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Abstract 
 
Integrated 4H-Silicon Carbide Diodes and Bridge Circuits for Harsh Environment 

Applications 
 

by 
 

Shiqian Shao 
 

Doctor of Philosophy in Engineering − Mechanical Engineering  
 

University of California, Berkeley 
 

Professor Albert P. Pisano, Co-Chair 
Professor Liwei Lin, Co-Chair 

 
High temperature electronics, micro-electro-mechanical systems (MEMS) and sensors 
that are able to operate between 300°C to 600°C have broad applications in harsh 
environments such as oil/gas exploration, geothermal development, industrial 
manufacturing processes, and space exploration. 4H-silicon carbide (SiC) is a good 
material for harsh environment applications because of its wide bandgap, high carrier 
mobilities, excellent thermal and chemical stabilities, and high breakdown electric field 
strength. Several 4H-SiC devices and integrated circuits have been studied in this work, 
including p-n diodes, p-n diode temperature sensors, bridge rectifiers, and bridge circuits 
for differential capacitive pressure sensors. 
 
4H-SiC p-n diodes from room temperature to 600°C have been demonstrated with 
theoretical study, simulation, fabrication, and characterization. The fabricated 4H-SiC p-n 
diodes show turn-on voltages from 2.6 V to 1.3 V which match well with the technology 
computer-aided design (TCAD) simulation results from 2.7 V to 1.45 V when 
temperature increases from 17oC to 600oC. 	
 
Planar-integrated 4H-SiC diode bridge rectifier circuits are analyzed, simulated by SPICE 
(Simulation Program with Integrated Circuit Emphasis), fabricated and characterized. 
Experimentally, fabricated rectifiers are functional up to 500oC with voltage conversion 
efficiencies of 73.6% at room temperature and 89.1% at 500oC.  
 
High-performance temperature sensors from 17oC to 600oC by using circular-shape 
4H-SiC p-n diodes are analyzed, simulated by TCAD Sentaurus, fabricated and tested. 
The 4H-SiC p-n diode temperature sensors achieve high sensitivities of 2.9 mV/oC at 
0.1 µA and 4.7 mV/oC at 1 mA in a wide temperature range from 17oC to 600oC. 
 
Finally, planar-integrated 4H-SiC diode bridge circuits for differential capacitive pressure 
sensor transduction are investigated. The working principle of the transduction circuit is 
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derived. The circuit is simulated by SPICE, fabricated and tested with a sensitivity of 
9.3 mV/pF at 1 MHz and a 3dB cut-off frequency of 2.5 MHz. 
 
These results show great potential for 4H-SiC devices and circuits working in harsh 
environment electronics, MEMS and sensing applications. 
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Chapter 1 

Introduction 
 

1.1 Harsh Environment Sensing Applications 

Harsh environment electronics, sensors and MEMS have drawn much attention in 
research and industrial applications [1-6]. Harsh environment application examples 
include oil & gas explorations, geothermal well power plants, automotive engines, 
aircraft engines, gas turbines, industrial manufacturing processes, and space explorations 
[7-9]. Specifically, in-situ real-time monitoring is very promising for high system 
efficiency, high operating accuracy, long structure lifetime, and safe process controls in 
the aforementioned harsh environment systems. Wireless techniques are especially useful 
for telemetry harsh environment sensing applications such as gas turbine blade status 
monitoring, deep well oil drilling guidance, or subsurface environment exploration in 
geothermal power plants [10]. However, harsh environment sensing usually involves one 
or more of the following: extreme temperature, high pressure, high shock, high radiation, 
and chemical attack, which are major challenges for electronics, MEMS and sensors 
[11-17].  

In the state-of-art microelectronics, silicon has been widely used. However, it is not 
a suitable semiconductor material for harsh environment applications especially under the 
extreme high temperature conditions. The intrinsic carrier concentration of silicon is 
approximately 2×1015 cm-3 at 300°C and around 4×1017 cm-3 at 600°C, which makes it 
difficult to form the proper doping gradients for functional microelectronic devices. 
Meanwhile, the elastic modulus of silicon reduces at 600°C and affects its mechanical 
performance for MEMS sensing devices [18]. New materials are necessary to be explored 
for extreme-temperature harsh-environment applications such as in automobile engines, 
underground explorations for oil, gas & geothermal energy, and industrial gas turbines. 
Wide bandgap materials such as silicon carbide (SiC), aluminum nitride (AlN), gallium 
nitride (GaN), and diamond, have been proposed for the extreme-temperature 
harsh-environment sensing applications because of their low intrinsic carrier 
concentrations, excellent mechanical performances, and great environmental stability at 
various harsh environments. The high thermal conductivity enables reduction of heat 
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accumulation and self-heating effects, and meanwhile makes the corresponding sensors 
react fast to the real-time environmental temperature [1, 19, 20]. 

For integrated multifunctional harsh environment MEMS and sensing systems, 
different sensing functions such as temperature, pressure, acceleration, strain, and 
chemical concentration are desirable for different harsh environment applications 
[21-24]. Figure 1.1 shows some harsh environment application examples including the 
desired sensing temperature and the typically required sensing functions for each 
application [25-28]. As indicated in Figure 1.1, sensors, MEMS and electronics working 
at extreme temperature from 300°C to 600°C are very promising for plenty of harsh 
environment applications and they are still the current major challenges.  

 

 

 

Figure 1.1  Five harsh environment application examples including the desired sensing 
temperature and the typically required sensing functions for each application.  
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1.2 Material Selection — 4H-Silicon Carbide  

Silicon carbide (Figure 1.2) has been employed as ceramic, electrical, mechanical, 
and optoelectronic materials since it was discovered in 19th century [29-31]. There are 
about 250 crystal structures of silicon carbide. The most common structures are 3C-SiC, 
4H-SiC and 6H-SiC. In a silicon carbide unit cell, along the c-axis, each bilayer looks as 
hexagons and the different bilayers are depicted as shown in Figure 1.3. By different 
stacking orders of the bilayers, different types of SiC will form as in Figure 1.4. When 
the stacking order is ABCABC…, 3C-SiC is formed, which is a cubic zinc blende 
structure. On the other hand, the stacking order of ABABAB… will form 2H-SiC which 
is a hexagonal wurtzite structure. 4H-SiC has a stacking order of ABACABAC…, while 
the stacking order of 6H-SiC is ABCACBABCACB…. Those two have mixed hexagonal 
and cubic structures [32, 33]. 4H-SiC and 6H-SiC wafers with epitaxial layers are already 
commercially available, while 3C-SiC can be heteroepitaxially grown on silicon wafers 
[34]. This is one of the advantages to use SiC for harsh environment applications.  

 

 
Figure 1.2  The tetrahedron structure of SiC crystal. 
 

 
Figure 1.3  Three types of bilayers seen along c-axis. 
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Figure 1.4  Stacking orders of bilayers in [1120] plane for 3C-SiC, 2H-SiC, 4H-SiC and 
6H-SiC. 
 
 
        Table 1.1 compares some wide bandgap materials and silicon in the electrical, 
mechanical, optical properties for harsh environment applications [35-37]. 4H-SiC, as a 
promising material for harsh environment electronics and sensing applications, has 
multiple advantages. For the extreme temperature electronic applications, 4H-SiC has a 
properly wide bandgap, low intrinsic carrier concentration at room temperature, high 
electron mobility, relatively high hole mobility, large electron saturation velocity and 
high breakdown electric field strength. It also exhibits high thermal conductivity which 
can reduce the self-heating effect and thereby providing more accurate temperature 
sensing ability. It has a high Young’s Modulus which is highly preferred for high 
pressure, high strain harsh environment MEMS applications [38]. Additionally, 4H-SiC 
also has good chemical stability for the corrosive harsh environment applications. 
Furthermore, single crystal 6-inch 4H-SiC wafers with epitaxial layers are commercially 
available. All of the above characteristics make 4H-SiC an excellent candidate for harsh 
environment electronic, MEMS and sensing applications. 
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Table 1.1  Electrical, mechanical and optical properties of silicon and wide bandgap 
materials. (*values perpendicular to the c-axis.)  

 

1.3 4H-SiC for Extreme-temperature Low-power 
Applications 

4H-SiC has been widely used in high-voltage high-power applications due to its 
high breakdown electric field strength, high thermal conductivity, and commercially 
available single crystal wafers [39, 40]. Different from its applications in power 
electronics, harsh environment sensing applications of 4H-SiC are aimed to 
extreme-temperature low-power applications. Taking its sensing applications in industrial 
gas turbine and geothermal well as the examples in Table 1.2, the temperature 
requirement is 500oC and it is desirable to push it to 600oC for extensive applications. 
Unlike the high power applications which have thousand-volt-level voltages, the required 
voltages for the sensing applications are approximately 30 V and the required power is  

 Si 3C-SiC 4H-SiC 6H-SiC 2H-GaN Diamond 2H-AlN 

Bandgap (eV) 1.12 2.4 3.2 3.0 3.4 5.6 6.2 
Intrinsic carrier 
concentration  
(300 K) (cm-3) 

1.0�1010 6.9 8.2�10-9 2.3�10-9 1.6�10-10 1.6�10-27 ~10-27 

Electron mobility 
(cm-2�V-1�s-1) 1400 900 1000* 400* 900 1900 135 

Hole mobility 
(cm-2�V-1�s-1) 600 40 115* 101* 850 1600 14 

Electron saturation 
velocity (107 cm/s) 1.0 2.5 2.0 2.0 2.5 2.7 2.0 
Breakdown electric 
field strength 
(MV�cm-1) 

0.3 1.2 2.0 2.4 3.3 5.6 2.0 

Thermal 
conductivity 
(W�cm-1�K-1) 

1.5 3.6 4.5 4.5 1.3 2.85 20 

Thermal expansion 
coefficient (10-6/K)  2.6 3.28 3.3* 3.35* 5.59* 0.8 5.27* 

Dielectric constant 11.7 9.72 9.66* 9.66* 9.0 5.5 8.5 
Young’s modulus 
(GPa) 150 748 748 748 373 1220 322 
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Application 
Environment Industrial gas turbine Geothermal well 

Operation 
Temperature  RT to 500oC 300oC ~ 400oC 

Electronic 
Requirements 

Temperature: ~500oC 
Power: ~ 0.5 W 
Voltage: ~ < 30 V 
Frequency: 50~1000 Hz 

Temperature: ~ 400oC 
Voltage: 10 ~ 20 V 
Frequency: 100~1000 kHz 

Table 1.2  Requirements for harsh environment MEMS and sensing applications in 
industrial gas turbine and geothermal well. 

 

only around several Watts. The low power requirement of the sensing applications 
provides the possibility of higher temperature operation because the self-heating is much 
smaller and the metallization is more stable at low power. 4H-SiC electronics operating 
up to 175oC – 225oC in high power applications has been demonstrated [41]. For the low 
power applications of 4H-SiC electronics and sensors, the theoretically functional 
temperature limit can be up to 800–900oC for the semiconductor [42]. Taking into 
account the fabrication limitations, we might be able to make the 4H-SiC electronics and 
sensors work at 600oC. Therefore, our goal is to develop 4H-SiC extreme-temperature 
low-power electronics for harsh environment MEMS and sensing applications. 

 

1.4 Research Objectives and Thesis Overview 

Extreme-temperature low-power electronics, MEMS and sensors that operate at 
300-600oC are useful for real-time in-situ monitoring of oil/gas explorations, geothermal 
well developments, industrial manufacturing processes, and space explorations. 4H-SiC 
is chosen for this purpose due to its low intrinsic carrier concentration, high carrier 
mobilities, good mechanical properties and excellent environmental stability. In this 
dissertation, detailed research approaches are described for 4H-SiC p-n diodes, 4H-SiC 
p-n diode temperature sensors and two types of planar-integrated diode bridge circuits for 
harsh environment MEMS and sensing applications. 

Chapter 2 discusses the material properties of 4H-SiC including bandgap, intrinsic 
carrier concentration, carrier mobilities, and degrees of ionization of dopants. 
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Temperature and doping-concentration dependences of these properties are analyzed and 
discussed. 

In chapter 3, the six regions of the I-V relationship of the 4H-SiC p-n diode are 
derived and analyzed, including ideal diode region, SRH recombination region, 
high-level injection region, resistance-limited operating region, reverse bias region, and 
breakdown region. The overall expression of the 4H-SiC p-n diode is summarized. 

In chapter 4, systematic investigations of the 4H-SiC p-n diode are introduced, 
including structure design, simulation, fabrication and characterization. The fabricated 
4H-SiC p-n diode is demonstrated to be functional up to 600oC. 

In chapter 5, study of a planar-integrated 4H-SiC diode bridge rectifier circuit is 
introduced. The planar-integrated 4H-SiC diode bridge rectifier circuit is analyzed, 
simulated, fabricated and tested. The planar-integrated 4H-SiC diode bridge rectifier 
circuit is demonstrated to be functional up to 500oC. The voltage conversion efficiencies 
of the rectifier circuit are 73.6% at room temperature and 89.1% at 500oC. 

In chapter 6, a 4H-SiC p-n diode temperature sensor is introduced for extreme high 
temperature harsh environment applications. The 4H-SiC p-n diode temperature sensor is 
derived, simulated, fabricated and characterized. Sensitivities of 4.7 mV/oC at 1 mA and 
2.9 mV/oC at 0.1 µA in a wide temperature range from 17oC to 600oC are demonstrated. 

In chapter 7, a planar-integrated 4H-SiC diode bridge circuit for differential 
capacitive pressure sensor transduction is introduced. The application background is 
briefly discussed. The transduction circuit is derived, simulated, fabricated and tested. 
The transduction function for the differential capacitive pressure sensor is demonstrated 
with a sensitivity of 9.3 mV/pF at 1 MHz and the 3dB cut-off frequency of the circuit is 
2.5 MHz. 

Chapter 8 summarizes the contributions of this work and future research topics are 
suggested. 
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Chapter 2 

Material Properties of 4H-Silicon 
Carbide  

 

2.1 Introduction 

In order to successfully design the 4H-SiC-based electronic / MEMS / sensing 
devices and circuits for harsh environment applications, it is necessary to first understand 
the material properties of 4H-SiC.  

Numerous material properties depend on temperature and/or doping-concentration. 
We are concerned about the two dependences the most because our research targets are 
extreme-temperature electronics, MEMS and sensors in which temperature and doping 
concentration are the two most important variables. Semiconductor material parameters, 
such as the bandgap, intrinsic carrier concentration, carrier mobilities, and degrees of 
ionization of dopants, are temperature and/or doping-concentration dependent. 
Theoretical derivations and experimental validations of the temperature and 
doping-concentration dependences of these parameters have been implemented [43, 44] 
to give us a better understanding of the 4H-SiC materials and to support the study of the 
4H-SiC electronic devices.  

 
 

2.2 Bandgap Narrowing 

The bandgap of a semiconductor is the energy difference between the top of the 
valence band and the bottom of the conduction band. From solid-state physics, we know 
the band structure of the 4H-SiC will be affected by temperature, dopant type, doping 
concentration, strain and other factors. Therefore, the bandgap of 4H-SiC is temperature 
dependent.  
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The temperature dependence of the energy bandgap (Eg) of a semiconductor obeys 
Varshni Equation, which is an empirical expression of the energy bandgap as a function 
of the temperature as follows [45-47]: 

2

0( )g g
TE E T
T

α
β

= − ⋅
+

                                         (2.1) 

where Eg (T0) is the energy bandgap at temperature of absolute zero degree, α and β are 
fitting parameters, and T is temperature in Kelvin unit. For 4H-SiC, the values of Eg (T0), 
α and β are given in Table 2.1.  
 

Eg (T0) (eV) α (eV/K) β (K) 

3.265 6.5×10-4 1.3×103 

Table 2.1  The values of Eg (T0), α and β for 4H-SiC in Varshni Equation. 

 
      The energy bandgap of 4H-SiC as a function of temperature is plotted in Figure 2.1. 
The bandgap narrowing effect with increased temperature is observed in the plot. This 
band gap narrowing effect is mainly caused by the interatomic space increase due to more 
energetic atom vibration when temperature rises. Figure 2.1 shows that the energy 
bandgap reduces from 3.265 eV to 3.037 eV as temperature increases from 0 K to 873 K. 
The bandgap narrowing effect will lead to higher carrier concentrations and higher 
leakage of semiconductor devices, and the shift of the optical emission spectrum of laser 
diodes (LDs) and light emitting diodes (LEDs). As such, the behaviors of electronic  
 

 

Figure 2.1  4H-SiC energy bandgap versus temperature. 
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devices, optoelectronic devices, MEMS and sensors will be different because of this high 
temperature induced bandgap narrowing. Therefore, bandgap narrowing has to be taken 
into account in the design for high temperature semiconductor devices. 

 
 

2.3 Intrinsic Carrier Concentration 

The intrinsic carrier concentration (ni) of 4H-SiC can be calculated from the density 
of states. The intrinsic carrier concentration of 4H-SiC is as follows [47-49]: 

2
gE
kT

i C Vn N N e
−

= ⋅                                                      (2.2) 

3
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                                                   (2.3) 
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m kTN
h

π⎛ ⎞
= ⎜ ⎟

⎝ ⎠
                                                       (2.4) 

where NC is the effective density of state of electrons in the conduction band; NV is the 
effective density of states of holes in the valence band; k is Boltzmann constant; h is 
Planck’s constant; MC is the number of equivalent minima in the conduction band; me

* 
and mh

* are the density-of-states effective mass of electrons and holes, respectively. The 
values of these parameters are listed as in Table 2.2 [50, 51]. 
 

me
* mh

* MC 

0.39 0.82 3 

Table 2.2  The values of me
*, mh

* and MC for 4H-SiC at 300 K. 
 
 
        Figure 2.2 shows the plotted relationship between temperature and the intrinsic 
carrier concentrations of silicon and 4H-SiC. When temperature increases from room 
temperature to 600oC, the intrinsic carrier concentration of silicon goes up from 
1.0×1010 cm-3 to 3.5×1017 cm-3 while the one of 4H-SiC rises from 8.2×10-9 cm-3 to 
1.0×1011 cm-3. We can see the intrinsic carrier concentration of 4H-SiC at 600oC is the 
same with the one of silicon at 55oC, which provides the potential of 4H-SiC to operate at 
extreme high temperature.  
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Figure 2.2  Intrinsic carrier concentrations of silicon and 4H-SiC versus temperature. 
 
 
 

2.4 Carrier Mobilities 

Carrier mobilities for electrons and holes are two most important characteristic 
parameters for electronic devices. Device current and speed are closely dependent on the 
electron and hole mobilities. 4H-SiC has high electron mobility and relatively high hole 
mobility, which makes 4H-SiC an excellent candidate for the high temperature electronic, 
MEMS and sensing applications. Hence, it is necessary to fully investigate the carrier 
mobilities of 4H-SiC. 

It is noted that carrier mobilities are both temperature and doping-concentration 
dependent. Understanding the dependence of mobility on carrier concentration is one of 
the fundamental requirements to study high temperature electronics. Additionally, Carrier 
mobilities are also partly determined by the electric field strength, but since our focus is 
on low power applications, it will not be discussed here. We assume low electric field in 
the rest of discussions unless stated otherwise. 

Carrier mobility denotes how fast carriers can move in a semiconductor under an 
electric field. At different temperatures, the mechanisms of mobility limitation are quite 
different. For a bulk semiconductor, the total carrier mobility is given as: 

!!
1

µtotal
= 1
µlattice

+ 1
µimpurity

+ 1
µdefect

                                         
(2.5) 
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Equation 2.5 describes the fact that the total mobility is limited by a combination of 
the mobility limits from the lattice vibration scattering, the doping ion impurity scattering 
and the crystal defect scattering. As fabrication techniques nowadays are mature enough 
to make highly pure semiconductor crystals, the crystal defect scattering is negligible. 
The lattice vibration scattering, also known as phonon scattering, and the ion impurity 
scattering dominate at different temperature ranges. At cryogenic temperature, lattice 
vibration is ignorable, and the ion impurities in the semiconductor helps accelerate the 
moving speed of the carriers. This can be explained by the fact that the ion impurities 
have opposite kind of charges as majority carriers and the columbic force assists the 
carriers to move faster. Carrier mobility rises as temperature increases. At high 
temperature, the lattice vibrates more vibrantly and the lattice vibration scattering 
happens more frequently and  carrier mobility decreases with temperature increasing.

 

An empirical mobility expression for 4H-SiC with aluminum as the p-type dopants 
and nitrogen as the n-type dopants is [52, 53]: 

!!
Bp =

µp_min + µp_max ×
Ng_p

Na

⎛

⎝
⎜

⎞

⎠
⎟

γ p

µp_max − µp_min
                                                  (2.6) 

hole mobility                     

!!

µp =
µp_max ×Bp ×

T
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⎛

⎝⎜
⎞
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T
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⎛
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                                                      (2.7)

 

!!
Bn =

µn_min + µn_max ×
Ng_n

Nd

⎛

⎝
⎜

⎞

⎠
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γ n

µn_max − µn_min
                                                  (2.8) 

electron mobility                

!!

µn =
µn_max ×Bn ×

T
TO

⎛

⎝⎜
⎞

⎠⎟

βn

1+Bn ×
T
TO

⎛

⎝⎜
⎞

⎠⎟

αn+βn
                                                     (2.9)

 

where Na and Nd are the doping concentrations of aluminum dopants and nitrogen 
dopants in 4H-SiC, respectively; T is the absolute temperature in Kelvin; µp_min, µp_max, 
µn_min, µn_max, γp, γn, αp, αn, βp, βn, Ng_p and Ng_n are fitting parameters and the values of 
them are given in Table 2.3. 
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µn_min 
(cm2 V-1s-1) 

µn_max 
(cm2 V-1s-1) γn αn βn Ng_n 

(cm-3) 

880 30 0.67 2.6 0.5 2×1017 

µp_min 
(cm2 V-1s-1) 

µp_max 
(cm2 V-1s-1) γp αp βp Ng_p 

(cm-3) 

117 33 0.5 － － 1019 

Table 2.3  The values of µp_min, µp_max, µn_min, µn_max, γp, γn, αp, αn, βp, βn, Ng_p and Ng_n for 
4H-SiC. 

 

        The relationships between electron / hole mobilities of 4H-SiC and temperature have 
been plotted in Figure 2.3. The values of αp and βp are not clear yet due to the lack of 
sufficient experimental data, and thereby the values of αn and βn are used for αp and βp in 
the hole mobility−temperature plot, as indicated in Table 2.3. In Figure 2.3, one can find 
that at the low temperature region, carrier mobilities increase as temperature goes up and 
ion impurity scattering dominates. At the high temperature region, lattice vibration 
scattering dominates and carrier mobilities decrease as temperature increases. For n-type 
nitrogen doped 4H-SiC, the more highly doped sample has lower carrier mobility due to    

 

 

Figure 2.3  Carrier mobilities of 4H-SiC for different dopant types and different doping 
concentrations versus temperature. 
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the different ion impurity scattering, but when temperature increases, mobilities in 
samples with different doping concentrations get close to the same because lattice 
vibration dominates at extreme high temperature and the samples have the same lattice 
structures. 
 
 

2.5 Degree of Ionization 

When temperature changes from cryogenic temperature to high temperature, carrier 
concentrations in semiconductors will go through three regions: freeze-out, extrinsic, and 
intrinsic regions [54], as shown in Figure 2.4. 

In the freeze-out region, the dopants are only partially ionized and when temperature 
increases, carrier concentration will rise exponentially with respect to ΔEa/2k or ΔEd/2k 
for p-type and n-type, respectively, where ΔEa and ΔEd are the ionization energy for 
holes and electrons. The definition of ΔEa and ΔEd are as below: 

!ΔEa = Ea −Ev                                                          (2.10) 

!ΔEd = Ec −Ed                                                          (2.11) 

where Ea and Ed are the dopant energy levels for p-type and n-type materials, and Ec and 
Ev are the energy levels for conduction band edge and valence band edge, respectively. 

In the extrinsic region, dopants are fully ionized, while the doping concentration is 
much higher than the intrinsic carrier concentration such that in this region, the carrier 
concentration is fixed as the doping concentration.  

When temperature continues increasing, the intrinsic carrier concentration becomes 
comparable with and then higher than the doping concentration. This region is called 
intrinsic region, and the main component of the total carrier concentration is the intrinsic 
carrier concentration. The carrier concentration increases exponentially as temperature 
increases and the exponential dependence on temperature is with respect to Eg/2k based 
on Equation 2.2. In this region, doping gradients for semiconductor devices won’t exist 
such that a p-n junction won’t exist in this region and electronic devices can fail 
intrinsically.  

The boundary between the extrinsic and intrinsic regions happens at: 

! 
Ndopant ∼ni                                                          (2.12) 

where Ndopant is the doping concentration and ni is the intrinsic carrier concentration. For 
example, silicon with a doping concentration of 1015 cm-3 will have the boundary for the 
extrinsic and intrinsic regions at 270oC as compared to that of 4H-SiC at 1113oC. This 
enables the extreme high temperature operation for semiconductor devices based on 
4H-SiC. 
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Figure 2.4  The relationship between the carrier concentration (in log scale) and absolute 
temperature (1/T) for a n-type doped semiconductor; three regions include freeze-out 
region with a slope of ΔEd/2k, extrinsic region with n=Nd and intrinsic region with a 
slope of Eg/2k. 

 
 

        The boundary for the freeze-out and the extrinsic regions depends on the ionization 
energy ΔEa or ΔEd, and effective density of states Nv or Nc. The degrees of ionization 
have the below expressions [55]: 

                                         

(2.13)

 

                                         

(2.14) 

where ΔEa and ΔEd are the ionization energies for holes and electrons, respectively; Nv 
and Nc are the effective density of state for holes and electrons, respectively; ga and gd are 
the degeneracy factors for the impurity levels of donors and acceptors, respectively. The 
values of ΔEa, ΔEd, ga and gd for the 4H-SiC with aluminum as p-type dopants and 
nitrogen as n-type dopants are given in Table 2.4. 
         The plotted relationships of the degrees of ionization for 4H-SiC with different 
doping types and doping concentrations versus temperature are shown in Figure 2.5. We 
can see at room temperature, the doped 4H-SiC materials are partially ionized, while for  
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ΔEa (meV) ΔEd (meV)  ga  gd  

210 70 4 2 

Table 2.4  The values of ΔEa, ΔEd,  ga and gd for 4H-SiC with aluminum as the p-type 
dopants and nitrogen as the n-type dopants. 

 

 
silicon with similar doping concentrations, the degrees of ionization are much larger than 
the one of 4H-SiC. This is why we usually do not consider the partial ionization effect for 
silicon, but we need to consider it for 4H-SiC devices. The reason for this difference is 
mainly because 4H-SiC has higher ionization energies than those of silicon, especially for 
p-type materials, and meanwhile 4H-SiC has lower effective density of states. This makes 
the boundary of the freeze-out and extrinsic regions for 4H-SiC typically at a temperature 
higher than room temperature. 
 

 

Figure 2.5  Degrees of ionization for 4H-SiC with different dopant types and different 
doping concentrations versus temperature. 
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2.6 Summary 

In this chapter, the material properties of 4H-SiC were investigated and analyzed. 
Physical properties, such as bandgap, intrinsic carrier concentration, carrier mobilities, 
and degrees of ionization of dopants, were analyzed with respect to temperature and/or 
doping-concentration variations. Theoretical and empirical relationships of these 
properties with respect to temperature and doping concentrations were studied for 
4H-SiC. These results will support further studies of devices based on 4H-SiC.  
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Chapter 3 

Working Principle of 4H-SiC p-n 
Diode  
 

3.1 Introduction 

A p-n diode is a fundamental electronic device. It can be used for rectification [56] 
and for voltage stabilization (zener diodes) [57] by itself. It can form transistor devices 
such as junction gate field effect transistors (JFETs) [58], and bipolar junction transistors 
(BJTs) [59]. It is an important component for circuitry as well, while one of the most 
classical applications is a diode bridge rectification circuit to convert alternating currents 
(AC) to direct currents (DC) [60]. It can function as a sensor, such as in temperature, 
chemical and bio-sensing applications [61]; as well as to form sensing circuits in MEMS 
transduction applications [62]. While researchers have explored silicon p-n diodes in 
various conditions, systematic studies on 4H-SiC p-n diodes are rare. It is useful and 
promising to study comprehensively on 4H-SiC p-n diodes for the high-temperature 
harsh-environment electronic, sensing and MEMS applications. 

There are six operating regions of 4H-SiC p-n diode in the order of voltage bias 
from reverse to forward: breakdown, reverse bias, generation-recombination, ideal diode, 
high-level injection and resistance-limited operating regions [63]. In the following 
sections in this chapter, the device behaviors of 4H-SiC p-n diode in these six operating 
regions will be discussed in details, from basic models to more complex ones. The 
derivations of the models will be mainly based on references [54, 63-66]. At the end, an 
overall analytical expression of 4H-SiC p-n diode will be provided.  

3.2 Ideal Diode Model of 4H-SiC p-n Diode 

The ideal diode model of a p-n diode is also known as the low-level injection model 
[54, 63, 64]. It starts with the abrupt junction approximation by assuming abrupt 
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depletion layers in both p and n regions, which are fully depleted as shown in 
Figure 3.1(a). 

Poisson’s Equation and gauss’s law give the following relationship between charge 
density ρ, electric field E and electric potential V: 

                                                         (3.1) 

where ε is the permittivity of the material. Assuming the length and width of the p-n 
junction are much larger than the depletion widths Wa and Wd, this problem can be 
simplified to a one-dimension problem in the x direction: 

                                                          (3.2) 

  

       
(a)                                                                    (b) 

      
(c)                                                             (d) 

Figure 3.1  (a) Charge density distribution in an abrupt p-n junction; (b) electric field 
distribution in an abrupt p-n junction; (c) electric potential distribution in an abrupt p-n 
junction; (d) band diagram of an abrupt p-n junction at equilibrium. 

!!
∇2V = −∇⋅E = − ρ

ε

!!
d2

dx2
V = − d

dx
E = − ρ

ε
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        Integrating the charge density along the x direction and considering the continuity of 
the electric field, the triangular electric field distribution is derived as shown in 
Figure 3.1(b). Integrating the electric field and considering the electric potential 
continuity, the electric potential distribution can be calculated as shown in Figure 3.1(c). 
There is a difference between the electric potentials in the p and n regions, and this 
difference is called built-in potential Vbi of the p-n junction. Built-in potential exists when 
no external voltage is applied on the p-n junction. The existences of the built-in potential 
and the intrinsic electric field maintain the system’s equilibrium status. The band diagram 
of the p-n junction is depicted in Figure 3.1(d), where Ei is the intrinsic Fermi level. 
Fermi level EF is constant at equilibrium, the energy difference between the bottom of 
conduction band Ec in p and n regions is qVbi, and the energy difference between the top 
of valence band Ev in p and n regions is qVbi as well. These energy differences prevent 
diffusion of holes from the p region to the n region and diffusion of electrons from the n 
region to the p region. 
       The current inside the semiconductor is constituted of drift and diffusion current. 
Drift current is caused by an electric field; and diffusion current is caused by a 
carrier-concentration gradient. The drift and diffusion current of electrons and holes has 
expressions as: 

!!Jdrift _e = qµnnE ,   !!Jdrift _h = qµppE                                            (3.3) 

!!
Jdiff _e = qDn

dn
dx

,   
!!
Jdiff _h = −qDp

dp
dx

                                           (3.4) 

where Dn and Dp are the diffusion coefficients for electrons and holes, respectively.  
        At equilibrium, the Fermi level is constant for the whole system as shown in 
Figure 3.1(d). When a small forward bias V is applied on the p-n junction, the band 
diagram in the p region will decline by qV and the new band diagram turns to be the one 
shown in Figure 3.2(a). The Fermi levels in the p region and n region are not the same 
anymore, and become quasi-Fermi levels EFp and EFn, respectively, where: 

!
EFn −EFp = qV                                                                   (3.5) 

The minority carrier concentrations at the edges of the depletion layer change 
dramatically with the shift of the quasi-Fermi levels. They have relationships as below: 

!!np(−Wa)= np0e
qV
kT                                                               (3.6) 

!!pn(Wd )= pn0e
qV
kT                                                                 (3.7) 

 
       Consider the low-level injection condition, namely the excess minority carrier 
concentration is much lower than the majority carrier concentration: 
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(a) 

 
(b) 

Figure 3.2 Band diagrams of abrupt p-n junction: (a) under forward bias; (b) under 
reverse bias. 
 

 

  
np ≪ Na

−

,     pn ≪ Nd
+

                                                            (3.8) 

In this case, the majority carrier concentration does not change much and nearly has no 
influence on the current flow. 
       In the neutral region near the n edge of depletion layer, we can start from the 
continuity equation for the minority carriers for the steady-state condition: 

                                              (3.9) 

where U is the net recombination rate: 
!!
Dp
d2pn
dx2

− µpE
dpn
dx

− µppn
dE
dx

=U
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                                                          (3.10) 

 
Since the voltage drops only in the depletion region, there is no electric field in the 
neutral region. Equation 3.9 can be simplified as: 

!!

d2pn
dx2

−
pn − pn0
Dpτ p

=0                                                         (3.11) 

        Solving this equation with the boundary conditions of Equation 3.7 and 
pn(x=∞)=pn0 yields: 

 !!pn(x)− pn0 = pn0(e
qV
kT −1)⋅e

−
x−Wd
Lp                                             (3.12) 

where Lp is the diffusion length of holes, which has a definition of: 

!
LP = Dpτ p                                                               (3.13) 

At x=Wd, the diffusion current of holes is: 

!!
Jdiff _h = −qDp

dp
dx

=
qDp
Lp

pn0(e
qV
kT −1)                                          (3.14) 

       Using the same derivation method in the neutral region near the p edge of the 
depletion layer, we can obtain the diffusion current for electrons is: 

!!
Jdiff _e = −qDn

dn
dx

=
qDn
Ln
np0(e

qV
kT −1)                                          (3.15) 

where Ln is the diffusion length of electrons which can be written as: 

!
Ln = Dnτ n                                                               (3.16) 

Since there is very small electric field in the neutral regions and the concentration of 
minority carriers is small, drift current is negligible. The total current is the sum of the 
minority carrier diffusion currents: 

!!
J = (

qDp
Lp

pn0 +
qDn
Ln
np0)(e

qV
kT −1)= J0(e

qV
kT −1)                                (3.17) 

where 
  !!
J0 =

qDp
Lp

pn0 +
qDn
Ln
np0 =

qDp
Lp

ni
2
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+ +

qDn
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− = q
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q

µp

τ p
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kT
q
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τ n
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2
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−

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟    (3.18) 

The incomplete ionization of 4H-SiC is considered in Equation 3.18 when calculating the 
excess minority carrier concentrations. Equation 3.17 is the ultimate equation for the 

!!
U =

Δpn
τ p

=
pn − pn0
τ p
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ideal diode model or low-level injection model for 4H-SiC p-n diodes. It has an ideality 
factor of 1 in the exponential dependence of qV/kT.  

The ideal diode model is valid at a certain range of voltage bias. However, it did not 
take into account many factors in the real p-n diode, such as the generation-
recombination in the depletion region, the high-level injection effect, and the parasitic 
resistance. 

 

3.3 Shockley-Read-Hall Recombination in 4H-SiC p-n 

Diode 

The Shockley-Read-Hall (SRH) recombination is a type of mid-gap trap assisted 
recombination [67, 68]. The SRH recombination in the depletion region is essential for 
p-n diode made of indirect bandgap semiconductors. For direct bandgap materials, at very 
low bias, the band-to-band recombination is strong enough such that recombination 
through the mid-gap traps is negligible. However, for indirect bandgap materials such as 
silicon and silicon carbide, the mid-gap trap recombination is the main contributor for 
current at very low bias.  

The net SRH recombination rate of electron-hole pairs for a single trap level can be 
described by Shockley-Read-Hall statistics as below [63]: 

  

!!

U =
σ nσ pυthNt(pn−ni2)

σ n n+ni ×exp
Et −Ei
kT

⎛

⎝⎜
⎞

⎠⎟
⎛

⎝
⎜

⎞

⎠
⎟ +σ p p+ni ×exp

Ei −Et
kT

⎛

⎝⎜
⎞

⎠⎟
⎛

⎝
⎜

⎞

⎠
⎟

                      (3.19) 

where Et is the single trap energy level; Nt is the trap density; σp and σn are the capture 
cross sections of holes and electrons, respectively; and υth is the thermal velocity. 
        The probability of the SRH recombination is highest when Et=Ei, and the 
recombination rate drops exponentially as the absolute value of Et-Ei increases. 
Therefore, only the trap levels around Ei are effective recombination centers.  
         By considering Et=Ei and the hole and electron capture cross sections are the same 
as σp=σn=σ, the SRH recombination rate becomes: 

!!
U =

σvthNt(pn−ni2)
n+ p+2ni

                                                       (3.20) 

Define the recombination lifetime as: 

!!
τ r =

1
σvthNt

                                                              (3.21) 
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Then the SRH recombination rate can be written as: 

!!
U =

pn−ni
2

τ r(n+ p+2ni )
                                                          (3.22) 

where                               
!!
pn−ni

2 = ni
2 exp qV

kT
⎛
⎝⎜

⎞
⎠⎟
−1⎛

⎝⎜
⎞

⎠⎟
                                                (3.23) 

!!
n= ni ×exp

EFn −Ei
kT

⎛

⎝⎜
⎞

⎠⎟
                                                      (3.24) 

!!
p= ni ×exp

Ei −EFp
kT

⎛

⎝
⎜

⎞

⎠
⎟                                                       (3.25) 

The SRH recombination rate becomes: 

!!

U = 1
τ r

×
ni
2 exp qV

kT
⎛
⎝⎜

⎞
⎠⎟
−1⎛

⎝⎜
⎞

⎠⎟

ni ×exp
EFn −Ei
kT

⎛

⎝⎜
⎞

⎠⎟
+ni ×exp

Ei −EFp
kT

⎛

⎝
⎜

⎞

⎠
⎟ +2ni

⎛

⎝
⎜

⎞

⎠
⎟

                        (3.26) 

        In the depletion region, the highest SRH recombination rate happens when Ei is half 
way between EFp and EFn, and  

!!
EFn −Ei = Ei −EFp =

qV
2

                                           (3.27) 

The SRH recombination rate becomes: 

!!

U = 1
τ r

×
ni
2 exp qV

kT
⎛
⎝⎜

⎞
⎠⎟
−1⎛

⎝⎜
⎞

⎠⎟

2ni exp
qV
2kT

⎛
⎝⎜

⎞
⎠⎟
+1⎛

⎝⎜
⎞

⎠⎟

=
ni
2τ r

× exp qV
2kT

⎛
⎝⎜

⎞
⎠⎟
−1⎛

⎝⎜
⎞

⎠⎟
                        (3.28) 

        The recombination current flow is calculated as: 

!!
Jr = qUdx

0

Wdep∫ ≈qUWdep =
qniWdep

2τ r
× exp qV

2kT
⎛
⎝⎜

⎞
⎠⎟
−1⎛

⎝⎜
⎞

⎠⎟
                      (3.29) 

where Wdep is the depletion width, which has an expression of: 

  
Wdep =

2ε(Na
− + Na

− )(Vbi −V )
qNa

−Na
−                                                 (3.30) 

This is the ultimate expression for the SRH recombination current for the p-n 
junction. Equation 3.29 shows that it has an ideality factor of 2 in the exponential 
dependence of qV/kT. The SRH recombination current is the dominant current for 
4H-SiC p-n diode under very low forward voltage bias. 
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Under low reverse voltage bias, generation dominates. The Shockley-Read-Hall 
statistics as in Equation 3.19 with the assumptions of p << ni and n << ni: 

!!

G =
σ nσ pυthNtni

σ nexp
Et −Ei
kT

⎛

⎝⎜
⎞

⎠⎟
+σ pexp

Ei −Et
kT

⎛

⎝⎜
⎞

⎠⎟

=
ni
τ g

                                 (3.31) 

where G is the generation rate of electron-hole pairs, and τg is the generation lifetime. The 
generation current is: 

!!
Jg = qGdx

0

Wdep∫ ≈qGWdep =
qniWdep

τ g
                                      (3.32) 

Depletion width has the same expression as in Equation 3.30, but the bias voltage V is 
negative here. 

The most common mid-gap traps for 4H-SiC are the Z-defects [69]. Sometimes, 
there is not just one defect level in 4H-SiC [70]; in this case, the single-trap-level SRH 
generation-recombination model is not sufficient, and more complex models such as the 
coupled defect-level recombination model [71] is needed. 
 

3.4 High-Level Injection Effect of 4H-SiC p-n Diode 

In section 3.2, we discussed the low-level injection case for p-n diodes, and np<<Na
-, 

pn<<Nd
+ are assumed. Since the excess minority carrier concentration is still much 

smaller than the doping concentration, we did not consider the change of majority carrier 
concentration and there is an implied assumption of pp=Na

- and nn=Nd
+, where pp and nn 

are the majority carrier concentrations in the p and n regions, respectively. 
However, for the high-level injection case, the excess minority carrier concentration 

is much larger than the doping concentration [65, 66]. In this scenario the majority carrier 
concentration is not the same as the doping concentration any more. Instead, we need to 
consider the electron-hole pair generation. Taking the p side as an example, every excess 
electron corresponds to an excess hole, and: 

!
Δpp = Δnp                                                                 (3.33) 

For an applied forward voltage of V, on the p edge of depletion region, we have the 
following relationship for both low-level and high-level injection: 

!!
ppnp = (pp0 +Δpp)(np0 +Δnp)= ni2exp(

qV
kT
)                              (3.34) 

Combined with Equation 3.33 and pp0 =Na >> np0, Equation 3.34 can be written as: 
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!!
Δnp

2 +NaΔnp −ni
2 exp qV

kT
⎛
⎝⎜

⎞
⎠⎟
−1⎛

⎝⎜
⎞

⎠⎟
=0                                    (3.35) 

It is a quadratic equation with Δnp as the unknown, and the positive solution is: 

		
Δnp =

1
2 4ni2 exp qV

kT
⎛
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⎠⎟
−1⎛

⎝⎜
⎞

⎠⎟
+(Na
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⎝
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⎠
⎟
⎟

                             (3.36) 

The diffusion current of electrons under forward bias is: 

		
Jn = qDn

dn
dx

= qDn
Δnp
Ln

=
qDn
2Ln

4ni2 exp qV
kT

⎛
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⎟
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             (3.37) 

         Similarly, the diffusion current of holes under forward bias is: 

		
Jp = qDp

dp
dx

= qDp
Δpn
Lp

=
qDp
2Lp

4ni2 exp qV
kT

⎛
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⎠
⎟
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             (3.38) 

The total current is dominated by diffusion current, which is the sum of the electron 
and hole diffusion current: 

		
J =

qDn
2Ln

4ni2 exp qV
kT
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(3.39)

 Equation 3.39 can be rewritten as below: 
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(3.40) 

For low-level injection assumption,  

		 
pn0 exp qV

kT
⎛
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⎞
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−1⎛
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(3.41)    

Using Taylor expansion for (1+x)1/2, Equation 3.40 becomes: 

!!
J =

qDnpn0
Ln

exp qV
kT

⎛
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⎞
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(3.42) 
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which is the same result as Equation 3.17 for low-level injection condition. 
         For high-level injection condition: 
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kT
⎛
⎝⎜

⎞
⎠⎟
−1⎛

⎝⎜
⎞

⎠⎟
,np0 exp qV

kT
⎛
⎝⎜

⎞
⎠⎟
−1⎛

⎝⎜
⎞

⎠⎟
≫
Na

−

4 ,Nd
+

4

                        

(3.43)    

Equation 3.40 becomes: 
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(3.44) 

where                                                
!!
Jh0 =

qDnni
Ln

+
qDpni
Lp

                                            

(3.45) 

Equation 3.44 is the final expression for the current of p-n junction under the 
high-level injection condition. It has an ideality factor of 2 in the exponential dependence 
of qV/kT. The high-level injection effect is not necessarily shown in a real p-n diode 
depending on the parasitic resistance and other conditions.  

 

3.5 Resistance-Limited Operating Region of 4H-SiC p-n 

Diode 

In the low-level injection region of operation, the depletion region is fully depleted, 
and it has very large resistance. The voltage drop is primarily across the depletion region, 
and I-V curve is exponential. As the forward bias increases, current goes up and the 
excess carriers increase as well. The depletion width decreases and the depletion 
approximation is not applicable any more. The effective resistance of the depletion region 
decreases rapidly. A significant portion of the voltage drops across the p and n 
quasi-neutral regions. Usually, when the excess carrier concentration is comparable with 
the majority doping concentration, we start to observe partial series-resistance influence, 
namely there are voltage drops across the quasi-neutral regions.  
        When the p-n diode is turned on, the I-V curve will exhibit resistance behavior with 
a turn-on voltage shift. The main components of the on-resistance of the p-n diode are the 
resistance from the series semiconductor parts and the contact resistance. For the series 
semiconductor regions, we can use ohm’s law to calculate the resistance of each part, 
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since the geometry, the doping type and the doping concentration for each part are 
known. The contact resistance can be extracted from experimental data, which we will 
discuss more in the later chapter.  
        At certain temperature, the on-resistance should be fixed, and the I-V relationship in 
the resistance-limited operating region after the p-n diode is turned on can be written as: 

!
I =

V −Vth
Ron

                                                            

(3.46) 

where Vth is the turn-on voltage of the p-n diode and Ron is the on-resistance of the p-n 
diode. The model of p-n diode in the resistance-limited operating region can be 
considered as an ideal p-n diode in series with the on-resistance. 
         For the same structure and conditions, a 4H-SiC p-n diode generally has both a 
higher turn-on voltage and a larger on-resistance than a silicon one. 
 

3.6 Breakdown Mechanisms of 4H-SiC p-n Diode 

In the previous sections in this chapter, we mainly discussed the forward bias cases. 
In section 3.3, we discussed the SRH generation at low reverse bias. The current is very 
low comparing to the forward bias case, and the p-n diode is considered at the off state. 
However, when the reverse bias rises, there are other components showing up in the 
reverse current, and they increase rapidly with high reverse bias, which causes 
breakdown of the p-n diodes. Since we work on low-power applications, we will give 
qualitative introduction of the breakdown mechanisms. The main breakdown mechanisms 
for p-n diodes are zener breakdown and avalanche breakdown [72].  
        Zener breakdown is caused by the tunneling effect. The band diagrams of the p-n 
diode under different reverse biases are depicted in Figure 3.3. The large reverse bias 
leads to a considerable potential difference of the p and n regions. In the depletion region, 
since the vertical distance of Ec and Ev is fixed as Eg, when reverse bias increases, the 
lateral distance between conduction band and valence band decreases. The generated 
holes and electrons in the depletion region can tunnel through the bandgap in the lateral 
direction, and travel to the quasi-neutral regions with high velocity due to the high 
electric field in the depletion region. When reverse bias increases, the lateral distance 
decreases and the electric field rises. When the lateral distance becomes very thin, the 
tunneling current will be significant and increases rapidly with reverse voltage. The p-n 
diode reaches zener breakdown point. Since zener breakdown is due to the tunneling 
effect, it is a reversible process and this breakdown mechanism is used for voltage 
stabilization applications. Zener breakdown dominates when both the p and n regions are 
highly doped. In this case, the depletion region is very thin and zener breakdown is easier 
to happen. 
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(a)                                                                                     (b) 

Figure 3.3 Band diagrams of p-n diode under different reverse biases: (a) low reverse 
bias; (b) high reverse bias. 

 

 

 
        Avalanche breakdown is also called impact ionization breakdown. When the reverse 
bias is very large, there is a very high electric field in the depletion region. When there is 
an electron-hole pair generated in the depletion region, the excess carriers will travel very 
fast with extremely high energy. These excess carriers with very high energy will hit the 
neutral lattice atoms and generate new electron-hole pairs. The generated electrons and 
holes will also gain high energy due to the extremely high electric field, and generate 
more electron-hole pairs. The electrons and holes will travel into the p and n regions due 
to the high electric field, and cause high current. The p-n diode reaches avalanche 
breakdown point.        
        Zener tunneling and impact ionization happen at the same time in a p-n diode, and 
both of them contribute to the current of the p-n diode at high reverse bias. However, for 
a specific p-n diode, whether the zener breakdown happens first or the avalanche 
breakdown happens first depends on the doping concentrations of the p and n regions and 
the structure of the p-n diode. For general cases, heavily doped p-n diodes more likely 
reach zener breakdown first, and lightly doped p-n diodes more likely reach avalanche 
breakdown first. 
        Besides these two main breakdown mechanisms, the breakdown of the dielectric 
passivation, the edge effect of the p-n diode, and the thickness of the p and n regions are 
also needed to be taken into consideration for the actual breakdown of the p-n diode. 
        For the same structure and conditions, a 4H-SiC p-n diode generally has a much 
higher breakdown voltage than a silicon one. 
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3.7 Summary and Overall Equation of 4H-SiC p-n 

Diode 

We have discussed all the six regions of the I-V relationship of the 4H-SiC p-n 
diode: ideal diode, SRH recombination, high-level injection, resistance-limited operating, 
reverse bias, and breakdown regions. Since we focus on the low-power high-temperature 
applications, we do not include the breakdown region in the overall equation of the 
4H-SiC p-n diode. Also as the high-level injection region is not necessarily shown in a 
real p-n diode, we do not include it in the overall expression of the 4H-SiC p-n diode. 

Considering the total voltage applied on the p-n diode is the sum of the voltage over 
the p-n junction and the voltage on the series resistance, we should substitute V in the 
previous equations with V-I�R, where R=Ron. The overall expression of the 4H-SiC p-n 
diode, which includes the ideal diode region, the SRH recombination, the resistance-
limited operating region and the low reverse bias region, are as below: 
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(3.47) 
where A is the area of the p-n junction. In the depletion region of the 4H-SiC p-n diode 
device, generation-recombination, drift and diffusion processes occur at the same time, 
while in 4H-SiC p-n diode, the SRH generation-recombination process dominates in the 
low reverse voltage range and the low forward voltage range. When the forward bias 
increases, the depletion width decreases, the SRH recombination current is negligible and 
diffusion current dominates. When the forward bias further increases and the 4H-SiC p-n 
diode is turned on, the series resistance limits current flow. 
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Chapter 4 

Simulation, Fabrication and 
Characterization of 4H-SiC p-n Diode 
 

4.1 Introduction 

       In chapters 2 and 3, the material properties of the 4H-SiC and the working principle 
of the 4H-SiC p-n diodes are introduced in details. Based on these prerequisites, 
systematic study of the 4H-SiC p-n diode is performed in this chapter, including the 
structure design, simulation, fabrication and characterization. The structure design of the 
4H-SiC p-n diode is based on the requirements of the harsh environment low-power 
applications. Models of the 4H-SiC p-n diode are built and simulated with Matlab and 
TCAD Sentaurus to predict the behaviors of the diode from room temperature to high 
temperature. Even if fabrication processes are developed for the single 4H-SiC p-n diode, 
they are potentially compatible for planar integration. The fabricated 4H-SiC p-n diodes 
are characterized from room temperature to 600oC, and the testing results agree well with 
the simulations. 
 

4.2 Structure Design of 4H-SiC p-n Diode 

        The structure design of the 4H-SiC p-n diode is based on the application 
requirements. Since the application environment is for low power harsh environment, the 
design will be different from the high power diode applications [73]. 4H-SiC has the 
advantages for the high power applications because of its high electric field strength and 
high thermal conductivity. 4H-SiC power diodes usually have low doping concentrations 
and thick p and n regions. Since the p and n regions of power diodes are very thick, their 
electrodes are deposited on both front and back sides. However, for the low power 
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applications, it is not necessary to make the p and n regions very thick to bear the high 
voltage. Furthermore, thin p and n regions can allow both the anode and cathode on the 
front side of the chip for planar integration of the 4H-SiC devices. The doping 
concentrations of p-n diodes for low power applications are higher than the 4H-SiC 
power diodes to maintain thin p and p regions. An n+ layer is added under the n region for 
better metal contact and lower parasitic resistance. 
        Based on the design considerations described above, the starting wafer of the 
4H-SiC p-n diode is a single crystal 4H-SiC wafer with four 4H-SiC epitaxial layers on 
top of it, as shown in Figure 4.1. The first epitaxial layer is a 0.5 µm p+ layer with an 
aluminum dopant concentration of 6×1018 cm-3. The second epitaxial layer is a 1 µm n-
type layer with a nitrogen dopant concentration of 1×1017 cm-3.  These two layers form 
the p-n junction for the 4H-SiC p-n diode. The third epitaxial layer is a 1 µm n+ layer 
with a nitrogen dopant concentration of 3×1019 cm-3, which is used for a better ohmic 
contact with metal. The fourth epitaxial layer is a 3 µm p- layer with an aluminum dopant 
concentration of 1×1015 cm-3, which forms another p-n junction for device isolating 
purpose. The doping of the p-n junction forms a depletion layer in the n region with the 
depletion width of: 

!!
Wdep ≈

2ε(Vbi −V )
qNd

                                                    (4.1) 

The depletion width is 0.17 µm under zero bias, 0.49 µm under a bias of -20V and 
0.75 µm under a bias of -50V. For the low voltage applications, a thickness of 1 µm for 
the n-type layer 4H-SiC should be sufficient.  

 

Figure 4.1  Starting wafer of the 4H-SiC p-n diode. 

 
         The top view and the cross-sectional view of the 4H-SiC p-n diode are shown in 
Figure 4.2. The junction has circular shape to avoid the corner effect i.e. the higher 
electric field near the rectangular corners. Three diameters of the p-n junction are chosen, 
which are 100	µm,	200	µm	and	500	µm.	Each p-n diode is isolated by the p--n+ junction 
at the bottom. Silicon dioxide is used as the passivation layer for the devices and circuits, 
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and the thickness of the oxide layer is around 1	µm. N-type metal and p-type metal stacks 
are placed on the openings of the passivation for the contact purpose.  

 

(a) 

 

(b) 

Figure 4.2  (a) Top view schematic of the 4H-SiC p-n diode; (b) cross-sectional view 
schematic of the 4H-SiC p-n diode along the red line in (a). 

 

4.3 Simulation of 4H-SiC p-n Diode 

        Simulation of the 4H-SiC p-n diode is conducted to predict the performance of the 
device from room to high temperature. Two types of models are built and simulated for 
the 4H-SiC p-n diode with Matlab and TCAD Sentaurus, respectively. Thermal model of 
the 4H-SiC p-n diode on a single chip is built in COMSOL Multiphysics to predict the 
self-heating effect. 
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4.3.1 Matlab Simulation of 4H-SiC p-n Diode 

       The temperature and doping-concentration dependences of the electrical properties of 
the 4H-SiC material were discussed in chapter 2, and the I-V relationship of the 4H-SiC 
p-n diode was introduced in chapter 3. In this section, a model of the 4H-SiC p-n diode is 
built in Matlab based on Equation 3.47. The circular junction diameter of 200 µm is used 
in the model. The temperature and doping-concentration dependences of the energy 
bandgap, the intrinsic carrier concentration, the carrier mobilities, and the degrees of 
ionization are considered. For the on-resistance of the 4H-SiC p-n diode, the resistances 
of the series 4H-SiC semiconductor parts and the contact resistances of the p and n metal 
contacts are included.  
       The Matlab simulated current-voltage plots of 4H-SiC p-n diode from room 
temperature to 600°C are shown in Figure 4.3. The turn-on voltage of the 4H-SiC p-n 
diode in this model is defined as the forward voltage at which the current reaches 10-5 A. 
The turn-on voltage changes from 2.7 V to 1.5 V as the temperature increases from 17°C 
to 600°C with the average shifting rate of 2.06 mV/oC. The on-resistance of the 4H-SiC 
p-n diode varies from 1.85 kΩ to 0.48 kΩ as the temperature increases from 17°C to 
600°C with the average changing rate of 2.35 Ω/oC.   
 
 

 
Figure 4.3  The Matlab simulated current-voltage plots of 4H-SiC p-n diode from room 
temperature to 600°C. 
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         4H-SiC p-n diodes with different doping concentrations have been simulated in the 
Matlab model. The turn-on voltage of the 4H-SiC p-n diode versus temperature with 
different doping concentrations of the p and n regions is shown in Figure 4.4(a), and the 
rate of variation of the turn-on voltage for the 4H-SiC p-n diode versus temperature with  
 

 
(a) 

 
(b) 

Figure 4.4 (a) The turn-on voltage of the 4H-SiC p-n diode versus temperature under 
different doping concentrations in the p and n regions; (b) the rate of variation of the 
turn-on voltage for the 4H-SiC p-n diode versus temperature with different doping 
concentrations in the p and n regions. 
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different doping concentrations of the p and n regions is shown in Figure 4.4(b). When 
doping concentrations are low, the turn-on voltage is low over the whole temperature 
range. The rates of variation of the turn-on voltage are generally high when the doping 
concentrations are low. We can choose proper doping concentrations for different 
application purposes with this calculation result as a reference.  

 

4.3.2 TCAD Simulation of 4H-SiC p-n Diode 

        TCAD Sentaurus model of the 4H-SiC p-n diode has been built to study the device 
performance. Two-dimensional device simulation is performed. The junction width used 
in the simulation is 100 µm, and the thickness of each layer is the same as those in 
Figures 4.1 and 4.2, as well as the doping types and concentrations. The 4H-SiC substrate 
is not taken into account since it doesn’t affect the device performance much. Passivation 
layer is neglected and metal is only placed on the contact areas.  
        The TCAD model of the 4H-SiC p-n diode is shown in Figure 4.5. The structure is 
formed by fabrication process simulation, including 4H-SiC epitaxial layer deposition, 
4H-SiC etching with a mask, metal deposition, metal patterning, and contact definition. 
The doping legend is negative for p type doping and positive for n type doping. The two 
dark red lines in the figure show the two p-n junctions in the structure: one is for p-n  

 

Figure 4.5 The TCAD model of the 4H-SiC p-n diode; length unit for X and Y is 
micrometer. 
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(a) 

 
(b) 

Figure 4.6 TCAD simulated I-V curves for the 4H-SiC p-n diode from 17 to 600oC: (a) 
linear scale; (b) semi-log scale. 
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diode between the blue and yellow bars, and the other is for device isolation between the 
red and cyan bars. The pink line on the blue bar is defined as the p contact, and the pink 
lines on the red bar are grouped and defined as the n contact. The Z-direction length is 
defined as 314 µm so that the total p-n junction area is the same as a 200-µm-diameter 
circular p-n junction. 
       In the physical model, Fermi distribution, generation-recombination, and tunneling 
models are chosen. The temperature and doping-concentration dependences of the 
bandgap narrowing, carrier mobilities, incomplete ionization, recombination lifetime are 
considered. Poisson’s equation is solved in the model. The voltage on the n contact is set 
as constant zero, and the voltage bias on the p contact is swept from 0 to 5 V.  
        Figure 4.6 shows the TCAD simulated I-V curves of 4H-SiC p-n diode from room 
temperature to 600oC. Figure 4.6(a) is the linear I-V plots. The turn-on voltage of the 
4H-SiC p-n diode in this model is defined as the forward voltage at which the current 
reaches 10-3 A. When temperature increases from 17 to 600oC, the turn-on voltage of the 
4H-SiC p-n diode shifts from 2.63 V to 1.45 V with a shifting rate of 2.02 mV/oC. 
Figure 4.6(b) is the semi-log I-V plots. In the low current region, recombination current 
dominates which exhibits an ideality factor around 2. The following region is the ideal 
diode region, which has an ideality factor around 1. 
 

4.3.3 Thermal Effect Simulation of 4H-SiC p-n Diode 

  

        The electronic devices on the chip will generate Joule heat while in operation. This 
will affect the performance of the devices on the chip [74, 75]. For temperature sensor, it 
will make the sensed temperature different from the real environmental temperature. For 
other temperature sensitive sensors, the temperature change will make the sensors 
inaccurate. Also, if the self-heating effect is significant, the device may overshoot the 
maximum operating temperature to cause damages to the device even if the 
environmental temperature is still in the safe range.  
        Thermal effect of the 4H-SiC p-n diode has been simulated in COMSOL 
Multiphysics based on the Joule heating model. Circular symmetry is used to simulate a 
circular junction on a one-centimeter die. The same doping types and doping distributions 
as in Figure 4.1, and the same structure as in Figure 4.2 with a junction diameter of 
500 µm are used. Contact resistances are included in the model as well. For the heat 
transfer, heat conduction inside the die and heat convection with air are considered.  
        Figure 4.7 shows the temperature distribution of the 4H-SiC chip with a 4H-SiC p-n 
diode in the center at 600oC environment. The highest temperature is at the top center of 
the chip and it is at 603.9oC (876.9K). Figure 4.8 shows the temperature of the center of 
the 4H-SiC p-n junction under different voltage biases and at different environmental 
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temperatures. It is observed that the temperature change is around 4oC under a 500 V bias 
and around 0.3oC under a 100 V bias at different environmental temperatures. Since our 
application is for low power, the self-heating effect can be negligible. In reality, there 
may be local self-heating spots at material defects and the temperature may be much 
higher than that at the local self-heating spots. 

 

 
(a) 

 
(b) 

Figure 4.7 The temperature distribution of the 4H-SiC chip with a 4H-SiC p-n diode in 
the center under a bias of 500 V bias in the 600oC environment: (a) 3D view; (b) 2D view 
in the radius cross-section. 
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Figure 4.8 Temperature rises at the center of the 4H-SiC p-n junction under different bias 
voltages and at different environmental temperatures. 
 
 

4.4 Fabrication Process of 4H-SiC p-n Diodes 

        The starting wafer is a 3-inch 4H-SiC single crystal wafer with four epitaxial layers 
grown on top as shown in Figure 4.1. Figure 4.2(a) lists the masks for the fabrication 
process in the following order: the bottom contact exposing mask, the device isolation 
mask, the passivation patterning mask, the n-type metal mask, and the p-type metal mask. 
        The fabrication process of the 4H-SiC p-n diode is depicted in Figure 4.9. The two 
columns of each sub-item in Figure 4.9 represent the cross-section after each fabrication 
step and the top view of the layout design of the 4H-SiC p-n diode, respectively. The 
fabrication process begins with the 4H-SiC starting wafer with four epitaxial layers. The 
first step is a transformer coupled plasma (TCP) 4H-SiC etching step with silicon oxide 
as a hard mask to expose the n+ contact layer. This step also defines the p-n junction of 
the 4H-SiC diode. The second step involves another TCP 4H-SiC etching step to isolate 
single diodes. The third step is plasma enhanced chemical vapor deposition (PECVD) of 
silicon oxide which is employed as a passivation layer. The fourth step is sputtering 
n-type metal contact which is Ni/Ti and the contact pattern is defined by a lift-off process. 
A rapid thermal annealing (RTA) step at 900oC in Argon is followed to form ohmic 
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contacts. The fifth step is sputtering and lift-off patterning p-type metal contact which is 
Al/Ti/Ni. A RTA step at 800oC in Argon is followed to form ohmic contacts [76].  

 

Figure 4.9  (a) Starting wafer: single crystal 4H-SiC wafer with four epitaxial layers; (b) 
first SiC etching to expose the n+ contact layer; (c) second SiC etching to isolate single 
diode; (d) oxide passivation deposition and patterning; (e) n-type metal lift-off and 
annealing; (f) p-type metal lift-off and annealing. 
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4.5 4H-SiC p-n Diode Characterization from Room 

Temperature to 600oC 
 

4.5.1 Fabricated 4H-SiC p-n Diode and High Temperature 
Testing Platform  

       The scanning electron microscopy (SEM) image of the fabricated 4H-SiC p-n diode 
is presented in Figure 4.10. This diode has a circular junction with 200 µm diameter. The 
square metal pad is connected to p-type electrode of the 4H-SiC p-n diode and the 
circular metal pad is connected to n-type electrode of the diode.  
 

	
Figure 4.10 The SEM image of the fabricated 4H-SiC p-n diode with a 200 µm diameter 
circular junction. 
 
 
 
        The SEM image for the enlarged oblique view of the 4H-SiC p-n diode is shown in 
Figure 4.11. The metal step coverage of the 4H-SiC p-n diode is shown to be good. This 
will provide potential good metal interconnection for the future planar integration of 
circuitry.  

The 4H-SiC p-n diodes are characterized with a high temperature probe station as 
shown in Figure 4.12. The high temperature probe station consists of eight probe arms, a 
ceramic hot chuck, a microscope, a thermal heater, and a water cooler. The probe arms, 
the ceramic hot chuck and the microscope are placed in a black box on a vibration 
isolation table. The hot chuck can be stably heated up to 600oC within ±1oC variation.  
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Figure 4.11  The SEM image for the enlarged oblique view of the 4H-SiC p-n diode. 
 

 

 

Figure 4.12   The high temperature probe station including hot chuck, thermal heater, and 
water cooler. 

Thermal	
heater	

Water		
cooler	

Hot	chuck	
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The system has low thermal current noise, which is in pico-amperes at room temperature 
and in nano-amperes at 600oC. An Agilent B2912A precision source measurement unit is 
employed to test the current-voltage curve. The fabricated chip was placed on the hot 
chuck. Two probes were placed in contact with the p-type and n-type electrodes of the 
p-n diode and then connected to the source measurement unit. I-V curves were measured 
at different temperatures from room temperature to 600oC. 

 

4.5.2 Characterization of the Metal Contacts for the 4H-SiC   
p-n Diode  
 

         As proper functionality of the metal contacts is the prerequisite for the proper 
functionality of the 4H-SiC p-n diode, the metal contacts of the 4H-SiC p-n diode are 
tested before the characterization of the diode. 
         Figure 4.13 shows metal contacts with the n+ 4H-SiC and the p-type 4H-SiC before 
and after RTA steps, respectively. We can see before the RTA steps, the metal contacts 
for both n+ and p-type 4H-SiC exhibit Schottky contact behavior. After the RTA steps, 
the metal contacts for both n+ and p-type 4H-SiC demonstrate ohmic behavior. 
Meanwhile, the current at the same voltage is much higher after the RTA step for both n+ 
and p-type 4H-SiC. 
 

 
(a) 
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(b) 

Figure 4.13 Metal contacts before and after RTA: (a) with the n+ 4H-SiC; (b) with the 
p-type 4H-SiC. 

 

 
  

   

               
                 (a)                                                                (b) 

Figure 4.14 The testing setup and the analysis method of the TLM structure. 
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(a) 

 
(b) 

Figure 4.15  The tested specific contact resistances for the metal contacts with p-type and 
n-type 4H-SiC at different temperature. 

 

 
        Further study on the metal contacts is conducted with the transmission line 
measurement (TLM) structure [77]. The testing setup and the analysis method of the 
TLM structure are shown in Figure 4.14. Square metal pads are deposited on a 4H-SiC 
semiconductor bar, and the distance between the metal pads decreases from top to bottom 
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as shown in Figure 4.14(a). Resistances between the pads are measured. In Figure 4.14(b), 
l represents the distance between the metal pads and R denotes the measured resistances 
between the pads. The relationship between l and R is plotted in Figure 4.14 (b) and a line 
is used to fit the relationship. The cross point of the fitting line and the vertical axis is 2Rc, 
where Rc is the contact resistance for each metal pad. The specific contact resistance 
(SCR) of the metal pad is calculated by the following equation: 

!SCR = Rc ⋅A                                                         (4.2) 

where A is the area of the metal pad. 
       The tested specific contact resistances for the metal contacts with p-type and n-type 
4H-SiC at different temperature are shown in Figure 4.15. We can see the specific contact 
resistance of the metal contact for p-type 4H-SiC changes from 2.4×10-2 ohm�cm2 to 
8×10-3 ohm�cm2 when temperature increases from 17oC to 600oC. The specific contact 
resistance of the metal contact for n-type 4H-SiC changes from 7.5×10-3 ohm�cm2 to 
1.3×10-3 ohm�cm2 when temperature increases from 17oC to 600oC. The specific contact 
resistances for the metal contacts with both p-type and n-type 4H-SiC decreases when 
temperature increases. The specific contact resistances are affected by the work functions 
of the metal alloys and the fabrication conditions. These contact resistances are good 
enough to form functional electronic devices and circuits for sensing applications. 

 

4.5.3 Current-Voltage Measurements of 4H-SiC p-n Diode 
from Room Temperature to 600 oC  
 

Figure 4.16 shows the measured current-voltage characteristics of the 4H-SiC p-n 
diode from room temperature to 600oC. The I-V curve shifts from right to left in 
Figure 4.16 when the temperature increases. The turn-on voltage of the fabricated 4H-SiC 
p-n diode decreases from 2.6 V to 1.3 V when temperature increases from room 
temperature to 600oC, with a shifting rate of 2.2 mV/oC. The on-resistance of the 4H-SiC 
p-n diode varies from 2.1 kΩ to 0.5 kΩ as the temperature increases from 17°C to 600°C 
with the average changing rate of 2.7 Ω/°C. This is in good agreement with the 
simulation results in Figures 4.3 and 4.6.  
        Figure 4.17 shows the measured current-voltage curves of the 4H-SiC p-n diode 
from room temperature to 600oC in a semi-log plot. In this figure, we are able to see the 
different operating regions of the 4H-SiC p-n diode. In the low bias voltage range of each 
I-V curve, the ideality factor is approximately 2, which corresponds to the SRH 
recombination region of the 4H-SiC p-n diode. The slope becomes smaller as temperature 
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increases due to the q/2kT factor in Equation 3.29. The shift of the curve with 
temperature is very uniform in this range. 

 

Figure 4.16  The testing results of 4H-SiC p-n diode from room temperature to 600oC.  

 

 

Figure 4.17  The testing results of 4H-SiC p-n diode from room temperature to 600oC in a 
semi-log plot.  
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As voltage increases, the I-V curves shift to the ideal diode region and the ideality 
factor is approximately 1. The curves under higher temperature operations have better 
fitting in this range because the series resistance is smaller and has smaller influence on 
the curve.  
       When the voltage bias is larger than the turn-on voltage, the slope becomes much 
smaller than the one in the previous regions and series resistance limits the current flow. 
The reciprocal of the slope of the linear I-V curve in the resistance-limited operating 
region defines the on-resistance of the 4H-SiC p-n diode. 

 
(a) 

 
(b) 

Figure 4.18  Comparison of the Matlab simulation and testing results of the 4H-SiC p-n 
diode from room temperature to 600oC: (a) comparison of turn-on voltage; (b) 
comparison of the on-resistance.  
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Figure 4.18 compares the Matlab simulated and experimental results of the 4H-SiC 
p-n diode from room temperature to 600oC. Figure 4.18(a) is the comparison of turn-on 
voltage and Figure 4.18(b) is the comparison of the on-resistance. The experimental 
results are in good agreement with the simulation results with small deviations. The 
difference could come from the defects of the 4H-SiC material and the fabrication 
processes. 
 

4.5.4 Frequency Response of 4H-SiC p-n Diode  
 
 
The frequency response of the 4H-SiC p-n diode has been tested at room 

temperature to estimate the highest operating frequency of the diode. Since the main 
application of diode is for on-off switch, we will test the on-off switching ability of the 
4H-SiC p-n diode at different frequencies and figure out the cut-off frequency and the 
bandwidth of the 4H-SiC p-n diode. 

The testing platform for the diode frequency response is shown in Figure 4.19. The 
input voltage is a DC voltage plus a small AC voltage as below: 

!!Vin =Vth + vac _ in ⋅sin(2π ft)                                                     (4.3) 

where the DC voltage Vth is the turn-on voltage of the 4H-SiC p-n diode; vac_in is the peak 
voltage of the small AC voltage; f is the frequency of the AC voltage. 
       A small resistance R is put in series with the 4H-SiC p-n diode to monitor the AC 
current in the circuit. The signals at Vout1 and Vout2 in Figure 4.15 will be in the forms of: 

!!Vout1 =Vdc1 + vac1 ⋅sin(2π ft)                                                     (4.4) 

 
 

 

Figure 4.19 Testing platform for frequency response of 4H-SiC p-n diode. 
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!!Vout2 =Vdc2 + vac2 ⋅sin(2π ft)                                                     (4.5) 

where Vdc1 and Vdc2 are the DC signals at Vout1 and Vout2 outputs, respectively, and Vac1 
and Vac2 are the peak voltages of the AC signals at Vout1 and Vout2 outputs, respectively. 
The frequency of the AC signals at Vout1 and Vout2 outputs will remain as the same as the 
input AC signal. 
        The readout impedance of the 4H-SiC p-n diode is calculated as: 

!!
Z =

vac1 − vac2
vac2

⋅R                                                              (4.6) 

At low frequency, the impedance of the 4H-SiC p-n diode will remain the same. 
However, when frequency increases, the impedance of diode will drop. The 4H-SiC p-n 
diode losses its ability to switch off and it reaches the operating cut-off frequency. 
Figure 4.20 shows the relative readout impedance of the 4H-SiC p-n diode from 10 Hz to           
5 MHz. The relative readout impedance starts to drop around 200 kHz and it shows a 3dB 
cut-off frequency of 600 kHz. The bandwidth of the 4H-SiC p-n diode is therefore 
600 kHz at room temperature.  

 

 
Figure 4.20 The tested frequency response of 4H-SiC p-n diode at room temperature. 
 



 

 
52 

 

4.6 Summary 

         In this chapter, systematic study of the 4H-SiC p-n diode was introduced including 
structure design, simulation, fabrication and characterization. The structure design of the 
4H-SiC p-n diode was based on the harsh environment low-power applications and the 
possibility for future planar integration. Matlab and TCAD Sentaurus models of the 
4H-SiC p-n diode were built and simulated to predict the behaviors of the diode from 
room to high temperature. Thermal model of the 4H-SiC p-n diode was built to study the 
self-heating effect. Fabrication process of the 4H-SiC p-n diode was developed for the 
single device and can be potentially utilized for the planar integration purpose. The metal 
contacts for the 4H-SiC p-n diode were studied and tested from room temperature to 
600oC. The fabricated 4H-SiC p-n diodes were characterized from room temperature to 
600oC, and the testing results agreed well with the simulation results. Frequency response 
of the 4H-SiC p-n diode was tested and analyzed. The study of the 4H-SiC p-n diode is 
the foundation for the harsh environment electronic / MEMS/ sensing applications that 
will be introduced in the following chapters. The demonstration of stable 600oC operation 
of the 4H-SiC p-n diode is useful for both research and industry. The industry can 
provide 4H-SiC electronics working at 225oC [78], and stable 600oC electronics will 
extend the applications of the 4H-SiC to a much larger range.  
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Chapter 5 

Planar-Integrated 4H-SiC p-n Diode 
Bridge Rectifier Circuit 
 

5.1 Introduction  
 

       Diode bridge rectifier is a fundamental circuit formed by four diodes. The function of 
diode bridge rectifier is to convert AC input to DC output voltage. Therefore, it is a 
common AC-DC converting circuit that has been widely used in daily life and industry 
[79]. In harsh environment, the diode bridge rectifier is also applicable for converting AC 
power source into DC power source for the electronic / MEMS / sensing devices and 
circuits. In this chapter, 4H-SiC material will be used instead of the conventional silicon 
material for the harsh environment applications. 
       In chapter 4, when we chose the starting wafer for the 4H-SiC p-n diodes, we 
considered the planar integration of circuitry. The same wafer is used for the 
planar-integrated 4H-SiC diode bridge rectifier circuit. Diodes are connected by metal 
interconnect to form the diode bridge rectifier circuit. The planar-integrated 4H-SiC 
diode bridge rectifier circuit is analyzed, simulated, fabricated and tested. The function of 
the planar-integrated 4H-SiC diode bridge rectifier circuit from room temperature to 
500oC is demonstrated in this chapter. 
 

5.2 Working Principle of the 4H-SiC p-n Diode Bridge 

Rectifier 
 

        The circuitry schematic of the planar-integrated 4H-SiC diode bridge rectifier is 
shown is in Figure 5.1. There are four 4H-SiC p-n diodes connected together. The left 
two ports are for the AC input, and the right two ports are for the DC output.  
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         Since this is a full-wave diode bridge rectifier, both the top and bottom input ports 
will have AC input signals but with a half-wave phase shift with respect to the common 
ground as shown in Figure 5.2 (a). In Figure 5.2(b), when the AC sine wave input of the 
top input port is at the positive half cycle of the sine wave and the AC sine wave input of  

 
Figure 5.1 Circuitry schematic of the planar-integrated 4H-SiC diode bridge rectifier. 
 
 

                 

(a)                                                                    (b)       

                

(c)                                                                      (d)       

Figure 5.2  (a) Inputs for the diode bridge rectifier circuit; (b) first half sine wave input 
case; (c) second half sine wave input case; (d) full sine wave input case. 
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the bottom input port is at the negative half cycle of the sine wave, the positive output 
port will have a positive half sine wave and the negative output port will have a negative 
half sine wave. In Figure 5.2 (c), when the top input port has the negative half sine wave 
as input and the bottom input port has the positive half sine wave as input, the output 
signals are still the same as in the case of Figure 5.2 (b). Figure 5.2 (d) shows the total 
output of the full sine wave inputs: the positive output port has continuous positive half 
sine waves as its output, and the negative output port has continuous negative half sine 
waves as its output. The 4H-SiC diode bridge rectifier circuit realizes the AC to DC 
converting operation. Here, ideal diodes are considered, but in reality, the output voltages 
will each lose a turn-on voltage of the diode instead. 
 
 

5.3 Simulation of the 4H-SiC p-n Diode Bridge Rectifier  
 
 
        The 4H-SiC p-n diode bridge rectifier has been simulated by LTSpice to predict the 
performance of the circuit. The parameters of the diode model are swept to fit the 
performance of the 4H-SiC p-n diode. The I-V plot of the SPICE simulated 4H-SiC p-n 
diode is shown in Figure 5.3 with a turn-on voltage of 2.7 V. 
 
 

 

Figure 5.3 The I-V plot of the SPICE simulated 4H-SiC p-n diode. 
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       The simulated 4H-SiC p-n diodes are then used to build a diode bridge rectifier in 
SPICE. The SPICE circuit for the 4H-SiC p-n diode bridge rectifier simulation is shown 
in Figure 5.4. A sine wave voltage source and a transformer are used to generate the sine 
wave inputs with half wave phase shift. The sine wave inputs have a peak voltage of 10 V 
and a frequency of 10 Hz. A resistance of 106 ohm is put across the two output ports as a 
load. 

 

Figure 5.4 SPICE circuit for the 4H-SiC p-n diode bridge rectifier simulation. 

 
 
         The simulation result of the 4H-SiC p-n diode bridge rectifier circuit is shown in 
Figure 5.5. Voltages at points a and c are monitored. V(a) is the input sine wave voltage, 
and V(c) is the positive half sine wave output voltage. There is a voltage loss between the 
input peak voltage and the output peak voltage, and the loss is about the same value as 
the turn-on voltage of the 4H-SiC p-n diode. We can see that the AC input voltage has 
 

 
Figure 5.5 The SPICE simulation results for the 4H-SiC p-n diode bridge rectifier. 
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been converted to a positive output voltage. If a voltage stabilizing device, such as a 
capacitor or a zener diode, is put across the output ports, we will get DC output voltages 
at the output ports. 
 
 

5.4 Layout Design and Fabrication Process  
 

								The fabrication and the layout design of the 4H-SiC p-n diode bridge rectifier are 
based on the fabrication of the single diode device but with metal interconnect to form 
the circuit. The fabrication process and the mask layout design for the planar-integrated 
4H-SiC p-n diode bridge rectifier circuit are shown in Figure 5.6. Two columns of the 
figures are the cross-sectional views at the red line after each fabrication step and the top 
view of the layout design of the planar-integrated 4H-SiC p-n diode bridge circuit, 
respectively. The starting wafer is the same as in Figure 4.1. First 4H-SiC mesa etching is 
to define the p-n juntion areas. Second 4H-SiC mesa etching is to isolate each 4H-SiC p-n 
diode. Silicon dioxide passivation layer is deposited and then patterned to expose the 
contact holes for p and n electrodes. N-type metal stack with interconnect is sputtered and 
patterned by lift-off. P-type metal stack with interconnect is sputtered and patterned by 
lift-off. The metal is then annealed to form ohmic contact with 4H-SiC material. 
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Figure 5.6  The fabrication process flow of the planar-integrated 4H-SiC p-n diode bridge 
rectifier circuit. Two columns are the cross-sectional views after each fabrication step and 
the top views of the layout design of the planar-integrated 4H-SiC p-n diode bridge 
circuit, respectively. 
 
 

5.5 Characterization of the 4H-SiC p-n Diode Bridge 

Rectifier from Room Temperature to 500oC 
 

       The fabricated planar-integrated 4H-SiC p-n diode bridge rectifier is shown in 
Figure 5.7. The two square contact pads are the input electrodes, and the two circular 
pads are the positive and negative output electrodes.  
       The fabricated planar-integrated 4H-SiC p-n diode bridge rectifiers are then tested 
with the high temperature probe station in Figure 4.10. The testing setup is shown in  
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Figure 5.7 The fabricated planar-integrated 4H-SiC p-n diode bridge rectifier. 

 

  

Figure 5.8 Testing setup for the planar-integrated 4H-SiC p-n diode bridge rectifier. 

 

Figure 5.8 and the testing results of the planar-integrated 4H-SiC p-n diode bridge 
rectifier circuit are shown in Figure 5.9. The input sine wave is generated by a function 
generator with a peak voltage of 10 V and a frequency of 10 Hz as the black curves in 
Figure 5.9. The red curves are the outputs with only the load resistance; and the blue 
curves are the DC outputs with both the load resistance and the capacitor with the 
connection shown in Figure 5.8.  
        Figure 5.10 shows the rectifier output peaks of the red curves in Figure 5.9 and the 
DC outputs of the blue lines in Figure 5.9 with increasing temperature. The rectifier 
output peak increases from 6.5 V to 7.5 V as the temperature increases from room 
temperature to 500oC. In other words, the voltage drop decreases from 3.5 V to 2.5 V in 
such a temperature range. These are larger than the turn-on voltage because of the 
parasitic load impedance from the internal and external circuits and the measurement 
equipment. The final DC output voltages changes from 5.2 V to 6.3 V as the temperature  
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(a) 17oC                                                        (b) 100oC 

     
(c) 200oC                                                        (d) 300oC 

      
(e) 400oC                                                        (f) 500oC 

Figure 5.9 The testing results of the fabricated planar-integrated 4H-SiC p-n diode bridge 
rectifier at different temperatures. The black lines are the sine wave input, the red lines 
are the outputs with load R, and the blue lines are the DC outputs with load R and 
capacitor. 
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Figure 5.10 The rectifier output peaks of the red curves in Figure 5.9 and the DC outputs 
of the blue lines in Figure 5.9 with increasing temperature. 

 
 
increases from room temperature to 500oC. The voltage conversion efficiency (VCE) of 
the rectifier is defined as: 

!!

VCE =
VDC
2
2 Vin_peak

                                                        (5.1) 

where VDC is the output DC voltage, and Vin_peak is the peak voltage of the input sine wave. 
The VCE of the planar-integrated 4H-SiC p-n diode bridge rectifier is calculated as 73.6% 
at room temperature and 89.1% at 500oC. VCE of the rectifier is expected to increase 
either when operating at higher temperature or when larger input voltage is applied. 
 

 

5.6 Summary 
 

       In this chapter, study of a planar-integrated 4H-SiC diode bridge rectifier was 
discussed, including the working principle, simulation with SPICE, fabrication process, 
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and prototype characterizations from room temperature to 500oC. The AC-DC converting 
function of the fabricated planar-integrated 4H-SiC diode bridge rectifier circuit was 
demonstrated up to 500oC and the voltage conversion efficiencies of the rectifier were 
73.6% at room temperature and 89.1% at 500oC.  
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Chapter 6 

4H-SiC p-n Diode Temperature 
Sensor 
 

6.1 Introduction  
 

       Temperature sensors are desirable in many harsh environment applications [80-82] 
as real-time temperature monitoring could allow more accurate and efficient operation of 
the systems. Ambient temperature in these applications can be up to 300oC to 600oC. 
Thus, wide bandgap materials such as SiC, GaN and diamond may be good candidates 
instead of conventional silicon material. 4H-SiC is one of the most promising materials 
for harsh environment electronics MEMS and sensing applications due to its wide 
bandgap, low intrinsic carrier concentration, high carrier mobilities, high breakdown 
electric field strength, and high thermal conductivity [30]. Temperature sensors based on 
SiC have been reported previously [83].  
       In this chapter, we demonstrate a high-performance 4H-SiC p-n diode temperature 
sensor operating in a wide temperature range from 17oC to 600oC, including the working 
principle, simulations, and characterizations.  

 

6.2 Working Principle of the 4H-SiC p-n Diode 

Temperature Sensor 
 

       The I-V relationships of the 4H-SiC p-n diode at different temperatures were 
introduced in chapter 3 and simulated in chapter 4. The I-V relationship in Equation 3.47 
shows temperature dependences. The I-V curve shifts when temperature increases as 
shown in Figures 4.3, 4.6, 4.12 and 4.13. These studies provide the possibility to use the 
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4H-SiC p-n diode as a temperature sensor. Since the 4H-SiC p-n diode has been 
demonstrated to be functional for up to 600oC, the 4H-SiC p-n diode temperature sensor 
can be utilized for extreme high temperature sensing applications. 
       Analytically, the 4H-SiC p-n diode operating in the SRH recombination region has 
an exponential current dependence of q/2kT in the current-voltage analysis. In the SRH 
recombination region, the diode has small current and most voltage bias is on the p-n 
junction. As such, the proposed temperature sensor mostly depends on the intrinsic 
properties of the 4H-SiC p-n junction. The variations from fabrication such as 
metallization, barely affects the SRH recombination region of the device, which provides 
good linear temperature sensing ability.  
      Therefore, the SRH recombination region is analyzed and its behavior is utilized as a 
temperature sensor. The I-V relationship of the 4H-SiC p-n diode in the SRH 
recombination region is: 

      
!!
I ≈

qAniWdep

2τ r
exp qV

2kT
⎛
⎝⎜

⎞
⎠⎟

                                                   (6.1) 

Then, the expression for voltage can be derived as: 

                 
!!
V = 2kT

q
ln I( )− ln qAWdep
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⎠
⎟ −

1
2ln NC0NV 0( )− 32ln T( )+ Eg

2kT
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

              (6.2) 

where NC0 and NV0 are coefficients for the effective density of state NC and NV, which 
have relationships in the following: 

                 !!NC =NC0 ⋅T
3
2                                                          (6.3) 

  !!NV =NV 0 ⋅T
3
2                                                          (6.4) 

The values of NC0 and NV0 for 4H-SiC are 3.25×1015 cm-3
�K-3/2 and 4.8×1015 cm-3

�K-3/2, 
respectively [45]. 
        The voltage variations with respect to temperature at a fixed current is considered as 
the sensitivity of the 4H-SiC p-n diode temperature sensor, which has an expression as: 

!!

dV
dT

= 2k
q
ln I( )− 2kq ln

qAWdep

2τ r
⎛

⎝
⎜

⎞

⎠
⎟ −

k
q
ln NC0NV 0( )− 3kq ln T( )+1⎡⎣ ⎤⎦                 (6.5) 

The first two terms on the right hand side of Equation 6.5 are negligible because of the 
small current assumption. The calculated sensitivity for the 4H-SiC p-n diode 
temperature sensor is 8.49 mV/oC. This derivation provides the foundation of the 4H-SiC 
p-n diode to be employed as a temperature sensor. 
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6.3 Simulation of the 4H-SiC p-n Diode Temperature 

Sensor  

 
         A model of the designed 4H-SiC p-n diode was built in TCAD Sentaurus in section 
4.3.2. This model is used for the 4H-SiC p-n diode temperature sensor as well. From the 
simulated I-V relationships at different temperatures in Figure 4.6, the voltage-
temperature relationships of the 4H-SiC p-n diode can be extracted at different current, as 
shown in Figure 6.1. It is found that voltage drops as temperature increases at a fixed 
current. The 4H-SiC p-n diode is demonstrated of using voltage changes as a temperature 
sensor. 
        We can see in the low current region where SRH recombination dominates, the 
4H-SiC p-n diode temperature sensor has a linear response. The sensitivity of the 4H-SiC 
p-n diode temperature sensor reduces when the current increases, which agrees with 
Equation 6.5. When the current increases, the linearity of the sensitivity worsens because 
the 4H-SiC p-n diode is not operating in the SRH recombination dominated region any 
more. Other effects such as the series resistance of the 4H-SiC p-n diode could change  

 

 
Figure 6.1 Simulated voltage shift with respect to temperature at different current of 0.1, 
1, 10, 100µA, 1mA, 10mA and 0.1 A. 
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the behavior of the 4H-SiC p-n diode temperature sensor at high current. The simulated 
sensitivities of the 4H-SiC p-n diode temperature sensor are 3.05 mV/oC at 0.1 µA, 
1.8  mV/oC at 10 mA, and 2.45 mV/oC at 0.1 A. 
 
 

6.4 Temperature Sensing Performance  

	
        The fabrication process of the 4H-SiC p-n diode temperature sensor is the same as 
the one in Figure 4.9, and the tested I-V curves of the 4H-SiC p-n diode is shown in 
Figure 4.17. From the tested I-V curves of the 4H-SiC p-n diode at different temperatures, 
the tested voltage-temperature relationships of the 4H-SiC p-n diode at different current 
are extracted as shown in Figure 6.2. The voltage decreases with temperature increases at 
a fixed current.  
       In the low current SRH recombination region, the 4H-SiC p-n diode temperature 
sensor has a linear response, which mainly depends on the p-n junction itself. At a larger 
current, the linearity of the sensitivity is also affected by the metal contacts, series 
resistance and leakage current and these factors are more sensitive to fabrication  
 
 

 
Figure 6.2 Measured voltage shift with respect to temperature at different current of 0.1, 
1, 10, 100µA and 1mA. 
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uncertainties. The tested sensitivities of the 4H-SiC p-n diode temperature sensor are 
2.9 mV/oC at 0.1 µA, 2.9 mV/oC at 0.1 mA, and 4.7 mV/oC at 1 mA. The behavior of the 
fabricated 4H-SiC p-n diode temperature sensor is in good agreement with the simulation 
results at the low current region. In the high current region, there are more variations 
from fabrication defects and external parasitic impedances, resulting in difference 
between the behaviors of the fabricated and the simulated 4H-SiC p-n diode temperature 
sensors. 
 

 

6.5 Summary 
 

       In this chapter, a 4H-SiC p-n diode temperature sensor for high-temperature 
harsh-environment applications has been described. The application background of the 
4H-SiC p-n diode temperature sensor was introduced and the working principle of the 
4H-SiC p-n diode temperature sensor was derived. The 4H-SiC p-n diode temperature 
sensor was simulated using TCAD Sentaurus and the results showed a sensitivity of 
3.05 mV/oC at 0.1 µA. The fabricated 4H-SiC p-n diode temperature sensor was tested 
and analyzed from room temperature to 600oC, and the testing results showed a 
sensitivity of 2.9 mV/oC at 0.1 µA. The simulation and characterization results were in 
good agreement. The 4H-SiC p-n diode temperature sensor exhibits a high sensitivity 
with respect to the environmental temperature from 17oC to 600oC, which will be useful 
in many harsh-environment sensing applications.  
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Chapter 7 

Planar-integrated 4H-SiC Diode 
Bridge Circuit for Differential 
Capacitive Pressure Sensor 
Transduction 
 

7.1 Introduction  
 

       Geothermal energy is one of the most promising clean renewable energy sources. It 
utilizes hot water vapor from the geothermal reservoir to drive the power plant and 
generate electricity. Figure 7.1 is a schematic for a geothermal power plant.  

 
Figure 7.1 Schematic for a geothermal power plant [84]. 
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        The status near the bottom of the hot water well is critical to know so that the 
operation condition of the power plant can be optimized to achieve high efficiency. 
However, the environment condition near the bottom of the geothermal well is harsh, 
including high temperature (around 350oC), high pressure, corrosive chemical, etc. SiC is 
a good material to build electronics, MEMS and sensors for this harsh environment 
application. 
        In this chapter, we will introduce a planar-integrated 4H-SiC diode bridge circuit for 
the transduction of a differential capacitive pressure sensor. The whole system is 
ultimately designed for practical use in a geothermal well for harsh environment pressure 
sensing application. Passive differential pressure sensors and diode bridge transduction 
circuits are placed downhole, which is specially designed for harsh environment, while 
the active electronics with traditional technique are kept on the ground. The two parts are 
connected with harsh environment cables. The 4H-SiC diode bridge circuit for the 
differential capacitive pressure sensor is proposed to eliminate the large parasitic 
capacitance of the cables, leading to high sensitivity for the differential capacitive 
pressure sensor. 
 

7.2 Working Principle  
 

       In this section, the working mechanism of the 4H-SiC diode bridge circuit for 
differential capacitive pressure sensor is discussed. The main purpose of applying this 
circuit is to rule out the effect of the large parasitic capacitance of the cables. The 
equivalent circuit is shown in Figure 7.2, where Cc stands for the large cable capacitance; 
C1 and C2 represent the differential capacitive pressure sensor, and one of the capacitance 
values will increase while the other one will decrease when the ambient pressure changes 
to cause the deformation of the SiC thin film on the pressure sensor. The driving voltage  

 
Figure 7.2 The equivalent circuit for the 4H-SiC diode bridge circuit for the differential 
capacitive pressure sensor transduction. 
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source is a high frequency sine signal on the ground with a peak voltage of Vp and a 
frequency of f. The 4H-SiC diode bridge circuit for the differential capacitive pressure 
sensor transduction is formed by four 4H-SiC p-n diodes D1, D2, D3 and D4. This circuit 
will provide a DC output from the differential value of VA-VB, corresponding to the 
capacitive pressure measurement from C1 and C2. 
         To analyze this circuit, assumptions are made to simplify the analyses. The two 
assumptions are: (1) the four diodes are ideal switches; (2) Cc >> C1, C2. Considering the 
symmetry of the circuit in Figure 7.2, we can explore the top half of the circuit first 
which is drawn in Figure 7.3.  

 
Figure 7.3 The top-half circuit of the 4H-SiC diode bridge circuit for differential 
capacitive pressure sensor transduction. 
 
 
 
         The case of C1 < C2 is considered first. When the sine wave signal is at its positive 
half cycle, the charge distribution of the top-half transduction circuit is shown as in 
Figure 7.4 (a). Diode D1 is open and diode D2 is closed. Charges travel through D1 and C1 
only. Since Cc >> C1, the main voltage drop will be on C1 and the charges on C1 and Cc 
are the same as: 

!!Q1 =C1 ⋅VP                                                         (7.1) 

        When the sine wave signal is at its negative half cycle, the charge distribution of the 
top-half transduction circuit is shown in Figure 7.4(b). Diode D2 is open and diode D1 is 
closed. Charges travel through D2 and C2 only. Since Cc >> C2, the main voltage drop 
will be on C2 and the charges on C2 are: 

!!Q2 = −C2 ⋅VP                                                         (7.2) 

The same amount of positive charge |Q2| will travel back to Cc.  
        However, since C1 < C2 and Q1 < Q2, the residual charge |Q2|-Q1 will stay across Cc, 
and the top side of Cc will have positive charges. After each sine wave cycle, more 
positive charges will accumulate on the tope side of Cc. When certain amount of the sine  
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(a) 

 
(b) 

Figure 7.4 Charge distribution of the top-half transduction circuit: (a) sine wave at the 
positive half cycle; (b) sine wave at the negative half cycle. 
 
 
 
 
wave cycles goes by, the circuit will reach equilibrium, and the accumulated positive 
charges on the top side of Cc will provide an extra DC voltage VA at port A. 
        At equilibrium, when the sine wave is at the positive half cycle, the left side of C1 
will be positively charged with a charge amount of: 

!!Q1 = VP +VA( )⋅C1                                                         (7.3) 

When the sine wave is at the negative half cycle, the right side of C2 will be negatively 
charged with a charge amount of: 

!!Q2 = − VP −VA( )⋅C2                                                         (7.4) 

Since the circuit is at equilibrium, the charge amount departing the top side of Cc during 
the positive half cycle of the sine wave will be the same as the one going into the top side 
of Cc during the negative half cycle of the sine wave. Therefore: 

!!Q1 = −Q2                                                                 (7.5) 

!!⇒ VP +VA( )⋅C1 = VP −VA( )⋅C2
    

                                          (7.6) 

Solving the equation above yields: 



 

 
72 

 

!!
VA =

C2 −C1
C1 +C2

⋅VP

    

                                                   (7.7) 

Considering the turn-on voltage drop Vth of the 4H-SiC p-n diodes, VA will be: 

!!
VA =

C2 −C1
C1 +C2

⋅ VP −Vth( )
    

                                             (7.8) 

       For the bottom half of the circuit in Figure 7.2, the analysis will be the same except 
C1 and C2 switch their positions. Therefore, VB will be: 

!!
VB =

C1 −C2
C1 +C2

⋅ VP −Vth( ) = −VA
    

                                       (7.9) 

       The differential DC output voltage VDC is then: 

!!
VDC =VA −VB =2⋅

C2 −C1
C1 +C2

⋅ VP −Vth( )
    

                               (7.10) 

       For the case of C1 > C2, the analysis is similar and the differential DC output voltage 
VDC will be a negative value. 
       From the circuit analysis, the final differential DC output voltage is not related to the 
cable capacitance Cc such that the influence of the large parasitic capacitance of the 
cables is eliminated by the 4H-SiC diode bridge circuit for differential capacitive pressure 
sensor transduction. The sensitivity of the diode bridge transduction circuit is defined as: 

    
  
sensitivity =

VDC

C2 −C1

    

                                                (7.10) 

which has a unit of V/F.  
 

 

7.3 SPICE Simulation  

 
        The 4H-SiC diode bridge circuit for the differential capacitive pressure sensor 
transduction has been simulated by LTSpice to verify the function of the circuit. The 
simulated 4H-SiC p-n diode from Figure 5.3 has been used to build the diode bridge 
circuit for differential capacitive pressure sensor transduction in SPICE. The simulated 
circuit is shown in Figure 7.5. A sine wave voltage source with a peak voltage of 10 V 
and a frequency of 106 Hz is used as the driving voltage. The cable capacitances are set to 
have the value of 1 µF. The two capacitances for the differential capacitive pressure 
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sensor are set to have the values of 2 pF and 1 pF, respectively, which are much smaller 
than the cable capacitances. 
        The SPICE simulation result of the 4H-SiC diode bridge circuit for the differential 
capacitive pressure sensor transduction is shown in Figure 7.6. Voltages at points a and b 
(V(a) and V(b)) in Figure 7.5 are monitored, which are the same as VA and VB in 
Figure 7.2. The voltages shown in Figure 7.6 are in the time region after the circuit  
 

 

Figure 7.5 SPICE circuit diagram for the simulation of the 4H-SiC diode bridge circuit 
for the differential capacitive pressure sensor transduction. 
 
 
         

 

Figure 7.6 The SPICE simulation results of the 4H-SiC diode bridge circuit for the 
differential capacitive pressure sensor transduction. 
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reaches equilibrium. We can see the output voltages at points a and b are the sine wave 
input plus different DC voltage shifts, as the green curve and the blue curve, respectively. 
V(b)-V(a) is calculated and is shown to be a DC voltage output of 0.7 V as the red curve 
in Figure 7.6. This result demonstrated the function of the 4H-SiC diode bridge circuit for 
differential capacitive pressure sensor transduction. The effect from the large cable 
capacitance has been eliminated and the circuit showed a high sensitivity for the 
differential capacitive pressure sensor. 
 
 

7.4 Layout Design and Fabrication Process  

	
        This section introduces the layout design and the fabrication process flow of the 
planar-integrated 4H-SiC diode bridge circuit for differential capacitive pressure sensor 
transduction.  
        The layout and fabrication design is to realize the planar integration of the 
four-diode transduction circuit. Even though this diode bridge circuit is formed by four 
diodes, it has different device connection orders. In terms of fabrication, the device 
orientations and the metal interconnects are different between these two kinds of diode 
bridge circuits. The circular shape of the diode is designed to rule out the effect of 
different device orientations. 
        The fabrication process and the mask layout design for the planar-integrated 4H-SiC 
diode bridge circuit for differential capacitive pressure sensor transduction are shown in 
Figure 7.7. Two columns of the figure are the cross-sectional views at the red line after 
each fabrication step and the top views of the layout design of the planar-integrated 
4H-SiC diode bridge circuit for differential capacitive pressure sensor, respectively. The 
starting wafer in Figure 7.7(a) is the same as that for the single diode as in Figure 4.1. 
Figure 7.7(b) shows the first 4H-SiC mesa-etching step to define the p-n junction for each 
p-n diode. Figure 7.7(c) shows the second 4H-SiC mesa-etching step to isolate each 
4H-SiC p-n diode. Figure 7.7(d) shows the step of silicon dioxide passivation layer 
deposition and patterning to expose the contact holes for the p and n electrodes. 
Figure 7.7(e) is the step for n-type metal stack sputtering and it is patterned by lift-off. 
Figure 7.7(f) shows the step for p-type metal stack sputtering and lift-off. The metal will 
work as both the contact electrodes and the device interconnect. The metal is annealed to 
form ohmic contact with 4H-SiC material. 
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Figure 7.7 The fabrication process of the planar-integrated 4H-SiC diode bridge circuit 
for differential capacitive pressure sensor transduction. Two columns are the cross-
sectional views after each fabrication step and the top views of the layout, respectively. 
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7.5 Characterization  

	
       The fabricated planar-integrated 4H-SiC diode bridge for differential capacitive 
pressure sensor transduction is shown in Figure 7.8. The two square contact pads are the 
input electrodes connecting with the differential capacitive pressure sensor. The two 
circular pads are the output electrodes A and B as in Figure 7.2. 
       The fabricated 4H-SiC diode bridge transduction circuit is tested with a probe station， 
while the external circuit is built on a breadboard. The testing results of the transduction 
circuit are shown in Figure 7.9 and Figure 7.10. The sine wave driving signal is generated 
by a function generator with a peak voltage of 10 V and a frequency of 106 Hz; Cc is 
chosen as 1 µF; C1 and C2 are chosen as 1.5 pF and 151.5 pF, respectively. The tested 
output voltage signals at point A and B are shown as the black curve and the red curve in 
Figure 7.9, respectively and the differential DC output voltage is shown as the blue line 
in Figure 7.9. The measured DC output voltage is 1.4 V and the sensitivity of the 4H-SiC 
diode bridge for differential capacitive pressure sensor transduction is 9.3 mV/pF. This 
number is much lower than the analytical and simulation results as non-ideality of the 
diodes and other parasitic capacitances affect the sensitivity in real measurements. 
         

 
Figure 7.8 The fabricated planar-integrated 4H-SiC diode bridge circuit for differential 
capacitive pressure sensor transduction. 
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Figure 7.9 The tested output signals of the fabricated planar-integrated 4H-SiC diode 
bridge for differential capacitive pressure sensor transduction. 
 
 

 
Figure 7.10 The tested frequency response for the fabricated planar-integrated 4H-SiC 
diode bridge for differential capacitive pressure sensor transduction. 
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        The frequency response of the 4H-SiC diode bridge circuit for differential capacitive 
pressure sensor transduction has been tested under different frequencies of the sine wave 
driving signal from 10 kHz to 3 MHz, as shown in Figure 7.10. From 10 kHz to 1 MHz, 
the output DC voltage remains similar and the sensitivity of the diode bridge transduction 
circuit remains around 10 mV/pF. The sensitivity of the diode bridge transduction circuit 
shows a 3dB cut-off frequency of 2.5 MHz. 

 

7.6 Summary 
 

       In this chapter, a planar-integrated 4H-SiC diode bridge circuit for differential 
capacitive pressure sensor transduction was discussed, including potential applications in 
geothermal power plant, working principle, simulation with SPICE, fabrication process, 
and testing results. Experimental results show a sensitivity of 9.3 mV/pF at 1 MHz with a 
3dB cut-off frequency of 2.5 MHz. 
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Chapter 8 

Conclusion and Future Outlook 
 

8.1 Contributions of This Work  

In this work, 4H-SiC p-n diodes, 4H-SiC p-n diode temperature sensors, and two 
types of planar-integrated diode bridge circuits for harsh environment MEMS and 
sensing applications have been introduced and discussed. The application backgrounds 
required high-temperature low-power electronics, MEMS and sensors operating at 
300-600oC. 4H-SiC was chosen as the suitable material for this purpose due to its low 
intrinsic carrier concentration, high carrier mobilities, good mechanical properties and 
excellent harsh environmental stability.  

Material properties of 4H-SiC, such as bandgap, intrinsic carrier concentration, 
carrier mobilities, and degrees of ionization of dopants, were investigated. The 
temperature and doping-concentration dependences of these parameters were studied as 
the foundations of the 4H-SiC for device applications. 
       The six regions of the I-V relationship of the 4H-SiC p-n diode: ideal diode, SRH 
recombination, high-level injection, resistance-limited operating, reverse bias and 
breakdown regions were studied and derived. The overall expression of the 4H-SiC p-n 
diode was summarized. 
       Systematic study of the 4H-SiC p-n diode was introduced including structure design, 
simulation, fabrication and characterization. Matlab and TCAD Sentaurus models of the 
4H-SiC p-n diode were built and simulated to predict the behaviors of the diode from 
room to high temperature. Fabrication process of the 4H-SiC p-n diode was developed. 
The fabricated 4H-SiC p-n diodes were demonstrated from room temperature to 600oC, 
and the testing results agreed well with the simulation results. 
       A planar-integrated 4H-SiC diode bridge rectifier was discussed, including the 
working principle, simulations with SPICE, fabrication process, and characterization. The 
AC-DC converting function of the fabricated planar-integrated 4H-SiC diode bridge 
rectifier was demonstrated at temperatures up to 500oC and the voltage conversion 
efficiencies of the rectifier circuit were 73.6% at room temperature and 89.1% at 500oC.  
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       A 4H-SiC p-n diode temperature sensor for high-temperature harsh-environment 
applications was studied, including the working principle, simulations with TCAD 
Sentaurus and characterization. The simulation results showed a sensitivity of 
3.05 mV/oC at 0.1 µA. The fabricated 4H-SiC p-n diode temperature sensor was tested 
from room temperature to 600oC, and the testing results showed a sensitivity of 
2.9 mV/oC at 0.1 µA which agreed well with the simulation results.  
        A planar-integrated 4H-SiC diode bridge circuit for differential capacitive pressure 
sensor transduction was introduced, including the potential applications to geothermal 
wells, the working principle, simulation results with SPICE, fabrication process, and 
testing. The fabricated circuit was characterized and demonstrated with a sensitivity of 
9.3 mV/pF at 1 MHz while the frequency response of the circuit was tested with a 3dB 
cut-off frequency of 2.5 MHz. 
         The demonstrations of high temperature operations of 600oC for the single 4H-SiC 
devices and 500oC for the 4H-SiC circuits in this work show great potential for 4H-SiC in 
extreme-temperature harsh-environment electronic / MEMS / sensing applications. 

 

8.2 Future Outlook 
 
        There are several topics that could be further studied based on this work. 
        Further characterizations of the 4H-SiC p-n diodes, the 4H-SiC p-n diode 
temperature sensors, the planar-integrated diode bridge rectifier, and the planar-integrated 
4H-SiC diode bridge circuit for differential capacitive pressure sensor transduction, such 
as high-temperature frequency response testing and long-term reliability testing, can be 
done for better understanding and evaluation of the device / circuit performances. 

Optimization of the metal contacts for both p-type and n-type 4H-SiC and a robust 
interconnect should draw our attention for stable high temperature operations. There are 
novel metallization methods that show promising preliminary results for both p-type and 
n-type 4H-SiC [85] and further studies on metallization are necessary to extend the 
current work. 

There are multiple applications of the 4H-SiC p-n diodes besides temperature 
sensing which can be explored for more harsh-environment electronic, MEMS and 
sensing applications. Recent studies on the SiC diode gas sensors [86] show a good 
example of the potential applications. 
        Furthermore, 4H-SiC p-n diode is the fundamental to build 4H-SiC transistors such 
as JFETs [58] and BJTs. Based on the study methods in this thesis, 4H-SiC JFETs can be 
made by adding several more fabrication steps alongside the diodes, as can 4H-SiC 
resistors and capacitors. Therefore, integration of passive and active 4H-SiC electronic 
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devices and circuits can be realized, which is very promising for harsh-environment 
electronics, MEMS and sensing applications.	
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