(b), 17(c), 18(a), 18(b) & 18(c). As the MOSFETs reach 
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saturation, the drain has the highest electric potentials for all three MOSFETs, which is 

expected due to the given value of Vd ≥ (Vg – Vt). 

 
(a) For Si MOSFET  

 
(b) For Ge MOSFET 

 
(c) For SiC MOSFET 

Fig. 16. Electric Potential of Si, Ge & SiC MOSFET when Vd=0V & Vg=4V, 

(a) For Si MOSFET (b) For Ge MOSFET (c) For SiC MOSFET 
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The electric potential for Si, Ge and SiC based MOSFETs are shown in Fig. 16(a), 16(b) 

& 16(c) respectively. The results are for Vd = 0V and Vg = 4V range. 
 

 
(a) For Si MOSFET 

 
(b) For Ge MOSFET 

 
(c) For SiC MOSFET 

Fig. 17. Electric Potential of Si, Ge & SiC MOSFET when Vd=2.5 V & 

Vg=4V, (a) For Si MOSFET (b) For Ge MOSFET (c) For SiC MOSFET 
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The electric potential for Si, Ge and SiC based MOSFETs are shown in Fig. 17(a), 17(b) 

& 17(c) respectively. The results are for Vd = 2.5V and Vg = 4V range. 

 

 
(a) For Si MOSFET 

 
(b) For Ge MOSFET 

 
(c) For SiC MOSFET 

Fig. 18. Electric Potential of Si, Ge & SiC MOSFET when Vd=5V & Vg=4V, 

(a) For Si MOSFET (b) For Ge MOSFET (c) For SiC MOSFET 
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The electric potential for Si, Ge and SiC based MOSFETs are shown in Fig. 18(a), 18(b) 

& 18(c) respectively. The results are for Vd = 5V and Vg = 4V range. From the figures, we 

can see that, as the MOSFETs reach saturation, the drain has the highest electric potentials 

for all three MOSFETs, which is expected due to the given value of Vd ≥ (Vg – Vt). Rest 

of the output of electric potential are in Appendix-I. 

 

4.1.6 Output Characteristics: 

These Fig. 19(a), 19(b), 19(c), 20(a), 20(b), 20(c), 21(a), 21(b) & 21(c) shows the 

output characteristics for the Si, Ge and SiC MOSFETs respectively. 

 

(a) Output Characteristics of Si nMOS  

 

 

(b) Transfer Characteristics of Si nMOS 

Fig. 19. Output and Transfer Characteristics of Si MOSFET, (a) Output 

Characteristics of Si nMOS (b) Transfer Characteristics of Si nMOS 
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For Si MOSFET, since Vt=1.2V, is shown in Fig. 19(a) & 19(b) we see the output curves 

for different values of Vg, the terminal currents of the saturation region are different. For 

example, for Vg=5V, we get the terminal current of saturation is about 700𝜇𝐴, which is 

shown in Fig. 19(a) & 19(b). 

 
(a) Output Characteristics of Ge nMOS  

 

 
(b) Transfer Characteristics of Ge nMOS 

Fig. 20. Output and Transfer Characteristics of Ge MOSFET, (a) Output 

Characteristics of Ge nMOS (b) Transfer Characteristics of Ge nMOS 

After that, for Ge MOSFET, since Vt=1.0V, is shown in Fig. 20(a) & 20(b), we see the 

output curves for different values of Vg, the terminal currents of the saturation region are 

different. For example, for Vg=5V, we get the terminal current of saturation is higher 

than the Si and SiC MOSFETs, about 1800µA, which is shown in Fig. 20(a) & 20(b). 
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(a) Output Characteristics of SiC nMOS 

 
(b) Transfer Characteristics of SiC nMOS 

Fig. 21. Transfer and Output Characteristics of SiC MOSFET, (a) Output 

Characteristics of SiC nMOS (b) Transfer Characteristics of SiC nMOS 

Finally, due to the SiC MOSFET’s Vt=2.8V, found in Fig. 21(a) & 21(b), the output 

curves couldn’t be found for the range of 1V to 2.5V of Vg since the channel can’t be 

created. In Fig. 21(a) & 21(b), after the Vg=2.8V, the output curves are presented, though 

the terminal current of the saturation is much lower than the Si and Ge based MOSFETs 
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for the same parameters and values. In this study, most of the material properties of SiC 

are close to the 4H-SiC so that for other types of SiC like 6H-SiC, 3H-SiC, etc. the result 

may be different.   

Another important factor in this study is the simulation is run with the COMSOL 

Multiphysics 5.5 software which is itself run with pre-assumed and pre-determined 

values and parameters, which could affect the whole simulation process. However, the 

geometry of MOSFET used for all three times plays an important role in the 

characteristics. By changing the oxide layers, doping concentrations, other parameters of 

the structure or properties of materials, the characteristics would be dramatically 

changed. But for any study or operational setup like the above scenarios, the Ge-based 

MOSFET can give better performance, which may show us an alternative, maybe the 

better scope over today’s Si material and devices. Moreover, there are many other 

research scopes on this particular topic to get faster and efficient semiconductor devices. 

 

4.2 Three Materials based PiN Diode’s Forward Recovery Characteristics  

Here, some of the PiN diodes forward recovery characteristics such as band energy level 

diagram, electric potential, electron concentration, forward recovery voltage and 

switching time have done for Si, Ge & SiC based PiN diodes. 

4.2.1 Band Energy Level (Semi) Diagrams of the PiN Diodes: 

Fig. 22(a), 22(b) & 22(c), shows the energy conduction band energy level by the blue 

lines and valance band energy level by green lines for the Si, Ge and SiC PiN diodes 

respectively, which has an effect on electron concentration, shown in the following 

figures. 

 

(a) For Si-PiN diode 
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(b) For Ge-PiN diode 

 

 
(c) For SiC-PiN diode 

Fig. 22. Band energy diagrams of the Si, Ge and SiC PiN diodes for 

conduction band in Blue lines and for Valance band in Green, (a) For Si-PiN (b) 

For Ge-PiN (c) For SiC-PiN 

From Fig. 22(a), it’s shown that the energy of conduction and valance band of the PiN 

diode overlapped with a large range of -16eV to 1eV. However, in Fig. 22(b), the energy 

of conduction and valance band overlapped with a shorter range of -5eV to 0.5eV than 
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both Si-PiN and SiC-PiN diodes. And finally, in Fig. 22(c), band energy for SiC-PiN 

diode has overlapped each other with a range of -40V to 5V, which is a huge amount of 

than other two. 

4.2.2 Electric Potential of the PiN Diodes: 

The electric potential of the Si, Ge and SiC PiN diode is shown in Fig. 23(a), 23(b) & 

23(c), respectively. In this experimental setup, it’s clear that the Si PiN diode showed the 

higher electric potential of a range -5V to 33V, and the Ge PiN diode showed a negative 

range of 0V to -4.5V with the arc length of the PiN diode. 

 

(a) For Si-PiN diode 

 

 
(b) For Ge-PiN diode 
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(c) For SiC-PiN diode 

Fig. 23. Electric potential (V) of the Si, Ge and SiC PiN diodes, (a) For Si-

PiN (b) For Ge-PiN (c) For SiC-PiN 

For both materials PiN diodes, the line graph of electric potential is much higher with a 

large range from 0µm to 10µm arc length of P+ region. After 10µm of arc length, the 

potential start to be less down because of the intrinsic region from 10µm to 70µm arc 

length, and finally, the electric potential is fully accumulated and less down because of 

the N+ region from 70µm to 80µm arc length, which is shown in Fig. 23(a), 23(b) & 

23(c). 

4.2.3 Electron Concentration of the PiN Diodes: 

The electrons are highly concentrated in the arc length of about 9µm for the three PiN 

diodes of Si, Ge & SiC PiN diodes respectively, shown in Fig. 24(a), 24(b) & 24(c). 

 

(a) For Si-PiN diode 
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(b) For Ge-PiN diode 

 

 
(c) For SiC-PiN diode 

Fig. 24. Electron concentration for Si, Ge and SiC PiN diodes, (a) For Si-PiN 

(b) For Ge-PiN (c) For SiC-PiN 

For the current density ramp rate, 
𝑑𝑗

𝑑𝑡
 = 1×1010 A.cm-2s-1 in the time of 14ns, the 

concentration of electrons in PiN diode for Si is close to 0.7 × 1016 1/𝑐𝑚3  shown in 

Fig. 24(a), for Ge is about 0.42 × 1016 1/𝑐𝑚3 which is shown in Fig. 24(b), and for SiC 

is about 1.12 × 1016 1/𝑐𝑚3  which is shown in Fig. 24(c). Due to this response of Si-

PiN and SiC-PiN diodes may show the sudden but higher forward voltage drops, VFr(t) 

of near 16V and 40V than Ge-PiN diode in time of the forward recovery, which are 

shown in Fig. 25(a), 25(b) & 25(c).  
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4.2.4 Forward Recovery Voltage and Time for the PiN diodes: 

When a PiN diode is transformed from reverse biased condition to forward conduction 

mode, the voltage forward drop, VFr(t) across the diode suddenly rises to a much bigger 

amount than the actual ON-state voltage drop when operating in steady-state mode and 

after the forward recovery, tfr time it starts to operate in steady-state level, which are also 

shown in Fig. 25(a), 25(b) & 25(c) for the three- Si, Ge and SiC based PiN diodes 

respectively and that can be relatable to the forward recovery characteristics [26].  

 

(a) For Si-PiN diode 

 

 
 

(b) For Ge-PiN diode 
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(c) For SiC-PiN diode 

Fig. 25. Forward recovery voltage (VFr) and forward recovery time for Si, 

Ge and SiC PiN diodes, (a) For Si-PiN (b) For Ge-PiN (c) For SiC-PiN 

For the Si-PiN diode in Fig. 25(a), the transient rise of VFr(t) is close to 16V and the 

forward recovery time is almost 110ns for the current density ramp rate, 𝑑𝑗 𝑑𝑡⁄ = 1×1010 

A.cm-2s-1. For the other two 𝑑𝑗 𝑑𝑡⁄ , the forward recovery times are higher as 120ns and 

140ns respectively than the previous one. 

In Fig. 25(b), for the Ge-PiN diode, the rise of VFr(t) is less like to 4.7V and the forward 

recovery time is faster like 50ns for the current density ramp rate, 𝑑𝑗 𝑑𝑡⁄ = 1×1010 A.cm-

2s-1. For the other two 𝑑𝑗 𝑑𝑡⁄ , the forward recovery times are higher than the previous 

one but lesser than both the Si-PiN and SiC-PiN diode. 

For the SiC-PiN diode in Fig. 25(c), the transient rise of VFr(t) is close to 16V and the 

forward recovery time is almost 110ns for the current density ramp rate, 𝑑𝑗 𝑑𝑡⁄ = 1×1010 

A.cm-2s-1, which is much higher from both Si and Ge PiN diode responses for the same 

current density rate. For the other two 𝑑𝑗 𝑑𝑡⁄ , the forward recovery times are more than 

the 200ns. 

Here, we represent the changes found among the characteristics of PiN diode after 

varying the materials by Si, Ge and SiC respectively. From Fig. 25(a), 25(b), 25(c)  and 

above studies, we can comment that for this certain study and setup, the PiN diode of Ge 

material is performing the fastest forward recovery time, tfr as 50ns, which is less than 

half and one-fourth of the  Si-PiN and SiC-PiN diode responses respectively for the 
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current density ramp rate of 1×1010 A.cm-2s-1  as well as the maximum forward recovery 

voltage, VFr is lower than the Si-PiN and SiC-PiN diode, which may give advantages to 

Ge-PiN diode for less power loss. And with the increment of the current density ramp 

rate, 𝑑𝑗 𝑑𝑡⁄   from 1×109 A.cm-2s-1 to 1×1010 A.cm-2s-1, the transients of the maximum 

forward voltage drops are much higher, and forward recovery time is also slightly higher 

for both Si, Ge and SiC based PiN diode. 

For these certain conditions in material setup as well as study setup, the Ge-based PiN 

diode performs better than Si-based PiN diodes for the characteristics like the lower 

terminal voltage, faster forward recovery time along with the electric potential, electron 

concentration, the energy of valance and conduction band, etc. 

The simulation is operated with the COMSOL Multiphysics software with the version of 

5.5 so that it runs some algorithm of itself which may have some effects itself on the 

results. 

Furthermore, there are some other factors of parameters in material selection as well as 

the simulation setups for which the responses may be changed as our expectations, faster 

and more efficient, which could be explored as a new window of research for the Ge 

based power devices as Si and SiC based devices by changing individual semiconductors 

doping, changing the geometry, etc. along with varying other materials in PiN diode 

studies. But for any study or operational setup like the above scenarios, the Ge-based PiN 

can give better performance. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORKS  

5.1 Conclusions  

The results for the three different materials MOSFETs, found by the simulations, are 

surprising as the Ge-MOSFET has shown better switching response than the other Si and 

SiC MOSFETs on the basis of lower threshold voltage and higher current rating. The Ge-

MOSFET needs half the threshold voltage than the SiC-MOSFET for this setup and more 

than two times more terminal current than Si-MOSFET and more than ten times more 

terminal current than SiC-MOSFET. Though this study isn’t challenging for migrating 

to other semiconductor devices from Si material, this indicates the possibility and 

positivity of future research not only on the SiC devices but also on other semiconductors 

like Ge devices. In case of diode, the potentiality of Ge based devices and others as Si 

and SiC since the Ge based PiN diode gives the faster forward recovery. For a certain 

current density, the Ge-PiN diode shows one-third of forward recovery time 

approximately than the Si based and one-fourth of forward recovery time than the SiC 

based PiN diode approximately. The Ge-PiN diode also shows much lower transient 

voltage than the other two. Though there are many challenges for Ge-based devices as 

SiC-based devices for coming out from the triumph of Si, there are scopes of future 

research in this topic. 

 

5.2 Limitations  

The study is done by COMSOL Multiphysics Software of version 5.5 and 5.6, which has 

its own algorithm of simulation and computational system, which may have effects on 

the outcomes. A certain range of study setups has been given for the study. 

 
5.3 Future Works   

1. To study the temperature study on these three Si, Ge and SiC based MOSFETs 

2. To study the DC characteristics of the same geometrical and setups based 

MOSFET for other materilas like- GaAs, GaN, etc. 

3. To study the reverse recovery characteristics for the above three PiN diodes, 

which are based on Si, Ge and SiC materials 

4. To study the same reverse and forward recovery chractericsts for another 

materials-based PiN diode  

5. To study the recovery reponses for the other types of diodes like- PN junction 

diode, JBS, Schottky diode, etc. 
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APPENDIX - I 

 
1. Si Based nMOS’s characteristics 

1.1. Si based nMOS’s Signed Dopent Concentrations  

 

(a) For the Vg= 0V with a fixed Vd= 0.01V 

 

(b) For the Vg= 1V with a fixed Vd= 0.01V 

Fig. 26. Signed Dopant Concentration of the Si based n-type MOSFET for 

different values of Vg 

1.2 Si based nMOS’s Electron Concentrations 

 

(a) For the Vd= 0V with a fixed Vg= 4V 
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(b) For the Vd= 1V with a fixed Vg= 4V 

 

(c) For the Vd= 2V with a fixed Vg= 4V 

 

(d) For the Vd= 3V with a fixed Vg= 4V 

 

(e) For the Vd= 4V with a fixed Vg= 4V 
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(f) For the Vd= 5V with a fixed Vg= 4V 

Fig. 27. Electron Concentration of the Si based n-type MOSFET with a 

range of 0V to 5V of Vd with a fixed Vg = 4V 

1.3 Si based nMOS’s Hole Concentrations 

 

(a) For the Vd= 0V with a fixed Vg= 4V 

 

(b) For the Vd= 0.5V with a fixed Vg= 4V 

 

(c) For the Vd= 1.5V with a fixed Vg= 4V 
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(d) For the Vd= 2.5V with a fixed Vg= 4V 

 

(e) For the Vd= 3.5V with a fixed Vg= 4V 

 

(f) For the Vd= 4.5V with a fixed Vg= 4V 

 

(g) For the Vd= 5V with a fixed Vg= 4V 

Fig. 28. Hole Concentration of the Si based n-type MOSFET with a range of 

0V to 5V of Vd with a fixed Vg = 4V 
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1.4 Si based nMOS’s Electric potentials  

 

(a) For the Vd= 0V with a fixed Vg= 4V 

 

(b) For the Vd= 0.5V with a fixed Vg= 4V 

 

(c) For the Vd= 1V with a fixed Vg= 4V 

 

(d) For the Vd= 1.5V with a fixed Vg= 4V 



50 

 

 

(e) For the Vd= 2V with a fixed Vg= 4V 

 

(f) For the Vd= 3V with a fixed Vg= 4V 

 

(g) For the Vd= 4V with a fixed Vg= 4V 

 

(h) For the Vd= 5V with a fixed Vg= 4V 

Fig. 29. Electric Potential (V) of the Si based n-type MOSFET with a range 

of 0V to 5V of Vd with a fixed Vg = 4V 
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2. Ge Based nMOS’s Characteristics 

2.1 Ge based nMOS’s Signed Dopent Concentrations  

 

(a) For the Vg= 0V with a fixed Vd= 0.01V 

 

(a) For the Vg= 1V with a fixed Vd= 0.01V 

Fig. 30. Signed Dopant Concentration of the Ge based n-type MOSFET for 

different values of Vg 

2.2 Ge based nMOS’s Electron Concentrations 

 

(a) For the Vd= 0V with a fixed Vg= 4V 
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(C) For the Vd= 1V with a fixed Vg= 4V 

 

(e) For the Vd= 2V with a fixed Vg= 4V 

 

(g) For the Vd= 3V with a fixed Vg= 4V 

 

(i) For the Vd= 4V with a fixed Vg= 4V 
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(k) For the Vd= 5V with a fixed Vg= 4V 

Fig. 31. Electron Concentration of the Ge based n-type MOSFET with a 

range of 0V to 5V of Vd with a fixed Vg = 4V 

2.3 Ge based nMOS’s Hole Concentrations 

 

(a) For the Vd= 0V with a fixed Vg= 4V 

 

(b) For the Vd= 0.5V with a fixed Vg= 4V 

 

(d) For the Vd= 1.5V with a fixed Vg= 4V 
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(f) For the Vd= 2.5V with a fixed Vg= 4V 

 

(h) For the Vd= 3.5V with a fixed Vg= 4V 

 

(j) For the Vd= 4.5V with a fixed Vg= 4V 

 

 (k) For the Vd= 5V with a fixed Vg= 4V 

Fig. 32. Hole Concentration of the Ge based n-type MOSFET with a range 

of 0V to 5V of Vd with a fixed Vg = 4V 
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2.4 Ge based nMOS’s Electric potentials  

 

(a) For the Vd= 0V with a fixed Vg= 4V 

 

(b) For the Vd= 0.5V with a fixed Vg= 4V 

 

(C) For the Vd= 1V with a fixed Vg= 4V 

 

(d) For the Vd= 1.5V with a fixed Vg= 4V 
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(e) For the Vd= 2V with a fixed Vg= 4V 

 

(g) For the Vd= 3V with a fixed Vg= 4V 

 

(i) For the Vd= 4V with a fixed Vg= 4V 

 

(k) For the Vd= 5V with a fixed Vg= 4V 

Fig. 33. Electric Potential (V) of the Ge based n-type MOSFET with a range 

of 0V to 5V of Vd with a fixed Vg = 4V 
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3. SiC Based nMOS’s Characteristics 

3.1 SiC based nMOS’s Signed Dopent Concentrations  

 

(a) For the Vg= 0V with a fixed Vd= 0.01V 

 

(a) For the Vg= 1V with a fixed Vd= 0.01V 

Fig. 34. Signed Dopant Concentration of the SiC based n-type MOSFET for 

different values of Vg 

3.2 SiC based nMOS’s Electron Concentrations 

 

(a) For the Vd= 0V with a fixed Vg= 4V 
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(C) For the Vd= 1V with a fixed Vg= 4V 

 

(e) For the Vd= 2V with a fixed Vg= 4V 

 

(g) For the Vd= 3V with a fixed Vg= 4V 

 

(i) For the Vd= 4V with a fixed Vg= 4V 
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(k) For the Vd= 5V with a fixed Vg= 4V 

Fig. 35. Electron Concentration of the SiC based n-type MOSFET with a 

range of 0V to 5V of Vd with a fixed Vg = 4V 

3.3 SiC based nMOS’s Hole Concentrations 

 

(a) For the Vd= 0V with a fixed Vg= 4V 

 

(b) For the Vd= 0.5V with a fixed Vg= 4V 

 

(d) For the Vd= 1.5V with a fixed Vg= 4V 
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(f) For the Vd= 2.5V with a fixed Vg= 4V 

 

(h) For the Vd= 3.5V with a fixed Vg= 4V 

 

(j) For the Vd= 4.5V with a fixed Vg= 4V 

 

(k) For the Vd= 5V with a fixed Vg= 4V 

Fig. 36. Hole Concentration of the SiC based n-type MOSFET with a range 

of 0V to 5V of Vd with a fixed Vg = 4V 
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3.4 SiC based nMOS’s Electric potentials (V)  

 

(a) For the Vd= 0V with a fixed Vg= 4V 

 

(b) For the Vd= 0.5V with a fixed Vg= 4V 

 

(C) For the Vd= 1V with a fixed Vg= 4V 

 

(d) For the Vd= 1.5V with a fixed Vg= 4V 



62 

 

 

(e) For the Vd= 2V with a fixed Vg= 4V 

 

(g) For the Vd= 3V with a fixed Vg= 4V 

 

(i) For the Vd= 4V with a fixed Vg= 4V 

 

(k) For the Vd= 5V with a fixed Vg= 4V 

Fig. 37. Electric Potential (V) of the SiC based n-type MOSFET with a 

range of 0V to 5V of Vd with a fixed Vg = 4V 
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APPENDIX-II 

1. All Properties of given Material  

(a) For MOSFET 

Table 3. The properties of Si, Ge and SiC given in COMSOL Multiphysics 5.5 

Property Si Ge SiC unit Model Name 

Relative permittivity 11.7 16.2 9.7 1 Basic 

Thermal conductivity 131 60 450 W/(m·K) Basic 

Density 2329 5323 3200 kg/m³ Basic 

Heat capacity at constant 

pressure 700 310 1200 J/(kg·K) Basic 

Band gap 1.12 0.664 3.26 V 
Semiconductor 

material 

Electron affinity 4.05 4 3.24 V 
Semiconductor 

material 

Effective density of states, 

valence band 
1.04e19 5.0e18 2.5e19 1/cm³ 

Semiconductor 

material 

Effective density of states, 

conduction band 
2.8e19 1.0e19 1.7e19 1/cm³ 

Semiconductor 

material 

Electron mobility 1450 3900 900 cm²/(V·s) 
Semiconductor 

material 

Hole mobility 500 1900 120 cm²/(V·s) 
Semiconductor 

material 

Electron lifetime, SRH 10e-6 10^-3 2.50E-06 s 
Shockley-Read-

Hall recombination 

Hole lifetime, SRH 10e-6 10^-4 5.00E-07 s 
Shockley-Read-

Hall recombination 

Jain-Roulston coefficient 

(n-type), A 
3.5e-8 8.67e-9 1.00E-08 V 

Jain-Roulston 

model 

Jain-Roulston coefficient 

(n-type), B 
0 2.57e-7 3.00E-07 V 

Jain-Roulston 

model 

Jain-Roulston coefficient 

(n-type), C 
0[V] 4.31e-12 1.00E-11 V 

Jain-Roulston 

model 

Jain-Roulston coefficient 

(p-type), A 
3.5e-8 8.21e-9 1.00E-08 V 

Jain-Roulston 

model 

Jain-Roulston coefficient 

(p-type), B 
0 2.90e-7 3.00E-07 V 

Jain-Roulston 

model 

Jain-Roulston coefficient 

(p-type), C 
0 5.77e-12 1.00E-11 V 

Jain-Roulston 

model 

Band-gap narrowing 

reference concentration 
1 1 1.3*10^23 1/cm³ 

Jain-Roulston 

model 

Conduction band fraction 0.5 0.5 0.5 1 
Jain-Roulston 

model 

Electron mobility 

reference 
1252   cm²/(V·s) 

Arora mobility 

model 

Hole mobility reference 407   cm²/(V·s) 
Arora mobility 

model 

Electron mobility 

reference minimum 
88   cm²/(V·s) 

Arora mobility 

model 

Hole mobility reference 

minimum 
54.3   cm²/(V·s) 

Arora mobility 

model 
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Property Si Ge SiC unit Model Name 

Electron reference 

impurity concentration 
1.26e17   1/cm³ 

Arora mobility 

model 

Hole reference impurity 

concentration 
2.35e17   1/cm³ 

Arora mobility 

model 

Alpha coefficient 0.88   1 
Arora mobility 

model 

Mobility reference 

minimum exponent 
-0.57   1 

Arora mobility 

model 

Mobility reference 

exponent 
-2.33   1 

Arora mobility 

model 

Impurity concentration 

reference exponent 
-2.33   1 

Arora mobility 

model 

Alpha coefficient 

exponent 
-0.146   1 

Arora mobility 

model 

Reference temperature 300   K 
Arora mobility 

model 

Auger recombination 

factor, electrons 
2.8e-31   cm⁶/s 

Auger 

recombination 

Auger recombination 

factor, holes 
9.9e-32   cm⁶/s 

Auger 

recombination 

Electrical Conductivity   1e3 S/m Basic 

Surface emissivity   0.5 1 Basic 

Relative permeability   1 1 Basic 

Electron alpha coefficient 1.11   1 
Caughey-Thomas 

mobility model 

Hole alpha coefficient 1.21   1 
Caughey-Thomas 

mobility model 

Electron saturation 

velocity 
1e7   cm/s 

Caughey-Thomas 

mobility model 

Hole saturation velocity 8.37e6   cm/s 
Caughey-Thomas 

mobility model 

Electron alpha exponent 0.66   1 
Caughey-Thomas 

mobility model 

Hole alpha exponent 0.17   1 
Caughey-Thomas 

mobility model 

Electron velocity 

saturation exponent 
-0.87   1 

Caughey-Thomas 

mobility model 

Hole velocity saturation 

exponent 
-0.52   1 

Caughey-Thomas 

mobility model 

Reference temperature 300   K 
Caughey-Thomas 

mobility model 

Direct recombination 

factor 
0   cm³/s 

Direct 

recombination 

Fletcher mobility 

coefficient 1 
1.04e21   1/(V·cm·s

) 

Fletcher mobility 

model 

Fletcher mobility 

coefficient 2 
7.45e13   1/cm² 

Fletcher mobility 

model 

Reference temperature 300   K 
Fletcher mobility 

model 

a factor, electrons, impact 

ionization 
0.426   1/V Impact ionization 



65 

 

Property Si Ge SiC unit Model Name 

a factor, holes, impact 

ionization 
0.243   1/V Impact ionization 

b factor, electrons, impact 

ionization 
4.81E5   V/cm Impact ionization 

b factor, holes, impact 

ionization 
6.53E5   V/cm Impact ionization 

c factor, electrons, impact 

ionization 
3.05E-04   1/K Impact ionization 

c factor, holes, impact 

ionization 
5.35E-04   1/K Impact ionization 

d factor, electrons, impact 

ionization 
6.86E-04   1/K Impact ionization 

d factor, holes, impact 

ionization 
5.67E-04   1/K Impact ionization 

Electron delta coefficient 5.82e14   V/s 
Lombardi surface 

mobility model 

Hole delta coefficient 2.05e14   V/s 
Lombardi surface 

mobility model 

Electron mobility 

reference 1 
4.75e7   cm²/(V·s) 

Lombardi surface 

mobility model 

Hole mobility reference 1 9.93e7   cm²/(V·s) 
Lombardi surface 

mobility model 

Electron mobility 

reference 2 
1.74e5   cm²/(V·s) 

Lombardi surface 

mobility model 

Hole mobility reference 2 8.84e5   cm²/(V·s) 
Lombardi surface 

mobility model 

Electron alpha coefficient 0.125   1 
Lombardi surface 

mobility model 

Hole alpha coefficient 0.0317   1 
Lombardi surface 

mobility model 

Reference temperature 1[K]   K 
Lombardi surface 

mobility model 

Electric field reference 1   V/cm 
Lombardi surface 

mobility model 

Doping concentration 

reference 
1   1/cm³ 

Lombardi surface 

mobility model 

Electron mobility 

reference 
1448   cm²/(V·s) 

Power law 

mobility model 

Hole mobility reference 473   cm²/(V·s) 
Power law 

mobility model 

Electron exponent 2.33   1 
Power law 

mobility model 

Hole exponent 2.23   1 
Power law 

mobility model 

Reference temperature 300   K 
Power law 

mobility model 

Band-gap narrowing 

reference energy 
0.00692   V Slotboom model 

Band-gap narrowing 

reference concentration 
1.3e17   1/cm³ Slotboom model 

Conduction band fraction 0.5   1 Slotboom model 
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(b) For PiN Diode 

Table 4. The properties of Si, Ge and SiC given in COMSOL Multiphysics 5.5 

Property Si Ge SiC unit Model Name 

Relative permittivity 11.7 16.2 10 1 Basic 

Band gap 1.12 0.664 3.26 V Semiconductor 

material 

Electron affinity 4.05 4 3.24 V Semiconductor 

material 

Effective density of states, 

valence band 

1.04e19 6.0e18 2.5E+25 1/cm³ Semiconductor 

material 

Effective density of states, 

conduction band 

2.8e19 1.04e19 1.7E+25 1/cm³ Semiconductor 

material 

Electron mobility 1450 3900 0.09 cm²/(V·s) Semiconductor 

material 

Hole mobility 500 1900 0.012 cm²/(V·s) Semiconductor 

material 

Heat capacity at constant 

pressure 

700 310 1200 J/(kg·K) Basic 

Thermal conductivity 131 60 450 W/(m·K) Basic 

Density 2329 5323 3200 kg/m³ Basic 

Electrical conductivity 
  

1e3 S/m Basic 

Relative permeability 
  

1.00E+00 1 Basic 

Surface emissivity 
  

5.00E-01 1 Basic 

Electron mobility 

reference 

1252 
  

cm²/(V·s) Arora mobility 

model 

Hole mobility reference 407 
  

cm²/(V·s) Arora mobility 

model 

Electron mobility 

reference minimum 

88 
  

cm²/(V·s) Arora mobility 

model 

Hole mobility reference 

minimum 

54.3 
  

cm²/(V·s) Arora mobility 

model 

Electron reference 

impurity concentration 

1.26e17 
  

1/cm³ Arora mobility 

model 

Hole reference impurity 

concentration 

2.35e17 
  

1/cm³ Arora mobility 

model 

Alpha coefficient 0.88 
  

1 Arora mobility 

model 

Mobility reference 

minimum exponent 

-0.57 
  

1 Arora mobility 

model 

Mobility reference 

exponent 

-2.33 
  

1 Arora mobility 

model 

Impurity concentration 

reference exponent 

-2.33 
  

1 Arora mobility 

model 

Alpha coefficient 

exponent 

-0.146 
  

1 Arora mobility 

model 

Reference temperature 300 
  

K Arora mobility 

model 

Electron mobility 

reference 

1448 
  

cm²/(V·s) Power law 

mobility model 

Hole mobility reference 473 
  

cm²/(V·s) Power law 

mobility model 
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Property Si Ge SiC unit Model Name 

Electron exponent 2.33 
  

1 Power law 

mobility model 

Hole exponent 2.23 
  

1 Power law 

mobility model 

Reference temperature 300 
  

K Power law 

mobility model 

Auger recombination 

factor, electrons 

2.8e-31 
  

cm⁶/s Auger 

recombination 

Auger recombination 

factor, holes 

9.9e-32 
  

cm⁶/s Auger 

recombination 

Direct recombination 

factor 

0 
  

cm³/s Direct 

recombination 

Electron lifetime, SRH 10e-6 
  

s Shockley-Read-

Hall recombination 

Hole lifetime, SRH 10e-6 
  

S Shockley-Read-

Hall recombination 

Fletcher mobility 

coefficient 1 

1.04e21 
  

1/(V·cm·s

) 

Fletcher mobility 

model 

Fletcher mobility 

coefficient 2 

7.45e13 
  

1/cm² Fletcher mobility 

model 

Reference temperature 300 
  

K Fletcher mobility 

model 

Electron alpha coefficient 1.11 
  

1 Caughey-Thomas 

mobility model 

Hole alpha coefficient 1.21 
  

1 Caughey-Thomas 

mobility model 

Electron saturation 

velocity 

1e7 
  

cm/s Caughey-Thomas 

mobility model 

Hole saturation velocity 8.37e6 
  

cm/s Caughey-Thomas 

mobility model 

Electron alpha exponent 0.66 
  

1 Caughey-Thomas 

mobility model 

Hole alpha exponent 0.17 
  

1 Caughey-Thomas 

mobility model 

Electron velocity 

saturation exponent 

-0.87 
  

1 Caughey-Thomas 

mobility model 

Hole velocity saturation 

exponent 

-0.52 
  

1 Caughey-Thomas 

mobility model 

Reference temperature 300 
  

K Caughey-Thomas 

mobility model 

Electron delta coefficient 5.82e14 
  

V/s Lombardi surface 

mobility model 

Hole delta coefficient 2.05e14 
  

V/s Lombardi surface 

mobility model 

Electron mobility 

reference 1 

4.75e7 
  

cm²/(V·s) Lombardi surface 

mobility model 

Hole mobility reference 1 9.93e7 
  

cm²/(V·s) Lombardi surface 

mobility model 

Electron mobility 

reference 2 

1.74e5 
  

cm²/(V·s) Lombardi surface 

mobility model 

Hole mobility reference 2 8.84e5 
  

cm²/(V·s) Lombardi surface 

mobility model 
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Property Si Ge SiC unit Model Name 

Electron alpha coefficient 0.125 
  

1 Lombardi surface 

mobility model 

Hole alpha coefficient 0.0317 
  

1 Lombardi surface 

mobility model 

Reference temperature 1 
  

K Lombardi surface 

mobility model 

Electric field reference 1 
  

V/cm Lombardi surface 

mobility model 

Doping concentration 

reference 

1 
  

1/cm³ Lombardi surface 

mobility model 

a factor, electrons, impact 

ionization 

0.426 
  

1/V Impact ionization 

a factor, holes, impact 

ionization 

0.243 
  

1/V Impact ionization 

b factor, electrons, impact 

ionization 

4.81E5 
  

V/cm Impact ionization 

b factor, holes, impact 

ionization 

6.53E5 
  

V/cm Impact ionization 

c factor, electrons, impact 

ionization 

0.000305 
  

1/K Impact ionization 

c factor, holes, impact 

ionization 

0.000535 
  

1/K Impact ionization 

d factor, electrons, impact 

ionization 

0.000686 
  

1/K Impact ionization 

d factor, holes, impact 

ionization 

0.000567 
  

1/K Impact ionization 

Band-gap narrowing 

reference energy 

0.00692 
  

V Slotboom model 

Band-gap narrowing 

reference concentration 

1.3e17 
  

1/cm³ Slotboom model 

Conduction band fraction 0.5 
  

1 Slotboom model 

Jain-Roulston coefficient 

(n-type), A 

3.5e-8 8.67e-9 
 

V Jain-Roulston 

model 

Jain-Roulston coefficient 

(n-type), B 

0 2.57e-7 
 

V Jain-Roulston 

model 

Jain-Roulston coefficient 

(n-type), C 

0 4.31e-12 
 

V Jain-Roulston 

model 

Jain-Roulston coefficient 

(p-type), A 

3.5e-8 8.21e-9 
 

V Jain-Roulston 

model 

Jain-Roulston coefficient 

(p-type), B 

0 2.90e-7 
 

V Jain-Roulston 

model 

Jain-Roulston coefficient 

(p-type), C 

0 5.77e-12 
 

V Jain-Roulston 

model 

Band-gap narrowing 

reference concentration 

1 1 
 

1/cm³ Jain-Roulston 

model 

Conduction band fraction 0.5 0.5 
 

1 Jain-Roulston 

model 

 

 


