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Abstract

Silicon Carbide (SiC) is suggested as a superior material for high temperature
and high power electronic applications, thanks to its excellent properties. In
this thesis, design and measurements of integrated circuits in bipolar 4H-SiC
aiming for high temperature power applications are reported. On the low
power side, a linear voltage regulator is demonstrated followed by introduction
of a general-purpose opamp, which is employed to build other circuits such
as a Schmitt trigger and a relaxation oscillator. On the high power side, a
monolithic drive circuit for power BJTs is designed and tested in different
loading conditions including resistive, capacitive and finally together with
a commercial power BJT. The aforementioned circuits have been tested in
the temperature range 25 - 500 X C, and are operational in the full range.
The performance of each circuit is analyzed and directions for future work is
suggested. The integrated circuits of this thesis set the reference for future
advances in power integrated circuits in bipolar SiC.





Sammanfattning

Kiselkarbid (SiC) har föreslagits som ett överlägset material för högtemperatur-
och högeffekts- kraftelektroniska applikationer, tack vare dess goda egenskaper.
I denna avhandling rapporteras design och mätningar av integrerade kretsar
i en bipolär 4H-SiC kretsteknologi som siktar på högtemperatur- och kraft-
applikationer. På lågeffektsidan demonstreras en linjär spänningsregulator
följt av en allmänt användbar operationsförstärkare, som används för att
bygga andra kretsar såsom en Schmitt-trigger och en avkopplings-oscillator.
På högeffektsidan har en monolitisk drivkrets för en bipolär kraft-transistor
utvecklats och testats i olika belastningsförhållanden, inklusive resistiv, kapaci-
tiv och slutligen tillsammans med en kommersiell effekttransistor. De nämnda
kretsarna har testats i temperaturområdet 25 - 500 X C, och fungerar i hela
intervallet. Varje krets analyseras och anvisningar för fortsatt arbete föreslås.
De integrerade kretsarna i denna avhandling utgör en referens för framtida
framsteg inom integrerade kretsar i bipolär SiC för krafttillämpningar.
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Symbols and Abbreviations

α Forward common-base current gain of bipolar junction transistor
β Forward common-emitter current gain of bipolar junction transistor
AC Alternating current
Al Aluminum
BJT Bipolar junction transistor
CMOS Complementary metal-oxide semiconductor
DC Direct current
GND Ground voltage
IC Integrated circuit
IGBT Insulated-gate bipolar transistor
JFET Junction field effect transistor
k Boltzmann constant
MEXTRAM Most exquisite transistor model
MIM Metal-insulator-metal
MOM Metal-oxide-metal
NC,V Effective densities of states in the conduction or valence band
NMOS Negative-channel metal-oxide semiconductor
NPN Bipolar transistor with n-doped collector and emitter, and p-doped base.
ni Intrinsic carrier concentration
opamp Operational amplifier
OTA Operational trans-conductance amplifier
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xii Symbols and Abbreviations

PD pass device of a linear voltage regulator
PFM Pulse frequency modulation
PNP Bipolar transistor with p-doped collector and emitter, and n-doped base.
Pt Platinum
PWM Pulse width modulation
SGP SPICE Gummel-Poon model
Si Silicon
SiC Silicon carbide
SJT Super junction transistor
SOI Silicon on insulator
VBIC Vertical bipolar inter-company model
VB Breakdown voltage
VCC , VEE Positive/negative supply voltage
VT Thermal voltage
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Chapter 1

Introduction

Thanks to its wide bandgap, silicon carbide is an excellent candidate for high
temperature electronics applications. Nowadays, the development of the
silicon carbide electronics is inspired by industries such as space exploration,

oil and gas drilling, aviation and automotive. In this thesis, we aim to design
integrated circuits in bipolar 4H-SiC for high temperature power applications.

1.1 Background and motivation

Much research has been conducted in integrated circuits for extreme temperatures.
The earliest studies were on 6H-SiC 1 back in 90’s owing to the popularity and
availability of 6H-SiC process at that time [2, 3, 4]. Thanks to the advances in
4H-SiC growth and technology development, higher yield is expected on 4H-SiC
than last 2 decades, and today’s IC designs are more steered to 4H polytype.

Recently, several groups have demonstrated low power SiC ICs in 4H-SiC. Some
examples are high temperature ICs fabricated with MOSFET [5], JFET[6, 7, 8], and
bipolar [9, 10, 11, 12] devices. While [9, 10] demonstrate digital circuits, [11, 12]
are focused on more complex analog circuits in bipolar 4H-SiC.

In power electronics, drive ICs for power switches [13, 14], and linear voltage
regulators [15] have been targeted in Silicon-on-Insulator(SOI) in a few recent studies.
SOI solutions, however, cannot compete with SiC in extreme temperatures [16],
therefore there are attempts to integrate more and more SiC on chip to exploit the
inherent high temperature advantage of SiC. A fully integrated SiC gate buffer [17],
an NMOS SiC linear voltage regulator [18], an under-voltage lock-out circuit for
power MOSFETs [19] are among the recent achievements of pushing the SiC ICs to
high temperature, high power applications. The aforementioned SiC NMOS ICs
have been tested up to 300XC, and fabricated in a 2-µm CREE 4H-SiC process.

1Based on different stacking order of silicon and carbon atoms in a covalently bonded tetrahedral
structure of SiC crystal, different crystal structures, i.e. polytypes, are introduced. There are more
than 200 polytypes for SiC, nevertheless not all of them are stable. Some common polytypes are
2H, 3C, 4H and 6H [1].

1



2 Introduction

Figure 1.1: Temperature dependence of intrinsic carrier concentration for Si and
SiC, taken from [22]

Furthermore, Raytheon has shown 400XC operation of CMOS analog and digital
ICs [20].

The bipolar junction transistor (BJT) was introduced by Bell labs in 1948, and
was a more favorable technology to its other counterparts for about a decade. After
the introduction of MOS ICs in 70’s, MOS outperformed BJT in high density and
low power applications. Nevertheless, BJT ICs were still superior for some high
frequency, low noise and high power aims. In particular, bandgap voltage references,
still benefit from the physics of the bipolar transistors, and some commercial process
design kits take advantage of integration of both MOS and bipolar technologies
in one package (known as BiCMOS technology). It is to be appreciated that
BiCMOS technology incorporates lots of process steps, which translates into higher
cost comparing with CMOS technology. Nowadays, Silicon Carbide, again draw
interest of the research and industry to BJTs for their superiority at elevated
temperatures. While SiC MOSFETs, as of today, has gate oxide reliability issues
and strong temperature dependence of threshold voltage (VT ), bipolar integrated
SiC IC technology has been shown as a promising high temperature candidate [21].

1.2 The choice of the technology

1.2.1 A Wide bandgap compound semiconductor
The energy bandgap (Eg) of SiC is almost 3 times higher than Si that makes the
SiC a superior compound semiconductor in many aspects comparing with Si. Above
all, it influences the intrinsic carrier concentration as shown in equation (1.1).

ni �
»
NcNv � e

�
EG
2kT (1.1)

where Nc and Nv are the effective densities of states in the conduction and
valence band respectively; Eg is the bandgap, k the Boltzman constant and T the
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temperature in Kelvin. The temperature dependence of Eg is negligible. The terms
Nc and Nv are proportionally dependent on temperature (� T 3~2). For two cases
of Si and 4H-SiC, the intrinsic carrier concentrations are calculated and shown in
Fig.1.1. For Si, at about 300XC, the intrinsic carrier concentration has reached the
typical light doping concentration used for device fabrication (1015cm�3). Assuming
1014cm�3 as the reference for light doping margin, ni of 4H-SiC is below the margin
even at temperatures as high as 1000XC, that enables high temperature operation
of 4H-SiC devices from semiconductor perspective. However, there are still several
problems to be addressed in high temperatures for integrated circuits design. Among
them are metalization, wire bonding and packaging.

1.2.2 Other favorable properties of 4H-SiC for devices and
circuits

Apart from the high temperature advantage, which is discussed in Section.1.2.1,
there are other interesting properties of SiC, and in particular 4H-SiC, that play
role in electronics design.

Higher electrical field

Higher critical field comparing with Si (10�) is another interesting property of SiC
that is also a result of wide bandgap. In a p-n junction of a device, the breakdown
voltage, VB , can be calculated as:

VB �

EC �W

2
(1.2)

where Ec is the critical electric field and W the depletion width of a p-n junction.
From this equation, one can conclude that SiC devices with the same size of depletion
width as Si, can achieve 10� higher breakdown voltage as a result of their 10� higher
critical field. It also means that with the same breakdown voltage, a device designer
can make a 10 times thinner device. The on-resistance of the drift region can be
written as:

Ron �
W

q � µn �ND
�

4V 2
B

ε � µn �E3
C

(1.3)

where µn is the electron mobility and ND the doping of the drift region.
Assuming the same breakdown voltage but 10 times thinner device, and neglecting

the difference in ε and µn for Si and SiC, equation (1.3) results in 1000 times lower
on-resistance for SiC. Considering the effect of ε and µn, this value drops to 200-400
depending on polytypes. However this is still a substantial difference that can result
in much lower loss for SiC switches.



4 Introduction

Table 1.1: Electrical properties of SiC comparing with Si

Si 6H-SiC 4H-SiC

Bandgap, Eg (eV) 1.12 3.0 3.2
Critical field, Ec�MV

cm
� 0.25 2.5 2.2

Saturated electron drift velocity, vsat�107 cm
s
� 1.0 2.0 2.0

Electron mobility, µn� cm2

V �s
� Ù c-axis 1350 500 950

Electron mobility, µn� cm2

V �s
� Õ c-axis N.A. 100 1250

Hole mobility, µp� cm2

V �s
� 480 80 120

Relative dielectric constant, εr 11.9 10.0 10.0
Thermal Conductivity, λ� W

cm�K
� 1.5 5.0 5.0

Carrier mobility 4H-SiC

Electron mobility plays as essential role especially in the performance of NPN
transistors where electrons are the majority carriers. 4H-SiC benefits from higher
and less anisotropic electron mobility comparing with 6H-SiC and this is maybe one
of the reasons the industries shifted their vision to 4H-SiC in the late 2000’s.

This thesis uses only NPN devices due to the lack of reliable SiC PNPs at the
design phase. Evolution of bipolar technology and insertion of PNP devices in the
repository of circuit design, persuades the designers to focus on complementary
design, which means incorporation of PNP transistors. It is expected that SiC PNP
devices, even in their full performance status, are not as good as Si counterparts,
due to the lower ratio of µp~µn in SiC in comparison to Si (2.5 � 3� lower).

High thermal conductivity

Finally, three times higher thermal conductivity of SiC lead to three times easier
heat removal from the sensitive electronics equipments.

Table.1.1 collects a summary of the discussed properties for Si, 6H-SiC and
4H-SiC.

1.3 An electronic system for high temperature

A summary of high temperature applications, promoted by various industries, is
depicted in Fig.1.2. The figure also suggests appropriate technologies for each
application. The two last columns of the table shows the trend from current Si and
SOI technologies toward future wide bandgap materials.

An electronics system targeting high temperature operation includes different
parts. A major issue for any electronic system is power management. Based on
the specifications of the application, a switched-mode power supply (SMPS), or a
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Figure 1.2: Current and future applications of SiC, taken from [23]

linear voltage regulator can be employed. While SMPS is a superior solution from
the efficiency perspective, integrating inductors and capacitors with high enough
size is a bottleneck in infant technologies like bipolar SiC. Linear voltage regulators
are, however, easier to be integrated on chip in spite of their higher loss and poor
efficiency. Secondly, analog environment signals are desired to be converted to
digital before processing, therefore analog-to-digital converters are needed. Thirdly,
amplifiers are required in different places inside a design. Finally, power switches
must be preceded by drive circuits to provide required voltage (and current) for the
switching. An example of such a system is illustrated in Fig.1.3.

1.4 Thesis objectives

This thesis aims to demonstrate integrated circuits in bipolar SiC for high tempera-
ture power applications, which potentially can find application in all of the areas
as mentioned in Fig.1.2, from automotive to deep-well drilling. Several circuits
including a linear voltage regulator, a general-purpose opamp, Schmitt triggers and
a drive IC for power BJTs are designed, fabricated and measured. Therefore, this
thesis explores SiC bipolar ICs for switching and amplification applications. Contri-
butions of this thesis are illustrated in Fig.1.3 with reference to the corresponding
chapters. Due to different loading of the sub-circuits, more than one power supply
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Figure 1.3: An example of a high-temperature SiC electronic system: The blue
part indicates the high-power section, which has to be realized by discrete devices.
the black part presents the SiC integrated power circuits. The orange part is out of
the scope of this thesis and illustrates the processing of the signals from the hostile
environment through different sensors. The contributions of this thesis are indicated
by the reference to the corresponding chapters.
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is desired. In the figure, three power supplies are shown only as an example. They
can be classified by their available current for the loads. Power supply 1 has to
supply the lightest loads and 3, the heaviest. An operational amplifier can be used
as an error amplifier, as an amplifier to strengthen the environmental signals from
the sensors, or as the core of other circuits such as Schmitt triggers or relaxation
oscillators. The two latter circuits can be incorporated as sub-blocks in supervisory
circuits of a power system.

The design methodology is illustrated in Fig.1.4 showing different steps from
device modeling to circuits simulation, to fabrication and measurement. The
feedback loops lead to iterations of the steps, showing the evolution of the design
over time and as the technology, SiC bipolar design kit, and our understanding of
the circuits behavior improve.

1.5 Thesis Outline and Contributions

This thesis is organized in six chapters:

• In the first chapter, the scope of the study is defined. Moreover, background
and motivation, the choice of the technology, and the objectives of the thesis
are described.

• The second chapter discusses the physics and the properties of the bipolar
junction transistor (BJT) used in the Spice modeling.

The three next chapters (3,4 and 5) deal with three different circuits that we
realized in this technology using the models of chapter 2. These three chapters are
organized in the same way. They start with the theory and design of the circuits,
followed by the layout considerations; then experimental results and discussions
are provided, and finally summed up with conclusions and suggestions for future
directions. The content of three aforementioned chapters are as follows:

• In chapter three, a linear voltage regulator is demonstrated and its performance
in the range 25 - 500 XC is discussed and compared with a recent high
temperature design in NMOS technology. This is the first reported linear
voltage regulator operational up to 500 XC up to date, which in spite of its
low load current (15 mA), that is due to the simple circuit topology, is a
good candidate as a power management solution for light loads in extreme
temperatures(Fig.1.3). In the same chapter, suggestions to improve the design
are provided.

• In the fourth chapter, a general-purpose amplifier, with different variants,
is realized in bipolar SiC. The fabricated opamp is measured in a closed-
loop configuration and a simple compensation scheme. The opamp gain and
frequency response is measured, but complete characterization of all the opamp
parameters is not included. This chapter, includes incorporation of the opamp
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SPICE Models 

Extraction  

ICs as sub-circuits 

i) Operational amplifier 

ii) Comparator 

iii) Schmitt trigger  

iv) Power BJT base drive* 

Device Modeling 

Circuits Design and Simulation 

Fabrication** 

Measurement 

Stand-alone SiC ICs 

 i) Linear voltage regulator 

ii) Power BJT base drive* 

 

Test Structures 

i) Paralelled BJTs 

ii) Differential pairs 

iii) Cascode 

* This circuit can be both cathegorized as a stand-alone and as a sub-circuit. 

** Fabrication stage (shown in the dashed boxes) is beyond the scope of this thesis.  

The other steps are either covered in the thesis or are in the future outlook of this thesis. 

Layout 

Mask fabrication 

SiC fabrication 

 

-      Epitaxial growth from external supplier  

- In-house implantation-free SiC fabrication  

Measurement of  ICs and test structures  

Start 

Figure 1.4: Flowchart illustrating the design steps from incorporation of the models
to the measurement phase, and the iterations to evolve the models and circuits after
completion of each run
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in other circuits such as Schmitt trigger and relaxation oscillator. Another
version of Schmitt trigger (an emitter-coupled Schmitt trigger) is demonstrated
besides the opamp-based Schmitt trigger and their performances are compared.
A relaxation oscillator is another circuit that is realized and measured using the
layout of the opamp. Although the opamp is shown as a stand-alone block, the
ultimate goal is to provide some knowledge toward a complete power system
design. For example an opamp in closed-loop can be used as an error amplifier,
whereas comparator, oscillator and Schmitt trigger could be building blocks of
pulse-width-modulation (PWM) or pulse-frequency-modulation (PFM) circuit
in a power system control loop.

• Before any other attempt to integrate SiC for high power applications, one
should appreciate the need to drive a power device. Therefore in the fifth
chapter we propose and implement a drive IC in SiC for power BJTs. The
fabricated chip is measured in different setups and up to 500 XC. It is tested
with resistive and capacitive loads and finally in a setup together with a power
BJT. The measurement results are preliminary and needs to be supported by
high power setups in future.

• The thesis ended with conclusions and suggestions for future works.

Apart from the fabrication, which was not a part of this work, and the first two
chapters that deal with introduction and models, the design chain from incorporation
of the models to build the circuits, simulations, and measurements of the fabricated
chips are contributions of this thesis.





Chapter 2

Device and Modeling

2.1 SPICE Gummel-Poon (SGP) Model

In order to design circuits in bipolar SiC, devices need to be modeled first. Therefore,
SPICE Gummel-Poon (SGP) model is discussed in this chapter, which later on
is used to define the parameters of the BJTs. The circuits of this thesis uses
the BJT parameters extracted from previous fabricated SiC BJT devices. The
extracted parameters for the BJTs are listed in Table.2.1. At this stage, the
extracted parameters mostly represent the DC behavior of the devices. Moreover,
they have been extracted only for two temperatures (25 and 200 XC). In the next
stage, AC parameters should be extracted and the models should also cover higher
temperatures, either by introduction of a temperature-dependent model or by direct
extraction of parameters at more temperature steps. This iteration loop repeats
after each batch according to Fig.1.4 and the models evolve. It is to be noted that
in spite of their incompleteness, the used parameters act as an excellent guide for
the first design stage. However, the parameters and models need to be evolved in
line with the technology evolution.

The Schematic of SPICE Gummel-Poon model is illustrated in Fig.2.1 (b), while
some details (e.g. substrate parasitics and parasitic PNP due to p-isolation layer)
are skipped for the sake of simplicity. C �,B�, E� and C,B, E represent the intrinsic

Figure 2.1: Schematic of SPICE Gummel-Poon model (a), and small signal hybrid-π
model (b) [24]

11
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Table 2.1: Extracted SPICE model parameters taken from [26]

Param. Description 27XC 200XC Unit

IS Transport saturation current 9.3 � 10�46 3.8 � 10�35 A
NF Forward current emission coeff. 1.10 1.24 -
NR Reverse current emission coeff. 1.09 1.22 -
BF Ideal maximum forward beta 62 32 -
BR Ideal maximum reverse beta 0.31 0.28 -
NE B-E leakage emission coeff. 2.83 3.52 -
IKF Knee current for forward beta 0.358 0.002 A
IKR Knee current for reverse beta 0.068 0.011 A
ISE B-E leakage saturation current 2.7 � 10�21 6.3 � 10�16 A
ISC B-C leakage saturation current 3.8 � 10�19 8.9 � 10�16 A
RC Collector Resistance 18 18 Ω
RB Base resistance 41 8 Ω
RE Emitter resistance 18 25 Ω
VAF Forward Early voltage 400 645 V
VAR Reverse Early voltage 38 45 V
RCO Epitaxial region resistance 12 85 Ω
GAMMA Epitaxial region doping factor 1.2 � 10�43 2.4 � 10�35 -
VJC B-C built-in potential 2.85 2.18 V
CJC B-C zero-bias capacitance 4.52 � 10�12 5.09 � 10�12 F
MJC B-C grading coeff. 0.5 0.5 -
VJE B-E built-in potential 2.95 2.72 V
CJE B-E zero-bias capacitance 28.16 � 10�12 29.41 � 10�12 F
MJE B-E grading coeff. 0.5 0.5 -

and extrinsic collector, base and emitter nodes respectively. The collector, base
and emitter resistors are shown in the model. The capacitors in the model, on the
other hand, comprises the junction capacitor (depletion capacitor), and the diffusion
capacitor. More details on the definition of the model can be found in [25].

2.1.1 Quasi-Saturation
The gradual transition between saturation region and active region in a BJT
characteristics curve is referred to as the quasi-saturation. This effect should be
considered in the model. When it comes to quasi-saturation modeling, the SGP
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model lacks accuracy. Other advanced models such as VBIC [27] and MEXTRAM
[28] have better modeling of this effect. However, the SGP model is more appreciated
by SiC commercial junction transistor products to date[29, 30], thanks to its rather
simple extraction routine, fewer number of parameters, and the infancy of the
SiC technologies that prevents an accurate generalizable complex model. There
are studies trying to integrate the quasi-saturation effect into SGP model. As an
example, in [31], SGP model is incorporated and modified for a 1200V 6A SiC BJT,
taking quasi-saturation effects into account. A noticeably good fitting between the
proposed model and the measured IV curves has been reported in that study.

2.2 SiC BJT as an amplifer

While SGP, as a large signal model, encompasses all operating regions of a BJT,
i.e cut-off, active and saturation regions, analog design mainly relies on accurate,
simple model that can predict the linear behaviour of the BJTs at the quiescent
point in the active region. In the active region, the base-emitter diode is forward
biased and the base-collector diode is reverse biased. The BJT is operating as a
current-controlled current source (CCCS), whose collector current is controlled by
the base current. Common-emitter current gain (β) is the amplification factor of
this CCCS. The SPICE Gummel-Poon parameters can be mapped to a simple small
signal hybrid-π model in order to investigate the AC small signal behaviour on
analog circuits. The small signal hybrid-π model is depicted in Fig.2.1 (b).

It is to be appreciated that the resistance associated to the collector and emitter
epi-layers and contacts are negligible comparing with the relatively high output
resistance in active region (ro).The extrinsic base resistance (RB) can also be
neglected comparing to the small signal input resistance (rpi), at low frequencies
[24] in many situations. Small signall parameters, gm,rπ and ro are defined as:
gm � IC~VT , rπ � β~gm, ro � VA~IC.

VT is the thermal voltage, IC the DC bias of the collector, and β the forward
current gain of the BJT. Cπ in Fig.2.1 (b) includes both the junction(depletion)
and the diffusion capacitance, whereas Cµ is associated to the model of a reverse
biased base-collector diode that is only the junction(depletion) capacitance. More
details on the small-signal model can be found in [24].

2.3 SiC BJT as a switch

In the saturation region both the base-emitter and base-collector diodes are forward
biased. Switching applications require SiC BJTs to operate in saturation region.
Thanks to the urge of the power industries, SiC devices for switching applications
have been vastly explored. SiC switches are a part of power industry market today.
CREE [32] is the main market for SiC MOS devices, Infineon [33] produces SiC
JFETs, Fairchild [30] provides SiC power BJTs , and GeneSiC [29] produces a
class of bipolar junction transistors, introduced to market as SJTs (super junction
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R L

CIn Out

Figure 2.2: Coaxial cable model

transistors). Besides the in-house models of the SiC BJTs, this thesis also benefits
from SPICE models of commercial SiC BJTs [30]. In particular, chapter 5 of this
thesis, discusses a SiC drive IC designed to switch a power BJT. An important
issue to be addressed for operation in saturation region is the high amount of stored
carrier charge in collector and base. This charge need to be removed in order to
turn-off the BJT, which slows the BJT dynamic response and therefore limits the
high frequency operation of the BJT operating in saturation.

2.4 Modeling of cables

In this thesis, on-wafer measurements are conducted on a temperature-controlled
hot-stage. In many cases during the measurement, external connections and in-
corporation of off-chip components are required. The coaxial cables used for this
purpose introduce parasitics to the circuits and their influence should be taken into
account. Therefore the cables should be modeled and the models should be used
for analysis and simulations. A simple lumped model of a coaxial cable is shown
in Fig.2.2. The lumped model is valid for Lc @@ λ, where Lc is the characteristics
length of the circuit and λ, the operating wavelength. Since this thesis do not target
any RF application and the maximum operation frequency of the circuits do not
enter GHz range, the lumped model is sufficient and suitable for the cables. The
measured values with RLC-meter 1are about L � 400nH~m and R � 0.25Ω~m . The
capacitance of the cable can also be taken into account (� 50 � 70pF ~m).

1RLC-meter settings: f � 1MHz, level=100mV



Chapter 3

SiC Linear Voltage Regulator

3.1 Introduction

Power management plays an essential role in electronics industry since in most of
electronic circuits a stable and accurate regulated power supply is needed . The
linear voltage regulator is a power management solution free from large magnetic
elements and large capacitors, and thus easy to be integrated on chip. Yet it has
limited efficiency comparing with switched-mode power supplies. Ref. [15] has
demonstrated a Silicon-on-Insulator (SOI)-based linear voltage regulator operational
up to 200 XC. Furthermore, a NMOS SiC linear voltage regulator has been reported
in[18], operational up to 300 XC.

In this chapter, a linear voltage regulator in bipolar 4H-SiC with successful
operation for temperatures as high as 500 XC is demonstrated. In spite of its limited
load current, that is due to the design of the circuit, the SiC bipolar linear voltage
regulator presents much higher temperature operation than circuits of the same
type in other technologies, thus offering a better promise for extreme temperature
applications.

3.2 SiC bipolar linear voltage regulator

A linear voltage regulator provides a regulated constant output (load) voltage , lower
than the input (line) voltage. Depending on the topology, it may use a resistive
element (e.g a pass transistor) in series with the load, or a current shunt (e.g a
Zener diode) in parallel with the load. These two topologies are known as series
and parallel respectively. This chapter demonstrates a linear voltage regulator with
series topology, in which a BJT in active region is used as the pass device.

The linear regulator circuit is shown in Fig.3.1. It consists of an error amplifier,
feedback resistors, four paralleled BJTs as pass device, and a set of load resistors,
all integrated on chip. The only external component is the reference voltage; this
option can facilitate the characterization because it can be adjusted to provide the
desired output voltage level. The load current of up to 15 mA can be achieved from

15
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Figure 3.1: Linear voltage regulator schematic

this design, taking into account the simplicity of the circuit regarding OTA and
pass device.

The feedback resistors (as a voltage-voltage network) sense the output, and a
division of the sensed voltage is compared with the reference voltage. The error
(difference between reference and sensed voltage) is amplified by the error amplifier
which sets the DC biasing of the base of the pass device. Consequently, any variation
(of line and load sides) changes the DC biasing of the pass device from its nominal
operational condition, and the output voltage is regulated.

3.2.1 Error Amplifier
The error amplifier is a single stage operational trans-conductance amplifier (OTA)
with Darlington pairs. Unlike MOSFET amplifiers, BJT counterparts suffer from
relatively high base current and low input impedance. Darlington configuration can
significantly improve the input impedance, which leads to more accurate feedback.

3.2.2 Pass Device
The error amplifier is followed by a pass device in emitter-follower configuration. It
amplifies the current but not the voltage, and therefore do not contribute to the
overall loop-gain of the regulator.

3.2.3 Loop Gain Analysis
Performance of the regulator depends on its loop gain. The regulator gain is defined
by (3.1) where A is the open loop gain of the OTA and f is the feedback gain given
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by (3.2).

Af �
A

1 �A � f
(3.1)

f �

Rf2

Rf1 �Rf2
(3.2)

The DC loop gain is equal to:

Gloop � A � f �

gm1

4
RC�β � gm�1

pd �REpd
�1 � β��

RC � β � gm�1
pd �REpd

�1 � β� �
REpd

REpd
� α � gm�1

pd

� f

(3.3)

where β and α are the common-emitter and common-base current gains of the
BJTs respectively, gm1 is the transconductance of Q1 and Q2 (Fig.3.1), and gmpd

is the transconductance of the pass device. REpd
is the total equivalent resistance

connected to the emitter of the pass device and it is given by:

REpd
�

RL�Rf1 �Rf2�
RL �Rf1 �Rf2

(3.4)

In the absence of load, equation (3.3) can be simplified to:

Gloop �
gm1

4
RC � f. (3.5)

Considering
gm1 �

IRE

2VT
β

β � 1
, (3.6)

IRE
�

Vin � Vbe�1 � Rbias1
Rbias2

�RE �
Rbias1
β�1

(3.7)

and assuming equal β and Vbe for all of the BJTs, this loop gain can be rewritten
as a function of the biasing point:

Gloop �
1

8VT
β

β � 1
Vin � Vbe�1 � Rbias1

Rbias2
� � Rbias1

�β�1�RE

RC
RE

� f (3.8)

The loop gain is temperature dependent and hence the performance of the
regulator. The temperature behavior of the loop gain according to equation (3.8)
depends on several parameters: One of them is VT �� kT

q
�, which with its linear

temperature relation significantly affects the equation. Moreover, BJT current gain
(β) varies significantly with temperature and is shown to reduce by a factor of 4
from 25 X to 500 X C [10]. Vbe ��2mV ~XC� also influences the equation in opposite
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direction to the two other aforementioned parameters. VT and β temperature-
dependence degrades the loop gain, while that of Vbe improves it. The resistors in
equation (3.8) appears in ratio form, so their temperature-dependence is canceled
out. In summary, we can conclude that the temperature-dependence of the loop
gain is mainly governed by three parameters VT , β and Vbe, and is not necessarily
monotonous.

We analyzed the loop gain in the absence of load. In the presence of load, the
gain node on the base of the pass device has a lower impedance and the loop gain is
reduced.

3.2.4 Line and load regulations

Line and load regulations are two performance metrics of voltage regulators. Line
regulation shows how the regulator responds to variation on its input voltage,
whereas load regulation show how the regulator behaves when the load varies. For
our bipolar SiC voltage regulator the line regulation in closed-loop can be expressed
as

dVout
dVin

W
cl

�

dVout
dVin

W
ol

1
1 �Gloop

�

dIRE
dVin

α �Rf1�1 � β�2
Gloop

1 �Gloop
�

1
Gloop

�

dIRE
dVin

α �Rf1�1 � β�2

(3.9)

where dVout

dVin
W
ol

is the line regulation in open-loop condition, and is approximately

equal to unity.
Similarly, the load regulation can be expressed as

RLDR �

dVout
dIload

�

Rout,ol

1 �Gloop
�

α � gm�1
pd � �β � 1��1RC

1 �Gloop
(3.10)

where Rout,ol is the load regulation in open loop condition. Both line and load
regulations are dependent on the loop gain as can be seen in equations (3.9) and
(3.10).

3.2.5 Stability issue

The system has two poles; one of them is associated to the base of the pass device
and the other one to the output of the regulator. The pole associated to the output
of the regulator is pushed to high frequencies due to the low output impedance
of the pass device in emitter-follower configuration. Since the OTA has only one
amplification stage there is no other low frequency node in the loop, and the stability
of the voltage regulator can be inferred.
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Figure 3.2: Optical image of the fabricated chip (An extra pass device is indicated
in the dashed box)

3.3 Layout design considerations

The fabricated IC (Fig.3.2) consists of the voltage regulator and an extra pass
device as an additional characterization option. The differential pairs are intended
to have a symmetrical layout to reduce the mismatch and thus the input offset, and
all the devices use the same orientation to avoid any possible orientation-related
mismatch. The pass device consists of the layout of the four paralleled BJTs, in a
2-by-2 matrix geometry. In addition, the layout is designed with separate pads for
the input voltage of the regulator and the power supply of the error amplifier, as an
additional characterization option.

3.4 Experimental results and discussions

3.4.1 Single BJT and pass device in operating condition

A single BJT and the pass device were characterized individually. Fig.3.3 presents
the current gain plot of a single BJT and the pass device with VBC=0. The pass
device consists of four devices in parallel and provides higher collector current as
can be observed by the shift of the current gain plot in Fig.3.3 (b) comparing
to Fig.3.3 (a). The approximate operating point of the BJTs used in the OTA
differential pair (Q1 and Q2), and the operating range of the pass device in different
loading conditions are indicated in the figure. It is to be appreciated that due to
the relatively low current gain of the SiC BJTs, higher collector current for the
pass device (load current) is only affordable with the expense of considerable base
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Figure 3.3: Measured current gain plot with VBC=0 of (a) a single BJT (with an
indication to the operating point of Q1 and Q2 in OTA stage) and (b) the pass device
(with an indication of operating range based on different load currents)

currents. Paralleled devices, help to increase the collector current as Fig.3.3 (b)
shows, but still the current gain is the limiting factor. This will further be discussed
with suggestions for future work in Sec.3.5.

3.4.2 Linear voltage regulator

The voltage regulator circuit was tested with a 10 V reference voltage and an input
of 23 V, resulting in 14.3 V output voltage in no-load condition. The measured
output versus input of the regulator for a medium load condition (7mA~2kΩ) is
shown in Fig.3.4 (a). The regulation starts after the input reaches around 20 V. The
regulated voltage is fairly robust in the range 25 XC - 500 XC. Furthermore, in order
to investigate the load regulation, the regulator was loaded with different on-chip
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resistors. Fig.3.4(b) presents the output variation in different loading conditions.
The on-chip resistors are temperature dependent and we need to account for that.
Therefore the current of each resistor is measured instead of using the absolute
value of the resistor for current calculation. Each current value corresponds to an
integrated resistor of Fig.3.2.
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Figure 3.4: (a) Measured output variation at different temperatures (25 XC - 500
XC) in medium load condition (7mA/2kΩ), (b) output variation at 300 XC in different
load conditions

The performance evaluation

In order to further explore the performance of the SiC NPN linear voltage regulator,
the line regulation in full-load condition and the load regulation are calculated
according to the measurements, and presented in Fig.3.5 (a) and (b), respectively.
The line regulation is calculated based on �5% variation from the nominal input
voltage. It varies in the range 30� 65�mV ~V � in no-load condition and in the range
50 � 230�mV ~V � in full-load condition. The load regulation follows a similar trend
and remains in the range 2�5% for the whole temperature range up to 500 XC. Both
the line and the load regulations have the maximum deviation at 300 XC. After this
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temperature, both parameters slightly improve. Moreover, the output voltage in
full-load condition deviates less than 2% from the nominal value in the temperature
range 25 XC - 500 XC (Fig.3.5(c)), suggesting a robust operation for the circuit in a
wide range of temperature.
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Figure 3.5: Measured temperature behavior: (a) line regulation in full-load condition,
(b) load regulation and (c) output voltage in full-load condition

Transient response

To measure the transient response of the regulator to instantaneous current loads,
the output voltage was initially measured at a nominal input voltage (23 V). The
reference voltage was adjusted in order to get 15 V in the output in no-load condition.
A 1 kΩ on-chip resistor was used as the load, whose one end is connected to the
output of the regulator and the other end is floated. The floated end was controlled
with a voltage pulse source providing a 10 kHz square wave pulse with rise and
fall times of 350 ns , switching between GND and 15 V (Fig.3.6 (a)) . The output
voltage of the regulator was measured (Fig.3.6 (b)) and the current was calculated
based on the value of the load resistor at each temperature.

Thanks to the on-chip loads, this measurement method accounts for the loads
that are exposed to high temperatures. However the current passing through the
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on-chip resistor cannot be accurately controlled in the measurement, due to the
temperature dependency of the resistors.

In turn-on and turn-off, the load voltage settles after 5 µs and 10 µs respectively.
Lower output resistance of regulator in turn-on leads to lower RC constant and
faster transition in comparison with turn-off. It is to be noted that the transient
measurements are also limited by the slow response of the pulse source (350 ns)
used as control voltage. In turn-off, an overshoot around 16V is observed before
the load voltage settles at 15V. The undershoot value in turn-on is negligible. The
regulator shows a robust transient response versus temperature with almost no
transient performance degradation from room temperature up to 500XC.

Figure 3.6: Transient response to 15 mA current: (a) the control voltage, (b) the
load voltage, and (c) the load current

Power consumption

The power consumption of the linear voltage regulator at 23V power supply and
in no-load condition is 61 � 81mW in the whole range of temperature. As a result,
an efficiency of around 50% is obtained in full-load condition and in the entire
temperature range. This is expected for a bipolar linear voltage regulator with a
pass device operating in the active region[34].
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Table 3.1: Comparison of this work with a recent high temperature linear voltage
regulator

NMOS 4H-SiC
[18]

Bipolar 4H-SiC
(this work)

Load current 2A (high-power) 15mA (low-power)
Temperature 300 XC 500 XC
Integration
level

External feedback
resistors Fully-integrated

OTA
Complexity/Gain

3 gain stages
(36 dB)

1 gain stage
(30 - 34 dB)

Chip size 3.1mm2 2.6mm2

Summary

No other voltage regulator for temperatures higher than 300 XC has been reported
so far, yet Table.3.1 summarizes the performance of this design and the recent
NMOS linear voltage regulator aimed for high-temperature, high-power applications
[18]. The NMOS linear voltage regulator is designed and tested for load currents
as high as 2A, and therefore targets a wide range of power applications, whereas
the reported bipolar regulator is a low power IC for loads around 15mA, and uses a
simpler OTA and a smaller pass device together with on-chip feedback and load
resistors.

3.5 Conclusions and future directions

A fully-integrated linear voltage regulator in 4H-SiC bipolar technology is demon-
strated. For 15V output voltage and up to 15mA load current, a stable output
voltage with temperature variation @ 2% is observed. Line and load regulations
vary in the range 50 - 230 �mV ~V � (full-load condition) and 2-5 %, respectively.
The voltage regulator circuit consumes 61 - 81 mW from a 23V power supply in
no-load condition. In addition, the transient response of the regulator to a 15mA
load current shows no significant performance degradation with temperature.

In order to achieve higher output power, more gain stages for the OTA should be
employed and a larger pass device should be used to achieve higher current densities.
Higher load current also translates into higher base current for the pass device.
Considering the low current gain of the BJT devices (�50), using a pass device with
Darlington topology is suggested. However, high dropout voltage of the Darlington
pair (2 �Vbe ) should also be taken into account. Furthermore, the external reference
voltage, as the only off-chip component, should also be integrated on-chip in future
attempts.



Chapter 4

A general-purpose operational amplifer

4.1 Introduction

Operational amplifiers (opamps) for high temperature applications have been re-
ported in literature for SOI CMOS technology [35], and SiC technologies including
SiC MOSFET[5, 36], JFET[6, 8] , and recently bipolar [11, 12]. The main issue in
general-purpose opamps is the uncertainty of the parameters of the environment, in
which the opamp is supposed to be used. The focus of this chapter is to design a
general-purpose opamp in 4H-SiC bipolar technology, as a potential candidate to
be used in the control loop of a high temperature power system. The opamp in an
open-loop and a closed-loop configuration is studied, as well as its incorporation in
a Schmitt trigger and a relaxation oscillator.

4.2 An all NPN operational amplifier

The schematic of the opamp circuit is shown with details in Fig.4.1 (a). The core of
the SiC opamp is similar to that of MC1530 IC by Motorola. Different variants of
the opamps are implemented; yet two of them will be discussed in this thesis, one
with and the other without Darlington input differential pair as indicated in the
figure. They are denoted as Op.1 and Op.1D in the rest of this thesis. Fig.4.1 (a)
also indicates in the dotted lines, the off-chip components that can be added for
characterization. A chain of resistors are provided at two inputs of the opamp as
depicted in Fig.4.1 (b). This enables many measurement possibilites such as using
the opamp in open-loop, negative and positive closed-loop configurations.

All opamp variants use differential-input and single-output topologies, and are
composed of four stages: two differential gain stages, a level shifter stage, and an
output stage. In the absence of PNP SiC BJTs with enough current density, the
output stage uses a phase-splitter transistor (Q10) to drive the output BJTs Q12
and Q13. An emitter-degenerated bias circuit provides the current of the first stage.
The emitter resitor helps to increase the output resistance of the current source.
The second stage employs a resistor (RE2) as current tail, and the level shifter stage

25
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biasing current is a mirror of RB3, Q9 branch to Q8. A feedback network can be
built externally to make a closed-loop configuration. Additionally, a local feedback
in the output stage is used to improve linearity and reduce phase shift.

Figure 4.1: (a) Opamp schematic: the main varient of the opamp is shown in black
color, with indication to the other varients (in purple), and off-chip characterization
options in dotted lines. (b) the on-chip resistor chain used for characterization.

4.2.1 Opamp in closed-loop

Plenty of advantages can be listed for using an opamp in negative feedback closed-
loop configuration such as maintaining gain accuracy, reducing noise, increasing
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Figure 4.2: Opamp Schematics in closed-loop

input impedance, reducing output impedance, and reducing distortion. The opamp
in a closed-loop configuration is shown in Fig.4.2.

Its closed-loop gain is given by

Af �
A

1 �A � f
�

A

1 �A �
R1
R2

(4.1)

where A is the open-loop gain, and R1 and R2 are the feedback resistors. For
high enough gain of the opamp it can be approximated as

Af � �
R2

R1
(4.2)

The resistor values appear as ratios in the equation, and therefore their temperature-
dependence is canceled out. The temperature-dependence of the opamp closed-loop
gain (for high enough open-loop gain) is hence mitigated.

Frequency compensation

There are several methods to compensate the opamp in order to achieve at least
60 degrees phase margin. Two methods that are considered in this design are lag
compensation and Miller compensation. In the former method, a large capacitor
(Clag � 2nF ) is placed at the output of the first gain stage (indicated in Fig.4.1).
The corresponding pole is shifted toward imaginary axis and becomes a dominant
pole. For the price of losing considerable amount of bandwidth, this method provides
a simple and safe compensation. Infancy of the used models (particularly for AC
parameters) further urged to choose a safe method. The drawback is, however,
suppressed bandwidth, and need for an off-chip capacitor.

The Miller compensation method, on the other hand, employs a smaller capacitor
(almost one order of magnitude smaller) between the outputs of the first and the
second stages. This capacitor is usually accompanied with a small resistor to move
the right-half-plain (RHP) zero to the left. The Miller capacitor and resistor are
indicated in Fig.4.1 (a) as CM and RM . Since in our today’s bipolar process, the
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capacitors has relatively large footprint (� 30pF ~mm2), even the Miller capacitor
cannot be afforded on-chip. A similar design in this technology [11] supports this
claim.

As previously mentioned, the AC parameters in the used Spice model are not
accurate and simulation results does not represent the frequency behavior of the
fabricated opamp. Therefore using on-chip compensation methods, involves higher
risk due to more uncertainties.

In either case of compensation, if off-chip approach is used, the parasitics of the
cables cannot be neglected (� 50 � 70pF ~m, refer to Chapter.2). This contribution
is, one order of magnitude less than the size of Miller capacitor and two orders of
magnitude less than the size of the lag capacitor.

4.2.2 Darlington Inputs
BJTs have lower input impedance comparing with MOSFETs. The lower the input
impedance, the higher is the loading effect of the input stage on the feedback signal.
To mitigate this drawback, an opamp with a Darlinton configuration, with higher
input impedance, is implemented (Op.1D).

4.3 Schmitt trigger

4.3.1 Opamp as a comparator
In waveform generation applications, comparators are classified in the group of
bistable multi-vibrators1, since they provide two stable states. Other classes of
multi-vibrators are mono-stable (one stable state) and astable (no stable state). An
example of an astable circuit will later be discussed in Section.4.4.

Comparators are building blocks in many analog circuits applications, in which
the signal level comparison is of interest. As an example, analog-to-digital (A/D)
converters incorporate comparators as their building blocks to produce discrete
levels from an analog signal. Furthermore, in some applications (such as voltage
regulators) there is a demand for comparison of a signal with a specified reference
voltage.

4.3.2 A comparator with hysteresis
Schmitt trigger, as a building block of many pulse-shaping circuits was originally
coined in 1937 by Otto Herbert Schmitt in an article called A thermionic trigger [37].
Since then, it’s concept has been widely adopted for many electronic designs. In
this section, we describe two versions of Schmitt triggers implemented in bipolar
4H-SiC. The first version uses an emitter-coupled topology and is referred as classic
version in the rest of this thesis. The second version employs our general-purpose
opamp, as previously shown, in a positive-feedback configuration.

1Theory of multi-vibrators are described based on [24]
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Figure 4.3: (a) transfer characteristic of a balanced non-inverting Schmitt trigger.
(b) Transfer curve of a buffer with and without hysteresis for a noisy sinusoidal input

Theory

There are applications, especially in the presence of interference, where hysteresis
in comparators is desired. To provide hysteresis, two threshold levels, instead of
one, are introduced. These two voltages, VTL and VTH , are symmetrically located
around a reference voltage(i.e VR) and help to suppress the effect of interference.
Fig.4.3 shows the transfer characteristic of a balanced non-inverting Schmitt trigger,
and the output of a comparator with and without hysteresis, for a sinusoidal input
signal corrupted with a high frequency interference. The values of VTL and VTH are
exaggerated in the figure for simplicity of illustration, however they can be much
smaller than the comparator output levels. Without hysteresis, the interference
causes spurious switching around the zero crossing, whereas in the presence of
hysteresis , low-to-high and high-to-low transitions occur at the edge of VTH and
VTL respectively; therefore low amplitude interference will be suppressed.

Figure 4.4: (a) classic and (b) opamp-based Schmitt triggers
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Classic Schmitt trigger

A Schmitt trigger circuit can be made in a two transistor emitter-coupled configura-
tion, as shown in Fig.4.4 (a). Q1 acts as a comparator, with a base as the inverting
and an emitter as the non-inverting terminal. Q2 is an emitter-follower stage and is
driven by the collector of Q1 through the voltage divider resistors, R1 and R2.

By coupling the Q2 and Q1 emitters, a positive feedback loop is formed leading
to hysteresis. The positive feedback leads to current steering from Q1,Rc1 to Q2,Rc2
branch back and forth, in a regenerative manner.

To study the hysteresis behavior of the circuit, assume that the input voltage
starts at zero(level high) and decline toward the negative rail,VEE . Q1 is on in
saturated regime, conducting current and providing a low voltage at its collector.
This enforces Q2 in cut-off. Assuming VEE to be significantly larger than Vce�sat�,
the emitter voltage, VE , is:

VE �

Rc1
Rc1 �RE SS�R1 �R2�VEE (4.3)

The minimum voltage needed to turn Q1 off (and Q2 on) or the low threshold
trigger is:

VTL �

Rc1
Rc1 �RE SS�R1 �R2�VEE � Vbe�on� (4.4)

After the transition, Q1 turns off, and Q2 conducts in the saturation mode.
Vce�sat� can be neglected in comparison with VEE , and the emitter voltage is derived
as:

VE �

�Rc1 �R1�SSRc2�Rc1 �R1�SSRc2 �RE SSR2
VEE �

RE SSRc2
RE SSRc2 � �Rc1 �R1�SSR2

Vbe�on� (4.5)

For small enough RE compared to Rc1 and Rc2 , the second term of Equation
4.5 can also be neglected and the equation can further be simplified. In such a case,
the state transition occurs when the input reaches:

VTH �

�Rc1 �R1�SSR2SSRc2�Rc1 �R1�SSR2SSRc2 �RE VEE � Vbe�on� (4.6)

that is the high threshold trigger level. Using equations (4.4) and (4.6), the
required hysteresis width and levels can be achieved by tuning the resistor values.

Opamp-based Schmitt trigger

A comparator with positive feedback can also form a Schmitt trigger. The general-
purpose opamp can be employed to make a high-gain Schmitt trigger. The schematics
is shown in Fig.4.4 (b). This version consists of 13 BJTs and 13 integrated resistors.
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In the opamp-based trigger design, the input is connected to the inverting terminal
of the opamp, and the output is connected to the non-inverting terminal through
the feedback network. Thereby the positive feedback loop is formed. Assuming
considerably high gain for the opamp (preliminary simulation results shows � 70dB),
when the input (V�) declines from positive (high) toward negative (low) rail, as long
as V� A V�, the output remains at negative level. In that case, V� � R1~�R1�R2��VEE .
When V� reaches this value, output switches from low to high (VEE to VCC). This
determines the low threshold voltage. On the contrary, when input rises from
positive toward negative rail, the transition happens at: R1~�R1 �R2� �VCC , that is
the high threshold voltage.

Figure 4.5: A relaxation oscillator using the opamp

4.4 Relaxation Oscillator

An opamp in a positive feedback configuration has been previously shown to act as
a comparator with hysteresis (a Schmitt trigger). By providing a RC network in the
negative path, it can be employed as an oscillator known as a relaxation oscillator.
It can also be referred to as an astable multivibrator. An astable multi-vibrator, as
its name implies, has no stable states. Nevertheless, its output continuously flips
between two states (L� and L�). Fig.4.5 presents the schematics of a relaxation
oscillator. To understand the operation of the relaxation oscillator assume that
the output is at one of the possible states, say L�. The capacitor, Cosc starts to
charge toward the positive rail with the time constant: τ � Rosc �Cosc as long as the
negative input of the comparator has smaller value than the positive input. The
positive input, however, has the value of: f �L�, where f �

R1
R1�R2

.
This voltage is the positive threshold voltage, VTH . When the capacitor charges

up to this value, the output switches to the other state, L�, and the capacitor
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starts to discharge. Subsequently, it continues until the capacitor voltage reaches
VLH � f �L� and the output switch again to L�. This cycle continues and the circuit
oscillates, generating a square waveform. Solving the circuit for the two cases of
charge and discharge intervals, the oscillation period can be derived as

T � 2τ � ln1 � f
1 � f

(4.7)

By tuning Rosc and Cosc, the oscillation frequency can be defined. The frequency
of oscillation is expected to change by temperature because Cosc in our design is
kept in room temperature, while Rosc varies non-monotonously with temperature.

4.5 Layout design considerations

The optical image of the fabricated chips are shown in Fig.4.6. The layout is for an
open-loop configuration. The differential pairs use a symmetric layout to reduce the
input offset related to mismatch. Moreover, all the BJTs had the same orientation
on the chip to avoid any possible mismatch related to orientation. In addition,
in a few cases where the metal layers crossing occurs (with only one metal layer),
the routing was done using small connection in the highly doped collector layer.
A set of resistors with different sizes from 0.5 kΩ to 50 kΩ are provided on-chip.
The resistors are built using a chain of segmented small resistors, connected with
short metal layers. One end of the chain is connected to the input of the opamp
while metal pads are provided at different positions in the chain for different sizes
of resistors. Symmetric resistor chain are provided for both opamp inputs. This
characterization option, helps to test the opamp in different setups including open-
loop, closed-loop with different sizes of feedback resistors, positive feedback to form
an Schmitt trigger/relaxation oscillator, etc.

4.6 Experimental results and discussions

Operational amplifier

The operational amplfier was used in closed-loop configuration with on-chip resistors
forming the feedback. The connection between the feedback resistor and output
of the opamp is, however, made externally using coaxial cable. The closed-loop
configuration is shown in Fig.4.2. R1 and R2 are 0.5 kΩ and 50 kΩ respectively,
thus the feedback factor is 100. A 1.8 kΩ resistor is used as the load. A relatively
large compensation capacitor (Clag � 2.2nF ) is used in the first stage to make a
dominant pole at the output of the first stage, which leads to substantial bandwidth
decrease. This is not the best method to compensate the opamp but could be a safe
method to make a stable closed-loop opamp in a wide range of feedback conditions.

To measure the opamp, an input sinusoidal waveform with amplitude of 20
mV is used, and the output amplitude is measured versus frequency at different
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Figure 4.6: Optical image of the fabricated opamps Op.1 and Op.1D (Only the
measurement results of the first version are reported)

temperatures. The frequency response is shown in Fig.4.7. Table.4.1 gathers the
DC gain, 3dB bandwidth and gain-bandwidth products (GBW) of the closed-loop
opamp in different temperatures.

Slight improvement from 25 to 100 XC in all three metrics is observed followed
by degradation up to 500 XC. Because of the current gain decrease by temperature,
degradation of overall circuit performance is expected. However the resistors in bipo-
lar technology have previously shown a non-monotonous temperature dependence[10].
Negative temperature-dependence of the resistors up to 200 XC, that follows by
positive temperature-dependence up to 500 XC, has a clear influence on the biasing
current of the all stages. However the second stage, in which a resistor is used as
the current source, will be affected more than other stages. This variation up to 200
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Figure 4.7: Measured opamp closed-loop frequency response in temperature range
25 - 500 XC (feedback: 50K/0.5K)

XC, increases the biasing current of the second stage, and thereby competes with
the overall performance decay. Thereafter, in accordance to the current gain de-
crease, the current biasing for the second stage decreases, exacerbating the DC-gain
drop. Variation of the load resistors of the first gain stage, explains the bandwidth
temperature dependence. At 500 XC, the resistor has the maximum value in the
temperature range. It means the dominant pole, and thus the bandwidth, are
minimized. Furthermore, the compensation capacitor has a fixed value since the
opamp is supposed to be used in the temperature range 25 XC - 500 XC. However for
operation at a specific temperature (say 500 XC), it’s value can be slightly adjusted
to counterbalance the load resistor drop of the first gain stage.

The opamp consumes � 7mA current from a dual supply of �7.5 in room
temperature that corresponds to � 100mW power.

Schmitt triggers

The positive supply rail of the classic Schmitt trigger is connected to GND, whereas
its negative rail is connected to -15V. Input voltage is swept from -15V to GND
and back to -15V, thereby the hysteresis behavior can be derived.

The opamp-based Schmitt trigger is supplied with �8V power supplies while its
input is swept from -3V to 3V and back to -3V. This causes the output voltage to
vary from 5V to -7V and back to 5V . Fig.4.8 illustrates the measured transfer curve
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Table 4.1: Measured DC gain, 3dB Bandwidth and GBW

Temp (XC) DC gain (dB) 3dB-BW (KHz) GBW (MHz)

25 40.5 20 2.12
100 41.0 35 3.92
200 41.0 20 2.24
300 40 15 1.50
400 39 10 0.89
500 38 7 0.56
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Figure 4.8: Measured hysteresis characteristics of (a) the classic, and (b) the opamp-
based Schmitt triggers in the temperature range 25 - 500 XC

of the trigger circuits for temperatures ranging from 25X to 500XC for both circuits.
A non-monotonous temperature variation of trigger levels in the classic Schmitt
trigger is observed that is mainly due to the non-monotonous temperature variation
of resistor values and BJTs current gains, as previously shown in this technology[10].

It can also be inferred from the figure that the opamp-based Schmitt trigger has
a more robust temperature behavior comparing with the classic version. It is mainly
due to the high open-loop gain of the opamp (� 70 dB according to simulation),
which plies that the threshold levels depend predominantly on the feedback resistor
values. Furthermore, temperature-dependence of the feedback resistors can be
neglected because they appear in ratio terms in the equations of the opamp-based
version (refer to Sec.4.2.1). It leads to an almost symmetrical hysteresis width of
1V around the zero voltage in the range 25 XC - 500 XC(Fig. 4.8 (b)).

Table. 4.2 summarizes the the measured characteristics of the two Schmitt
triggers. The slew rate (= maxdVo

dt
) for the two designs in no-load condition is

measured by using a square-wave pulse with 1 kHz frequency in the input. The
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Table 4.2: Comparison table for the two Schmitt trigger designs

Design
Temperature
performance

Slew Rate (V/µs)
Negative/Positive Complexity

Area
(mm2)

power (mW)
(25-500 XC)

classic
(emitter-coupled)

temp.
dependent 1.7/1.0

2 BJTs
5 Resistors 0.5 50

opamp-based
temp.

independent 4.8/8.3
13 BJTs

13 Resistors 2 160

opamp-based Schmitt trigger can provide �8 and �3 times higher positive and
negative slew rates respectively, compared to the classic version, due to the high
current of the output stage and the low output pedance of the emitter follower. The
positive and negative values are different, due to the different pedances seen by the
output node in rising and falling slopes. Variation of the slew rate by temperature
is negligible. Power consumption of both designs, with a 1 kHz square-wave pulse in
the input, is measured. The classic version consumes almost 1/3 of power (50mW)
compared to the opamp-based version (160mW).

Relaxation oscillator

The measurement result of the oscillator using an external capacitance of 4.7nF
is shown in Fig.4.9. The external capacitor further provides the flexibility of
changing the oscillation frequency. The voltage levels are sustained in the whole
temperature range (25XC�500XC) wheras the frequency varies non-monotonously by
temperature; The non-monotonous behavior of the oscillation is mainly due to the
non-monotonous variation of resistors made on collector layer(previously reported
in [10]). The resistor values decrease by 30% from 25XC to 300XC and increase
by 30% from 300XC to 500XC. Since a fixed value for the external capacitor is
chosen, variation of the frequency is inevitable unless the different sizes of capacitor
is selected according to the resistor variations. �30% variation of the resistors lead
to �10% variation of the oscillation frequency from it’s nominal value of 50KHz.
Thanks to the high gain of the opamp, temperature dependency of the transistors
used in the circuit can be neglected.

4.7 Conclusions and future directions

This chapter discussed a general-purpose opamp, fabricated and measured in SiC.
The opamp was tested in closed-loop, in a positive-feedback as an Schmitt trigger
and finally in a relaxation oscillator. Another type of Schmitt trigger ,known as
emitter-coupled, with a much simpler topology was also fabricated and compared
with the opamp-based version. All the circuits were tested and operational in the
temperature range 25-500 XC.

For the opamp in closed-loop, gain and bandwidth were measured and future
attempts can target more detailed characterization (e.g input and output impedance,
slew rate, input current leakage, voltage offset, common mode rejection ratio
(CMRR), and power supply rejection ratio (PSRR)). Additionally, using the discussed
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Figure 4.9: Relaxation Oscillator transient waveform for C � 4.7nF and f � 45 �
55kHz

circuits as sub-blocks of larger systems such as the system illustrated in Fig.1.3
should be investigated more thoroughly.

Moreover, only one variant of the opamp (out of four) is measured. The other
variants (as indicated in Fig. 4.1,4.6) can be in the future perspective. Furthermore,
with new advances in the 4H-SiC bipolar technology [38], using PNP transistors can
be a possibility, both as active loads of the gain stages and in the output class-AB
stage of future opamp designs.





Chapter 5

SiC base drive IC

5.1 Introduction

Today, SiC power devices are promoted by power industries, thanks to the high
bandgap of SiC, that leads to superior devices comparing with Si. The main
advantages of SiC devices, from the power systems prospective, are:

• Higher breakdown electric field (� 10�) that results in lower on-resistance and
higher blocking voltage

• Higher thermal conductivity (� 3�), that results in higher current densities,
and easier cooling

• Higher temperature operation, that opens the door for new applications.

SiC power devices need drivers in the input to provide enough voltage and
current levels while maintaining high efficiency and high switching speed.

There is much research on the design of drive circuits for SiC power devices,
however they are mostly focused on Si-based solutions. In [39, 40], as an example,
discrete Si-based high efficiency drivers for SiC power JFETs and BJTs are demon-
strated. Silicon-on-Insulator (SOI)-based gate driver is another alternative with
higher temperature potential. In [41], a gate driver operational up to 175 XC is
demonstrated. A SiC drive IC for SiC power devices benefits all the advantages of
SiC as discussed before and is an alternative for Si and SOI-based drive circuits.

Nowadays, with advances in SiC ICs, several groups have explored power ICs in
SiC. Recently, [17] has reported a SiC gate drive IC for integrated power systems.
However, up to the date of this thesis, there is no SiC base drive IC in the literature.
This chapter discusses the first SiC base drive IC, designed and fabricated on 4H-SiC
bipolar technology. Similar to [17] and due to the lack of PNP devices, we used
RTL logic; however unlike [17], our drive IC uses a single power supply and employs
no overdrive circuit.

39
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Figure 5.1: SiC drive IC, a base resistor, and power switch

5.2 Driving a power BJT

Unlike MOSFETs and IGBTs, BJTs are current driven devices, and need a constant
base current to remain in saturated region when turned on. On the other hand,
to reduce the switching losses, the driver must charge and discharge the miller
capacitance of the power BJT quickly, and therefore a peak current is required.
Fig.5.1 shows the SiC driver IC connected to a power BJT. This is the simplest
possible architecture using a resistor between the output of the driver and the base
of the power BJT, to limit the base current.

Switching of the power BJT, involves a short period before the driver charges
the base-emitter capacitor, CBE , of the power BJT, Qpower. The BJT normally
starts in active region and end up in saturation. There is an overshoot happening
between the transition between active and saturated regions, mainly because of
the parasitic capacitance of the Shottky diode and its interaction with the load
inductance. As soon as the device enters saturation, VCE falls quickly and the
miller capacitance,CBC , that is already charged starts to discharge. The fall-time,
therefore, depends on the value of this capacitance and the power BJT base current.

In turning-off, the BJT is moving into active region before cut-off. When the
transistor turns off, the inductor current is steered to the free-wheeling diode. A
voltage peak occurs mainly because of the parasitic inductance. It has to be noted
that this peak should never exceed the breakdown voltage of the BJT.

It is of extreme importance that the low and the high power sources need to be
correctly decoupled, otherwise the high voltage pulses may kill the drive IC.

5.3 All NPN base drive IC

A push-pull buffer, also known as totem-pole, is required to provide enough power
(current and voltage) to drive a power switch, which is a power BJT in our case.
Due to the lack of PNP devices with high enough current handling, an all NPN
bipolar solution is adopted. Fig.5.2 illustrates the circuit that comprises following
parts:
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Figure 5.2: Push-pull (totem-pole) driver schematics

• The output stage (the core of the totem-pole), composed of two medium-power
BJTs. It uses the layout of the basic low-power BJT in the SiC bipolar
technology in a 2-by-5 matrix geometry (10 paralleled BJTs), with the bases,
collectors and emitters connected using the Al metal layer.

• The phase splitting stage: Comparing with complementary technology, the
NPN power stage design involves more design complexity to drive the sourcing
and sinking BJTs. A single BJT can be used to split the phase of the input
signal for the the base of the output stage BJTs. Thereby the bases of QP1
and QP2 are 180 degrees out of phase. A diode-connected BJT, at the emitter,
and a resistor, at the collector of the phase splitting BJT, provides the DC
biasing for the output stage.

• A negative feedback network to reduce the output resistance and stabilize the
drive IC versus devices parameters and temperature variations.

When the input voltage is in low state, Q1 in Fig.5.2 is in cut-off, whereas QP1
is on, and in active region. Since no current is passing through Rb1�Q1�Q2 branch,
QP2 is in cut-off and the output voltage is in high state. When the input changes
from low to high state, Q1 turns on, and QP2 is biased through Rb1 �Q1 �Q2 path.
QP2 ends in saturated region, pulling the output voltage near to GND. The value
of R2, 40 kΩ, is high enough not to load the output of the drive IC.

Referring to Chapter 2, operation of BJTs between cut-off and saturation regions,
involves charging and discharging of the relatively large equivalent base capacitor.
Yet, base-collector diffusion charges are absent for QP1 operating in the active region
and therefore it provides faster transition. Furthermore, for QP1 in active region,
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the output resistance is very low, which enables operation of the drive IC for large
capacitive loads.

5.4 Layout design considerations

The designed layout is shown in Fig.5.3. The output transistors are paralleled BJT
devices consisting of 10 BJTs connected as a 2-by-5 matrix geometry. The driver is
designed to provide up to 300 mA current to the output, thereby each column of the
2-by-5 matrix must be able to handle � 60mA. Such a current is flowing through
the interconnect, which is a 26 µm wide aluminum wire. Assuming � 106A~cm2 as
the limit before electro-migration happens in aluminum interconnects, and 1µm
thickness of the aluminum top-metal line [21], a safe current density for the sake of
metalization should not exceed � 10 mA~µm. In the case of SiC base drive IC, this
value does not exceed � 2.5 mA~µm.

Finally, the optical image of the fabricated chip is shown in Fig.5.3, with
indication on the size of the chip.

Figure 5.3: (left) Layout and (right) optical image of the driver IC

5.5 Experimental results and discussions

5.5.1 Stand-alone driver in room temperature
Tests in no-load condition

Initially, the drive IC is tested without any load. A square-wave pulse with the
frequency of 100 kHz, switching between 0 to 15 V was applied to the input of the
drive IC, and the output waveform was measured versus different power supply
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levels from 10 to 20V. Fig.5.4 shows the output voltage and indicates the typical
supply voltage of the drive IC which is 15 V. With little variation in the low level
voltage, the drive IC offer various output voltages based on voltage/current needs
of the load.

Figure 5.4: Tests in no-load condition

Tests with resistive load (Rout � 33Ω)

Input of a power BJT has both capacitive and resistive properties. Besides, by
testing the drive IC with a resistive load, the current drive for different power supply
conditions, can be investigated. The input pulse with 500 kHz frequency switching
between GND and 15 V is applied to the drive IC, and a 33Ω resistive load is used
in the output. For the supply voltage varying from nominal 15 V down to 5 V the
drive IC is still operational. At 15 V supply, the high level output is around 7 V
providing �215mA to the 33 mΩ offchip resistor. This level drops down to 1.5 V at
the lowest supply (5 V) translating to �45 mA load current. It is shown that the
drive IC is operational in a wide range of supply voltages. An overshoot of �0.5 - 2
V is due to the interaction of drive IC parasitics with the cable and off-chip resistor
parasitics. As the supply voltage decreases, the output current reduces and leads to
the lower overshoot.

Figure 5.5: Tests with resistive load (Rout � 33Ω)
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Figure 5.6: Tests with capacitive load (Cout � 2.2nF )

Figure 5.7: Tests with capacitive load (Cout � 4.7nF )

Tests with capacitive load

Since the main purpose of the drive IC is to provide enough current and voltage
levels for power BJTs, one should consider the loading effect of power BJT. The
Fairchild BJT BT1206 has �0.78nF and �1.82nF base-collector and base-emitter
junction capacitance in (zero biasing) respectively [30] . It should be noted that the
simple Spice model of Fairchild BJTs do not include the effect of diffusion capacitors.
In order to have a safe margin, our drive IC is tested with a 2.2 nF capacitive load,
almost equal to the equivalent junction capacitance at the base of a power BJT
(like BT1206). Fig.5.6 shows the output of the drive IC, while the supply voltage is
ranging from 8 to 20 V. The all-NPN push-pull circuit cannot provide symmetric
turn-on and turn-off as the complementary circuit. This can be observed in the
different transient response of driver for turn on and turn off. In particular, the
discharge of capacitor to GND sees slight ringing before settling down.

Further, it is beneficial to explore the potential of the driver for higher capacitive
loads. It would be the case that the driver is supposed to switch more than one
power device, or a much bigger power device. A 4.7nF capacitive load in the output
of the drive IC accounts for power BJTs with double the size as of Fairchild BT1206
base capacitance. The switching waveforms of drive IC switching such a load is
presented in Fig.5.7. Apart from the higher rise and fall times, the almost double
size of capacitive load reduces the ringing of the turn-off transition, as it can be
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Figure 5.8: Measured drive IC response in frequency range 100-500 kHz. (a) Tests
with capacitive load Cout � 2.2nF , and (b) Cout � 4.7nF

seen in the figure.
High frequency operation of the driver is investigated by increasing the frequency

of the input pulse from 100 kHz up to 500 kHz. Fig.5.8 shows the measurement
results of the drive IC, driving 2.2nF and a 4.7nF loads in 100-500 kHz range of
frequency. Rise and fall time for both cases of capacitive loads are listed in Table.5.1.
The delay of the drive IC before responding to positive and negative input edges
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Table 5.1: Measured rise and fall time and delay associated with each transition

rise time fall time delay (rising edge) delay (falling edge)
(ns) (ns) (ns) (ns)

C = 2.2 nF 200 300 50 200
C = 4.7 nF 500 500 50 200

are also measured and presented in the same table. Slower turn-off, in comparison
with turn-on, is mainly due to the slow transition of QP2 from saturation to cut-off,
as has been discussed in Sec.5.3.

Figure 5.9: SiC drive IC temperature performance from 25 XC - 500 XC (no � load)

Figure 5.10: SiC drive IC temperature performance from 25 XC - 500 XC (load =
33Ω)

5.5.2 Stand-alone driver temperature performance
Similar to previous SiC designs of this thesis, the SiC base drive IC was also
measured by placing the wafer on a temperature-controlled hot-stage, and this
enables measurement up to 500 XC. Packaging of the chip and its corresponding
issues should be addressed in future.
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Figure 5.11: SiC drive IC temperature performance from 25 XC - 500 XC (load
=2.2nF )

Figure 5.12: SiC drive IC temperature performance from 25 XC - 500 XC (load =
4.7nF )

The circuit was measured in four different setups in the temperature range from
25 XC to 500 XC. The same pulse as discussed in previous sections was used as
the input, while the drive IC was supplied with 15 V. The output of the driver in
no-load condition is depicted in Fig.5.9, showing a slight increase (around 2 V) of
the high-level output in the temperature range. This is mainly due to the decrease
in the voltage drop in the VCC �Rb1 �QP1�be� path.

The second test was done with a 33Ω resistor as the load. While that resistor
was kept at room temperature, other devices were exposed to temperate variation,
causing degradation of the current drive due to the degradation of current gain
versus temperature as previously observed in this technology. This is illustrated in
Fig.5.10 by the decrease in the output voltage of the resistor (and thus the output
current) versus temperature.

The third temperature test was conducted by having 2.2 nF and 4.7 nF capacitive
loads in room temperature while the driver was heated up to 500 XC. The resulting
output pulses are shown in Fig.5.11 and Fig.5.12 respectively. There is about 2
V variation in the high-level voltage in the whole range of temperature, while no
significant difference is observed in the low-level voltage.
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5.5.3 SiC drive IC together with Power BJT

Figure 5.13: SiC drive IC and power BJT, lumped model of the cables (1 m), and
parasitics of power BJT package are included in the picture

The measurement setup is shown in Fig.5.13. A Fairchild power BJT, a Cree
Schottky diode as the free-wheeling diode, and a large inductor forms the high-power
part, whereas the SiC drive IC and an off-chip 33 Ω resistor are the elements of the
medium-power part. Parasitics of the package and the cables are also included in
the setup picture.

The drive IC uses a supply of 12 V and an input switching between 12 V and
GND. The power BJT is supplied with a 12 V power source and switch about 1.5 A
of current. The output voltage of the drive circuit , current provided at the base of
power BJT, and the voltage at the collector of the power BJT are shown in Fig.5.14.
The drive IC is tested up to 300 XC while the rest of the setup is kept at room
temperature. In this setup, rise and fall times are around 100 ns. It is possible to
heat the power BJT simultaneously, however the packaging is a limiting factor for
testing in higher temperatures.

5.6 Conclusions and future directions

In this chapter, a SiC base drive IC in 4H-SiC is demonstrated and tested in different
setups and in the temperature range 25 - 500 XC. The main focus was to measure
the drive IC therefore the simplest possible loading conditions were investigated.

Although this chapter mainly tried to investigate the operation of the base drive
IC in different setups and at temperatures as high as 500 XC, potentials of this driver
design for more realistic hybrid solutions are not explored enough yet. Following
efforts can be aimed at in future:

• Testing the driver for higher power levels of the power BJT with more focus
on switching speed and efficiency.



5.6. Conclusions and future directions 49

Figure 5.14: SiC drive IC used to switch a power BJT (BT1215AC), the power BJT
kept at room temperature while driver IC is tested from 25 XC to 300 XC

• By adding a capacitor in parallel with the base resistor (Fig.5.15(a)). This
capacitor is called speed-up capacitor and helps to quickly remove the base
charges in turn-off transition. A damping resistor(RDP ) can also be added to
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damp the high frequency oscillation due to package and devices parasitics[39].

• Larger power supply level for the driver leads to faster switching, however
it also translates into higher on-state loss. In [39], double source solution is
employed to reach an optimal point for the best switching speed and on-state
loss(Fig.5.15(b)).

• Other topologies for the drive circuit should also be investigated in the next
design attempts.

Figure 5.15: Advanced driver circuits: Single source resistor-capacitor network (a)
and dual-source resistor-capacitor network(b) [39].



Chapter 6

Conclusions and Future Works

6.1 Conclusions

This thesis demonstrates three integrated circuits realized in bipolar 4H-SiC aiming
at high temperature power applications: a linear voltage regulator, a general-purpose
opamp, and a monolithic drive circuit for power BJTs. The design of the circuits,
the layout considerations, and the characterization results were discussed in each
chapter, followed by conclusions and future directions.

• The linear voltage regulator circuit was designed with a single gain stage, a
pass device made up of four BJTs in parallel connection, resistive feedback
network and on-chip resistive loads. The only off-chip element was the reference
voltage. The circuit was measured for up to 15 mA load current at a nominal
output voltage of 14 V. The output voltage in full-load condition, remained
almost unchanged in the temperature range 25 - 500 X C, with less than 2%
deviation from the nominal voltage level. Line and load regulations in the
temperature range varied in the range 50-230 (mV/V)(full-load), and 2-5 %,
respectively. Transient measurement for an instantaneous load current of 15
mA was conducted and showed no significant performance degradation in
different temperatures.

• The all-NPN general purpose amplifier can be a candidate in different stages
of a power control system such as: error amplifier, sub-blocks of PWM/PFM,
comparators, and other parts of a high temperature system, in which ampli-
fication of signals is of interest. Therefore, an amplifier was designed and
tested in different setups including closed-loop configuration, as a Schmitt
trigger and as a relaxation oscillator. When used as a Schmitt trigger, it was
also compared with an emitter-coupled Schmitt trigger, which used a simpler
design. In all setups, the chip was measured in the temperature range 25 -
500 X C and was operational in the whole range. Moreover, the performance
deviation was analyzed and discussions were provided in the corresponding
chapter.

51
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• A monolithic SiC drive IC for SiC power BJTs was proposed and realized
in bipolar 4H-SiC. The preliminary measurement results in different loading
conditions were provided in the temperature range 25 - 500 X C. For both
resistive and capacitive loads, temperature performance of the drive IC showed
no significant degradation in the transient response, however slight drop of
the high level voltage in the resistive case is inevitable due to the temperature
dependence of the devices. Furthermore, the drive IC was tested in a range of
frequencies from 100 kHz to 500 kHz in the two capacitive loading conditions.
Finally the drive IC was used in a simple setup together with a commercial
SiC power BJT. The preliminary measurements showed the operation of the
drive IC and the power BJT for a 12 V power supply and around 1.5 A of
static current.

All the three circuits were tested in the range 25 - 500 XC and were shown to be
successfully operational in the whole range.

6.2 Future Works

In future attempts, the following issues should be addressed:

• The SPICE BJT models need to be improved. AC parameters should be added
to the model and parameters for higher temperatures should be extracted.

• Linear voltage regulator : As the first effort to integrate a linear voltage
regulator in bipolar 4H-SiC, a simple design is adopted, which means a 1-stage
OTA, a relatively small pass device and an external reference voltage. However,
in the next attempts, the design can be improved in following ways: a 2-3 stage
OTA can help to greatly increase the loop gain and thus the performance of
the regulator, a bandgap generated voltage reference circuit can be integrated
together with the regulator, a Darlington topology for pass device should be
used for higher gain, and a larger size for pass device should be selected for
higher current density.

• Operational amplifier : The fabricated designed are not fully characterized yet.
More characterization for the main variant of the opamp, and investigating
the other variants is a direction for future outlook. Moreover, a single-supply
opamp can be targeted in future instead of the dual-supply as of today. The
Schmitt trigger and the relaxation oscillator can be reused as components of a
bigger design (e.g in the control loop of a monolithic SiC power system).

• Base drive IC : The measurements at this stage are preliminary. The base
drive circuit needs to be further studied and tested with the focus in high-
power high-efficiency systems. The drive circuit can be accompanied with a
level-shifter in the input to enable its operation with lower voltage levels. In
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addition, the supervisory circuits feeding the drive circuit can be the next
step toward more SiC integration for power applications. An example of a
complex monolithic SiC solution is a DC-DC converter comprising the high
power conversion part and the low power control system.

In order to further harness the advantages of bipolar SiC technology for integrated
circuits, following issues should be considered in the technology evolution:

• The complementary devices suitable for circuit design is a predominant need.
The PNP devices up to date [38], despite their high current gain offer very
low collector current ratings (in the order of µA), raising the question if they
can be considered as an option for power applications. The development of
PNP BJTs with higher current ratings (at least two orders of magnitude as of
the [38]), can be a leap in the design of SiC ICs, especially totem-pole buffer
stages.

• The metal-oxide-emitter capacitors as of today, are not area efficient with
their large footprint(� 30pF ~mm2) . In future, as the technology scales, and
appreciating the complexity and cost of process steps, other solutions such
as multi-finger metal-oxide-metal (MOM) and metal-insulator-metal (MIM)
capacitors should be investigated.

• The metalization system has been studied in [21] for Al and Pt as the top-
metal layer. Different failure mechanisms for both options are reported versus
accelerated electro-migration tests of 1MA/cm2 (electro-migration for Al ,
poor step coverage and via filling for Pt). Therefore the metalization system
is still an open challenge for reliable high temperature bipolar ICs, prior to
bonding and packaging.
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