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Abstract

Over the last decade, electronics reliably operating at high temperatures
have been increasingly demanded to support in situ sensing applications in
industry such as automotive, aerospace, deep-well drilling, and military. How-
ever, few of these applications have requirements above 460 ℃, as the surface
temperature of Venus, which is a specific target for the seismic sensing ap-
plication in this thesis. Due to its wide bandgap, Silicon Carbide (SiC) is a
promising candidate to implement integrated circuits (ICs) operating in such
extreme environments. In this thesis, various analog and mixed-signal ICs
in 4H-SiC bipolar technology for high-temperature sensing applications are
explored, in which the device performance variation over temperatures are
considered. For this purpose, device modeling, circuit design, layout design,
and device/circuit characterization are involved.

In this thesis, the circuits are fabricated in two batches using similar
technologies. In Batch 1, the first SiC sigma-delta (Σ∆) modulator is demon-
strated to operate up to 500 ℃ with a ∼30 dB peak SNDR. Its building
blocks including a fully-differential amplifier, an integrator, and a latch com-
parator are characterized individually to investigate the modulator perfor-
mance variation over temperatures. In the succeeding Batch 2, the first SiC
electromechanical Σ∆ modulator for accelerometer is designed with a chosen
Silicon capacitive sensor for seismic sensing applications on Venus. Its build-
ing blocks including a charge amplifier, a multiplier, a low-pass filter, and a
relaxation oscillator are designed. Compared to Batch 1, a smaller transistor
and two metal-interconnects are used to implement higher integration ICs
in Batch 2. Moreover, the first VBIC-based compact model featured with
continuous-temperature scalability from 27 to 500 ℃ is developed based on
the SiC transistor in Batch 1, in order to optimize the design of circuits in
Batch 2.

The inaccuracy of the integrator-resistors implemented in the base-layer
has been identified to be the dominant factor limiting the performance of the
Σ∆ modulator in Batch 1. To overcome this issue, collector-layer integrator-
resistors are used and external calibration circuitry is considered for the elec-
tromechanical Σ∆ modulator in Batch 2. Nevertheless, the demonstrated
performance of ICs in Batch 1 show the feasibility to further develop the SiC
readout ICs for seismic sensor system operating on Venus.

Keywords: Silicon carbide (SiC), bipolar junction transistor (BJT), inte-
grated circuit (IC), sigma-delta (Σ∆), data conversion, operational amplifier
(OpAmp), VBIC, SPICE Gummel-poon, high-temperature, electromechani-
cal, accelerometer, capacitive sensor.
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Sammanfattning

Under det senaste årtiondet har kraven på tillförlitligt fungerande elekt-
ronik vid höga temperaturer ökat, för att stödja in situ sensing applikationer
inom industrin, såsom bil-, flyg-, djupborrnings och militära applikationer.
Men få av dessa applikationer har krav på temperaturer över 460 ℃, som är
yttemperaturen hos Venus, vilket är ett specifikt mål för det seismiska av-
känningsutrustningen i denna avhandling. På grund av sitt breda bandgap är
kiselkarbid (SiC) en lovande kandidat för att implementera integrerade kret-
sar (ICs) som arbetar i sådana extrema miljöer. I denna avhandling undersöks
olika analoga och mixed signal-IC i 4H-SiC bipolär teknologi för högtempe-
raturavkännande tillämpningar, där transistorernas prestationsvariation över
temperaturer övervägs. För detta ändamål är transistormodellering, kretsde-
sign, layoutdesign och komponent / kretskarakterisering inkluderade.

I denna avhandling tillverkas kretsarna i två omgångar med liknande tek-
nologi. I Batch 1 demonstreras att den första SiC sigma-delta (Σ∆) modula-
torn kan arbeta upp till 500 ℃ med en ∼30 dB topp signal-brusförhållande.
Dess byggstenar som inehåller en fulldifferentialförstärkare, en integrator, och
en latchad komparator, karakteriseras individuellt för att undersöka modula-
torns prestanda-variation över temperatur. I den efterföljande Batch 2 är den
första SiC-elektromekaniska Σ∆ modulatorn för accelerometern konstruerad
med en kapacitiv kiselsensor för seismisk sensortillämpning på Venus. Dess
byggstenar inklusive en laddningsförstärkare, en multiplikator, en andra ord-
ningens lågpassfilter, och en relaxations-oscillator är konstruerade. Jämfört
med Batch 1 används en mindre transistor och två sammankopplade metall-
skikt för att implementera mer komplexa och högre integrerade IC i Batch
2. Dessutom gjordes den första VBIC-baserade kompakta modellen utrustad
med kontinuerlig temperaturskalbarhet från 27 till 500 ℃, där utvecklingen
baserades på SiC transistorn i Batch 1, för att optimera kretsarnas konstruk-
tion i Batch 2.

Noggrannheten hos de integrator-motstånden som implementerats i basskik-
tet har identifierats som den dominerande faktorn som begränsar prestandan
för Σ∆ modulatorn i Batch 1. För att övervinna detta problem används kol-
lektorskiktet för integrator-motstånden och externa kalibreringskretsar över-
vägs för den elektromekaniska Σ∆ modulatorn i Batch 2. Den demonstrerade
prestandan av IC i Batch 1 visar möjligheten att vidareutveckla SiC-readout-
IC-systemet för det seismiska sensorsystemet så att det kan arbeta på Venus.
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Chapter 1

Introduction

Silicon Carbide (SiC), as a wide bandgap semiconductor has been attractive in both
academia and industry for implementing high-voltage devices due to the advantages
of higher critical electric field and higher thermal conductivity [1]. On the other
hand, its wide bandgap also results in a much lower intrinsic carrier concentration,
hence permitting device operation at much higher temperature theoretically up to
∼1000 ℃ [1]. Benefitting from improvements in material quality [2] [3] and process
reliability [4–6] up to 600 °C, SiC has strong potential advantages for integrated
circuits (ICs) operating at such high temperatures. Moreover, some reported re-
liability data [7] and radiation testing [8] further allow SiC ICs to be suitable for
Venus surface exploration, which is the main target in this thesis.

1.1 Research objective and methodology

In this thesis, the circuits are fabricated in two batches using similar technologies.
There are two main objectives: a) demonstrating the first high-temperature SiC
sigma-delta modulator in Batch 1 without explicit design specifications; b) design
a SiC electromechanical sigma-delta modulator in Batch 2 for seismic sensing ap-
plications on Venus. In order to reach the two objectives, device modeling, circuit
design, chip fabrication and device/circuit characterization are required. In Batch
1, the high-temperature circuit characterization was mainly made as a proof a tech-
nology due to incomplete device models and process variation, and subsequently
the device characterization and modeling was carried out to provide comprehensive
investigation on the circuits’ performance. Thus the understanding and experience
from Batch 1 was helpful for improving the device performance and circuit design
in the succeeding Batch 2. For this purpose, the following intermediate goals were
pursued:

1) Development of the SPICE Gummel-Poon (SGP) isothermal models with DC
and AC parameter sets extracted from the low-voltage SiC NPN BJT in Batch
1 in order to analyze the performance of the simple circuits in the same batch.

1
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2) Characterization and modeling of the SiC resistors implemented in base and
collector layers, and capacitors formed between emitter and metal-1 layers in
Batch 1, in order to investigate their effects on the performance of the circuits
in the same batch.

3) Design and characterization of the SiC fully-differential amplifier in Batch 1
up to 500 °C mainly in order to demonstrate its low-frequency performance.

4) Design and characterization of the SiC integrator in Batch 1 up to 500 °C
in order to investigate its high-frequency performance and stability require-
ments.

5) Design and characterization of the SiC ECL latched-comparator in Batch 1
up to 500 °C in order to demonstrate its performance in terms of accuracy,
speed and driving capability.

6) Design and characterization of the first sigma-delta modulator in Batch 1 up
to 500 °C; Analysis of the modulator performance using its building blocks
performance obtained from 3) - 5).

7) Development of the first VBIC-based compact model with continuous tem-
perature scalability from 27 °C to 500 °C based on the extraction of the low-
voltage SiC NPN BJT in Batch 1 in order to optimize the design of circuits
in Batch 2.

8) Development of the behavioral model of the chosen Silicon capacitive sensor
according to its high-temperature characterization results in order to incor-
porate into the designs of entire accelerometer systems of 9) and 10).

9) System-level, circuit-level, and layout-level design of the SiC open-loop read-
out circuit for accelerometer in Batch 2 including a charge amplifier, a mul-
tiplier, a 2nd-order low-pass filter and a relaxation oscillator.

10) System-level, circuit-level, and layout-level design of the SiC closed-loop read-
out circuit for accelerometer in Batch 2 including the open-loop readout part
of 9) and a 2nd-order sigma-delta modulator.

The basic methodology of this work for pursing the mentioned intermediate
goals involves two main branches: device and circuit, each of which follows a cyclic
flow and correlates to each other at certain steps, as illustrated in Fig. 1.1.

The designs of the complex systems including the first sigma-delta modulator
and the electromechanical sigma-delta modulator both employed a top-down ap-
proach to improve the work efficiency. Firstly, according to the specifications a
system-level design was carried out using Matlab/Simulink. Secondly, according to
the corresponding requirements specified from system-level, the circuit-level design
was carried out using Cadence IC tools where co-simulations with behavioral models
and transistor models were adopted to debug the system. At this step, for Batch 1
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Fig. 1.1: Flowchart illustrating the cyclic loop including characterization, device modeling,
circuit design and fabrication for the basic methodology of this thesis.

the transistor-level design was based on the SGP models extracted from a previous
high-voltage batch (at 27 °C and 225 °C) [9]. After the characterization of Batch 1,
the SGP isothermal models (from 27 °C to 500 °C) for BJT and resistors were both
built (goals 1) and 2)), which were used for analyzing the circuits’ performance on
the same batch (goals 3) - 6)) and developing the continuous-temperature models
to design the circuits in Batch 2. Thirdly, the layouts of circuits and test devices
were drawn using Cadence (Batch 2 was DRC and LVS checked). Fourthly, the
chips for different circuits were fabricated using the in-house low-voltage SiC bipo-
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lar technology. Finally, the high-temperature measurement results for the devices,
stand-alone building blocks, and the entire system were obtained. The devices
would be characterized and modeled again for analyzing the circuits’ performance
on the current batch, and used for designing the next batch. Consequently, the
iterations of the development loop not only improved the SiC IC technology, but
also deepened the understanding of the temperature effect on the performance of
devices and circuits, which could be helpful to guarantee a successful design using
similar technology.

1.2 Thesis organization

This thesis is organized in six main chapters.
Chapter 2 briefly reviews the electronics demand for high temperature applica-

tions, in which a specific seismic sensing application for Venus project is focused.
The SiC materials properties are introduced. Some reported high-temperature in-
tegrated circuits implemented in different SiC technologies are also compared.

Chapter 3 illustrates the development of the first VBIC-based compact model
for the low-voltage 4H-SiC BJT, featured with continuous-temperature scalability
over a wide temperature range. A brief introduction of the in-house SiC bipolar
IC technology is given. The physics of 4H-SiC is investigated in terms of the
electrical properties, in order to give physically meaningful fitting parameters for the
continuous-temperature model proposed subsequently. The new model is verified
using the bandgap voltage reference circuits in the same batch.

In Chapter 4, the first SiC sigma-delta modulator operating at high tempera-
tures is demonstrated. An overview of the fundamentals and taxonomies for sigma-
delta modulators is given. A system-level design is described in detail, in which the
most important non-idealities are modeled to predict their effects on the system
performance. Subsequently, according to the requirements specified from system-
level design, the circuit-level design is carried out. The die photos of all circuits
fabricated in the first batch are shown. Finally, the high-temperature measurement
results of the SiC sigma-delta modulator and its building blocks including a fully-
differential amplifier, an integrator and a latched comparator are presented and
discussed.

In Chapter 5, a SiC electromechanical sigma-delta modulator for Silicon MEMS
accelerometer operating at high temperatures is designed. As part of the closed-
loop system, an open-loop readout circuit is designed individually including a charge
amplifier, a multiplier, a 2nd-order low-pass filter and a relaxation oscillator. Both
system-level and circuit-level designs are given in detail. The layouts of the circuits
in the second batch are shown.

Finally, Chapter 6 summarizes the main results obtained in Batch 1 and sug-
gestions for the future work of packaging and measuring the circuits in Batch 2.



Chapter 2

High temperature electronics

This chapter will briefly review the electronics demanded for high temperature
applications, in which a specific seismic sensing application for Venus project is
focused. An introduction of Silicon Carbide material properties will be given. Fi-
nally, some reported high-temperature integrated circuits implemented in different
Silicon Carbide technologies will be compared.

2.1 High-temperature seismic sensing

Over the last decade, electronics capable of operating reliably at elevated ambient
temperatures up to 600 °C have been increasingly demanded to support in situ
sensing applications in a wide variety such as automotive, aerospace and deep-well
drilling, and other industrial systems [10–12]. To monitor or control the critical
hot-section, the electronics used to be located outside the high temperature region.
Alternatively, an active cooling system can be applied, but it is much larger than the
functional electronics. Consequently, the additional overhead including inevitable
longer wires, more connectors and heavy cooling system can offset the benefits of
using electronics, or even result in fatal failure. For example, for aerospace systems
the issues of weight and reliability are as important as the performance improve-
ment objective [13]. However, for deep-welling drilling, it is unrealistic to deploy the
cooling system in the high temperature deep well [11]. An overview of applications
requiring high-temperature electronics implemented in current/future technologies
is provided in Table 2.1 [10]. The bulk Si technology currently dominate almost all
the applications in the temperature up to ∼150 °C with relaxed cooling require-
ments. From ∼150 °C to ∼300 °C, to overcome the large leakage current in bulk Si
[10], Silicon-on-insulator (SOI) technologies with special enhancement techniques
are still competitive due to their commercial advantages and product reliability
[14–16]. However to reach even higher operating temperatures, new technologies
based on wide-bandgap (WBG) semiconductors are demanded [10], which could
enable future applications in extreme environments, such as space exploration.

5
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Table 2.1: Semiconductor technologies for some high-temperature applications from [10].

High temperature application
Peak

ambient
Current

technology
Future

technology
Automotive

Engine control electronics
Electric/Hybrid vehicle PMAD
Electric suspension & brakes
On-cylinder & exhaust pipe

150°C
150°C
250°C
600°C

Bulk Si & SOI
Bulk Si
Bulk Si

N/A

Bulk Si & SOI
WBG
WBG
WBG

Turbine engine
Sensors, telemetry, control

Electric actuation

300°C
600°C
150°C
600°C

Bulk Si & SOI
NA

Bulk Si & SOI
N/A

WBG & SOI
WBG
WBG
WBG

Deep-well drilling telemetry
Oil and gas
Geothermal

300°C
600°C

SOI
N/A

WBG & SOI
WBG

Industrial
High temperature processing 300°C

600°C
SOI
N/A

SOI
WBG

Spacecraft
Power management

Venus & Mercury exploration

150°C
500°C
550°C

Bulk Si & SOI
N/A
N/A

WBG
WBG
WBG

Note: Bulk Si, SOI, WBG, and N/A stands for bulk silicon, silicon-on-insulator,
wide bandgap, and currently not available respectively

A specific application for the work in Batch 2 is targeted on demonstrating a
seismic sensing system working on Venus at ∼460 °C [17]. Since the beginning
of the space exploration era, Venus has been an attractive subject for planetary
science due to its vicinity and similarity to Earth1. The Soviet Venera 13 [19]
lander provided the first color images from Venus surface in 1982, but unfortunately
the lander only survived for about two hours due to the extreme temperature on
Venus surface. The NASA Magellan [20] and ESA Venus Express [21] spacecraft
successfully collected data from orbit during 1989-1994 and 2005-2015 respectively.
The returned data showed that Venus surface is covered with volcanic and tectonic
features, and surrounded by dense atmosphere (CO2) and thick clouds (sulfuric
acid) resulting in higher pressure (∼92 bar). However, the formation, evolution,
and interior structure are still unknown.

Understanding the evolution and habitability of Venus can be quite helpful for
understanding our Earth, and preventing our planet from eventually becoming an-
other Venus [22]. Seismicity measurement at the Venus surface instead of orbit is a
more productive way to study planetary interiors [23]. Lorenz [24] has investigated
that the sensitivity of the seismometers on Venus surface would be mainly limited
by the background noise due to wind or lander system with mechanical cooler. He

1The distance between Venus and Earth is ∼40 million km, and they are similar in terms of
size, mass and age [18].
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Fig. 2.1: Block diagram of a seismic sensing system for Venus surface operation. The
building blocks including a capacitive sensor, a preamplifier, and an ADC are concerned
in this work.

has also predicted that a mission of at least 100 days (1/2 Venus year) would be
required to record ∼100 seismic events using a seismometer with a 10 nm position
measurement accuracy. Therefore, the electronics and sensors installed in the lan-
der are required to be capable of long-term operation in such harsh environment and
preferably without external cooling. Furthermore, placing the front-end electron-
ics including the preamplifier and analog-to-digital converter (ADC) closer to the
sensor can improve the signal-to-noise ratio (SNR) and stability of the sensor sys-
tem. In this way, the noise immune digital signals can be processed by a succeeding
digital system placed either on-chip or remotely through wireless communications,
which is conceptually illustrated in Fig. 2.1. Except the concerned blocks in this
work: sensor, preamplifier and ADC, some other blocks: a RF transmitter/on-chip
logics, power supply units (PSU) and radioisotope thermoelectric generator (RTG)
[23] are required to establish a complete system.

A seismic sensor basically consists of a proof-mass, whose position or velocity is
measured. Among various types of seismic sensors, the capacitive inertial sensors
are especially attractive for high-temperature applications because of the inherently
low temperature dependence of the capacitive sensing principle [25]. Operation of
a capacitive accelerometer at high temperatures up to 400 °C and feasibility of
capacitive transduction at these temperatures were recently demonstrated by [26].
For these experiments, a bare Silicon micromachined sensor die from a commercial
single-axis capacitive accelerometer module was supplied by Colibrys [27], whose
SEM image is shown in Fig. 2.2 [28]. The performance of this accelerometer
at room temperature (in Table 5.1 of Chapter 5) can fulfill the requirements for
seismic measurement on Earth2 . However for the seismic measurement on Venus,

2Some seismology requirements on Earth: bandwidth<100 Hz, resolution<5 µG, dynamic
range∼±1 G, and noise floor∼several µG/

√
Hz [29].
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Fig. 2.2: SEM image of an non-packaged Colibrys accelerometer taken from [28].

the accurate specifications are still unclear. When the temperature is elevated, the
sensor’s static and dynamic performance have been identified to be affected by the
temperature variations of the Young’s modulus, the viscosity and pressure of the gas
inside the sensor cavity, which will be considered in the electromechanical model,
discussed in Chapter 5. Note that, decomposition of the polymer-based antistiction
layer covering the proof-mass was observed, resulting in stiction problems, starting
at 400 °C. This reliability issue can be overcome by using nano-crystalline graphite
coatings, and hence extending the operation temperature to 460 °C [30]. Therefore,
in this work the Colibrys capacitive sensor was initially adopted to demonstrate the
first accelerometer readout system presented in Chapter 5. However, the final choice
of the sensor could be altered depending on the measurement results in future work.

2.2 High-temperature semiconductors

Although the capacitive sensors made in Silicon are available for such high temper-
atures up to ∼400 °C or 460 °C, electronics can only be implemented in the WBG
semiconductors such as SiC, GaN, or GaAs [10]. Among them, Silicon Carbide
(SiC) is a promising candidate with superior properties originally due to its crystal
structure. SiC occurs in over 200 polytypes, characterized by different stacking
sequence of Si-C bilayers of its crystal structure [31]. Nevertheless, only a few poly-
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Table 2.2: Comparison of fundamental electrical properties of SiC polytypes with Si at
room temperature taken from [1].

Properties Unit Si 3C-SiC 6H-SiC 4H-SiC
Bandgap, Eg eV 1.12 2.4 3.0 3.2

Critical field, Ec MV/cm 0.25 2.0 2.5 2.2
Saturated electron velocity, vsat 107 cm/s 1.0 2.5 2.0 2.0

Electron mobility, µn cm2/(V∙s) 1350 1000
500(1)

100(2)
950(1)

1150(2)

Hole mobility, µp cm2/(V∙s) 480 40 80 120
Relative dielectric constant, ɛr 11.9 9.7 10.0 10.0

Thermal conductivity, λ W/(cm∙K) 1.5 5 5 5
Notes: (1) perpendicular to c-axis; (2) parallel to c-axis

types such as the cubic 3C-SiC, the hexagonal 6H-SiC and 4H-SiC are commonly
developed for electronics, each of which exhibits unique fundamental electrical prop-
erties as given in Table 2.2. Among them, 4H-SiC polytype is mostly preferable in
recent years since it has higher mobility parallel to the c-axis, and much smaller
mobility anisotropy [1].

Due to the superior electrical properties compared to Si, SiC electronics can sig-
nificantly benefit the application areas of high-temperature, high-power and high-
frequency. Firstly, the bandgap energy of SiC is approximately 2-3 times that of Si
at room temperature, which leads to orders of magnitude lower intrinsic concentra-
tion, hence permitting device operation at much higher temperature theoretically
up to ∼1000 °C [1]. Secondly, the high critical field of SiC allows the use of much
higher doping and thinner layers for a given breakdown voltage, resulting in much
lower specific on-resistances of SiC devices for faster power switching. Thirdly, the
high carrier saturation velocity coupled with high critical field allows SiC microwave
devices to handle much higher power densities, and the relatively low dielectric con-
stant benefits reducing the parasitic capacitance, both of which are advantages of
SiC for high-frequency applications despite its relatively lower carrier mobility.

In addition, benefitting from the improvements in material quality [2] [3] and
process reliability [4–6] up to 600 °C, SiC has strong potential advantages for inte-
grated circuits (ICs) operating at such high temperatures. Moreover, some reported
reliability data [7] and radiation testing [8] further allow SiC ICs to be suitable for
Venus surface explorations.

2.3 High-temperature SiC ICs overview

A few high-temperature ICs implemented using JFET, MOSFET, MESFET or
BJT SiC technology have been reported. Among them, the maximum operation
temperature of 961 °C has been very recently reported in [32] for an 11-stage ring
oscillator implemented in 4H-SiC JFETs by NASA. The same group also demon-
strated other simple analog and digital ICs operating at 500 °C for thousands of
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hours with long-term stability in 4H-SiC [33] and 6H-SiC [34] JFETs. In the 90’s,
some digital ICs in 6H-SiC CMOS have been reported to operate up to 300 °C [35]
[36], and lately CMOS [37] and NMOS [38] has been pushed to 400 °C and 500 °C
respectively, although struggling with gate-oxide reliability at these temperatures.
A recent work [39] demonstrates a set of digital and analog control ICs in 4H-SiC
MESFET operating up to 300 °C. Compared to JFETs or MOSFETs, BJTs are
potentially better for high-precision (lower offset/noise) and high-speed analog ICs
(larger gm/IC), as discussed in [40]. A few digital and analog circuits have been
successfully demonstrated to work up to 500/600 °C using the in-house 4H-SiC BJT
technology [41–43], and [Paper I], [Paper II], [Paper III] (presented in Chapter 4).

Regarding complex analog and mixed-signal (AMS) ICs, more recently, an ADC
in 4H-SiC CMOS has been reported to operate up to 300 °C with a ∼32 dB SNDR
[44], which contains an 8-b DAC [45]. Another 8-b DAC in 4H-SiC BJT tech-
nology pushed the operation temperature to 500 °C [46]. However, the design of
complex ICs using the in-house SiC bipolar technology faces several challenges: 1)
device performance variation over temperatures (e.g. BJT’s current gain, resistor’s
value); 2) mismatches caused by interconnect cross-over due to only one metal-layer
available in Batch 1; 3) large device size coupled one/two interconnect metal-layers
limiting the integration levels hence the circuit functionality; 4) lack of PNP tran-
sistors, incomplete small signal and noise models, etc. Compared to digital, analog
ICs are more sensitive to the aforementioned technology challenges.

Sigma-Delta (Σ∆) ADC has been adopted in this work mainly due to its immu-
nity to the analog blocks impairment [47]. Moreover, among various types of ADCs
(flash, successive-approximation-register (SAR), pipeline and Σ∆, etc.), Σ∆ ADCs
have been dominantly used for low-speed high-resolution industrial measurement
applications, including sensor-conditioning, energy-monitoring and motor-control
[48]. Consequently, the first fully integrated SiC BJT Σ∆ modulator3 in Batch 1
was designed and measured up to 500 °C with a ∼30 dB SNDR [Paper IV], which
will be presented in detail in Chapter 4. An electromechanical SiC BJT Σ∆ modu-
lator in Batch 2 was designed for seismic sensing applications on Venus at 460 °C,
which will be presented in detail in Chapter 5.

3The entire Σ∆ ADC generally consists of a Σ∆ modulator and a succeeding decimation filter.



Chapter 3

SiC device modeling

This chapter will illustrate the development of the first VBIC-based compact model
for the low-voltage 4H-SiC BJT, featured with continuous-temperature scalability
over a wide temperature range. A brief introduction of the in-house SiC bipolar IC
technology will be given. The physics of 4H-SiC will be investigated in terms of the
electrical properties, in order to give physically meaningful fitting parameters for
the continuous-temperature model proposed subsequently. Finally, the proposed
new model will be verified using bandgap voltage reference circuits in the same
batch. Parts of the contents in this chapter are referred to the relevant papers
[Paper V] and [Paper II].

3.1 SiC IC technology overview

An in-house bipolar IC technology in SiC was utilized to fabricate the circuits and
devices on 4-inch 4H-SiC wafers with multiple epitaxial layers. The cross-section
views of the transistors in Batch 1 and Batch 2 are shown in Fig. 3.1 (a) and
(b) respectively, in which the details of the epi-layers are indicated1. The two
IC batches have the following three parts in common: 1) a highly-doped p-type
isolation layer is used to isolate devices from each other, which needs to be reverse-
biased in operation; 2) a highly-doped buried-collector is used to reduce the BJT
collector resistance, which is also used to implement low-value resistors (sheet-
resistance ∼160 Ω/sq. @27 °C) requiring high accuracy; 3) a low-doped collector is
used to accommodate a breakdown voltage of 50-100 V. However, the base doping
is reduced from ∼3×1018 cm−3 in Batch 1 to ∼3×1017 cm−3 in Batch 2, in order to
increase the current gain, but with a cost of higher base resistance. Moreover, the
base layer can also be used to implement high-value resistors (sheet-resistance ∼36
kΩ/sq. @27 °C). The highly-doped emitter is formed using double-layer in Batch
1 and single-layer in Batch 2.

1The device design in terms of doping and thickness was optimized using device simulation
tools, which is elaborated in [49].

11
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Fig. 3.1: SiC NPN BJT’s mask layout and cross-sectional epi-structure used for ICs on
(a) Batch 1: double-base and one-metal; (b) Batch 2: single-base and two-metal. (The
horizontal dimensions of cross-sections are not to scale).

Applying three dry-etching steps on the doped SiC layers, the emitter (E),
base (B), and collector (C) regions of the NPN BJT can be formed. A sacrificial
thermal oxidation process is required to remove the damage during dry etching.
Then a passivation oxide is deposited on the entire surface. The thicknesses of
the dielectric are ∼1 µm in Batch 1 and ∼0.4 µm in Batch 2, which result in on-
chip capacitors (between emitter and Metal 1) with capacitance-densities of ∼34
pF/mm2 and ∼86 pF/mm2 respectively. For ohmic contacts on SiC, the n-type and
p-type are formed by using Ni (110 nm) and a triple-layer of Ni/Ti/Al (10/15/85
nm) respectively. Via holes are opened by dry etching and filled with TiW. For
interconnection, one-metal and two-metal Aluminum layers are used in Batch 1 and
Batch 2 respectively. More details regarding the process and transistor design can
be found in [49] [50] .

Regarding the layouts of devices in two batches shown in Fig. 3.1, the BJTs in
Batch 1 have wider distance (∼20 µm) between collector and base, allowing routing
of metal line across this region. But this layout increases the collector resistance;
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Table 3.1: 4H-SiC material parameters used in physical models

Parameter Definition Value Unit Reference
Eg0 Bandgap energy at 0 K 3.265 eV

[51]

A Temp. coefficient A of 4H-SiC BG -6.5×10-4 eV/K
B Temp. coefficient B of 4H-SiC BG 1300 K
NC Effective electron density of states at 300 K 1.69×1019 cm-3

NV Effective hole density of states at 300 K 2.49×1019 cm-3

gD Donor degeneracy factor 2 -

[52]
gA Acceptor degeneracy factor 4 -

αD Donor reduction factor 3.1×10-5 meV
αA Acceptor reduction factor 3.1×10-5 meV

ΔED0 Max. donor ionization energy 95 meV
*

ΔEA0 Max. acceptor ionization energy 210 meV

µnB Electron mobility in base at 300 K 497.8 cm2/Vs

*
µpE Hole mobility in emitter at 300 K 73.4 cm2/Vs

βnB Temp. exponent of electron mobility in base -2.6 -

βpE Temp. exponent of hole mobility in emitter -0.7 -

τmaxn Max. minority carrier life time of electrons 4.5 ns

*τmaxp Max. minority carrier life time of holes 1 ns

χtau Temp. exponent of carrier life time 3.6 -

wB
’ Intrinsic base-width 0.25-0.29 μm

**LE Hole diffusion length in emitter 5.3-15.0 μm

wE,SCR Effective width of SCR in b-e junction 26.4-20.4 nm
NDE Nominal emitter doping 1×1019 cm-3

NAB Nominal base doping ~3×1018 cm-3

NDC,epi Nominal epi-collector doping 1×1016 cm-3

NDC,buri Nominal buried-collector doping 1×1019 cm-3

*: Fitting parameters obtained in this work are highlighted using bold fonts.
**: Dimension parameters used for simulating βF of Eq. (3.9)-(3.12) from 300 to 773K.

hence it is not used in Batch 2. All BJTs in the circuits in Batch 1 (presented
in Chapter 4) have the same size of 126×85 µm2 with double-base contacts, and
all BJTs in the circuits in Batch 2 (presented in Chapter 5) have a smaller size of
60×55 µm2 with single-base contacts. The models in this chapter are based on the
devices in Batch 1.

3.2 SiC physical models

The BJT’s electrical behavior is determined by the doping concentrations and device
geometries, so the physics of 4H-SiC is required to be considered to give physically
meaningful fitting parameters for the continuous-temperature model proposed in
the next section.



14 CHAPTER 3. SIC DEVICE MODELING

In this section, the most relevant temperature and doping dependent physical
models including bandgap reduction, incomplete ionization, carrier mobility and
lifetime will be discussed, since they affect the BJT performance such as current
gain, leakage current, parasitic resistance and depletion capacitance. The relevant
4H-SiC material parameters used in physical models are taken from [31], [51–55],
and the nominal doping concentrations of the modeled BJT are collected in Ta-
ble 3.1. In general, T0=300 K is defined as the room temperature, and Kelvin
unit is used for temperature quantity in this chapter rather than Celsius in the
other chapters. The three acronyms TD, CT and RT represent temperature-
dependence/dependent, continuous-temperature and room temperature respectively,
which are frequently used in this chapter. Moreover, the subscript E, B and C for
the corresponding symbols indicates emitter, base, and collector respectively, and
subscript D, A, n and p indicates donor, acceptor, electron and hole respectively.

1) Bandgap reduction
The operation of semiconductor devices is controlled by the free carrier concen-

tration, which is dominated by the ionization of the dopants at low temperatures.
However, at high temperatures, the free carrier concentration equals the intrinsic
carrier concentration (this happens at ∼623 K for Si), which makes the device in-
operative. The bandgap energy Eg of 4H-SiC is almost 3 times that of Silicon at
room temperature, which leads to a lower intrinsic concentration, as given by:

ni(T ) =
√
NC(T )NV (T ) exp

(
−Eg(T )
2kBT

)
(3.1)

where T is the temperature in Kelvin and kB is the Boltzmann constant (8.617×105

eV/K). NC(T ) and NV (T ) are effective electron and hole densities of states respec-
tively, which are both temperature dependent as given by:

NC,V (T ) ∼= NC,V

(
T

T0

)1.5
(3.2)

where NC,V indicate the values at 300 K shown in Table 3.1. The TD Eg(T ) for
4H-SiC can be empirically written as [51]:

Eg(T ) = Eg0 −
A · T 2

T +B
(3.3)

where Eg0 indicates the bandgap energy at 0 K. Initially, the values of fitting
parameters A and B shown in Table 3.1 are taken from [51] as a reference. However,
later on, for the compact modeling of our BJT discussed in Section 3.3, the related
fitting parameters A,BEA, A,BEANE , A,BEAIE , and A,BEAIC in Table 3.2 will
be adjusted to fit the saturation currents IS(T ), IBEN (T ), and built-in potentials
PE(T ) and PC(T ) respectively, as indicated in Eq. (3.19)-(3.21) and (3.26).

In spite of temperature dependence, a mechanism named bandgap narrowing can
reduce the nominal bandgap for highly-doped layers [56]. This effect is not needed
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to be considered in this modeling work since the accuracy of nominal bandgap value
is less important than its temperature dependence.

2) Incomplete ionization
Unlike silicon, in which most of the dopants can be considered fully ionized

at room temperature, this is not valid for SiC since both nitrogen (donor) and
aluminum (acceptor) have ionization energies larger than the thermal energy. This
mechanism affects the BJT current gain, since the ionized concentrations in emitter
and base strongly affect the transistor emitter efficiency. Moreover, it also affects
the carrier mobility and built-in potential, hence affecting the resistance and capac-
itance respectively. If we assume the concentration of electrons and holes equals to
that of the ionized donors N+

D and acceptors N−A respectively, the N+−
D,A based on

models in [31] can be rewritten as:

N+,−
D,A (T ) =

√
1 + 4gD,A

ND,A
NC,V (T ) exp(∆ED,A

kBT
)− 1

2gD,A exp(∆ED,A
kBT

)/NC,V (T )
(3.4)

where ND and NA are the nominal concentrations, ∆ED and ∆EA are the ioniza-
tion energies, and gD and gA are the degeneracy factors, for donors and acceptors
respectively, all of which are collected in Table 3.1. In 4H-SiC, nitrogen atoms can
occupy two inequivalent sites located in the cubic or the hexagonal c-lattice, which
implies that two donor levels below the conduction band exist. Nevertheless, a sin-
gle effective ionization energy (∆ED=45-66 meV) can be used for simulations [52].
However, the aluminum atom in 4H-SiC has a single energy level (∆EA=92-124
meV) in the bandgap above the valence band [52].

In addition, the ionization energy of both kinds of dopants can be reduced by
several mechanisms [31], which are represented by:

∆ED,A = ∆ED0,A0 − αN,AN1/3
D,A (3.5)

where αD,A are taken from [52] and shown in Table 3.1. The incomplete ionization
will be taken into account in modeling the carrier mobility, and ∆ED0,A0 will be
used as fitting parameters in this work.

3) Carrier Mobility
The mobility of the mobile carriers describes both the minority-carrier diffusion

in intrinsic BJT and the majority-carrier drift in resistors, which can be related to
the saturation current and parasitic resistance in the compact model respectively.

To predict the carrier mobility of both electrons and holes, the sheet resistances
of the buried-collector layer (RCsh,buri.) and the base layer (RBsh) in Fig. 3.1(a),
have been measured from 300 K to 773 K as shown in Fig. 3.2(a) and (b) (red-circle
lines) respectively. The Arora [53] and Balachandran [54] models have been com-
monly used to predict the temperature and doping dependence of carrier mobility.
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line) and Arora (dashed-line) mobility models).

However, as shown in Fig. 3.2(a), the simulated TD of RCsh,buri. using the Arora
model is far from the measured results regardless of using different donor ionization
energy. Better matching is achieved using the Balachandran model, given by:

µn,p(T ) = µmin
n,p +

µmax
n,p

(
T

T0

)βn,p
− µmin

n,p

1 +
(
T

T0

)χn,p(N+,−
D,A (T )

NREF n,p

)γn,p (3.6)

According to simulations, the observed non-monotonic TD of RCsh,buri. suggests
that in the investigated temperature range dopant ionization and reduction of the
mobility oppose each other. However, the TD of RBsh behaves differently as shown
in Fig. 3.2(b), since it is mainly dominated by the dopant ionization. Although,
two models can both well predict the TD of the base layer sheet resistance, for
consistency the Balachandran model was adopted in this work with the relevant
parameters taken from [54]. Comparing the fitting lines using different donor and
acceptor activation in Fig. 3.2, ∆ED0=95 meV and ∆EA0=210 meV have been
chosen to optimize the Balachandran model including the incomplete ionization
effects.

Furthermore, to model the minority carrier mobility of the intrinsic BJT (elec-
trons in the base µnB and holes in the emitter µpE), the Balachandran model was



3.2. SIC PHYSICAL MODELS 17

300 400 500 600 700 800
0

0.2

0.4

0.6

0.8

1

Temperature [K]

N
or

m
. m

in
or

ity
 c

ar
rie

r 
m

ob
ili

ty

 

 
Balachandran model
Simplified power−law fitting 

Hole in emitter N
DE

=1×1019

∆E
D0

=95meV

Electron in base N
AB

=3×1018

∆E
A0

=210meV

Fig. 3.3: Comparison of simulated normalized minority carrier mobility between using
Balachandran model (solid-lines) and simplified power fitting (dashed-lines).

also used with the formerly chosen ionization energy. However, this model is too
complex to be embedded in the compact model. Therefore it was simplified with
basic power-function to model the mobility TD, as given by:

µnB,pE(T ) = µnB,pE ·
(
T

T0

)βnB,pE
(3.7)

where only the exponent parameters βnB,pE are required for the compact model.
Consequently, the physically meaningful βnB,pE were fitted based on the aforemen-
tioned Balachandran model as shown in Fig. 3.3 and listed in Table 3.1, which will
be used to determine XIS and XIN in Eq. (3.19) and Eq. (3.21) in the next section.

4) Carrier lifetime and BJT current gain
The bulk and space-charge-region (SCR) recombination process in BJT is re-

lated to the minority carrier lifetime, which is doping and temperature dependent
[55], given by:

τn,p = τmaxn,p

1 + (NA,D
/

3× 1017)0.3

(
T

T0

)χtau
(3.8)

where τmaxn,p and χtau will be obtained by fitting the measured BJT forward
current gain.

The forward current gain βF depends on three main mechanisms: βT recombi-
nation in the neutral bulk of the base, βSCR recombination in the SCR of the B-E
junction, and βE emitter efficiency related current gain [57]. Thus, the forward
current gain can be written as:

βF
−1 = βT

−1 + βSCR
−1 + βE

−1 (3.9)
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where

βT
−1 = w′B

2

2kBTµnBτnB
(3.10)

w′B stands for the intrinsic base-width which is TD due to the built-in potential
decreasing with increasing temperatures, µnB is the electron mobility in the base
shown in Table 3.1, and τnB is the electron lifetime in the base.

βSCR
−1 =

wE,SCRw
′
BN

−
AB

kBTµnBτnBniB
exp

(
−VB

′E′

2kBT

)
(3.11)

wE,SCR is the width of SCR, niB and N−AB are the intrinsic concentration and
ionized acceptor concentration in the base respectively. βSCR is the dominant
factor of βF in the low-biased region, which is related to the VBIC parameters
IBEN and NEN discussed in the next section.

βE
−1 = µpEw

′
BN

−
ABn

2
iE

µnBLEN
+
DEn

2
iB

(3.12)

LE and µpE are the hole diffusion-length and mobility in the emitter respectively.
niE and N+

DE are the intrinsic concentration and ionized donor concentration in
the emitter respectively.

Consequently, taking Eq. (3.10)-(3.12) into Eq. (3.9), the TD physical model of
βF is derived with the corresponding dopant concentration and minority mobility
defined above. Subsequently, by fitting the measured peak βF with LE , w′B at the
corresponding biasing voltage VB′E′ at different temperatures, τmaxn,p and χtau
were obtained as shown Fig. 3.4, with all required fitting parameters listed in



3.3. SIC BJT COMPACT MODELS 19

Table 3.1. According to simulations, the non-monotonic TD of the βF can be
attributed to two competing mechanisms when the temperature increases: from
300 K to ∼573 K, the dominant factor is the reduction of the emitter injection
efficiency due to increased ionization degree of base dopants; while from ∼573 K to
773 K, the dominant factor is the increase of carrier lifetime.

3.3 SiC BJT compact models

For analyzing and predicting SiC power module performance, Spice Gummel-Poon
(SGP) BJT model has been successfully developed and verified in a couple of publi-
cations [58–61]. For example, Johannesson et al. [58] has developed a physics-based
Spice model for 4H-SiC high-voltage BJT (1.2 kV) with validation of DC and AC
characteristics at temperature up to 152 °C. In addition, a physics-based compact
electrothermal reliability model has been developed using Matlab/Simulink to pre-
dict the parasitic BJT latchup effect in SiC power MOSFETs [62]. However, this
work is targeting on modeling a low-voltage (<15 V) SiC BJT for implementing
ICs operating at extremely high ambient temperature. Since the TD built-in equa-
tions in SGP model are not valid for SiC BJTs at such high temperatures, it was
used as an isothermal model for analyzing the circuits in Batch 1 (demonstrated
in Chapter 4), in which the TD function is turned off. Thus the device parameters
are extracted to fit measured data at each single chosen temperature. However,
this approach cannot be used to design circuits that require continuous description
of device performance over temperatures, such as the bandgap reference circuit,
a fundamental circuit block critical to the reliable operation of AMS ICs over a
wide temperature range. Therefore, an industry-developed compact model named
Vertical Bipolar Intercompany Model (VBIC) [63] implemented using Verilog-A was
chosen in this work as the first attempt. Since its user-defined capability allows the
developers to further build the TD equations for the key parameters, by taking into
account physical principles.

In this section, the most important forward parameters in VBIC including IS ,
NF (NEI), IBEI(=IS/BF ), IBEN , NEN , IKF , RBX/RCX/RE , VJC/CJC/FJC , and
VJE/CJE/MJE will be discussed in terms of their temperature dependence. The
continuous-temperature models will be proposed with all required fitting parame-
ters listed in Table 3.2.

3.3.1 SGP vs. VBIC
The VBIC model is improved based on the well-known SGP [64] [65], and likely for
replacement as the new industry standard BJT model for certain applications [63].
Fig. 3.5 illustrates the equivalent schematics of (a)-the default VBIC model and
(b)-the simplified model used for the SiC NPN BJT in this work.

Compared to SGP, the default VBIC model has the following extensions and
alterations.
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model used for the SiC NPN BJT in this work.

1) Parasitic PNP transistor : The base, collector and p-type isolation layer
form a parasitic PNP transistor. However, isolation-collector junction will always
be reverse-biased in the circuit operation, thus this effect can be neglected.

2) Quasi-saturation modeling: The base can push into, and modulate the con-
ductivity of the collector, which is an obvious phenomenon in high-voltage BJTs
[66]. VBIC uses an improved current-modulated resistor RCI to better model this
effect. However, this work targets on a low-voltage BJT with a thin drift-layer (∼1
µm), thus this effect can be neglected.

3) Separated analysis of base and collector current: The current in B-E junction
is split into intrinsic and extrinsic component for separately modeling. The B-C
junction includes a weak avalanche current, which is neglected in this work.

4) Improved Early effect model: The intrinsic base resistance RBI is modulated
by a normalized charge qb, hence improving the Early effect modeling over a wide
range of bias.

5) Other improvements including modeling of parasitic oxide capacitance, electro-
thermal, etc. are not covered in this work.

Therefore, considering the complexity of extracting complete parameter sets over
the wide temperature range (over 100 parameters at each temperature), a simplified
model consisting of the intrinsic NPN and extrinsic parasitic resistors is sufficient
for the SiC BJT in this work, as shown in Fig. 3.5(b).

The simplified model includes physical phenomena such as low- and high-level
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charge carrier injection effects. Since all BJTs operate in the forward-active re-
gion (VBE>0 and VBC≤0) in the demonstrated circuits, the base-collector current
components (IBCN , IBCI) can be neglected to simplify analysis. Thus the forward
transport current ICT (collector current) can be written as:

ICT = IS
qb

(
exp

(
VB′E′

NFVT

)
− 1
)

(3.13)

where IS is the transport saturation current. NF is the forward ideality factor. VT
is the thermal voltage. VB′E′ denotes the internal terminal voltage. In VBIC the
normalized base charge qb is defined as:

qb = 1
2

(
q1 +

√
q2
1 + 4q2

)
q1 = 1 + qje

VER
, q2 = IS

IKF

(
exp( VB

′E′

NFVT
)− 1

) (3.14)

where the base-width modulation (term q1) is modeled with the reverse early-
voltage VER and base-emitter junction charge qje. qje is dominated by the depletion
component in this work, which is dependent on the built-in potential parameter PE
whose TD will be separately discussed in Section 3.3.3. Note that the variation of
PE slightly affects the forward DC performance at each temperature. The high-level
injection effect (term q2) is modeled with a knee current IKF .

The base current in the VBIC model is described as:

IB′E′ = IBEI ·
(

exp( VB
′E′

NEIVT
)− 1

)
+ IBEN

(
exp( VB′E′

NENVT
)− 1

)
(3.15)

which includes both an ideal component for the high-level injection process, modeled
with a saturation current IBEI and ideality factor NEI(NF ), that comprises the
emitter contact and quasi-neutral region recombination; and a non-ideal component
for the low-level injection process including recombination at the surface and in the
SCR, modeled with saturation current IBEN and ideality factor NEN . The low-
and high-level injection processes degrades the current gain of the BJT.

3.3.2 Improved continuous temperature DC model
The built-in TD equations in default VBIC model are made for Si, which are not
valid for SiC BJTs at high temperatures. A temporary solution is to use VBIC
as an isothermal model, in which the TD of model parameters are turned off by
setting T=300 K at any temperatures. Then the device parameters are extracted
with optimization, to fit measured data at a single temperature. This approach
has been repeated for seven temperature points from 300 K to 773 K, and the
extracted parameters sets have been obtained to build the continuous-temperature
model based on the devices in Batch 1.
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In default VBIC, NF is modeled as a linear function of temperature with pa-
rameter TNF , but NEN is a constant parameter. However, as shown in Fig. 3.6(a),
the extracted NF and NEN from the measurement show nonlinear dependencies of
temperature. Thus improved NF,EN (T ) TD equations with extra power-function
terms are proposed as written in Eq. (3.16). A similar approach has also been
successfully used for SiGe HBTs in [67].

NF,EN (T ) = NF,EN ·
(

1 + TNF,EN (T − T0) +ANF,EN

(
(T/T0)XNF,EN − 1

))
(3.16)

where the fitting parameters of TNF,EN , ANF,EN , XNF,EN and the nominal NF,EN
at T0=300 K are shown in Table 3.2.

The extracted Spice-related parameter BF (ideal maximum forward current
gain) from measurement shows non-monotonic TD as shown in Fig. 3.6(b), which
cannot be described by the basic built-in power-function TD equation in Spice
(BF (T ) = BF × (T/T0)XBF ). Thus a similar new equation with extra linear term
is proposed as written:

BF (T ) = BF ·
(

1 + TBF (T − T0) +ABF

(
(T/T0)XBF − 1

))
(3.17)

where the parameter TBF is obtained by fitting the negative TD region 300-573 K,
ABF and XBF are subsequently adjusted to fit the positive TD region 573-773 K.
The same equation also applies for fitting the extracted IKF as shown in Fig. 3.6(b)
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with corresponding fitting parameters TKF , AKF and XKF shown in Table 3.2. On
the other hand, the extracted VER shows linear TD, and it is modeled with only
TV ER shown in Table 3.2. In VBIC IBEI is used instead of BF (IBEI=IS/BF ), so
a TD IBEI can be obtained with a TD IS discussed in the following part.

In default VBIC model, the TD of IS is described by Eq. (3.18), where the fitting
parameter XIS equals 4+βnB , and βnB is taken from the TD of electron mobility
discussed in Section 3.2. EA stands for the activation energy for IS (EA=Eg(0) in
Table 3.1). The default Eq. (3.18) is only true when the bandgap is assumed to be
a linear function of temperature.

IS(T ) = IS(T/T0)
XIS
NF exp

(
−EA(1− (T/T0))

NFVT

)
(3.18)

However, it cannot apply for a wide temperature range as shown in Fig. 3.7. Thus
the nonlinear TD bandgap equation as Eq. (3.3) is taken into account to Eq.
(3.18) for fitting IS(T ). Note that, the symbols of parameters A,B in Eq. (3.3) are
replaced by AEA, BEA respectively to indicate the corresponding activation energy
EA(T ) in IS(T ). After mathematical manipulation, Eq. (3.18) can be written as:

IS(T ) = IS(T/T0)
XIS
NF exp

(
−EA(T )(1− (T/T0))

NFVT

)
(3.19)

where the proposed EA(T ) is:

EA(T ) = EA + AEABEATT0

(T +BEA)(T0 +BEA) (3.20)

The fitting parameters of XIS , AEA and BEA are obtained by considering the
physical meaning as mentioned in Section 3.2 and their corresponding values are
shown in Table 3.2. Similarly for the non-ideal component IBEN , the proposed TD
equation is written as:

IBEN (T ) = IBEN (T/T0)
XIN
NEN exp

(
−EANE(T )(1− T/T0)

NENVT

)
(3.21)

where EANE(T ) is the activation energy for IBEN (T ), which is modeled in the same
way as EA(T ) in Eq. (3.20) but with different fitting parameters of XIN , AEANE
and BEANE shown in Table 3.2.

The TD of the parasitic resistance (RBX , RCX and RE) in BJT has also been
modeled using the equations with the extra power-function term as written:

RX(T ) = RX

(
1 + TRX(T − T0) +ARX

(
(T/T0)XRX − 1

))
(3.22)

By fitting the measurement results shown in Fig. 3.8, the corresponding TD fitting
parameters for the BJT resistance model are obtained in Table 3.2.
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Finally, for evaluating the temperature scalability for the BJT forward DC per-
formance, the proposed CT compact model was simulated with a single set of model
parameters at 300 K. Fig. 3.9(a), (b) and (c) shows the modeling results of the
collector, base and forward current gain respectively from 300 to 773 K. Fig. 3.9(d)
shows the modeling results of output characteristics at 300 and 773 K. Good fitting
up to 673 K has been achieved. Above 673 K, the fitting becomes worse in the
low-biased region (VBE=1.8∼2 V). As we can see, the peak gain is achieved faster
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proposed CT DC model.

in the low-biased region. This could be attributed to the dominant mechanism
affecting the current gain in the low-biased region: increase of carrier lifetime at
high temperature benefits the gain contribution from SCR. Therefore better fitting
in this low-biased region above 673 K is required to be developed in future.

3.3.3 Improved continuous temperature AC model
The dynamic performance is mainly dependent on the junction capacitances of
CB′E′ and CB′C′ of the BJT as shown in Fig. 3.5(b). Since all BJTs in the cir-
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Fig. 3.10: Improved fittings of ME and MC as a function of temperature using Eq. (3.24)
(extracted isothermal parameters (symbols), and improved CT models (solid-lines)).

cuits are designed to be biased below ∼2.4 mA with the corresponding VBE≈2.7
V at 27 °C, thus the junction capacitances are dominated by the depletion com-
ponents2. In this subsection, the subscript X indicates E and C for B-E and B-C
junction parameters respectively, and VBE/BC = VB′E′/B′C′ are assumed for sim-
plicity. Isothermal C-V measurement was carried out to extract the corresponding
parameters of the depletion capacitances CJE and CJC . To measure the B-E ca-
pacitance, the collector is left open; while to measure the B-C capacitance, the
emitter is left open. In both cases, the modeling formula is the same.

In default VBIC, the depletion capacitance as a function of applied voltage is
written as:

CJX(V, T ) = CJX0(T )
(1− V/PX(T ))MX

(3.23)

where MX denotes the grading exponent of the corresponding junction. However
the extracted MX from isothermal C-V measurements as shown in Fig. 3.10 is
not constant due to the TD of incomplete ionization, thus linear TD equation of
MX(T ) is proposed as:

MX(T ) = MX + TMX · (T − T0) (3.24)

where ME,C are the values at RT, and the corresponding TD fitting parameters
TME,MC are collected in Table. 3.2.

In VBIC, the TD built-in potential PX(T ) is modified by considering physics,
and assuming dopants completely ionized and independent on temperature [68], as

2The other components of diffusion capacitance modeled by transit-time parameters, e.g. TF F

and TR are not concerned in this work.
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derived by:

PX(T ) = VT ln
(
NAND
n2
i (T )

)
︸ ︷︷ ︸

SGP

→ PX(T ) = VT ln
(
n · p
n2
i (T )

)
︸ ︷︷ ︸

V BIC

n, p(T ) =
ND,A

2 +
√
ND,A

4 + n2
i (T )

(3.25)

where the product of acceptor and donor concentration NA×ND on a p-n junction
is replaced by the product of mobile electron and hole concentration n×p, in order
to avoid negative potential values in SGP (NA×ND < n2

i ) when the semiconductor
becomes intrinsic at sufficiently high temperatures. However, this high-temperature
issue in Si model is not limited by using SiC until 1000 °C in theory, thus the VBIC
PX(T ) in Eq. (3.25) is not adopted in this work. On the other hand, for SiC
the incomplete ionization and bandgap reduction at high temperatures discussed
in Section 3.2 should be considered. By taking Eq. (3.1)-(3.4) into the SGP PX(T )
in Eq. (3.25), the improved PX(T ) for SiC can be written as:

PX(T ) = VT ln
(
NA(T )ND(T )

n2
i (T )

)
= PX(T0)× T

T0
− 2× VT ln

(
ni(T )
ni(T0)

)
︸ ︷︷ ︸

BG reduction

+VT ln
(
N+
D (T )

N+
D (T0)

N−A (T )
N−A (T0)

)
︸ ︷︷ ︸

incomplete ionization

= PX(T0)× T

T0
− 3VT ln

(
T

T0

)
+ EA× (1− T

T0
)︸ ︷︷ ︸

Standard SGP

+ ABTT0

(T +B)(T0 +B) × (1− T

T0
)︸ ︷︷ ︸

BG reduction

+ α+ β × T︸ ︷︷ ︸
incomplete ionization

(3.26)
As we can see, apart from the standard SGP term, two more terms for modeling
bandgap reduction and incomplete ionization are added. Firstly, the fitting pa-
rameters α, β are obtained by mathematically simplifying the physical models of
incomplete ionization in Eq. (3.4) with the corresponding ionization energies and
nominal doping used in Table 3.1. Subsequently, the fitting parameters A,B are ob-
tained by fitting the corresponding extracted PX(T ) from C-V measurement. Note
that, the corresponding fitting parameters of A and B are A,BEAIE and A,BEAIC
respectively for the B-E and B-C junctions, which are related to the corresponding
ideal saturation current IBEI and IBCI in VBIC. Consequently, all required pa-
rameters in Eq. (3.26) are collected in Table 3.2, and better fitting results for the
built-in potentials PE and PC (especially for PE) are obtained as shown in Fig.3.11.

The TD zero-biased capacitance CJX0(T ) in VBIC is modeled similarly to SGP,
given by a power-function with a constant exponent MX shown in Eq. (3.27). But
as stated, MX in this work is not constant, thus for simplicity a new constant
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parameter XCJX is introduced. Taking the fitting results of PX(T ) in Eq. (3.26)
into account, the fitting parametersXCJX are obtained by fitting the corresponding
extracted CJX0(T ) from C-V measurement, as shown in Fig. 3.12.

CJX0(T ) = CJX0

(
PX(T0)
PX(T )

)MX︸︷︷︸
VBIC

→XCJX︸ ︷︷ ︸
CT (3.27)
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Fig. 3.13: C-V characteristics of the SiC BJT’s (a) B-E and (b) B-C junction from 300 K
to 773 K (measurement results (solid-line) and simulation results using the proposed CT
AC model (dashed-line)).

Finally, to evaluate the temperature scalability of the BJT AC performance,
the proposed CT AC model was simulated with a single set of model parameters at
300 K. Fig. 3.13 show the modeling results of the C-V characteristics with respect
to the B-E and B-C junctions from 300 K to 773 K. Good fittings are achieved
in the reverse- and lower forward-biased region, since only depletion-capacitance
has been modeled with the bias-voltage valid up to FC × PE,C 3. In the higher
forward-biased region, the diffusion-capacitance by injected minority carriers starts
to be dominant. The complete modeling of diffusion-capacitance is not involved
in this work, but a preliminary parameter of the cut-off frequency is considered in
the AC model (fT≈ 250 MHz when IC=1.5 mA at 27 °C). Moreover, the substrate
capacitance CCS between collector and isolation layer can have a wide range of
values depending on circuit configuration. Its value will be roughly predicted from
the circuit AC simulation presented in Chapter 4.5.2.

3.4 SiC passives models

As mentioned in Section 3.1, the resistors in this work can be made in emitter,
base and highly-doped collector layer as shown in Fig. 3.1 in both batches. Due to
less variation of the dominant sheet-resistance (Rsh,Coll.) at RT, the highly-doped
buried-collector layer was chosen to implement load resistors in all circuits for two
batches. On the other hand, concerning the chip area limitation, the lightly-doped

3FC=0.9 is the switching factor of forward-biased depletion-capacitance in both SGP and
VBIC models.
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base layer was used to implement the large value resistors (over ∼100 kΩ). The
variation of base-layer resistance (Rsh,Base) was observed as large as ∼±40% from
their mean value at RT4, which might be attributed to the non-uniform doping
concentration and thickness of the epi-layers. Nevertheless, only TD models were
considered in this work, and the statistical models might be developed in future.

According to the measured sheet-resistances shown in Fig. 3.2, the correspond-
ing CT models were built using Eq. (3.22) with different fitting parameter sets
for collector (RCSH and T,A,XRCSH) and base (RBSH and T,A,XRBSH), as col-
lected in Table 3.2. The nominal values (RCSH , RBSH) may vary between different
devices, but the TD relationships are basically consistent. As stated earlier, the
capacitors in this work are implemented using interconnect-metal layer and heavily-
doped emitter layer as two conductors, between those a ∼1-0.4 µm thickness SiO2
layer is used as insulator. The variation of capacitance in Batch 1 was observed to
be ∼±10% from their mean value at RT5. But it remains more constant over the
investigated temperature range compared to that of resistors.

3.5 New models validation

The proposed CT BJT and resistor model were verified by comparing the simulation
and the measurement results of simple circuits in Batch 1. Regarding validation of
the proposed CT DC models, the bandgap voltage reference (BGVR) circuits [42]
was adopted since they require continuous description of the device DC performance
over temperatures. Fig. 3.14 shows measured output reference voltages VREF of
two BGVR circuits, in which the simulation results using the proposed CT models
are compared. The deviations at RT are attributed to the die-to-die variation of
device performance. Further normalizing the simulation result to its measured value
at RT, it can be verified that the proposed CT model is following the measured
results and predicts the behavior of the BGVR circuits over the wide temperature
range. In addition, comparing the simulated results of the BGVR Type A and
B with and without resistors’ TD, it can be concluded that BGVR Type B is
independent of resistance variation due to symmetric circuit design and layout.
Regarding validation of the proposed CT AC models, the OpAmp circuit [Paper
II] was adopted in terms of its frequency response. The comparison will be seen in
Fig. 4.24 in Chapter 4.

So far, the VBIC-based CT model, implemented using Verilog-A, has been suc-
cessfully developed and verified to describe the SiC BJT DC and AC performance
from 300 K to 773 K. This new model will be used for designing the circuits in Batch
2, only with the modification of nominal parameter sets at room temperature.

4Test-structures of base-layers resistors located on 4 dies on the same wafer were measured.
5Test-structures of capacitors located on 3 dies on the same wafer were measured.
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Table 3.2: Parameters of the proposed continuous-temperature model

Para. Definition Value Unit Note
T0 Nominal ambient temperature 300 K

NF Forward emission coefficient at T0 1.030 -
TNF Linear temperature coefficient for NF -4.65×10-3 K-1

ANF Power-constant temperature coefficient for NF 2.87 - *
XNF Power-exponent temperature coefficient for NF 0.86 - *
NEN Non-ideal b-e emission coefficient at T0 1.835 -
TEN Linear temperature coefficient for NEN -6.91×10-3 K-1 *
AEN Power-constant temperature coefficient for NEN 3.92 - *
XEN Power-exponent temperature coefficient for NEN 0.79 - *
BF Max. forward current gain (= IS/IBEI in VBIC) 33.0 - *
TBF Linear temperature coefficient for BF -8.41×10-3 K-1 *
ABF Power-constant temperature coefficient for BF 0.997 - *
XBF Power-exponent temperature coefficient for BF 1.653 - *
IKF Forward knee current at T0 1.1 A
TKF Linear temperature coefficient for IKF -1.69×10-2 K-1 *
AKF Power-constant temperature coefficient for IKF 2.654 - *
XKF Power-exponent temperature coefficient for IKF 1.366 - *
IS Transport saturation current at T0 6.74×10-50 A
XIS Temperature exponent for IS 1.40 -
EA Activation energy for IS 3.265 eV
AEA Bandgap temperature coefficient A for IS 4.0×10-4 eV/K *
BEA Bandgap temperature coefficient B for IS -84.3 K *
IBEN Non-ideal b-e saturation current at T0 4.17×10-31 A
XIN Temperature exponent for IBEN -2.10 -
EANE Activation energy for IBEN 3.265 eV
AEANE Bandgap temperature coefficient A for IBEN 1.0×10-3 eV/K *
BEANE Bandgap temperature coefficient B for IBEN -90.0 K *
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Table 3.2 continued

RE Emitter resistance at T0 34.0 Ω
TRE Linear temperature coefficient for RE 1.84×10-3 K-1 *
ARE Power-constant temperature coefficient for RE 1.661 - *
XRE Power-exponent temperature coefficient for RE -1.131 -
RCX Extrinsic collector resistance at T0 116.0 Ω
TRCX Linear temperature coefficient for RCX -2.40×10-3 K-1 *
ARCX Power-constant temperature coefficient for RCX 0.104 - *
XRCX Power-exponent temperature coefficient for RCX 2.867 -
RBX Extrinsic base resistance at T0 7.0 Ω
TRBX Linear temperature coefficient for RBX 4.71×10-4 K-1 *
ARBX Power-constant temperature coefficient for RBX 0.771 - *
XRBX Power-exponent temperature coefficient for RBX -1.136 -
VER Reverse Early voltage at T0 44.0 V
TVER Linear temperature coefficient for VER -1.56×10-3 K-1 *
FC Depletion capacitance switching factor 0.9 -
ME BE grading coefficient at T0 0.45 -
TME Linear temperature coefficient for ME -1.30×10-4 K-1 *
PE BE built-in potential at T0 2.73 eV
ALFE Ionization effect coefficient A for PE -0.19 eV *
BETE Ionization effect coefficient B for PE 6.21×10-4 eV/K *
EAIE Activation energy for IBEI 3.265 eV
AEAIE Bandgap temperature coefficient A for IBEI 4.65×10-4 eV/K *
BEAIE Bandgap temperature coefficient B for IBEI 480 K-1 *
CJE BE zero-biased capacitance at T0 6.21e×10-12 F
XCJE Temperature exponent of CJE 0.26 - *
MC BC grading coefficient at T0 0.40 -
TMC Linear temperature coefficient for MC -1.50×10-4 K-1 *
PC BC built-in potential at T0 2.61 eV
ALFC Ionization effect coefficient A for PC -0.08 eV *
BETC Ionization effect coefficient B for PC 2.05×10-4 eV/K *
EAIC Activation energy for IBCI 3.265 eV
AEAIC Bandgap temperature coefficient A for IBCI 4.00×10-4 eV/K *
BEAIC Bandgap temperature coefficient B for IBCI 500 K-1 *
CJC BC zero-biased capacitance at T0 1.00e×10-12 F
XCJC Temperature exponent of CJC 0.60 - *
RCSH Sheet resistance of collector layer resistor at T0 162 Ω **
TRCSH Linear temperature coefficient for RCSH 1.89×10-3 K-1 **
ARCSH Power-constant temperature coefficient for RCSH 1 - **
XRCSH Power-exponent temperature coefficient for RCSH -1.346 - **
RBSH Sheet resistance of base layer resistor at T0 3.6×103 Ω **
TRBSH Linear temperature coefficient for RBSH 2.42×10-4 K-1 **
ARBSH Power-constant temperature coefficient for RBSH 0.783 - **
XRBSH Power-exponent temperature coefficient for RBSH -4.436 - **
*: The parameters added in this work upon default VBIC are highlighted using bold fonts.
**: Temperature parameters for the integrated resistors in buried collector and base layer.



Chapter 4

SiC sigma-delta modulator

This chapter will demonstrate a SiC sigma-delta modulator operating at high tem-
peratures. An overview of the fundamentals and taxonomies for sigma-delta mod-
ulators will be given. A system-level design will be described in detail, in which
the most important non-idealities will be modeled to predict their effects on the
system performance. Subsequently, according to the requirements specified from
system-level design, the circuit-level design will be given. The die photos of all
circuits fabricated on the first batch will be shown. Finally, the high-temperature
measurement results of the SiC sigma-delta modulator and its building blocks in-
cluding a fully-differential amplifier, an integrator and a latched comparator will
be presented and discussed. Parts of the contents in Section 4.1-4.3 of this chapter
are reused from Chapter 3-4 in [69]. Parts of the contents in Section 4.4-4.5 of
this chapter are referred to the relevant papers [Paper I] [Paper II] [Paper III] and
[Paper IV].

4.1 Sigma-delta modulator fundamentals

Literally, an analog-to-digital converter (ADC) converts a continuous analog signal
to a discrete digital signal through two basic processes: sampling in time and
quantizing in amplitude. According to the Nyquist theorem, the minimum sampling
frequency fs must be at least twice the signal bandwidth fB to avoid aliasing [70].
This band-limit criterion is usually handled by placing a high-order anti-aliasing
filter (AAF) with a cut-off frequency less than fs/2, before the sampling operation.
For Nyquist-rate ADCs with fs=2fB , AAFs must have a sharp transition band.
Oversampling ADCs with fs>2fB can simplify the requirements for AAFs.

The quantization is a nonlinear process, which introduces quantization error
during the continuous-to-discrete transformation in amplitude. For example, oper-
ation within a full-scale input range, a B-bit ADC has 2B quantization steps ∆,
with quantization error eq uniformly distributed in the range [-∆/2, +∆/2]. Thus,
the quantization error can be modeled as an additive white noise source, usually

33
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Fig. 4.1: Conceptual block diagram of a Σ∆ modulator.

called quantization noise [71]. The total noise-power σ2
e is uniformly distributed in

the range [-fs/2, +fs/2], thus its double-sided power-spectral-density (PSD) can
be given by:

SE(f) ≡ σ2
e

fs
= 1
fs

(
1
∆

∫ ∆/2

−∆/2
e2
qdeq

)
= ∆2

12fs
(4.1)

For oversampling ADCs, the in-band noise power is given by:

PE ≡
∫ fB

−fB
SE(f)df = ∆2

12OSR (4.2)

where the oversampling ratio is defined as OSR=fs/(2fB). According to Eq. (4.2),
each doubling of sampling frequency decreases the in-band noise by 3 dB, and hence
increases the resolution by half a bit. This attenuation of in-band noise makes the
oversampling ADCs more attractive than the Nyquist-rate counterparts.

The resolution of oversampling ADCs can be further increased by a noise-
shaping process realized by sigma-delta (Σ∆) ADCs. The Σ∆ ADCs generally
consists of three main blocks: an AAF, a Σ∆ modulator, and a decimation-filter
[72]. The Σ∆ modulator generates a bit-stream sampled by clock fs. Subsequently,
the digital decimation-filter removes the high-frequency components, and decimates
the output down to Nyquist frequency. Among these three blocks, the Σ∆ modu-
lator is the most critical one for the ADC’s accuracy, thus it is the main concern in
this work.

A low-pass Σ∆ modulator basically consists of a low-pass loop filter, a quan-
tizer, and a feedback digital-to-analog converter (DAC) as illustrated in Fig. 4.1.
The loop filter transfer function represented in Z-domain H(z) is used to describe a
discrete-time (DT) Σ∆ modulator, which is commonly implemented with switched-
capacitor integrators. At this step, we use the DT Σ∆ modulator as an example
since it is easier to be mathematically analyzed compared to the continuous-time
(CT) counterpart. The CT Σ∆ modulator with S-domain loop filter transfer func-
tion will be discussed later in this chapter. The low-pass loop filter, usually con-
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structed with cascaded integrators, accumulates (Σ) the difference (∆) between the
input signal x and feedback signal xfb. The quantizer works as an internal ADC to
sample and quantize the loop filter’s output signal u. The feedback DAC converts
the digital output y of the quantizer to an analog signal for subtraction with the
input.

As stated earlier, the quantizer can be assumed to be a linear model with ad-
ditive quantization noise source e. Thus the system transfer function for Fig. 4.1
can be written in Z-domain by:

Y (z) = H(z)
1 +H(z) ·X(z) + 1

1 +H(z) · E(z)

= STF (z) ·X(z) +NTF (z) · E(z)
(4.3)

where STF (z) and NTF (z) stand for the signal and noise transfer function re-
spectively. If H(z) → ∞, within the signal band STF (z) → 1 and NTF (z) → 0.
Thus depending on the choice of H(z), STF (z) will pass the input signal in the
certain band, while NTF (z) will attenuate the quantization noise in the same
band. Furthermore, higher resolution can be achieved by increasing the loop fil-
ter’s order and/or quantizer’s number of bits. For an Lth-order loop filter with a
NTF (z) = (1− z−1)L and z = ej2π/fs , the in-band shaped noise power is approxi-
mated by [73]:

PQ ≡
∫ fB

−fB

∆2

12fs
NTF (f)2

df ' ∆2

12
π2L

(2L+ 1)OSR2L+1 (4.4)

Compared to Eq. (4.2), it is further decreased with OSR by ∼6L dB/octave,
which is resulted from the combined techniques of both oversampling (OSR) and
noise-shaping (L).

The most important performance metrics for evaluating Σ∆ modulators are the
signal-to-noise ratio (SNR), signal-to-noise plus distortion ratio (SNDR), and dy-
namic range (DR)1. Assuming a sinusoidal input signal with maximum amplitude2

of XFS/2 and taking Eq. (4.4) into account, the DR can be expressed in dB as:

DRdB ≡ 10 log
[

(XFS/2)2

2PQ

]
= 10 log

[
3(2B − 1)2(2L+ 1)OSR2L+1

2π2L

]
(4.5)

Furthermore, the effective number of bits ENOB=(DRdB-1.76)/6.02 is defined
as the number of bits needed for an ideal Nyquist-rate ADC to achieve the same

1At the frequency of an input sinusoid, SNR is defined as the ratio of the output power to the
uncorrelated in-band error power (for SNDR in-band harmonics are included), and DR is defined
as the ratio of the output power with maximum amplitude to the output power for a small input
where SNR=0 dB [74].

2Full-scale input without overload, where usually the peak SNR or SNDR are obtained.
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DR. Consequently, this identifies that if the two aforementioned techniques of over-
sampling (OSR) and noise-shaping (L) are correctly utilized, a Σ∆ modulator can
achieve a high resolution only with a coarse quantizer.

Generally, according to Eq. (4.5) increasing some or all of L, B, and OSR can
improve the DR. However, in practice, there is corresponding constraint for each
parameter. 1) Using higher-order loop filtering (L>3) can introduce stability prob-
lems to the feedback system. Lee’s rule suggests that for binary modulators stability
can be probably ensured if the NTF’s out-of-band gain (OBG)<2 [75]. 2) Multi-
bit quantization (B>1) requires a multibit DAC, which introduces a non-linearity
issue due to elements mismatch, and hence limiting the modulator performance.
Although a couple of methods have been reported to overcome this issue such as
DEM [76], analog calibration [77], and digital calibration [78], a single-bit quan-
tizer was adopted in this work due to its inherent linearity advantage and sufficient
achievable performance for such low-speed application. 3) High OSR means high
sampling clock frequency and high power consumption. For a low-speed applica-
tion within 1 kHz bandwidth, a relatively high OSR=256 (fs=512 kHz) was used
which was mainly constrained by the speed of this SiC device. Moreover, jitter
performance of the clock needs to be considered, which will be discussed later in
this chapter.

4.2 Sigma-delta modulator topologies

So far, a single-bit Σ∆ modulator has been chosen. Additionally, the topologies of
Σ∆ modulator can be classified according to: 1) number of quantizers; 2) circuit
nature of loop filter.

4.2.1 Multi-stage vs. single-stage
Σ∆ modulators employing only one quantizer are called single-stage structures,
whereas those using several quantizers are called multi-stage, or cascade.

The multi-stage topology is generally adopted for higher order noise-shaping,
and formed by cascading several low-order (L≤2) modulators. The advantage of
this topology is that each stage is stable, and hence benefiting the overall system.
The basic principle is: the quantization noise of each stage is shaped by the suc-
ceeding stage; thus all errors are digitally nulled out and only remaining at the last
stage. Its operation and implementation are described in detail in [78]. However,
a major problem of this topology is the mismatch between the analog part and
the digital part3. In particular, this problem can be more serious in this work due
to the large RC variation over temperatures4, which offsets the advantage of this
topology.

3Generally the analog and the digital part are composed of loop filter and noise cancellation
logic respectively.

4OpAmp-RC integrators were adopted in this work and will be presented later in this chapter.
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Fig. 4.2: 2nd-order single-stage Σ∆ modulator with (a) CIFF and (b) CIFB topology [79].

Therefore, the single-stage topology is preferred in this work, which has only
one embedded quantizer. For low-pass Σ∆ modulators, a single-stage topology can
be implemented as [79]:

1) CIFF: Chain of Integrators with weighted FeedForward summation and local
resonator feedbacks. A 2nd-order example is shown in Fig. 4.2(a).

2) CIFB: Chain of Integrators with distributed FeedBack, distributed feedfor-
ward and local resonator feedbacks. A 2nd-order example is shown in Fig. 4.2(b).

The system transfer function of Eq. (4.3) can be synthesized with both topolo-
gies in Fig. 4.2. The filter design of NTF (z) for optimal noise-shaping will be
presented later in this chapter using Matlab Delta-Sigma toolbox [80]. The local
resonator with feedback coefficient −g1 can be used to set additional notches for
NTF (z), to enhance the in-band noise-filtering without increasing the loop order.

In this work CIFF topology was adopted rather than CIFB due to following
reasons. 1) Better linearity: the signal swing of each integrator output is relatively
smaller in CIFF since it only contains the feedforward signal, and hence less prone
to get saturation; 2) Less hardware cost: for CIFB, each feedback path needs a
current-steering DAC, which increases the chip area and power consumption; 3)
Relaxed requirements on integrators: for CIFF, only the first integrator handles
the fast switching DAC output signal. The succeeding integrators do not; hence
relaxing the requirements of the corresponding OpAmps. However, a drawback of
CIFF is that it may have an unavoidable out-of-band peak in STF (z). If the out-
of-band interferences are close to the peaking frequency, they will be folded back
into the signal band, hence increasing the in-band noise floor and generating the
in-band tones as well [81].

4.2.2 Discrete-time vs. continuous-time
According to the circuit implementation of the loop filter, Σ∆ modulators can
also been classified into two main groups: discrete-time (DT) and continuous-time
(CT). DT-Σ∆ modulators mostly employ switched-capacitor circuits to implement
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Fig. 4.3: Conceptual scheme of (a) DT to (b) CT equivalence by opening the loops [82].

the loop filters. However, in this technology, the BJT switch is less attractive to
be used, since there is an offset voltage when the BJT is saturated. This is the
main reason for choosing CT-Σ∆ modulator in this work. Apart from the circuit
nature, the main difference between the two types is the point where the sampling
operation takes place as shown in Fig. 4.3. Since both DT- and CT- signals are
involved inside the loop of CT-Σ∆ modulator, its mathematical analysis becomes
more difficult than the DT counterpart.

In general the loop filter design of a CT-Σ∆ modulator is carried out by design-
ing a reference DT-Σ∆ modulator, then mapping it to the equivalent CT counter-
part. In order to build the equivalence between the two loop filters, we need to open
the loop at the quantizer’s output, and assume modulator’s input and quantization
noise are zero, as illustrated in Fig. 4.3. If the following two conditions are fulfilled,
we can consider the two modulators equivalent [82]:

1) Both quantizers have the same inputs at each sampling instance, which is
expressed in time domain by:

u(n) = uC(t)|t=nTs (4.6)

2) Both modulators have the same open-loop impulse responses at each sampling
instance, which is expressed in time and frequency domain by Eq. (4.7) and Eq.
(4.8), respectively:

h(n) = [hDAC(t) ∗ hC(t)]|t=nTs (4.7)

Z−1 [H(z)] = L−1 [HDAC(s)HC(s)]
∣∣
t=nTs

(4.8)

where H(z) and HC(s) stand for the DT- and CT- loop filter transfer function
respectively. HDAC(s) is the impulse response of the feedback DAC in CT-Σ∆
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Fig. 4.4: Common rectangular DAC impulse responses including NRZ, RZ, and HRZ [84].

modulator. The aforementioned approach from the DT to CT domain is called
impulse invariant transformation (IIT) [83], which is usually used for non-linear
systems such as the Σ∆ modulator. Subsequently, the DAC waveform has to be
determined for HDAC(s) to complete the transformation.

For a CT-Σ∆ modulator, the feedback DAC waveform has significant impact
on the overall system performance. A variety of DAC waveforms were reported
with different characteristics [84]. Fig. 4.4 shows three commonly used rectangular
pulse shapes, named nonreturn-to-zero (NRZ), return-to-zero (RZ), and half-delay
return-to-zero (HRZ). Their S-domain Laplace transform can be written as:

HDAC(s) = exp(−sαTs)− exp(−sβTs)
s

(4.9)

where and [α, β]=[0, 1], [0, 1/2], and [1/2, 1] for NRZ, RZ, and HRZ DACs, re-
spectively. Subsequently, substituting Eq. (4.9) into (4.8), the Z- to S-domain
transformation for loop filter can be represented. The mathematical treatment can
be carried out using symbolic math tool such as Matlab or Maple, and a matching
table with symbolic expression can be found in [82].

4.3 System-level design of CT sigma-delta modulator

4.3.1 Architecture selection
So far, a CIFF-topology, single-bit (B=1), CT-Σ∆ modulator has been chosen,
potentially for low-speed (BW=1 kHz) sensing applications. In addition, this is
the first Σ∆ modulator in SiC technology, which is mainly made as a proof of
technology without explicit design specifications, thus a 2nd-order loop-filter (L=2)
was chosen due to its good trade-off between performance and complexity. A high
oversampling ratio (OSR=256) was chosen considering the BW and fT of the SiC
BJT (∼200 MHz when IC=1 mA @27 °C). NRZ pulse-shape was adopted for the
feedback DAC to reduce the clock jitter sensitivity, which will be explained later
in this section. Taking all chosen parameters into Eq. (4.5), a theoretical DR was
obtained to be ∼100 dB (ENOB≈16), which gives enough design margin for the
non-ideal effects in reality.
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Fig. 4.5: Basic Simulink model of a 2nd-order CT-Σ∆ modulator. The functions of mod-
eling loop delay and clock jitter are included.

The loop filter is designed targeting on optimizing SNDR and ensuring stabil-
ity. Delta-Sigma toolbox [80] in Matlab was employed to synthesize the loop filter
transfer function into a Simulink model for the chosen modulator’s topology, as
shown in Fig. 4.5. This basic Simulink model is based on the topology shown
in Fig. 4.2(a). All coefficients were implemented using simple gain blocks. Two
integrators were modeled with continuous-time integrator blocks. The ideal quan-
tizer was modeled with a triggered subsystem block, which consists of an embedded
quantization function and an external sampling-clock function (both functions were
written in scripts). Another triggered subsystem block was used to model the loop
delay and clock jitter effects, which will be discussed later in this chapter. The DAC
was modeled with a lookup table with a random function for the element mismatch.

The principles of using Delta-Sigma toolbox to design loop filter involves: 1)
separating NTF ’s zeros over the signal band; 2) moving NTF ’s poles far away
from the zeros. Due to the relatively low BW and L, optimization of NTF ’s zeros
in-band did not show obvious improvement on SNDR, and hence local resonator
was abandoned (g1=0). Optimization of NTF ’s poles can be controlled by setting
the NTF ’s out-of-band gain (OBG). Higher OBG can benefit the modulator’s
SNDR, but give rise to instability. Simulation of SNDR by sweeping OBG suggests
that a moderate OBG=1.5 is sufficient to achieve a SNDR≈95 dB in the ideal case.
Meanwhile, according to Lee’s rule mentioned in Section 4.1, this is a safe value to
ensure the system stability. Consequently, the CT-loop filter transfer function can
be determined with [a1, a2, b1, c1, c2] = [0.67, 0.22, 1.00, 1.00, 1.00].
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4.3.2 Non-idealities modeling
CT-Σ∆ modulators have relaxed settling requirements for its internal OpAmps
and simplified preceding AAFs, hence enabling to operate at higher sampling rates
with lower power consumption, compared to their DT counterparts [82] [84] [85].
However, the CT-Σ∆ modulator has three main issues, namely: excess-loop delay
(ELD), clock jitter and process variation sensitivity [86], which will be modeled and
compensated in this section.

1) Excess loop delay
The ELD results from a long responding time of the quantizer and feedback

DAC. It happens between the quantizer’s clock edge and the instance when the
feedback-DAC’s output bit changes, which was modeled in Fig. 4.5. In DT-Σ∆
modulators, it can be as high as one clock period Ts without degrading the modu-
lator performance, which is not acceptable for the CT counterparts. Among several
pulse shapes, NRZ was chosen for the feedback DAC, since it is insensitive to the
clock jitter which will be explained later. The effect of the ELD can be mathe-
matically analyzed using the IIT approach introduced in Section 4.2.2. Due to a
delay τd (a fraction of Ts), the DAC’s output pulse will be shifted away from the
ideal position shown in Fig. 4.4. According to Eq. (4.9), the delayed NRZ-DAC
S-domain transform is given by:

HNRZ(s) = 1− exp(−sTs)
s︸ ︷︷ ︸

ideal

· exp(−sτd) (4.10)

The extra term exp(−sτd) will change the 2nd order loop filter transfer function to
3rd order, and hence resulting in performance degradation or even instability [82].

Fortunately, the ELD issue can be compensated at system level, by adding an-
other feedback path with coefficient ce [87], as shown in Fig. 4.6. In order to
recover the original loop filter transfer function, all coefficients in Fig. 4.6 need to
be modified accordingly. By equating the polynomials of the modified loop filter
transfer function to the original one, the extra 3rd-order term can be cancelled [69].
This approach is able to compensate an uncontrolled ELD up to one Ts, thus one
Ts was delayed on purpose by using a D-flipflop in the feedback path between the
quantizer and DAC. Consequently, the modified CT loop filter transfer function
can be determined with [a1m, a2m, b1m, c1m, c2m, ce] = [0.53, 0.13, 0.50, 0.50,
1.00, 0.23] (scaling was applied to avoid overload).

2) Clock jitter sensitivity
The clock jitter causes timing error at the DAC’s output, which cannot be noise-

shaped, hence increasing the in-band noise floor. Compared to DT-Σ∆ modulators
with decaying DAC waveform, the clock jitter in CT counterparts generates more
charge errors when employing rectangular DAC pulse shapes [86]. Increasing the
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Fig. 4.6: Basic model of a 2nd-order CT-Σ∆ modulator with ELD compensation using a
feedback path with coefficient ce.
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quantizer’s bits can alleviate the jitter effect on modulator’s SNDR [87]. Neverthe-
less, single-bit quantizers employing NRZ-DAC pulse shape can still benefit from
low jitter noise compared to using RZ- or HRZ-DAC pulse [88]. The jitter effect
was modeled using randn function on the clocks of the timing block in Fig. 4.6.
Consequently, the simulation results of clock jitter effect on the modulator’s SNDR
with/without ELD compensation is shown in Fig. 4.7. Without ELD compensa-
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Fig. 4.8: Schematic of OpAmp-RC integrator used in CT-Σ∆ modulators.

tion, the SNDR can drop ∼10 dB when a reasonable 40%Ts (Ts=2 µs) delay is
considered. With ELD compensation, the performance can be recovered. Further-
more, the ELD compensated modulator can tolerate the jitter standard deviation
up to 300 ps (≈0.015%Ts) without degrading the modulator’s SNDR. If an extra
10%Ts delay for DAC transition time is estimated, the SNDR decreases slightly.

3) OpAmp non-idealities
The OpAmp is the most critical analog block in Σ∆ modulators. When it

is used in the loop filter, its non-idealities including finite DC-gain (ADC) and
unit-gain-bandwidth (UGBW ) undergo no attenuation, hence affecting the modu-
lator performance [86]. OpAmp-RC integrators as shown in Fig. 4.8 are typically
adopted for building CT-Σ∆ modulators due to its good linearity compared to
Gm-C counterparts. The clocked feedback voltage signal Vfb converts to a current
signal through a resistor Rfb, and then subtracted at the virtual ground point of
the OpAmp.

The ideal transfer function of the OpAmp-RC integrator can be written as:

Vo(s)
Vin(s) = −1

sRinCfb
= k · fs

s
(4.11)

when finite ADC and bandwidth ω0 are taken into account, a gain error GE and a
second pole ω2 are introduced, and hence Eq. (4.11) becomes [89]:

Vo(s)
Vin(s) = −1

s2RinCfb
ADCω0

+ s

(
RinCfb + 1

ADCω0

) = k · fs
s

GE
s

ω2
+ 1

UGBW = ADCω0 GE = UGBW/(UGBW + k · fs)
ω2 = UGBW + k · fs

(4.12)

Eq. (4.12) was modeled using Transfer Fcn block in Simulink. Fig. 4.9 shows the
simulation results of the OpAmp’s finite ADC and UGBW effects on modulator’s
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SNDR (ELD compensated). As long as ADC≥200 V/V (46 dB) and UGBW≥2fs (1
MHz), the modulator performance will not be degraded. These design specifications
will be considered during the circuit design phase.

4) RC-time constant variation
The variation of the integrator’s RC time constant (=1/(kfs)) will change the

loop filter transfer function, hence affecting the modulator performance or even
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resulting in instability. Fig. 4.10 shows the simulation results of RC variation ef-
fect on modulator’s SNDR with/without integrator’s output swing limitation. A
∼±20% RC variation can be tolerated for this modulator. The integrating resis-
tors will be made on-chip in the lightly-doped base-layer due to their large values
(hundreds of kΩ). The variation of base-layer sheet-resistance can be as large as
∼±22% from their mean value at 27 °C; while increasing temperatures to 300 °C,
it can further drop 67% [90]. As shown in Fig. 4.10, if the RC product drops more
than 80% (possible above 300 °C), the modulator’s SNDR will be limited below 50
dB. Later on, this simulated effect of RC variation on SNDR will be used to discuss
the measurement results in Section 4.5.5.

4.4 Circuit-level design of CT sigma-delta modulator

4.4.1 Loop filter
Fig. 4.11 shows the circuit implementation of the 2nd-order 1-b CT-Σ∆ modu-
lator with ELD compensation, in which all components are implemented on-chip
except the Miller capacitors for two internal OpAmps (not shown in this figure).
All building blocks are fully differential, and biased with the corresponding on-
chip temperature-insensitive current sources. Both integrators are realized using
OpAmp-RC due to its better linearity, and their gain-bandwidths k1 and k2 are
defined by R1C1 and R2C2 respectively. The values of R1 and Rfb are chosen
by considering the trade-off between input thermal-noise margin (R<300 kΩ) and
capacitors area limitation (∼30 pF/mm2). The feed-forward coefficients are deter-
mined by the capacitor ratio (Ck/C2). By using this method, the summing amplifier
before the comparator is omitted, hence saving chip area and power consumption.
In addition, this technique has the advantage of inherent linearity and being less
susceptible to process variations compared to Gm implementation of coefficients
[91]. In this section, the power supply VCC/VEE=+/-7.5 V was used for circuit
simulations, which was determined by this IC technology.

4.4.2 OpAmp-RC integrator
The OpAmp is one of the main blocks in Σ∆ modulators, responsible for signal
processing. As stated in Section 4.3.2, when it is employed for OpAmp-RC integra-
tors in Σ∆ modulators, its non-idealities including finite DC-gain and unit-gain-
bandwidth undergo no attenuation, hence affecting the overall system performance.

Fig. 4.12 shows the schematics of the integrator and its internal OpAmp used
in the Σ∆ modulator, in which the resistors’ nominal values are indicated. The
integrator has a negative feedback configuration, whose performance is affected by
its internal OpAmp. Due to a large chip-area consumption (∼34 pF/mm2), the
compensation Miller capacitors CC are supposed to be implemented off-chip, with
additional pins left to connect. To achieve an open-loop DC-gain of ∼50 dB, a
generic two-stage amplifier architecture was taken from [92] with an alteration of
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Fig. 4.11: Circuit implementation of the 2nd-order 1-b CT Σ∆ modulator.

the fully-differential architecture and the additional input emitter-follower. Due to
the absence of PNP transistors in this technology, all loads are resistors. Since the
SiC BJT has small input impedance, the input emitter-follower stage (Q1, Q2) was
adopted to improve the OpAmp input impedance. However, the additional emitter-
follower increases the input offset voltage. The 2nd-stage (Q5, Q6) is biased with
higher current in order to provide higher slew-rate and improve stability. Employing
two-pole small-signal analysis for the two amplification stages (half-circuit), its gain
transfer function can be written as:

A(s) ≡ VOP
OIN

(s) ∼=
gm1RE1gm3gm5RC3RC5

1 + gm1RE1︸ ︷︷ ︸
DC

· (1− sCM/gm5)(
1 + s

ωp1

)(
1 + s

ωp2

)
︸ ︷︷ ︸

AC

ωp1 ∼= −
1

gm5RC3RC5CM
ωp2 ∼= −

gm5

C1 + C2

(4.13)

where gm1,3,5 are the transconductances of Q1,3,5 respectively. The total capaci-
tance at nodes VOP1 and VON are represented by C1 (=Ccb3 +Ccs3 +Cbe5) and C2
(=Ccs5 + Cbe7 + Ccb7 + CL), respectively, where the subscripts denote the corre-
sponding junction-capacitances of transistors shown in Fig. 4.12(b). Note that, the
BJT base resistance (several Ω) is ignored for simplicity, and the feedback CM con-
sists of both CC and Q3 collector-base capacitance Ccb3. Due to Miller effect, the
capacitance of CM seen at VOP1 is multiplied by ∼gm5RC5 (≈385/189 @27/500 °C),
which determines the dominant pole ωp1, hence the bandwidth. The non-dominant
pole ωp2 can be approximated to be gm5/(C1 + C2), only valid for large CM . The
two poles’ expressions in Eq. (4.13) indicates that either increasing CC or gm5,
causes further separation of the two poles in the root locus plot. However, making
CC larger will decrease the frequency of right-half-plan zero (−gm3/CM ) in A(s)
in Eq. (4.13), hence deteriorating the Miller compensation. Fortunately, a resistor
RZ ≈ 1/gm5 in series with CC can be introduced to eliminate the zero.
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The fully-differential amplifier requires a common-mode feedback (CMFB) cir-
cuit [93] as shown in Fig. 4.12(b), since mismatch or process/temperature variation
can change the output common-mode voltage. Darlington configuration (Q15, Q16)
has been employed to improve the matching of the current source. The common-
mode voltage (VO,CM ) at output nodes VOP and VON is sensed by two large matched
resistors (RCM=500 kΩ) without lowering the open-loop gain. The emitter-follower
stage (Q7, Q8) is interposed to further eliminate the resistive loading. However this
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technique produces a new common-mode voltage (V ′O,CM ) lower than VO,CM by
VBE,ON (∼2.8 V @27 °C), which varies with temperature (-2 mV/ºC). Subsequently,
an amplifier (Q9, Q10) is employed to detect the difference between V ′O,CM and the
reference voltage VREF . The comparison result voltage VCNTRL is negatively fed
back to control the two current sources (Q11, Q12).

The base-current compensation circuit is needed to compensate the large base
current (tens of µA) of the SiC BJT at the input of the OpAmp, which is more
critical when the OpAmp is used in a negative-feedback configuration such as the
integrator. As shown in Fig. 4.12(c), the emitter degeneration resistors R4 and
R5 are used to compensate the temperature effect. The cascade diode-connected
transistors and R1 are used to compensate the amplifier input transistor’s VBE,ON
with respect to the temperature drift (-2 mV/°C).

At low frequencies, the OpAmp’s finite DC-gain ADC and input impedance RIN
can result in a gain error of the integrator, which can be written as:

K(s) ≡ VOP
VIN

(s) ∼=
(
−1

RICIs

)
︸ ︷︷ ︸

Ideal

 1

1 + 1
ADCRPCIs


︸ ︷︷ ︸

Error

= − ADCRP /RI
1 +ADCRPCIs

{RP = RIN ‖RI }

(4.14)

As we can see, the integrator’s DC-gain is reduced by a factor of RIN/(RIN +RI)
from the OpAmp’s ADC . Therefore, increasing RIN of the internal OpAmp (at
least ∼50 kΩ) can improve the gain accuracy of the integrator.

4.4.3 Latched comparator and M/S D-flipflop
A generic latched comparator was adopted to implement the single-bit quantizer
in the Σ∆ modulator [94]. As shown in Fig. 4.13, the comparator is based on
emitter-coupled logic (ECL), which consists of an input preamplifier, track/latch
stage and output buffer. The low-gain preamplifier (∼16 dB) is used to suppress
the kick-back noise and reduce the offset due to the device mismatch from the
following track/latch stage, thus improving metastability behavior [95]. The core
part of the comparator is the track/latch stage, which is formed with two cross-
coupled differential pairs controlled by complementary clocks (CKs,CKBs). In
the tracking-mode, the track-amplifier (Q7, Q8) is enabled to amplify the input
difference, while the latch (Q9, Q10) is disabled. In the latching-mode, the latch
is enabled, and the output from the track-amplifier is regeneratively amplified to
the logic level. An emitter-following stage was adopted to reduce the recovery
time. Two key performance metrics for designing the comparator are resolution and
sampling rate. The resolution of the comparator is the minimum input difference
that yields a correct digital output, which is limited by the input offset VOS [95],
given by:



4.4. CIRCUIT-LEVEL DESIGN OF CT SIGMA-DELTA MODULATOR 49

QIP

QIN

CKs CKBs

QON

QOP

IB=1mA

DFF
CKs

..
.

..
.

VOUT

(SDM)

Q1 Q2

Preamplifier Track Latch Load

VCC

VEE

VCC

VX

VY

RC7 RC8

Q7 Q8 Q9 Q10

50Ω 

DAC

ΔV

EF
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VOS ∼= VT ln ∆A7,8

A7,8
+ VT

∆RC7,8

RC7,8
+ 1
gm7,8RC7,8

V
T

ln ∆A9,10

A9,10
(4.15)

where ∆Ai,j and Ai,j are the standard deviation and the mean value of emitter
areas respectively, and ∆RCi,j and RCi,j are those of the load resistors. VT is the
thermal voltage. Benefiting from the large emitter size (24×60 µm2), the first term
in Eq. (4.15) can be neglected. 20% RC7,8 mismatch can result in a VOS of 5.2
mV at 27 °C 13.4 mV at 500 °C, thus symmetrical techniques are needed during
layout. The last term is negligible since gm7,8RC7,8 �1. In addition, the maximum
sampling rate of the latch is limited by the recovery time trec [96], given by:

trec = RC7,8Ctot

(
1 + 1

tanh(∆V/2VT )

)
(4.16)

where Ctot is the total capacitance at node VX/VY , and ∆V is the differential
voltage between VX and VY . In order to reduce trec, small RC7,8 are desired.
However, small RC7,8 will also reduce the output swing of the latch. Consequently,
RC7,8=12 kΩ was determined by simulation to provide enough driving capability for
the succeeding D-flipflop (D-FF). The output buffers with 50 Ω on-chip terminations
are used to drive the test equipment.

Subsequently, output signals of the comparator pass onto a D-FF in the feed-
back path. The D-FF is synchronized to the comparator in order to provide one
clock cycle delay for compensating an uncontrolled ELD, discussed in Section 4.3.2.
Fig. 4.14 shows the schematic of the D-FF based on a generic ECL master-slave
architecture, which was designed in a similar way as the aforementioned ECL com-
parator.
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Fig. 4.14: Schematic of the M/S D-FF used in the Σ∆ modulator taken from [82] (load
stage in the system is indicated).

4.4.4 Modified current-steering DAC
A modified current-steering DAC with voltage output buffer was adopted to drive
resistance loads. As shown in Fig. 4.15, the modified current-steering DAC con-
sists of: a basic differential pair (Q3, Q4) for current switching and resistor loads
(RC1, RC2) for current-to-voltage conversion. Usually, the C-V conversion is not
employed in CT-Σ∆ modulators since the extra latency will offset its speed ad-
vantage. However for this modulator as shown in Fig. 4.11, capacitors were used
to realize the coefficients in second feedback path. If DAC directly generates cur-
rent signals, extra switches are required for circuit implementation, which are not
preferred in this SiC bipolar technology.

The combined emitter-degeneration resistor REE with split current sources was
employed to improve linearity (gain is less sensitive to temperature) without sac-
rificing input/output swings. The diode-connected transistors (Q1, Q2) were used
as logarithmic loads to alleviate the temperature variation of transistor current
gain [95], but this method may introduce nonlinearity. The dynamic performance
of the 1b-DAC is the main concern in this design. The output impedance of the
current-steering cell has a significant effect on the DAC’s Spurious-free dynamic
range (SFDR) [97], given as:

SFDRDAC ≈
RC1,2

4Rout
(4.17)

Therefore in this design, using the buffer stage with a high input impedance can
reduce the SFDR, and hence improving the DAC’s linearity.
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Fig. 4.15: Schematic of the modified current-steering DAC with a voltage buffer used in
the Σ∆ modulator.

Unavoidable glitches occurring at each switching-instance appear at the DAC’s
output, which are also seen at the comparator’s and DFF’s output. As shown in
Fig. 4.15, during a short time-interval when Q3 and Q4 are both turned off, their
emitter nodes’ voltages drop significantly and hence introducing the glitch. This
glitch is a major limitation for high-speed operation, since it will cause long settling
time/delay, and hence changing the DAC’s transfer function.

So far, all building blocks have been completed for composing the low-pass
2nd-order 1-b CT-Σ∆ modulator as shown in Fig. 4.11. Behavioral models (us-
ing Verilog-A) of the building blocks were also built accordingly to perform co-
simulations for debugging the overall system efficiently.

4.5 Experimental results and discussions

This section will present the high-temperature measurement setup and result of the
first SiC Σ∆ modulator. The measured performance of the stand-alone building
blocks including the fully-differential amplifier [Paper I], OpAmp-RC integrator
[Paper II], and the latched comparator [Paper III] will be given, which are used for
analyzing the overall system performance. All circuits were fabricated using the
one-metal SiC bipolar IC technology for Batch 1. The process is briefly introduced
in Chapter 2, and its details are elaborated in [50]. Moreover, a guard ring was
used on every demonstrated circuit for better isolation from the substrate noise and
ensuring that the isolation (p-type)-collector (n-type) junction was reverse-biased5.

Over all, on-wafer electrical characterization using high-temperature probesta-
tion was adopted for all circuits demonstrated in this chapter. The tested dies were

5During measurement, the isolation-layer was connected to the most negative potential VEE .
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Fig. 4.16: Die photo of the fully-differential amplifier with configurable resistors and
capacitors network in Batch 1 (inset shows the metal-interconnect crossing-connector).

located on a hot stage, which supports controlling the chuck temperature within
27-600 °C. The system can handle up to 12-13 micro-positioners (with Tungsten
needles). A microscope mounted on a swing arm was used for positioning. Coaxial
cables (∼1-2 m) terminated with 50 Ω BNC connectors were used to connect the
external parts (instruments, evaluation PCBs) placed at room temperature, whose
parasitic showed little effects below ∼1 MHz operation6.

4.5.1 Fully-differential amplifier
Fig. 4.16 shows the die photo of the stand-alone fully-differential (FD) amplifier
on the same die with the Σ∆ modulator. It contains 24 BJTs, 19 resistors and 12
metal-interconnect crossing-connectors7. Fig. 4.17 illustrates the high-temperature
measurement setup for the FD amplifier with configurable closed-loop and open-
loop test-modes. By connecting the amplifier outputs to feedback resistors (RF1,2)
and capacitors (CIP,N ), a voltage-feedback amplifier and an integrator are config-
ured respectively. In addition, by choosing different input resistors (RG1,2=500 Ω,
5 kΩ and 50 kΩ), the corresponding closed-loop gains (100, 10 and 1) are obtained.
All components were implemented on-chip except the Miller capacitors (CC=470
pF), which consume large area in this batch (∼30 pF/mm2). The amplifier chip
with feedback resistors and capacitors (in orange color) was placed on the hot-chuck.

6The parasitic of the cable: capacitance ∼100 pF/m and inductance ∼400 nH/m.
7Since only one metal-interconnect was available in Batch 1, the crossing-connectors in

collector-layer (∼40 Ω) were used for cross routing. Apart from the amplifier, the connectors
were also extensively used on the other circuits in Batch 1.
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Fig. 4.17: High-temperature measurement setup for the amplifier with configurable closed-
loop and open-loop test-modes.
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Fig. 4.18: Measured closed-loop gain frequency response of the FD amplifier from 27 °C
to 500 °C (feedback-resistors are implemented on chip, Miller capacitors are off-chip).

1). Closed-loop measurement
An Agilent MSOX-3024A oscilloscope was used to both generate input signals

and acquire output waveforms. The power supply (VCC/VEE) used was ±7.5 V.
The reference voltage VREF used for the CMFB was -4.2 V. Fig. 4.18 shows the
closed-loop gain frequency response (RF1,2/RG1,2=10), measured from 27 °C to 500
°C with two identical off-chip Miller capacitors. The closed-loop DC-gain (Adc,CL)
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single-ended square-wave input at 27 °C and 500 °C. (b) Measured temperature depen-
dence of the positive slew-rate and the total current consumption.

decreases monotonically with increasing temperature with a ∼5 dB reduction from
27 °C to 500 °C. In addition, a square-wave input was used to measure the response
time of the amplifier in the closed-loop mode at 27 °C and 500 °C, as shown in
Fig. 4.19(a). The positive slew-rate (SR+) is given by the slope (∆V/∆t) of the
output signal rising-edge. As shown in Fig. 4.19(b), the temperature dependence of
SR+ follows the curve of total current consumption, since SR+ is proportional to
Itot/CC . Moreover, the positive output-level reduces more than the negative part
(+6.2/-6.5 V at 27 °C to +2.8/-6.3 V at 500 °C), due to the positive temperature
dependence of collector-layer load resistors.

2). Open-loop measurement
In the open-loop measurement of gain and input offset voltage, the FD ampli-

fier’s high gain makes it difficult to avoid errors from very small voltages at the
amplifier input. Therefore, a proposed circuit as shown in Fig. 4.20 was made to
minimize the measurement errors. It employs an auxiliary OpAmp8 as an integra-
tor to establish a negative-feedback loop for DC voltage, which forces the amplifier
output to ground potential. To measure the open-loop AC gain at node TestAC,
a sinusoidal signal was applied to the amplifier input via a 100:1 attenuator. Fig.
4.21 shows the open-loop gain frequency response of the FD amplifier measured
from 27 °C to 500 °C. The open-loop DC gain (Adc,OL) is 58 dB at 27 °C, and
monotonically drops to 37 dB at 500 °C, which is mainly due to the transistor’s
gm reduction according to Eq. (4.13). Moreover, the input offset voltage (VOS) is

8This commercial low-offset/noise OpAmp can provide ∼100 dB gain.
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Fig. 4.20: High-temperature measurement setup for the FD amplifier’s open-loop mode.
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Fig. 4.21: Measured open-loop gain frequency response of the FD amplifier from 27 °C to
500 °C (without Miller capacitors).

measured at node TestDC by 1000× amplification (RFDC/RIDC). Relatively low
VOS of 0.5 mV at 27 °C and 6.9 mV at 500 °C have been observed.

Fig. 4.22(a) shows the captured output waveforms of the FD amplifier mea-
sured at 500 °C in open-loop mode with a sinusoidal input. Fig. 4.22(b) shows
the corresponding PSDs of the differential output measured at 27 °C and 500 °C.
Benefitting from the fully-differential design, even-order harmonics are canceled in
the differential output response at 27 °C. At 500 °C, some even-order harmonics
(6th, 8th and 10th) arise since the device mismatch becomes more significant, and
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(a)

Fig. 4.22: (a) Captured waveforms on oscilloscope of the FD amplifier input/output in
open-loop mode measured at 500 °C. (b) Measured PSDs of the FD amplifier differential
output at 27 °C and 500 °C.

the odd-order harmonics (5th and 7th) are attributed to the reduction of the out-
put voltage swing. Considering the first 5 harmonics and fundamental frequency
of 490 Hz in the PSDs, the total-harmonic-distortion (THD) is -58.4 dB at 27 °C
and -46.9 dB at 500 °C. As we can see, the relatively high linearity and low offset
of this FD amplifier demonstrate the potential of this technology to be used for
high-temperature low-speed sensing applications.

4.5.2 OpAmp-RC integrator
Section 4.5.1 mainly demonstrated the low-frequency performance of the amplifier.
However, the high-frequency response of the amplifier and its related integrator is
of importance for the Σ∆ modulator. This subsection will identify the dominant
factor affecting the high-frequency performance by comparing the measurement
and simulation results using the AC models given in Chapter 3. The integrator’s
die photo9 is shown in Fig. 4.23, in which the markers for the pins and passive
are matched to those in Fig. 4.12(a). The high-temperature measurement setup
presented in Section 4.5.1 was also employed. Bode-plot analysis was mainly used
to assess the system stability.

To find an optimized value of CC without sacrificing the OpAmp’s bandwidth,
12 off-chip capacitors with different values (0-750 pF) were tested, using Bode-
plot of the OpAmp frequency response measured at 27 °C. Consequently, a 540
pF CC was chosen to ensure phase margin (PM) above 50° at room temperature,
enabling a BW and UGBW of 7.1 kHz and 1.1 MHz respectively. Subsequently,
the frequency response of the single-ended OpAmp was measured from 27 °C to

9The measured integrator was isolated from a Σ∆ modulator as shown in Fig. 4.30, by
mechanically breaking the interconnect-metal lines of the first feedback loop.
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Fig. 4.23: Die photo of the OpAmp-RC integrator in Batch 1 (part of a Σ∆ modulator as
shown in Fig. 4.30, and the markers refer to Fig. 4.12(a)).

500 °C with 540 pF CC as shown in Fig. 4.24(a). Compared to the measurement,
the additional simulation results identified that a substrate capacitance of ∼30
pF and co-axial cable capacitance of ∼350 pF (equivalent to the loads) need to
be considered at frequencies above 1 MHz, which was predicted in Section 4.4.2.
Accordingly, the extracted specifications as a function of temperature are shown
in Fig. 4.24(b). The ADC decreases with increasing temperatures which follows
the same trend as that of the FD amplifier. The BW increases mainly due to the
decrease of gm5 according to ωp1 in Eq. (4.13), and the UGBW decreases due to
the decrease of gm3. The worst PM of 30° observed at 300 °C indicates that at this
temperature the two poles are in closest proximity, which implies that even larger
CC are required to guarantee the stability over the entire temperature range.

The integrator’s high-frequency response is significantly affected by that of the
OpAmp and load impedance. Fig. 4.25(a) shows the frequency response of the
single-ended inverting integrator measured from 27 °C to 500 °C without Miller ca-
pacitors. As stated in Section 4.4.2, the OpAmp’s finite ADC and input impedance
can result in a gain error at DC, thus the integrator’s DC-gain is only ∼25 dB at 27
°C. Moreover, it decreases with increasing temperatures mainly due to the decrease
of the OpAmp’s ADC , as shown in Fig. 4.25(b). The integrator’s BWint presents
positive temperature dependence, since it is defined by BWint ≈ 1/(ADCRIPCIP ).
However, the temperature dependence of the integrator’s UGBWint is not mono-
tonic: it increases from 27 °C to 300 °C due to the negative temperature dependence
of base-layer resistance; while it decreases from 300 °C to 500 °C due to the re-
duction of its OpAmp’s ADC and UGBW . At higher frequencies above ∼1 MHz,
noticeable peaking occurs at ∼2.8 MHz in the magnitude response, which leads to a
steep phase shift as shown in Fig. 4.25(a). When temperature increases more phase
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Fig. 4.24: (a) Frequency response of the single-ended OpAmp from 27 to 500 °C using 540
pF CC . (b) The ADC , BW,UGBW and PM vs. temperatures are extracted from (a).

shift at high frequency can be seen. In addition, large capacitive loads (including the
capacitance from cables) may introduce more poles and zeros, causing significant
changes in the high-frequency response and making the analysis more complicated
[98]. On the other hand, we can have a direct examination of the output waveforms
driven by a high-frequency (512 kHz) sinusoidal signal and low-frequency (1 kHz)
square-wave signal, as shown in Fig. 4.26(a) and (b) respectively. Neither oscil-
lation nor ringing was observed over the entire temperature range, which further
indicates that compensation is not necessary for the stability of integrator in a cer-
tain bandwidth. Consequently, as we observed, large Miller capacitors ∼500 pF are
required to guarantee stability of the internal OpAmp in this technology, enabling
a UGBW of ∼1.1-0.5 MHz from 27 °C to 500 °C. On the other hand, the integrator
can be stable without compensation in the bandwidth of ∼2-0.7 MHz from 27 °C to
500 °C. In addition, the integrator gain-bandwidth defined at 81.5 kHz (modulator
operation frequency) was observed to be roughly double of our expected values at
27 °C, mainly due to the inadequacy of base-layer resistance10. These results will
be used for discussing the Σ∆ modulator performance later in Section 4.5.5.

10RIP,N were designed to be 130 kΩ, but measured to be ∼70 kΩ, due to higher base doping
concentrations than expected in Batch 1.
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Fig. 4.25: (a) Frequency response of the integrator measured from 27 to 500 °C without
CC . (b) The DC-gain, BWint and UGBWint vs. temperatures are extracted from (a).
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Fig. 4.27: Die photo of the latched comparator in Batch 1.
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Fig. 4.28: Measured waveforms of the comparator. (a) 20 Hz input ramp signal and 130
kHz sampling clock at 27 °C; (b) differential output logic signals from 27 to 500 °C.

4.5.3 Latched comparator
Fig. 4.27 shows the die photo of the stand-alone latched comparator on the same
die with the Σ∆ modulator. The Agilent MSOX-3024A oscilloscope was also used
to generate input signals and acquire output waveforms. A HP AWG-33120 func-
tion generator was used to generate complementary sampling clocks. The high-
temperature measurement setup was similar to the one shown in Fig. 4.17 with an
additional 100:1 input attenuator. Input offset voltage and propagation delay were
measured to access the comparator’s resolution and speed respectively.

A 20 Hz ramp input signal and a 130 kHz sampling clock were used to measure
the input offset voltage VIOS . By properly adjusting the input common-model
voltage VICM at different temperatures, VIOS were obtained accordingly as shown
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(a) (b)

Fig. 4.29: Captured waveforms on oscilloscope of the comparator measured at 500 °C. (a)
20 Hz square-wave input signal and 130 kHz sampling clock (the rising-edge propagation
delay is indicated) and (b) 150 kHz ramp input signal and 4 MHz sampling clock (inset
shows the zoom-in traces of clock).

Table 4.1: Summarized measurement results of the comparator from 27 to 500 °C

Temp.
(ºC)

VICM
(mV)

VOS
(mV)

VLH/LL
(V)

TPHL/LH
(ns)

Power
(mW)

27 37.1 3.9 5.57/-5.53 480/504 439
100 166.5 4.6 5.41/-5.17 442/396 495
200 226.5 5.1 3.22/-5.05 500/280 510
300 244.4 5.1 3.26/-4.71 500/310 480
400 257.4 6.9 4.08/-4.35 428/460 450
500 257.2 9.1 3.76/-4.03 470/440 407

in Table 4.1. VIOS is defined as the input differential voltage (VTR+/VTR−) to
toggle the output level as shown in Fig. 4.28(a). 480 samples at toggling instances
were calculated to give the mean value of VIOS . VIOS at 27 °C is only 3.9 mV and
it presents a low temperature drift of ∼10 µV/°C from 27 °C to 500 °C. Moreover,
as shown in Fig. 4.28(b), the differential logic output is ∼±5.5 V at 27 °C and
±3.9 V at 500 °C with a ±7.5 V power supply, which is large enough to switch a
transistor load in this technology (VBE,ON≈2.8-2.0 V at 27-500 °C).

To measure the rising-edge propagation delay TPLH , a square-wave input signal
from -100 mV to the overdrive voltage +VOV referenced to VICM+VTR+ was applied
to ensure sufficient saturation, as shown in Fig. 4.29(a). A similar method was
employed to measure the falling-edge TPHL. In such way, both TPLH and TPHL
were obtained as shown in Table 4.1. As we can see, the minimum comparison
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Fig. 4.30: Die photo of the SiC Σ∆ modulator in Batch 1.

time is ∼1 µs, which implies that the signal bandwidth can achieve ∼500 kHz. In
addition, the clock frequency was tested up to 4 MHz, still enabling the comparator
to operate functionally at 500 °C as shown in Fig. 4.29(b).

Consequently, the demonstrated performance of the comparator including low
offset, high logic level and medium speed is promising for this Σ∆ SiC modulator
requiring a 512 kHz sampling frequency.

4.5.4 Sigma-delta modulator
Fig. 4.30 shows die photo of the 2nd-order CT-Σ∆ modulator in Batch 1. It
contains 104 BJTs, 92 resistors and 8 capacitors, and consumes a total area of 6.9
mm × 2.8 mm including the metal pads11. The 8 pads on the top are left for
connecting the off-chip compensation capacitors if necessary12.

As described in the beginning of Section 4.5, the high-temperature measurement
setup was also employed to characterize the SiC Σ∆ modulator as shown in Fig.
4.31. Two FR4 PCBs including analog and digital parts are powered by separate
voltage supplies to achieve good isolation. The analog part consists of an on-board
test signal source, signal conditioning with low noise/distortion components and
analog voltage regulation. The digital part including on-board clock source and
conditioning logics is implemented on a separate board. The 512 kHz sampling
clock is generated by an on-board crystal oscillator. The complementary over-
lapping clock signals are generated with two balanced inverter buffer chains. The
jitter performance of clock source was tested to be around 150 ps, which fulfils
the requirements specified in Section 4.3.2. An audio signal generator (Agilent

1112 of them are needed to be probed for operation.
12They are not used in the following measurement results in this chapter.
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Fig. 4.31: High-temperature measurement setup: DUT chip on high-temperature probe-
station; evaluation PCB and instruments at room temperature.
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Fig. 4.32: (a) Σ∆ modulator’s input and output waveforms captured on the oscilloscope
measured at 27 °C, and (b) the corresponding output PSD (full-scale input, fin=203.24
Hz, frequency is normalized to fs=512 kHz).

U8903A) with 101 dB SNDR was used as the signal source. The output signals
of the SiC Σ∆ modulator were captured by the oscilloscope (MSO-X 3024A), as
shown in Fig. 4.32(a). A Matlab script was developed to import and process data
from the oscilloscope, while controlling the signal generator to do the frequency and
amplitude sweeping. Fig. 4.32(b) shows the corresponding output PSDs in which
the numbers of Fast Fourier Transformation (FFT) are indicated, which were also
applied for all the following measured PSDs in Fig. 4.33.
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Fig. 4.33: Measured output PSDs of the Σ∆ modulator for different input amplitudes and
at different temperatures (frequency is normalized to fs=512 kHz, fin=203.24 Hz).

Based on the mentioned measurement setup, the modulator’s output PSDs at
different temperatures and input amplitudes were obtained as shown in Fig. 4.33.
A 203.24 Hz sinusoidal input signal was used. The single-ended full-scale (FS) input
is 1.2 VPP at 27 °C, and this value is also used for the results at the other temper-
atures. With -6 dBFS input, SNDR is 23.4 dB at 27 °C. When further increasing
the temperature up to 400 °C, it increases to 31.9 dB due to the increase of the
loop-filter’s gain. At 500 °C, harmonics arise due to the saturation of the internal
integrators. When the input amplitude is reduced to -16 dBFS, the performance is
recovered, as shown in Fig. 4.33(f).



4.5. EXPERIMENTAL RESULTS AND DISCUSSIONS 65

−40 −30 −20 −10 0
0

5

10

15

20

25

30

35

Input Amplitude (dBFS)

S
N

D
R

 (
d

B
)

27�C

100�C

200�C

300�C

400�C

450�C

500�C

500�C � 27�C

FS = 1.2 Vpp

Fig. 4.34: Measured SNDRs vs. input amplitudes of the Σ∆ modulator at different
temperatures.

Table 4.2: Summarized measurement results of the Σ∆ modulator in Batch 1 from 27 to
500 °C

Temp. (ºC) DR (dB) Peak SNDR (dB) ENOB(1) Power(2) (W)

27 32 30.6 @ 0dBFS 5.0 1.02
100 32 30.4 @ -1dBFS 5.0 1.14
200 31 29.6 @ -3dBFS 4.7 1.17

300 30 29.9 @ -4dBFS 4.9 1.13
400 29 31.9 @ -6dBFS 4.5 1.04
450 28 30.5 @ -10dBFS 4.4 0.99

500 26 29.0 @ -16dBFS 4.2 0.93
(1)ENOB=(DR-1.76)/6.02 [Bit]
(2)Power consumption distribution (Power supplies: ±7.5 V):
Analog blocks (two integrators) ~38%,
Digital blocks (Comp., DFF and DAC) ~37%,
Output buffer ~25%.

Fig. 4.34 shows the measured SNDRs vs. input amplitudes of the modulator
at different temperatures. The input amplitudes for achieving peak SNDRs are
reduced with increasing temperatures due to the increase of the loop-filter’s gain.
The corresponding measurement results at different temperatures are summarized
in Table 4.2. As shown in the table, when the temperature increases, the peak
SNDR remains almost constant, where the largest one of 31.9 dB at -6 dBFS input
is observed at 400 °C. However, the DR decreases mainly due to the reduction of the
maximum voltage swing in the signal path and increase of input-referred thermal
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noise. Moreover, the power consumption is 1.02 W at 27 °C, and peaks at 200 °C
with 1.17 W; while further increasing the temperature up to 500 °C, it drops to 0.93
W. This temperature behavior follows that of the reciprocal of the collector-layer
resistance mentioned in Chapter 3, which determines the biasing current.

4.5.5 Discussion
The integrator’s gain-bandwidth k1 = 1/(fsR1C1) shown in Fig. 4.11, was observed
to be approximately double of the designed values at 27 °C, due to the lower base-
layer sheet-resistance of Batch 1 than expected. This large RC variation changes the
loop-filter transfer function and results in saturation of integrators, hence degrading
the modulator performance significantly at room temperature.

When the temperature is increased beyond 300 °C, k1 can increase to 3 times of
its value at 27 °C, which follows the same trend as the UGBWint(T ) shown in Fig.
4.25(b). Moreover, the OpAmp ADC is less than 45 dB (≈39+6 dB for differential
output) as shown Fig. 4.24(b), which starts to affect modulator performance ac-
cording to simulations. Both causes can deteriorate the integrator performance at
the operating frequency, which further degrade the modulator SNDR below ∼40 dB
according to the system-level simulation of Section 4.3.2. Consequently, compared
to other considered non-idealities such as ELD and clocks jitters, the inaccuracy of
on-chip base-layer resistance is the dominant factor limiting this SiC Σ∆ modulator
performance. To overcome this issue, calibration circuitry (capacitor-array tuning)
needs to be adopted when more pins are allowed to be used for probing. Moreover,
as we expect, no instability has been observed of the modulator without connected
off-chip compensation capacitors.



Chapter 5

Electromechanical sigma-delta
modulator

This chapter will demonstrate the design of a SiC electromechanical sigma-delta
modulator for accelerometer operating at high temperatures especially for seismic
sensing applications on Venus. The behavioral model of the chosen Si capacitive
sensor will be developed according to its high-temperature characterization results
for circuit simulations. As part of the closed-loop system of the electromechanical
sigma-delta modulator, an open-loop readout circuit will also be demonstrated
individually. For system-level design, advanced behavioral models of key building
blocks will be developed in Matlab/Simulink to investigate the main limiting factor
affecting the system performance. For circuit-level design, the CT model proposed
in Chapter 3 will be used with a modification of nominal parameter sets at room
temperature. The layouts of the circuits in the second batch will be presented.

5.1 Mechanical sensing element modeling

As mentioned in Section 2.1, the mechanical sensing element used in this work is
a type of capacitive accelerometer. It basically consists of a proof mass between
two electrodes forming a top (Ct) and bottom (Cb) sensing capacitor, as shown in
Fig. 5.1(a). When external acceleration is applied, the proof mass will move along
the sensing axis, causing a change of gap distance between it and each of the fixed
electrodes. The displacement of the proof-mass can be measured as a very small
change in capacitance, which can be written as:

Ct,b = C0 ±∆C = ε0εr
A

d0 ∓ x
(5.1)

where C0 and d0 are the gap capacitance and distance at rest position, respec-
tively. ∆C and x are the variations of gap capacitance and distance respectively due
to acceleration. ε0 and εr are the vacuum and relative air permittivity respectively.
A stands for the effective area of the sensor.

67
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Fig. 5.1: Capacitive accelerometer. (a) Schematic of the cross section. (b) Lumped
parameter mechanical model consisting of a proof-mass, a spring, and a damping element.

The mechanical sensing element can be modeled as a spring-mass-damper sys-
tem as shown in Fig. 5.1(b). According to Newton’s second law, the proof mass will
be deflected by any inertial force due to acceleration. The system can be ideally
described with a 2nd-order transfer function in Laplace domain as [99]:

x(s)
a(s) = 1

s2 + b

m
s+ k

m

= 1
s2 + ωr

Q
s+ ω2

r

(5.2)

where a is the acceleration to be measured, b is the damping coefficient, m is
the mass of the proof-mass, k is the mechanical spring constant of the suspension
system, and s is the Laplace operator. Sometimes the latter part of Eq. (5.2) is
preferred in terms of the resonant angular frequency ωr and the quality factor Q:

ωr =
√
k

m
[rad/s]; Q =

√
mk

b
(5.3)

The accelerometer can be typically used at frequencies well below its resonant
frequency. Under this circumstance, the displacement can be approximated by
x ≈ a/ω2

r , and the displacement-sensitivity defined by the ratio of displacement
and acceleration (for open sensor) can be written as:

Sx = x

a
≈ 1
ω2
r

= m

k
(5.4)

Apparently, Eq. (5.4) indicates a trade-off between the resonant frequency and the
sensitivity of the sensor: a low resonant frequency results in a large displacement,
and hence high resolution, but in turn restricts the bandwidth. This can be partly
overcome by embedding the sensor in a closed-loop system, which will be discussed
later in this chapter. Regarding the dynamic performance of an accelerometer, the
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damping factor becomes critical. For achieving maximum bandwidth, the sensing
element should be critically damped (b = 2mωr) [99]. Moreover, if the squeezed-
film damping effect is considered, the damping coefficient cannot be assumed to
be constant; instead, it increases with both the deflection and the frequency of the
proof-mass movement [100].

In practice, the spring constant k and damping coefficient b can be affected by
ambient conditions. In particular, the temperature effects on them are the critical
concern in this work. The spring constant can be described as [101]:

k = 2Exh
(w
l

)3
[N/m] (5.5)

where Ex is the Young’s modulus of Silicon in the sense direction; h, w, and l
are the thickness, width and length of the spring, respectively. In the investigated
temperature range, the thermal expansion of Silicon can be negligible, and the
dominant factor is the temperature dependence of Young’s modulus [102]. The
Young’s modulus of Silicon shows negative temperature dependence, which leads
to a decrease of the spring constant. The air squeeze-film damping effect for bulk
microacceleromters can be simply modeled as [103]:

b = µeff le

(
he
d0

)3
[N · s/m] (5.6)

where he and le are the height and length of the electrode respectively. µeff is the
effective viscosity of air, which is positively temperature dependent.

According to Eq. (5.1), if the accelerometer operates in a differential mode, the
capacitance difference between the top and bottom part can be written as:

Ct − Cb = 2∆C = ε0εrA
2x

d0
2 − x2

≈︸︷︷︸
∆d�d0

2ε0εrA

d0
2 x (5.7)

According to Eq. (5.7), if x � d0, then ∆C is a linear function of x. Further
considering Eq. (5.2) at low frequencies ma = kx, we can see that the external
acceleration is thus linear to the capacitance change ∆C, which can be read out by
the succeeding electronics.

Table 5.1 summarizes the parameters of the accelerometer characterized in [26]
from 27 °C to 400 °C, which are used to develop the behavioral model for simula-
tions with the readout circuits.
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Table 5.1: Parameters of the accelerometer used for modeling the sensing element

Parameter Value at 27°C Value at 400°C Unit Comments
Mass, m ~1.0 ~1.0 mg *

Damping coefficient, b 0.01 0.01 N·s/m *
Spring constant, k 77.4 47.8 N/m *

Nominal sense capacitance, C0 ~24 ~24 pF *
Nominal electrode gap, d0 ~1.6 ~1.6 μm *

Effective capacitance area, A 2.8 2.8 mm2 *
Bandwidth, fb 450 320 Hz *

Quality factor, Q 0.88 0.68 *
Resonant frequency, fr 1.4 1.1 kHz **
Max. acceleration, amax ±2 - G **
Total acceleration noise 18 - µG/√Hz **

*: Characterized from [26] from 27 °C to 400 °C
**: Provided by sensor vendor at 27 °C [27]
Note: 1 G=9.81 m/s2 as standard gravity

5.2 System-level design

This section will describe the system-level designs of both open-loop and closed-
loop accelerometer in detail using Matlab/Simulink. Firstly, the open-loop readout
system, as well as the sensing element will be modeled. Subsequently, the open-loop
readout part as a Pickoff circuit and the sensing element will be embedded into an
electronic Σ∆ modulator with an electrostatic feedback force to form a closed-loop
accelerometer system (named electromechanical (EM) Σ∆ modulator). A feedback
linearization technique will be introduced and applied for improving the EM Σ∆
modulator performance. An advanced model of the Pickoff circuit will be taken
into account for investigating the main limiting factor affecting the whole system
performance. The models for the electronic Σ∆ modulator given in Chapter 4 will
be reused to predict the relevant non-idealities.

5.2.1 Open-loop readout system
A generic open-loop readout system is conceptually illustrated in Fig. 5.2, which
basically consists of a sensing element as the acceleration-to-capacitance converter,
and a capacitance Pickoff circuit generating the output voltage.

The function of Pickoff circuit is converting the differential change in capaci-
tance into a voltage. The capacitive sensing element is firstly excited with a high-
frequency AC signal acting as a carrier. The change in capacitance is modulated
(multiplied) by the carrier signal. A charge amplifier is typically used to amplify
the amplitude-modulated (AM) signal, which then needs to be synchronously de-
modulated with the same carrier signal. Sometimes a variable gain boost-amplifier
is needed to enhance the signal amplitude. The output of boost-amplifier involves
both a low-frequency component (desired signal) and a component at twice the
carrier frequency. The latter is subsequently removed by a low-pass filter.
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Fig. 5.2: Generic block diagram of an open-loop readout system for accelerometer. The
micromachined capacitive sensing element is cascaded with a Pickoff interface circuit.

The aforementioned procedure at system level was modeled straightforwardly
in Simulink, which is similar to Fig. 5.2. Eq. (5.2) and (5.7) describing capaci-
tive sensing element were implemented using function blocks in Simulink. In reality,
Eq. (5.2) may not be sufficient when multiple poles appear in the s-domain transfer
function, and hence higher order mechanical model for the sensor may be adopted
[104]. As mentioned, Eq. (5.7) can be simplified to a linear function if the dis-
placement is much smaller than the capacitor’s gap, which is usually the desired
operation region. Thus, for higher efficiency of simulation, a simple gain block is
sufficient at this step for evaluating the open-loop system. Nevertheless, it can be
useful for checking whether a closed-loop system can recover from a shock condition,
when the proof-mass momentarily deflects much further. The differential change in
capacitance is then multiplied by the carrier signal and amplified by a gain block
for the charge amplifier1. This multiplication may cause numerical problem, since
∆C is in the order of a nano-Farad, but amplitude of carrier signal is several volts.
Another disadvantage is the considerably long simulation time since the frequency
of the carrier signal is much faster than that of the input signal.

There are two kinds of noise sources affecting the accelerometer’s resolution,
including mechanical (Brownian) noise and electronic noise as shown in Fig. 5.2.
The mechanical noise is generated intrinsically by the proof-mass, which can be
described as Brownian noise corresponding to an equivalent acceleration noise [105]:

EBN =

√
a2

∆f =
√

4kBTb
m

[ m

s2
√
Hz

] (5.8)

where kB is the Boltzman constant, T is the temperature in Kelvin. Apparently,
this noise is dependent on the sensor design in terms of proof-mass and damping
coefficient. According to Eq. (5.8), the noise density is theoretically 0.83 µG/

√
Hz

at 27 °C 2. The electronic noise is dependent on the practical circuit implementation.
1The gain value of charge amplifier is usually in an order of a million.
21 G=9.81 m/s2 as standard gravity is used for acceleration unit in this chapter.
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Fig. 5.3: Generic block diagram of an electromechanical Σ∆ modulator. The open-loop
readout system is incorporated in an electronic sigma-delta modulator with a force feed-
back to form the closed-loop system.

From the system-level design point of view, its equivalent input-referred acceleration
noise is dependent on the capacitive resolution of the interface circuit (∆Cmin) and
the capacitive-sensitivity SC of the accelerometer:

EEN = ∆Cmin

SC
√

∆f
[ m

s2
√
Hz

] (5.9)

Taking Eq. (5.4) and (5.7) into account, the capacitive-sensitivity SC can be ex-
pressed as:

SC = ∆C
a

= C0

d0
· m
k

[ F

m/s2 ] (5.10)

In addition, to evaluate the whole system performance of the sensor and electronics,
a voltage-sensitivity defined by VOUT /a is usually used, which is also dependent on
the gain of the Pickoff circuit. The minimum detectable acceleration (resolution)
is determined by the total input-referred noise including mechanical noise EBN
from sensor given by Eq. (5.8) and electronic noise EEN from interface circuit
given by Eq. (5.9). For a given sensor, the main effort in this work is to minimize
the electronic noise of the interface circuit. The maximum detectable acceleration
(dynamic range) is mainly determined by the maximum deflection of the proof-mass
without introducing nonlinear distortion3.

5.2.2 Closed-loop readout system
The basic principle of a closed-loop accelerometer is to generate a feedback force
that counteracts the inertial force. In such configuration, better performance in
terms of higher linearity, larger bandwidth, and larger dynamic range can be

3For linear operation, the deflection is usually less than 10 %d0 [99].
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achieved compared to the open-loop readout. Moreover, the influence of fabri-
cation tolerances on the sensor’s specification can be considerably reduced. But
the circuit will be more complex. More effort should be paid to ensure stability
and performance insensitive to the parameters variation over the wide temperature
range. The deflection of the proof-mass is sensed capacitively by an interface circuit
as the open-loop readout system described in the last subsection. Subsequently, the
converted voltage signal passes on to an electronic signal processing block that gen-
erates the output signal and the feedback voltage. The feedback voltage is applied
to the sensing element to generate an electrostatic force. There are two general
choices to realize the aforementioned feedback control system including: analog
feedback and digital feedback based on Σ∆ modulators. In this work, the second
one was adopted mainly due to its advantages such as: 1) absence of electrostatic
latch-up issues and 2) digital output can be directly processed by a DSP [106].

The principle of the Σ∆ modulator has been elaborated in Chapter 4. More-
over, the first Σ∆ modulator in SiC technology has been successfully demonstrated
to operate in the investigated temperature range. Therefore, with the experience
from the last batch, a similar architecture is preferred to use for the new design. A
mechanical sensing element embedded in a Σ∆ modulator forms the electromechan-
ical Σ∆ modulator (EM Σ∆ modulator), which is conceptually shown in Fig. 5.3.
It consists of the following building blocks: 1) the micromachined sensing element
M(s) (inherently as a 2nd-order low-pass filter), with Brownian noises EBN added
at the input; (2) the Pickoff circuit Kpo with electronic noise EEN ; (3) a phase com-
pensator C(s), which may not be required if the sensing element is overdamped;
(4) an electronic loop filter H(s) involving several integrators and feedback or feed-
forward loops; (5) a clocked 1-b quantizer with quantization noise EQN ; and (6) a
feedback voltage-to-force converter Kfb with error EDAC . For a system with high
OSR but low bandwidth, the transfer function can be approximated by:

Vout(s) ≈
1
Kfb

(Fin + EBN − EDAC) + C(s)
KfbM(s)Kpo

EEN + 1
KfbM(s)KpoH(s)EQN

(5.11)
Apparently, both quantization noise and electronic noise can be shaped by the
sigma-delta modulation, but the Brownian noise and the feedback electromechanical
error will not be shaped and added at the input of the system. Compared to the
open-loop readout, the electronic noises from the Pickoff circuit can be reduced,
but the additional voltage-to-force converter may introduce non-linearity, which
need to be considered at system-level design.

5.2.2.1 Basic modeling for ideal operation

Unlike the open-loop readout design at system level, a sufficiently accurate model for
describing the closed-loop system is desired, since its performance and stability can
be significantly affected by the system’s architecture and parameters, particularly
for this work over a wide temperature range. Fig. 5.4 shows the Simulink model
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Fig. 5.4: Simulink model of a 4th-order EM Σ∆ modulator. The sensing element is
embedded in an electronic 2nd-order Σ∆ modulator with a force feedback to form the
closed-loop system.

of a 4th-order EM Σ∆ modulator4. All parameters used for the sensing element
have been given in Table 5.1. The other parameters of the electronic part will
be determined and optimized in the system-level simulation. The Pickoff circuit
can be equivalent to a simple gain block initially. When the other parameters are
optimized, the advanced model (similar to Fig. 5.2) may be taken into account if its
corresponding second-order effects are not negligible. Two Gaussian Noise blocks
were used to model the aforementioned two noise sources. A lead filter might be
required to compensate the phase lag introduced by the sensing element at low
frequency, which will be discussed later in this chapter. Subsequently, a CIFF 2nd-
order Σ∆ modulator was adopted to generate a bit-stream signal. The feedback
consists of a 1-b electronic DAC with timing and pulse shape control, and a digital-
to-force converter (DFC). There are various circuit implementations of the feedback
DFC depending on the system architecture. One popular solution is utilizing two
sets of comb capacitors for sensing and feedback control [107]. Nevertheless, the
general equation to describe the DFC can be written as:

Fel = sgn(DOUT )
ε0AfbV

2
fb

2(d0 + sgn(DOUT )× x)2 (5.12)

where sgn stands for the signum function, DOUT representsQuantizer block output,
and x is the proof-mass displacement. Afb and Vfb are the feedback capacitor’s
area and reference-voltage respectively. As seen in Fig. 5.4, Eq. (5.12) is realized
using three blocks in Simulink: function for F/BForce±, and Switch. The two
function blocks represent the corresponding functions dependent on the sign of
DOUT . The Switch block is controlled by the sign of DOUT , switching through
to its output either the top or bottom signal level. Thus the electrostatic force

4The 4th-order indicates the 2nd-order for sensing element plus the 2nd-order for loop filter.
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acts on the proof-mass in either positive or negative direction. Note that, due to
the time-averaging characteristic of the EM Σ∆ modulator output bitstream, the
time for energizing top and bottom capacitor is virtually identical and hence even-
order harmonics are canceled. But it may suffer from the third-order harmonic
distortion due to a large proof-mass deflection, which can be considerable for the
sensing element with a low spring constant. Fortunately, it can be improved by
using a linearization amplifier, which superimposes a displacement-related voltage
on the feedback reference-voltage Vfb [107]. Therefore, the nonlinear effect from
displacement can be minimized, and Eq. (5.12) becomes:

Fel = sgn(DOUT )
ε0Afb(Vfb + Vfb ×Kl × sgn(DOUT ))2

2(d0 + sgn(DOUT )× x)2 (5.13)

where Kl = x/d0. Typically, the Pickoff interface is implemented with a charge
amplifier, with an output voltage Vdis ≈ −(x/d0)Vs 5. Thus in reality, the lin-
earization amplifier amplifies the output voltage of open-loop readout Vdis with a
gain of Vfb/Vs, and then sums to the feedback reference-voltage. In addition, the
feedback-voltage Vfb is an important parameter, which mainly determines the dy-
namic range of the sensor. This is a distinct advantage of closed-loop readout, since
the DR of the open-loop is not adjustable and determined by the spring constant
and mass of the sensing element. The feedback electrostatic force needs to be equal
to the maximum input inertial force Fel = Fin = m · amax, thus the value of Vfb
can be roughly predicted by:

Vfb =

√
2d2

0mamax

ε0Afb
(5.14)

A system-level simulation using basic Pickoff block model was carried out for
the 4th-order EM Σ∆ modulator shown in Fig. 5.4, using the parameters of the
sensing block given in Table 5.1. The lead compensator block was disabled and the
parameters used for the electronics are shown in Table 5.2. The coefficients of the
loop filter were obtained using [80].

5The circuit implementation of the charge amplifier will described in Section 5.3.1. Vs is the
amplitude of the high frequency carrier voltage.
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Table 5.2: Parameters used for the system-level simulation of the EM Σ∆ modulator

Parameter Value Unit Comments
Pickoff block gain, Kpo 5M V/m Displacement to voltage

OpAmp’s UGBW 1M Hz Estimated from last batch
OpAmp’s swing limit ±4 V Estimated from last batch

Loop filter’s coefficients a1/ a2/ c1 0.67/0.22/1.00 V/V Obtained by [80]
Excess loop delay ELD 0.78μ s Estimated from last batch 4%Ts

Bandwidth, BW 100 Hz
Oversampling ratio, OSR 256 -

Feedback voltage, Vfb 2 V Based on Eq. (5.14) with amax=2 G
Input amplitude, ain 1 G -6dBFS, FS=2 G
Input amplitude, fin 31.25 Hz
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Fig. 5.5: System-level simulation using basic Pickoff block model for the 4th-order EM Σ∆
modulator (a) time-domain signals of the feedback force without linearization; (b) PSD
of the output with a ∼-60 dB 3rd-order harmonic due to the nonlinear feedback.

Fig. 5.5 and Fig. 5.6 show the simulation results without and with the feedback
force linearization, respectively. As shown in Fig. 5.5(a), sinusoidal ripples (the
same frequency as the input signal) superimpose on both upper and lower wave-
form edges. This nonlinear feedback force is attributed to a considerable proof-mass
deflection. Therefore a large 3rd-order harmonic of -60 dB appears in the corre-
sponding PSD as shown in Fig. 5.5(b), which degrades the SNDR by ∼40 dB. If
the aforementioned linearization technique is adopted, the feedback force is a rect-
angular waveform as expected shown in Fig. 5.6(a), and the corresponding SNDR
can achieve ∼99 dB in an ideal case.
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Fig. 5.6: System-level simulation using basic Pickoff block model for the 4th-order EM
Σ∆ modulator (a) time-domain signals of the feedback force using linearization; (b) PSD
of the output.

5.2.2.2 Advanced modeling for the second-order effects

A simplified model of the Pickoff circuit has been used for simulating the EM
Σ∆ modulator for an initial demonstration of its basic operation. In practical
hardware implementation, it can be a complicated circuit and important to the
whole system performance. An advanced model for a generic circuit implementation
is shown in Fig. 5.7, which can replace the equivalent Pickoff gain block in Fig.
5.4. The basic principle of this model has been described in Section 5.2.1. The
frequency of the carrier signal is suggested to be more than 10 times larger than
the sampling frequency of the Σ∆ modulator [106] (fcar=750 kHz, fs=51.2 kHz). A
2nd-order Bessel low-pass filter (f−3dB=51.2 kHz, Klpf=4) has been adopted due to
its advantage for processing square-wave signals, which will be described in Section
5.3.2. Subsequently, this advanced model for the Pickoff circuit is incorporated into
the EM Σ∆ modulator with feedback linearization and the other parameters taken
from Table 5.2. Fig. 5.8 shows a simulation result considering the nonlinearity of
the Pickoff circuit in the forward path, the effect of the third harmonic distortion is
considerable due to a large proof-mass deflection (x≈25%d0, d0=1.6 µm). Although
the feedback force linearization was applied, this nonlinear effect from the Pickoff
circuit can still significantly limit the EM Σ∆ modulator dynamic range. This is
intrinsically attributed to the low spring constant value of this sensing element,
which in turn implies that higher bandwidth of the sensing element is required for
this oversampling feedback system. Thus when increasing the resonant frequency
of the sensor to fr=6 kHz 6, the large 3rd-order harmonic disappears and the proof-
mass displacement is only ∼1%d0 as shown in Fig. 5.9.

6The sensor’s bandwidth fb is approximately equal to fr, and spring constant k is ∼1400
according to Eq. (5.3) with m=1 mg.
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Fig. 5.7: Simulink model of the realistic Pickoff circuit, which can replace the equivalent
gain block in Fig. 5.4 for simulations
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Fig. 5.8: System-level simulation using advanced Pickoff block model for the 4th-order
EM Σ∆ modulator and the sensing element parameters from Table 5.1. (a) time-domain
signals of the proof-mass displacement and differential change of capacitance; (b) PSD of
the output with a ∼-60 dB 3rd-order harmonic due to the large proof-mass deflection.
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Fig. 5.9: System-level simulation using advanced Pickoff block model for the 4th-order
EM Σ∆ and larger spring constant k=1400. (a) time-domain signals of the proof-mass
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Fig. 5.11: Nested parametric simulation for the effects of lead-compensator’s pole/zero
locations on the EM Σ∆ modulator’s SNDR with sensor’s fr of (a)1.4 kHz and (b)6 kHz.

To determine the minimum required bandwidth for sensor, fr was swept (Q=0.88,
m=1 mg) as shown in Fig. 5.10. As long as fr is larger than 5 kHz, the modulator
performance will not be degraded. According to Eq. (5.3), it suggests that the re-
lated spring constant k and damping factor Q should be larger than 900 and 0.036
respectively.

The sensing element introduces phase delay for the signal’s frequency above fr,
which may cause instability of the feedback system. Several solutions have been
proposed to overcome this issue including: 1) using overdamped sensor (0.5>Q>0)
with the cost of high Brownian noise; 2) lowering loop bandwidth; 3) compensating
with lead-compensator (filter) [108]. Compared to the first two solutions, the third
one is more popular since it will not compromise the system performance. But
it makes the system more complex. Thus at system-level design, its effects needs
to be predicted. The lead-compensator was modeled using a simple Transfer Fcn
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and (b) Brownian noise from the mechanical sensor on the EM Σ∆ modulator SNDR.

block in Simulink as shown in Fig. 5.4, with zero fz and pole fp frequency lower
and higher than the sampling frequency fs respectively. To check the effects of
those two parameters on the feedback system, a nested parametric simulation was
carried out with two resonant frequencies. As shown in Fig. 5.11(a), when the
resonant frequency is low fr=1.4 kHz (indicating more delay introduce beyond fr),
the SNDR is limited below 50 dB, no matter whether a lead-compensator is used.
On the other hand, as shown in Fig. 5.11(b), when fr=6 kHz, the lead-compensator
takes effects with fz≈0.7fs and fp≈7fs to achieve a peak SNDR≈90 dB in a stable
region. However, without the lead-compensator (fz,p≈0), the SNDR is roughly the
same, mainly due to the larger loop bandwidth. Consequently, the bandwidth of
the sensor is the dominant factor for this oversampling feedback system, which is
required to be higher than 5 kHz for achieving optimal system performance.
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Regarding the non-idealities of the electronic Σ∆ modulator, the models are
taken from Chapter 4. Three main issues for the CT-Σ∆ modulator including the
clock jitter, ELD, and RC variation were also considered for the EM Σ∆ modulator.
Clock jitter effect is negligible in this work due to the low sampling frequency; it can
be easily fulfilled by using a typical crystal oscillator externally. A ∼800 ns ELD
was seen in the last batch, and hence a ∼4%Ts (Ts=20 µs) can be estimated in this
design. As shown in Fig. 5.12(a), the ELD shows little variation on the SNDR of
this EM Σ∆ modulator when it is below 40%Ts, thus no compensation is needed for
this modulator. The integrating resistors will be implemented in the collector layer
in this batch (rather than the base layer in Batch 1 ), whose sheet-resistance was
seen to vary within ∼67%−150% in the investigated temperature range in the last
batch. However, the temperature dependent variation of capacitor is negligible, so
the variation of RC product is mainly determined by the resistor. The integrators’
gains of the modulator are determined by the corresponding RC products, thus this
variation was taken into account for simulation. As shown in Fig. 5.12(b), little
SNDR variation of ∼±5 dB was observed due to the possible RC variation, which
implies that this 2nd-order Σ∆ modulator is more immune to the variation of loop
filter transfer function.

The Brownian noise and electronic noise were both simply modeled using a
Gaussian noise generator block in Simulink, as shown in Fig. 5.4. Their effects
on the EM Σ∆ modulator’s SNDR were simulated. As shown in Fig. 5.13(a), as
long as the input-referred thermal noise density from the electronic circuit is lower
than 1.5 µVrms/

√
Hz, its effect can be neglected compared to the quantization

noise. This value can be a constraint for designing the electronic circuit. Fig.
5.13(b) suggests that the Brownian noise density of the mechanical sensor should
be less than 3 µGrms/

√
Hz without degrading the modulator’s SNDR. According

Eq. (5.8), this value is not stringent for this sensor.

5.3 Circuit-level design

This section will describe the circuit-level designs of both open-loop and closed-
loop readout accelerometer using Cadence IC design tools. The building blocks of
the open-loop readout circuit including a charge amplifier, a multiplier, a 2nd-order
low-pass filter, and a relaxation oscillator will be presented in detail. The 2nd-order
Σ∆ modulator will be briefly presented, since its design is similar to the one in
the Batch 1. Transistor-level simulations from 27 °C to 500 °C using the new CT
model proposed in Chapter 3 will be presented. The power supply voltage used for
all circuits is still ±7.5 V for VCC and VEE .

5.3.1 Interface circuit: Sensor and Charge amplifier
A charge amplifier (or transimpedance amplifier) is commonly used as the interface
circuit to convert a changing capacitance into a changing voltage [109]. As shown
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Fig. 5.14: Schematic diagram of the interfacing circuit using a charge amplifier to detect
capacitance change of the capacitive sensor.

in Fig. 5.14, the differential capacitors are excited with high-frequency (750 kHz)
differential carrier signals ±VS , producing displacement-related current ix. Subse-
quently, the generated current is captured by a charge amplifier, which consists of
an OpAmp with negative-feedback network. The value of the feedback capacitor
CF is preferred to be small, since it determines the system gain as:

ACA = VO
VS
≈ −2∆C

CF
(5.15)

where ∆C = (Ct−Cb)/2. The feedback resistor RF is used to provide DC feedback
to the OpAmp input so that the DC value at the inverting input is clamped at
zero. The virtual ground input due to the negative feedback also minimizes the
total parasitic capacitance Cp at the interface, which involves the capacitance of
the interconnect wire and the input capacitance of the amplifier. To achieve high
sensitivity, reducing Cp is a major challenge for both sensor and amplifier design.
Moreover, the non-zero series resistance (Rs=∼100 Ω) combined with the sensor’s
rest-capacitance (C0≈24 pF) form a high-pass filter, and hence attenuating the
carrier signals below the corner frequency. Therefore shorter bonding wires are
preferred to minimize this effect. The charge amplifier exhibits a low-pass filter
with its corner frequency determined by the product of RF=50 kΩ and CF=5 pF.

The OpAmp is the mostly used analog circuit in either the open-loop or the
closed-loop readout circuit, thus it should be optimally designed to improve the
performance compared to the one in last batch. Moreover, less variation of per-
formance over the investigated temperature range should be considered during the
design phase using the new CT transistor model.

A generic 3-stage OpAmp was adopted as shown in Fig. 5.15, whose design was
similar to the fully-differential amplifier in Chapter 4 with minor changes. The pull-
up resistors RP are needed to compensate the large base current (tens of µA) of the
SiC BJT at the input of the OpAmp. A large value of RP=500 kΩ combined with
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Fig. 5.15: Schematic of the OpAmp universally used in the EM Σ∆ modulator.
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Fig. 5.16: Transistor-level simulation results of the OpAmp in Batch 2 w.r.t. (a) DC and
(b) AC performance over the investigated temperature range.

the input emitter-follower stage (Q1 and RE1) produce an input impedance Rin≈75
kΩ at 27 °C and 82 kΩ at 500 °C according to simulations, which is sufficient for
the requirements of the charge amplifier, as well as for the low-pass filter and the
integrator presented later. These pull-up resistors do not require high accuracy,
thus they will be implemented in the lightly-doped base-layer to reduce the chip
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area. The second amplification stage uses a Darlington configuration (Q3 and Q4)
to increase its input impedance. The biasing current in the 2nd-stage is 4 times that
of the 1st-stage, in order to make the two poles widely separated according to Eq.
(4.13), hence improving stability. Moreover, the Miller compensation capacitors
were also used to ensure stability, which will be implemented on-chip in this Batch
2. According to simulations, CC , RZ=25 pF, 250 Ω and 50 pF,1 kΩ are sufficient to
provide more than 50° PM for capacitive loads CL of 40 pF and 400 pF respectively.
Accordingly, the values of RC1, RC2 and RE3 were carefully chosen as indicated in
Fig. 5.15.

Simulations results of the OpAmp’s DC and AC performance is shown in Fig.
5.16(a) and (b) respectively over the investigated temperature range. The output
voltage swing is around ±4 V at 27 °C, and increases ∼1 V at 500 °C. The DC
gain is ∼63 dB at 27 °C, and reduces to ∼56 dB at 500 °C. The UGBW is ∼13
MHz at 27 °C, and reduces to ∼6 MHz at 500 °C with 50 pF CC and 400 pF CL.
All PM in the considered temperature range is above 52°. All the aforementioned
performance is sufficient for the system requirement, which were specified during
system-level design. In addition, the behavioral model of the OpAmp and MEMS
sensor were both built in Verilog-A.

5.3.2 Synchronous demodulator: Multiplier and Low-pass filter
Excited by the differential signals in voltage (high-frequency carrier signals), the dif-
ferential changes in capacitance are converted into an amplitude-modulated voltage
signal. To extract the useful information (low-frequency acceleration related signal),
a synchronous demodulator consisting of a multiplier followed by a low-pass filter
is commonly used.

Fig. 5.17 shows the schematic of an improved multiplier based on a Gilbert cell.
The generic four-quadrant Gilbert cell mixer [110] is commonly used for multipli-
cation, which consists of two cross-coupled, emitter-coupled differential pairs (Q5,6
and Q7,8). The differential output voltage of the Gilbert cell can be written as:

∆VO = RC2IE2 tanh
(

∆VI
2VT

)
tanh

(
∆VLOW

2VT

)
(5.16)

where VT is the thermal voltage. IE2 is the biasing current for each differential pair.
∆VI and ∆VLO are the differential input signal and carrier signal respectively. If
∆VI and ∆VLO are much smaller than VT (26 mV @27 °C), the hyperbolic tangent
terms can be assumed to be linear, and hence Eq. (5.16) performs a multiplication
function. In practice, the amplitudes of the input signals are often larger than
VT , thus a pre-warping circuit was adopted for compensating the non-linearity. It
introduces an inverse hyperbolic tangent function by using two diode-connected
BJTs (Q1 and Q2), thus the pre-warping output differential voltage is written as:

∆VLOW = 2VT tanh−1
(

∆VLOGm
IE1

)
(5.17)
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Fig. 5.17: Schematic of the multiplier used in the EM Σ∆ modulator modified and taken
from [110].

where Gm and IE1 are the transconductance and biasing current of the differen-
tial pairs Q3 and Q4, respectively. In addition, two degeneration resistors REE1
and REE2 were used to improve the linearity without sacrificing the output range.
Consequently, Eq. (5.16) becomes:

∆VO = 2RC2IE2
∆VI

IE2REE2

∆VLOW
IE1REE1

(5.18)

For linear operation, ∆VI and ∆VLOW are required to be less than IE2REE2 and
IE1REE1 respectively. Thus IE1,2 and REE1,2 were chosen to be 0.5 mA and 2
kΩ respectively, to allow a maximum input differential voltage of around 1 V.
RC1 and RC2,3 were chosen to be 1.7 kΩ and 8.9 kΩ respectively to provide a
total voltage gain of ∼3. The voltage gains of the pre-warping circuit and Gilbert
cell can be approximately determined by the resistors ratios of RC1/REE1 and
RC2/REE2 respectively, thus the total gain presents to be relatively constant over
the investigated temperature range.

In general, the waveforms of the high-frequency carrier signals can be either
square-wave or sinusoidal. For example, if a sinusoidal waveform VS(t) = VS0cos(ωCt)
is used as the carrier with angular frequency ωC , Eq. (5.15) can be rewritten as:

VO(t) ≈ −2∆C(t)
CF

VS0 cos(ωCt) (5.19)

where ∆C(t) stands for the low-frequency acceleration-related capacitance change.
The output AM voltage signal of the charge amplifier VO subsequently passes onto
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Fig. 5.18: Schematic of the 2nd-order low-pass filter used in the EM Σ∆ modulator.

the multiplier, generating a demodulated signal expressed as:

VD = VO × VS0 cos(ωCt+ θ) = −∆C(t)
CF

V 2
S0

[cos(θ) + cos(2ωCt+ θ)] (5.20)

where θ is a phase shift. Thus, apparently, a low-pass filter with a corner fre-
quency between the bandwidth of the sensor and 2ωC is needed to remove the
high-frequency component. A 2nd-order low-pass filter was adopted with differ-
ential input architecture for matching the multiplier’s outputs, as shown in Fig.
5.18. A multi-feedback architecture was chosen rather than a Sallen-key, due its
advantages including the low sensitivity to component variations and availability of
differential implementation. Bessel frequency response was targeted with a low Q of
0.58, due to its optimum square-wave transmission behavior [111]. To achieve a cor-
ner frequency of 51.2 kHz and DC gain of unity (≈R2/R1), the components’ values
were obtained using a filter design tool FilterProTM [112], in which a tolerance of
±10% component variation was considered. Additionally, simulation suggested that
the minimum gain-bandwidth of the internal OpAmp should be 4.4 MHz, which
can be fulfilled by the aforementioned OpAmp performance stated in Section 5.3.1.

5.3.3 Relaxation oscillator
A differential square-wave carrier signal is generated by a generic relaxation oscilla-
tor [110], as shown in Fig. 5.19. The center frequency is determined by the biasing
current IB , capacitor C, and the limiting voltage (VBE,ON of Q1), as written:

fOSC = IB
4CVBE,ON

(5.21)

The DC operating point at collector ofQ3,4 is clamped at a diode voltage drop below
VCC , thus a level-shifter stage was used to shift it to around zero. Subsequently, a
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Fig. 5.19: Schematic of the relaxation oscillator used in the EM Σ∆ modulator modified
and taken from [110].

Fig. 5.20: Transistor-level simulation results of the oscillator’s (a) differential output wave-
forms at 27 °C and 500 °C; (b) center frequency vs. control voltage at 27 °C and 500 °C.

buffer stage with a gain of ∼2RC3/REE was used to stabilize the common voltage,
insensitive to the temperature variation. To generate a frequency of 750 kHz at 27
°C, IB and C were chosen to be 1 mA and 132 pF respectively. Accordingly, the
values of all resistors were carefully chosen by simulations as indicated in Fig. 5.19 .
The simulated transient waveforms of the oscillator’s differential outputs are shown
in Fig. 5.20(a), with control voltage VEN=7.50 V and 3.65 V at 27 °C and 500
°C respectively. At 27 °C the waveform’s frequency is 750 kHz as expected, with a
duty cycle of ∼48%. When the temperature increases to 500 °C, the frequency is
still 750 kHz, but the amplitude decreases from 1 V to 0.7 V.

The emitter-coupled configuration with only NPN transistor is capable of high
operating speed, but the center frequency is considerably sensitive to temperature
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even at low frequencies, since it is dependent on VBE,ON . According to Eq. (5.21),
the temperature coefficient of fOSC can be written as:

dfOSC
dT

= − 1
VBE,ON

dVBE,ON
dT

≈ +2mV /◦C
2800mV = +714ppm/◦C (5.22)

An approach to control the center frequency is tuning the control voltage VEN .
Fig. 5.20(b) shows the simulation results of center frequency as a function of the
control voltage at 27 °C and 500 °C. At 27 °C, within the valid tuning range
VEN=2.2-10 V, the circuit generates an oscillating frequency fOSC=350-960 kHz
and presents a linear voltage dependence of 78 kHz/V. At 500 °C, within the valid
tuning range VEN=0-8.2 V, the circuit generates a oscillating frequency fOSC=400-
1300 kHz and presents a linear voltage dependence of 110 kHz/V. Thus to generate
a 750 kHz oscillating frequency, VEN is expected to be tuned within 7.50-3.65 V in
the temperature range of 27-500 °C. In the hardware implementation, this control
voltage will be provided off-chip.

5.3.4 Open-loop readout circuit simulation results
So far, all building blocks required for the open-loop readout circuit have been
designed. Fig. 5.21 shows the circuit implementation of the open-loop readout
circuit for measuring the differential capacitive sensor. Since the output voltage of
the charge-amplifier could be small, a boost-amplifier was used with a variable gain
of 1-10 controlled by its feedback resistor arrays.

Fig. 5.22 shows the transistor-level simulation results of the open-loop readout
circuit with respect to its output waveform of each stage, at (a) 27 °C and (b)
500 °C. The parameters for the sensor’s behavioral model was taken from Table
5.1 with a larger estimated fr=6-3 kHz @27-500 °C (k and b were changed ac-
cordingly). For consistency, the input force signal FIN was equivalent to a voltage
signal in simulations. A sinusoidal signal with a -6 dBFS amplitude and a 31.25 Hz
frequency was applied7. Being processed by the open-loop readout circuit, the sinu-
soidal input force signal FIN can be successfully represented by a sinusoidal voltage
signal VOUT . Large spikes periodically arise as shown in the inset of Fig. 5.22(b),
since the carrier signals are square-wave, which can be significantly minimized by
applying sinusoidal signals. However, those periodical spikes with high frequency
components related to carrier signals can be sufficiently removed by the low-pass
filter. Consequently, for a 1 G maximum input acceleration, this system presents a
voltage-sensitivity (VOUT /aIN ) of ∼660 mV/G at 27 °C, and ∼330 mV/G at 500
°C, which is mainly due to the amplitude reduction of carrier signals generated by
the oscillator according to Eq. (5.20).

7The full-scale (FS) input amplitude of the acceleration signal is 2 G, and hence the FS force
signal is F=ma=1 µg×2×9.8 m/s2=19.6 N accordingly.
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Fig. 5.21: Circuit implementation of the open-loop readout circuit for accelerometer.

Fig. 5.22: Transistor-level simulation results of the open-loop readout circuit for accelerom-
eter w.r.t. the output waveforms of each stage at (a) 27 °C and (b) 500 °C.
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5.3.5 Closed-loop readout circuit simulation results

Apart from the aforementioned open-loop readout circuit, a 2nd-order Σ∆ modula-
tor was adopted to realize the closed-loop readout circuit named EM Σ∆ modulator,
which is schematically shown in Fig. 5.23. The circuit design of the electronic Σ∆
modulator is basically the same as the one in Chapter 4 with minor changes. Single-
ended topology was adopted in this batch rather than the fully-differential mainly
due to the simplicity of OpAmp implementation without required CMFBs. Extra
pins have been left for connecting external capacitors to tune the RC product values
if needed. The comparator was clocked with a lower sampling frequency of 51.2
kHz, which will be provided off-chip. An electronic DAC was designed to generate
a feedback voltage of ±2 V, which subsequently applies on the feedback capacitors
and converts to an electrostatic force. Its schematic is similar to the buffer stage
of the oscillator as shown in Fig. 5.19, with the differences including an adjustable
REE and a controllable voltage supply for the current source, rather than connect-
ing VCC . The components’ values for the loop filter are indicated in Fig. 5.23. All
OpAmps have the same schematic as shown in Fig. 5.15. The only difference is
that CC is 25 pF for the ones in the open-loop part, but 50 pF for the others in
the loop filter. Fig. 5.24 shows the transistor-level simulation results of the PSDs
of the stand-alone electronic Σ∆ modulator. The input signal is sinusoidal with -6
dBFS amplitude (FS=1 V), and 31.25 Hz frequency. In 100 Hz bandwidth, the
SNDR can achieve 73 dB at 27 °C and 70 dB at 500 °C, which implies that this
stand-alone electronic Σ∆ modulator is immune to the temperature variation.

So far, the open-loop readout system and the stand-alone Σ∆ modulator have
been both successfully demonstrated. All behavioral models for the corresponding
building blocks were made accordingly. As a result, the complete EM Σ∆ modulator
can be demonstrated. Note that, quite long simulation time for transient analysis
at transistor-level is a design challenge, since the frequency ratios of the sampling
clock and carrier signal to the input signal are quite high (fs > 512fIN , fc = 15fs).
Therefore, behavioral models of some building blocks were applied together with the
transistor models to perform a co-simulation for debugging the system step by step.
Finally, all transient analysis was executed with a time span of 350 ms to support
a 214 bins FFT. Although this number for FFT is still small for a high OSR=256,
the simulation time was observed to be as large as be ∼30 hours even with a fast
Spectre APS simulator [113]. For simulating a complex system, particularly with
a large variation of parameters in this work, efficiency is a critical concern with a
compromise of accuracy sometimes.

The parameters for the sensor’s behavioral model were also taken from Table
5.1 with a larger estimated fr=6-3 kHz @27-500 °C. The full-scale (FS) input
amplitude of acceleration signal is 2 G, and a -6 dBFS acceleration signal was
applied. A differential square-wave carrier signal with a frequency of 750 kHz and
amplitude of 1 V was generated by the on-chip relaxation oscillator, with a control
voltage VEN of 7.5 V and 3.65 V at 27 °C and 500 °C respectively. An overlapped
complementary sampling clock with a frequency of 51.2 kHz was generated using
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Fig. 5.24: Transistor-level simulation results of PSD for the stand-alone electronic 2nd-
order Σ∆ modulator in Batch 2 at (a) 27 °C and (b) 500 °C.
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Fig. 5.25: Transistor-level simulation results of the 4th-order EM Σ∆ modulator for closed-
loop accelerometer w.r.t. the output waveforms of each stage at (a) 27 °C and (b) 500°C.
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Fig. 5.26: Transistor-level simulation results of PSD for the 4th-order EM Σ∆ modulator
for closed-loop accelerometer at (a) 27 °C and (b) 500 °C.

a source cell in Cadence analogLib, which will be implemented off-chip later. Fig.
5.25 shows the transistor-level simulation results of the EM Σ∆ modulator with
respect to its output waveforms of different stages at (a) 27 °C and (b) 500 °C. The
amplitude of sensor’s output voltage is smaller compared to the open-loop readout
system as shown in Fig. 5.22 (by a factor of 1/4), which implies that the residual
motion of the proof-mass is smaller due to the feedback counterbalance force. The
amplitude of feedback electrostatic-force FEL is constant around 20 µN over the
temperature range, which is due to a constant feedback voltage generated by the
electronic DAC. The voltage-sensitivity (VOUT /aIN ) is ∼1 V/G at 27 °C and ∼0.8
V/G at 500 °C, which is higher than that of the open-loop readout with the same
input amplitude of acceleration signal.

Subsequently, the corresponding PSDs are plotted by processing the compara-
tor’s output signals VCP , as shown in Fig. 5.26. At 27 °C, the SNDR is 70 dB with
a -80 dB 3rd-order harmonic, which is mainly due to the nonlinearity introduced
by the capacitance Pickoff circuit discussed in Section 5.2.2.2. At 500 °C, the in-
band noise floor increases resulting in a SNDR reduction of 15 dB, compared to
the performance of the stand-alone electronic Σ∆ modulator at the same temper-
ature. Therefore, the main cause for the performance degradation is attributed to
the sensor’s fr reduction8 at high temperatures, which limits the loop bandwidth
as discussed in Section 5.2.2.2. This indicates that the bandwidth of the sensor is
very critical to the performance of EM Σ∆ modulator. An even higher bandwidth
at room temperature (preferable more than 10 kHz) is required to maintain the
system performance over the entire temperature range.

8At 500 °C, fr is estimated to be half of its value at 27 °C.
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Fig. 5.27: Layout of the open-loop readout circuit for accelerometer.

5.4 Layout design

In this second batch, two metal layers were used for interconnect. A smaller single-
base BJT was used with a total size of 60 µm × 55 µm. To reduce variation
between devices, all BJTs had the same size in the circuit, and differential pairs were
oriented the same way in the layout for symmetry. The symmetrical floorplan was
also applied for resistor pairs. All resistors were implemented in the collector layer
due to its higher accuracy, and the only exceptions are the pull-up resistors in the
OpAmps and oscillator which were implemented in the base layer. The capacitors
were implemented using the first metal-layer and the heavily-doped emitter-layer
as two conductors, with a ∼400 nm thick SiO2 insulating layer. The SiO2 layer
thickness was reduced to 40% that of the first batch, resulting in an increase of
capacitance density by a factor of 2.5.

Fig. 5.27 shows the layout of the open-loop readout circuit for accelerometer. It
contains 94 BJTs, 64 resistors (8 of them are in base-layer) and 11 capacitors, and
the total area is 6.24 mm × 2.37 mm. A minimum number of 11 pins are required
to be probed to demonstrate the circuit operation. Some pins on the bottom-left
side are used for monitoring the internal signals and controlling the gain of boost-
amplifier. The relaxation oscillator can be controlled by the pin V BOSC locating
on the top-right corner. The other pins on the top side are used for tuning Miller
compensation capacitors of the OpAmp if needed. A guard ring, connecting the
isolation-layer to the most negative potential VEE , was also used for better isolation
from the substrate coupling noise and ensuring that the isolation-collector junction
is always reverse-biased.

Fig. 5.28 shows the layout of the 4th-order EM Σ∆ modulator for closed-loop
accelerometer. It contains 174 BJTs, 106 resistors (12 of them are in base-layer)
and 18 capacitors, and the total area is 6.44 mm × 6.13 mm. A minimum number
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Fig. 5.28: Layout of the 4th-order EM Σ∆ modulator for the closed-loop accelerometer.

of 14 pins are required to be probed to demonstrate the circuit operation. The
functions of the pins for the open-loop readout part are more or less the same as
those in Fig. 5.27. Regarding the electronic Σ∆ modulator part, extra pins were
left for tuning the integrating capacitors if needed. Separate ground pins for the
open-loop part and Σ∆ modulator were assigned.

In addition, some test devices and circuits were included, such as transistors
at different positions, TLM structures of base-layer and collector-layer resistors,
capacitors, multiplier, and charge amplifier, etc. Most of pads have a size of 200
µm × 200 µm, which is big enough for wire bonding in future work.





Chapter 6

Conclusion and future Work

6.1 Conclusion

In this thesis, the first SiC Σ∆ modulator in Batch 1 has been demonstrated to op-
erate up to 500 °C, and the first SiC electromechanical Σ∆ modulator for accelerom-
eter in Batch 2 has been designed for seismic sensing applications on Venus. For
Batch 1, the building blocks of the SiC Σ∆ modulator including a fully-differential
amplifier, an integrator, and a latch comparator have been characterized individu-
ally to explain the modulator’s performance variation over temperature. For Batch
2, the building blocks of the SiC electromechanical Σ∆ modulator including a charge
amplifier, a multiplier, a low-pass filter, a relaxation oscillator, and a 2nd-order Σ∆
modulator have been designed, and the chosen Silicon capacitive sensor have been
modeled. For implementing all the devices and circuits in both batches, a low-
voltage 4H-SiC bipolar process technology has been used, with a main difference of
interconnect metal-layers. The first VBIC-based compact model with continuous-
temperature scalability from 27 °C to 500 °C has been developed based on the SiC
NPN BJT in Batch 1, in order to optimize the design of circuits in Batch 2.

The main accomplishments involved in this thesis are summarized as below.

1) A SiC fully-differential amplifier with CMFB has been designed and char-
acterized. Different high-temperature measurement-setups for the open-loop and
closed-loop modes have been proposed. From 27 °C to 500 °C, a closed-loop DC-
gain reduction of ∼5 dB has been observed due to the open-loop DC-gain reduction
with increasing temperatures. From 27 °C to 500 °C, the UGBW drops from 2.8
MHz to 1.3 MHz with Miller compensation, mainly due to the reduction of the tran-
sistor current gain. A low THD of -58.4 dB at 27 °C and -46.9 dB at 500 °C has been
achieved due to the fully-differential implementation. A low input offset-voltage of
0.5 mV at 27 °C and 6.9 mV at 500 °C has been achieved without calibration. The
relative high linearity and the low offset demonstrate the potential of this tech-

97



98 CHAPTER 6. CONCLUSION AND FUTURE WORK

nology to be used for the front-end interface circuits for high-temperature sensing
applications.

2) The frequency response of the SiC OpAmp-RC integrator, as well as its
internal OpAmp, has been characterized and investigated. The devices including
BJTs and passive have been completely characterized and modeled with isothermal
SGP from 27 °C to 500 °C to identify that the substrate capacitance is a dominant
factor affecting the OpAmp’s high-frequency response. Various values of off-chip
Miller capacitors have been tested, and as observed more than 540 pF are required
to ensure stability of the internal OpAmp. On the other hand, the integrator has
been observed to be stable without compensation in a certain bandwidth from 27
°C to 500 °C. At higher frequencies, the integrator’s frequency response has been
identified to be significantly affected by that of the OpAmp and load impedance.
Moreover, the integrator’s gain-bandwidth suffers from a large variation of on-
chip base-layer resistance and reduction of OpAmp’s gain over the investigated
temperature range, which needs to be resolved for some applications demanding
gain accuracy such as the Σ∆ modulator in this thesis. This work demonstrates the
potential of this technology for high-temperature applications requiring bandwidths
of several megahertz.

3) A SiC ECL latched-comparator has been designed and characterized. For
low-speed input signal, the comparator’s input offset voltage is 3.9 mV at 27 °C
and monotonically increases up to 9.1 mV at 500 °C, presenting a low temperature
drift of ∼10 µV/°C. The differential logic output is ±5.5 V at 27 °C and ±3.9 V at
500 °C with a ±7.5 V power supply, which is large enough to switch a transistor load
in this technology. The maximum input frequency is ∼500 kHz over the investigated
temperature range. In addition, the clock frequency has been tested up to 4 MHz,
still enabling the comparator operate functionally at 500 °C. This work demon-
strates that this SiC ECL latched comparator is promising for medium-resolution
and medium-bandwidth high-temperature ADCs such as the Σ∆ modulator in this
thesis.

4) The first fully-integrated SiC Σ∆ modulator has been designed and demon-
strated. Apart from the aforementioned high-temperature measurement setups, a
PCBA has been specifically designed for signal/power condition, clock generation
and performance evaluation, and a Matlab script has been developed for automated
testing. The performance of the modulator’s building blocks 1)-3) and passives on
the same die have been considered to explain the modulator’s performance variation
over temperature. In general, a 203.24 Hz, 1.2 VPP FS sinusoidal input signal, 512
kHz sampling clocks, and ±7.5 V power supply have been used for measuring the
modulator’s dynamic performance. From 27 °C to 500 °C, the input amplitudes
for achieving peaking SNDRs are reduced with increasing temperatures due to the
increase of the loop-filter’s gain dependent on the base-layer resistance. Yet the
modulator’s peak SNDR remains constant of ∼30 dB, where the largest one of 31.9
dB at -6 dBFS input has been observed at 400 °C. The DR decreases from 32 to
26 dB, mainly due to the reduction of the maximum voltage swing in the signal
path, and probable increase of input-referred thermal noise. Moreover, the power
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consumption is 1.02 W at 27 °C, and peaks at 200 °C with 1.17 W; while further
increasing the temperature up to 500 °C, it drops to 0.93 W. This temperature
behavior follows that of the reciprocal of the collector-layer resistance determining
the biasing current.

Note that, the integrator’s gain-bandwidth has been seen to be approximately
double of the designed values at RT, due to a lower base-layer sheet-resistance of
Batch 1 than expected. This large RC variation changes the loop-filter transfer
function and results in saturation of integrators, hence degrading the modulator
performance significantly at RT. When the temperature increases beyond 300 °C,
the integrator’s gain-bandwidth can increase to 3 times of its value at RT. More-
over, the OpAmp ADC is less than requirements. Both causes can deteriorate
the integrator performance at the operating frequency, which further degrade the
modulator SNDR below ∼40 dB according to the system-level simulations. Con-
sequently, compared to other considered non-idealities such as ELD and clock jit-
ter, the inaccuracy of on-chip base-layer resistance is the dominant factor limiting
this SiC Σ∆ modulator performance. To overcome this issue, calibration circuitry
(capacitor-array tuning) needs to be adopted when more pins are allowed to be
used for probing. Moreover, as we expect from 2), no instability has been observed
of the modulator without connected off-chip compensation capacitors.

5) The first VBIC-based compact model has been developed based on the SiC
BJT in Batch 1 with features of continuous-temperature scalability from 27 °C to
500 °C. Temperature and doping dependent physical models for bandgap, incom-
plete ionization, carrier mobility, lifetime and built-in potential have been taken
into account to give physically meaningful fitting parameters for the CT compact
model. Then new temperature dependent equations for the key DC and AC pa-
rameters are proposed and embedded in the default VBIC model. Consequently, a
single set of model parameters at RT can be used to achieve fitting over the consid-
ered wide temperature range. This new model can be used for simulating circuits
that require continuous description of device performance over a wide temperature
range. Moreover, this new model has been used for designing the circuits in Batch
2, only with the modification of nominal parameter sets at room temperature.

6) A SiC electromechanical Σ∆ modulator in Batch 2 has been designed for seis-
mic sensing applications on Venus. For circuit simulations, the behavioral model
of the chosen Silicon capacitive sensor has been developed according to its high-
temperature characterization results. As part of the closed-loop system of the elec-
tromechanical Σ∆ modulator, an open-loop readout circuit has also been designed
individually.

In system-level design, an advanced behavioral model of the key building block
- Pickoff interface circuit has been developed. Consequently, the bandwidth of the
sensor has been identified to be the dominant factor limiting the performance of
the EM Σ∆ modulator, which is required to be higher than 5 kHz for achieving
optimal system performance. In circuit-level design, the building blocks of the EM
Σ∆ modulator have been optimally designed using the new CT model. Finally, as
simulated, with a 1 G maximum input acceleration, the open-loop readout presents
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a voltage-sensitivity of ∼660 mV/G at 27 °C and ∼330 mV/G at 500 °C; while the
closed-loop readout presents a ∼1 V/G at 27 °C and ∼0.8 V/G at 500 °C. Moreover,
compared to the open-loop readout, the amplitude of sensor’s output voltage in the
closed-loop system is reduced by a factor of 1/4, which further indicates that the
residual motion of the proof-mass is reduced due to the feedback counterbalance
force. Regarding the dynamic performance, the EM Σ∆ modulator’s SNDR can
achieve 70 dB and 55 dB at 27 °C and 500 °C respectively according to transistor-
level simulations. The degradation has been identified to be caused by the reduction
of sensor’s bandwidth at high temperatures. Therefore, even higher bandwidth for
the sensor at room temperature is preferable to maintain the system performance
over the entire temperature range.

The layouts of the circuits in Batch 2 have been checked with DRC and LVS.

6.2 Future work

The ICs in Batch 2 in this thesis have not been characterized yet due to the delay of
fabrication. Therefore, the main future work is to measure the electrical/mechanical
performance of the designed open-loop readout accelerometer and electromechan-
ical Σ∆ modulator at high temperatures up to 400/460 °C. Besides, other future
work in various fields are also needed as below:

1) Device compact modeling
The proposed CT compact BJT model in this thesis involved only the forward

DC modeling and depletion-capacitance modeling. However, the reverse DC models
are important for designing the circuits which can operate into the saturation-
region (e.g. TTL logics). The other AC parameter such as the transit-time TF also
needs to be modeled, and the noise model should be completed, which is important
to the front-end circuits. Moreover, as already observed, the current model is
needed to be improved in terms of fitting the low-biased region above ∼400 °C.
Consequently, the methods for developing the current CT model can be applied for
further development.

Statistical models for both BJTs and passives are needed due to the large process
variations. They could be developed by investigating the variations as a function
of wafer position.

2) Circuits and devices characterization (Batch 2)
Besides the aforementioned two entire systems, their building blocks including a

charge amplifier, a multiplier, a 2nd-order low-pass filter and a relaxation oscillator
also need to be characterized, in order to analyze the entire systems performance.

3) Circuits packaging and integration with sensors
The electromechanical Σ∆ modulator in Batch 2 should preferably be packaged

mainly due to its large amount of pins resulting in difficulty for on-wafer measure-
ment. A high-temperature ceramic package has been preliminarily tested for the



6.2. FUTURE WORK 101

Σ∆ modulator in Batch 1, which used Au wire bonding on the Al pads of the die.
However, the high temperature stability of Au/Al combination is still questionable.
Therefore, the high-temperature package still needs to be studied.

The chosen sensor (could be altered depending on the measurement results) is
preferred to be integrated with the readout ICs as close as possible to reduce the
parasitic at the interface. On-wafer or on-board arrangement can be both adopted
depending on the availability. After integration, a mechanical measurement setup
at high temperatures is needed to be built for demonstrating the complete system
performance regarding the seismic sensing requirements.

4) Reliability testing of devices and circuits
A long-term testing at elevated temperatures of packaged devices and circuits

is needed to be performed in an oven, in which the atmosphere of Venus (sulfuric
acid and CO2) is preferred to be made in order to explore the reliability of SiC and
metals in such extreme environments, which is important to the final success of the
Venus projects in future.
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