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Abstract

Electronics such as microprocessors are highly demanded to monitor or
control a process or operation in temperature critical (300 ◦C to 600 ◦C)
applications. State-of-the-art silicon-based integrated circuits (ICs) have been
improved significantly throughout the years but mainly for a low-temperature
ambient. At a temperature higher than 300 ◦C silicon-on-insulator (SOI) or
bulk silicon-based electronics cannot operate reliably. Therefore the wide
bandgap (WBG) semiconductor materials such as silicon carbide (SiC) come
into play.

In recent years, many types of SiC-based devices and low complex ICs have
been reported and are operational at a high temperature (HT). The main goal
of the thesis is to explore and demonstrate the feasibility of SiC-based circuits
that are complex, dense and monolithically integrated for high-temperature
applications such as a central-processing-unit (CPU).

This thesis work demonstrates a Process Design Kit (PDK) for the SiC-
based large scale integrated (LSI) circuits implementation. It consists of dis-
crete devices, gate and module library, and SiC ICs verification programs.
The thesis work reports the PDK results over the full temperature range of
25 to 500 ◦C with a power supply of 10 V to 20 V.

The thesis work demonstrates a 4-bit CPU architecture designed for a
proposed instruction set. Manual place and route with around 10,000 devices
and area of 150 mm2 were carried out using the PDK standard cell library.
The CPU and integral parts have been implemented at the transistor level
using the PDK gate/module library and simulated from 25 to 500 ◦C. The
CPU has been fabricated in the in-house low-power SiC bipolar process and
measured at a high temperature.

The thesis work also reports reference analog and mixed-signal ICs. A
555-timer consisting of both digital and analog circuits has been designed,
integrated and characterized up to 500 ◦C. Flash and SAR ADCs have been
implemented using the PDK for HT applications. A 256-pixel image-sensor
design and layout were also carried out using the PDK.

This thesis work is an important step and has laid the foundation of SiC-
based LSI circuits realization for extreme environment applications.

Keywords: Silicon Carbide; high-temperature digital integrated circuits;
process design kit (PDK); bipolar logic gates; transistor-transistor logic (TTL);
TTL CPU; bipolar transistor; LSI Circuits; ASICs.
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Sammanfattning

Elektronik som mikroprocessorer för styrning eller övervakning av en pro-
cess eller operation i temperaturkritiska (300 ◦C till 600 ◦C) tillämpningar är
mycket efterfrågade. State-of-the-art kiselbaserade integrerade kretsar (ICs)
har förbättrats avsevärt under åren men främst för en låg temperaturomgiv-
ning. Därför får andra halvledarmaterial som har brett bandgap (eng. wide
bandgap, WBG), såsom kiselkarbid (SiC), användas.

Under de senaste åren har många typer av SiC-baserade komponenter
och lågkomplexa integrerade kretsar rapporterats som fungerar vid hög tem-
peratur (HT). Huvudmålet med avhandlingen är att utforska och demonstre-
ra genomförbarheten av SiC-baserade kretsar som är komplexa, och monoli-
tiska integrerade för högtemperaturtillämpningar, såsom en centralprocessor
(CPU).

Denna avhandling visar ett processdesignkit (PDK) för SiC-baserad, stor-
skalig integrerad (LSI) kretsimplementering. PDK:n består av diskreta enhe-
ter, grind- och modulbibliotek och SiC IC-verifieringsprogram. PDK-resultaten
analyseras över det breda temperaturområdet 25 till 500 ◦C med en matnings-
spänning på 10 V till 20 V.

Detta arbete demonstrerar en 4-bitars CPU-arkitektur som har designats
för en föreslagen instruktionsuppsättning. 10000 komponenter placerades och
kopplades ihop manuellt på en 150 mm2 yta m.h.a. PDK:ns standardcellsbib-
liotek. CPU:n och och viktiga delar har implementerats på transistornivå via
användning av PDK:ns grind- och modulbibliotek. Dessa delar simulerades
från 25 till 500 ◦C. CPU:n har tillverkats i den egendesignade SiC-baserade
lågeffekts-bipolärtransistor processen, och har mäts vid hög temperatur.

Avhandlingsarbetet rapporterar även analoga- och blandade signalkretsar.
En 555-timer som består av både digitala och analoga kretsar har utformats,
integrerats och karaktäriserats upp till 500 ◦C. Flash- och successiv approxi-
mations analog-till-digital-omvandlare (SAR ADC) har implementerats i vår
grupp med hjälp av PDK:n för högtemperaturtillämpningar. En 256 pixel
bildsensor designades och ritades m.h.a. PDK:n.

Arbetet är ett viktigt steg och har lagt grunden för SiC-baserade LSI-
kretsrealisering för extremmiljötillämpningar.

Keywords: kiselkarbid; högtemperatur digitala integrerade kretsar; pro-
cessdesignkit (PDK); bipolära logiska grindar; transistor-transistor logik (TTL);
TTL CPU; bipolär transistor; LSI-kretsar; ASICs.
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Chapter 1

Introduction

High-temperature (HT) electronics is highly sought after for extreme environment
applications. These temperature critical (300 ◦C to 600 ◦C) applications could be
in the automotive industry (on-cylinder and exhaust pipe), turbine engine (sensor,
telemetry, control), Industrial (HT processing), deep-well drilling telemetry (oil and
gas, geothermal), and space exploration (Venus and Mercury exploration).

Silicon-based integrated circuits (ICs) have been developed significantly in terms
of power, performance, area, cost, and reliability but mainly for a low-temperature
ambient. At a temperature higher than 300 ◦C silicon-on-insulator (SOI) or bulk
silicon-based electronics cannot operate reliably.

For the temperature range above 300 ◦C, because of the high bandgap energy
and low intrinsic carrier concentration, the wide bandgap (WBG) materials such as
silicon carbide (SiC) are gaining remarkable importance as they can operate reliably
at a much higher ambient temperature without cooling. The WBG semiconductor
materials are the only choice to realize extreme-environment electronics and silicon
carbide is the most mature and viable to date [1].

In recent years, various type of SiC-based devices and low complex ICs have
been reported to operate in extreme environments. The thesis work explores and
demonstrates the feasibility of more complex, dense and monolithic integration of
SiC bipolar circuits for high-temperature applications. This thesis work focuses on
the design, physical implementation, and characterization of SiC-based large scale
integrated (LSI) circuits and demonstrates advances in high-temperature electron-
ics. This work reports a transistor-transistor-logic (TTL) based Process Design Kit
(PDK) that was developed for the in-house SiC bipolar process. Several ICs such
as a 4-bit CPU, 555-timer, a 256-pixel Image-sensor, and data-converters have been
successfully realized in the SiC TTL PDK and fabricated in the in-house low-power
SiC bipolar process. The fabricated ICs have been electrically characterized and
are operational at a temperature exceeding 500 ◦C.

1
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1.1 Motivation

The main focus of the thesis work was to explore and demonstrate the electronics
for Venus lander applications. Venus, however, with a nominal temperature of
∼460 ◦C, provide an enormous challenge where such extreme temperature not only
precludes the use of silicon-based semiconductor materials but approach the melting
points of interconnect and packaging materials.

There are compelling reasons to study Venus [2]; Venus should be the most
Earthlike planet. Similar age, size, bulk composition to Earth. But several ques-
tions remain.

• What is Venus’ thermal evolution?
• What is Venus’ climate evolution?

Early Venus was probably much like early Earth. Hot dense atmosphere rich in
CO2 and water similar initial inventory of volatiles and noble gas isotopes.

• Did Venus ever harbour liquid water?
• Could life have evolved there?
• How many exoplanets are Earth-like? Or Venus-like?

Venus also foreshadows the probable fate of the Earth [3]. In ∼ 1 billion years, with
a brighter sun, the insolation at Earth will be similar to that at Venus today.

• Will we be able to avoid the runaway greenhouse warming that is found at
Venus?

Venus and Mars help us to understand the life story of Earth-like planets and
exoplanets. Venus has also been proposed the first habitable planet, 4.6 billion year
history [4].

Russia launched 16 space probes toward Venus as part of the Venera series
between 1961 and 1983. Several sent back images from the surface including black
and white from Venera 9 and 10 and colored from Venera 13 [5]. The pictures
revealed a geologically active planet, with lava and volcanoes, but none of these
missions crafts lasted more than 2 hours because of the high temperature. Should
we land on Venus again? scientists are trying to decide [6]. Exploratory programs
such as the discovery studies (Veritas and DAVINCI, [7]) have been conducted to
understand the feasibility of creating Venus landers or orbiters. Russia’s Space
Research Institute (IKI) and NASA are working together on a mission to Venus
that would investigate some of the planet’s biggest mysteries, including, perhaps,
whether it harbors life [8].
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High-temperature microelectronics such as a microprocessor, adds intelligence
to any application, would enable systems with digitally controlled sensors and actu-
ators at HT ambient as it reduces or eliminates the need for thermal management,
allowing for lighter payloads and longer operation, both in terms of power and ve-
hicle lifetime. Such systems are highly desired for numerous applications, such as
in deep-well drilling [9], aviation [10], combustion engines and future space explo-
ration missions [11]. [12] reports a range of HT applications with peak-ambients,
current and future technologies.

1.2 Research Objective

The main objective of this research work is to explore and demonstrate the feasibil-
ity of low-power SiC bipolar circuits complex, dense and monolithic integration for
high-temperature applications. The abstraction levels typically used to meet the
thesis objective are illustrated in Fig. 1.1. It represents a typical digital circuit de-

Figure 1.1: The abstraction levels typically used in digital system design.
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sign in order of increasing abstraction; the device, circuit, gate, functional module
(e.g., multiplexers, adder, decoder, counter) and system level (e.g., a microproces-
sor). The following intermediate objectives were carried out to fulfill the thesis goal.

1. Process Design Kit for Low-power SiC Bipolar Technology
For a SiC VLSI circuit implementation, circuit building blocks are required
to facilitate precise digital, analog, and mixed-signal interface electronics for
HT applications. Development of a Process Design Kit (PDK) that includes
design rules, routing verification checks, basic device parametrized-cells (P-
cells), gates/module and standard cell libraries for TTL-based digital ASICs
realization.

2. Process Design Kit HT Characterization
High temperature electrical characterization and performance analysis for
maximum frequency, noise margin, power-delay product and reliability test-
ing of the PDK building blocks (e.g., gates, flip-flops, ring oscillator, and
modules).

3. SiC CPU for Venus Lander Applications
A 4-bit general purpose CPU demonstration in SiC technology with memory
and state machine architecture.

• The first step is to select the basic generic instruction set (IS).
• Designing a CPU architecture that can accept a user program based on
the IS, execute the program and dump the memory system.
• CPU integral parts such as ALU, multiplexers, program counter, reg-
isters, buses, and state machine based hardwired microcontrollers design
and verification as stand-alone circuits.
• Integration of basic building blocks in the final system.
• Design completed in VHDL on RTL and gate level, and TTL circuit
level using the SiC PDK.
• Integration of 4-bit CPU with two 64-bit memory systems (Designed in
our group [13]).
• Mask layout implementation in KTH SiC bipolar and CMOS process.
• Functional verification before manufacturing.
• Design of a PCB for SiC TTL and CMOS compatible voltage level
translation.
• FPGA based verification strategy to test SiC ICs and 4-bit CPU.
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1.3 Methodology

Figure 1.2 illustrates the methodology and research design flow to pursue the out-
lined thesis work. The following two design flows have accomplished the thesis
goal. A state of the art CAD tools based automated digital ASICs design flow for
functional verification, and a newly established PDK based bipolar digital ASICs
design flow for physical implementation in SiC technology. Each of which follows
a cyclic flow for the successful implementation of a digital IC by employing a top-
down approach to improve work efficiency. First, according to the specifications
and in-house technology constraints, a behavioral level RTL design was carried out
using VHDL in ModelSim. Secondly, the RTL design is synthesized at the gate
level and implemented in VHDL ModelSim. After the RTL and gate level FPGA

Figure 1.2: Flowchart illustrating the in-house bipolar technology-based ICs imple-
mentation.
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based functional verification, the gate level design was ready to implement in the
in-house SiC bipolar and CMOS technology, as shown in Fig. 1.2.

For TTL-based digital circuits implementation, a PDK has been established
(see chapter 3 on PDK design) and successfully used for the realization of complex
digital circuits such as CPU, ADCs, image-sensors. The bipolar 4-bit CPU has
been implemented using the PDK at transistor level in Cadence. After successful
co-simulations and functional verification at transistor level a detailed floor plan
(physical placement of the standard cells, global power rings, local power grids and
detailed power routing, signals routing, clock tree, IO pads, data-paths integration
with two 64-bit memories) has been carried out for the circuits mask implementation
in Cadence. Finally, high-temperature electrical characterization was carried out
for the PDK devices, gates/modules, and digital ASICs.

1.4 Research Contribution

This work is part of the Working-on-Venus (WoV) project [14, 15]. The block dia-
gram of a typical sensor system and controlled electronics for Venus lander applica-
tions is shown in Fig. 1.3. It consists of sensors, analog front-ends, data converters,
and a CPU with a memory system. This thesis focuses on enabling in-house SiC
technology to realize the Digital ASICs and other complex building blocks for high-
temperature applications. The blocks inside the green dashed rectangle (see Fig.
1.3) are the primary focus of this thesis.

This work has been fabricated in 2 batches. All the ICs, from a few devices to
10,000 devices were realized by employing the TTL logic in the in-house low-voltage

Figure 1.3: Block diagram of a typical sensor system and controlled electronics for
Venus lander applications.
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4H-SiC bipolar technology are operational up to 600 ◦C. The author contribution
to the thesis work are summarized as below:

1. Basic building blocks of digital circuits such as NAND gates and flip-flops
have been implemented in low-power SiC bipolar technology. All the test-
structures were characterized and worked well up-to 500 ◦C [Paper 1 and
3].

2. The in-house SiC bipolar technology has also been demonstrated using a TTL-
based ring-oscillator operational up to 600 ◦C [Paper 2].

3. A PDK has been established and successfully used to realize digital and
mixed-signal ICs. The PDK gate/module libraries and digital ASIC design
methodology, operational at 500 ◦C has been successfully demonstrated in
[Paper 4].

4. A 4-bit CPU comprised of around 10.000 devices (both transistors and re-
sistors) is the most complex SiC-based circuit reported to date. This work’s
complexity in comparison with the state-of-the-art SiC ICs is given in Table
2.2.

5. The SiC ICs fabricated in batch-2 also includes a TTL-comparator and 555-
timer ICs to demonstrate the analog and digital circuits monolithic integra-
tion, that are demonstrated at 500 ◦C in [Paper 5].

6. Contribution and collaboration in other Projects/Work-packages.

• A 256-pixel image sensor: Design and layout implementation of 256-
pixel image sensor reader for a photodiode (Designed in our group [16])
for HT applications. The image sensor reads the individual pixel
in both static and dynamic mode and was successfully demonstrated
working up to 400 ◦C [16].
• A 4-bit bipolar Flash ADC: The PDK has been used to implement a
Flash ADC for HT applications. A thermometric to the binary encoder
was successfully designed and integrated with the 4-bit Flash ADC [17].
• A 10-bit bipolar SAR ADC: The PDK has been used to implement
a SAR ADC for HT applications [17]. Specifically the successive ap-
proximation register (SAR) design and clock-tree routing.
• In collaboration with Prof Alan Mantooth, University of Arkansas,
the PDK has been used to realize analog and mixed-signal ICs. A batch
has been fabricated, containing University of Arkansas designs along
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with other test circuits, including several for the new SUPERHARD
IC project.

1.5 Thesis Organization

The thesis is organized into eight chapters as follows:

• Chapter 1: is about thesis work introduction, motivation, and potential
applications. This chapter also reports the objectives of this research work,
the author’s contributions, and the thesis organization.
• Chapter 2: high-temperature electronics, presents a brief review of SiC
material and its electrical properties followed by a comparison of state-of-
the-art high-temperature SiC ICs and this work, as an overview.
• Chapter 3: is about the SiC ICs implementation methodology. This
chapter also gives a brief intro of the in-house designed SiC devices and high-
temperature models and discussed the PDK design flow and digital ASICs
realization using the SiC PDK.
• Chapter 4: this chapter demonstrates the devices and integrated circuits,
measurement setups, that includes a PCB design for voltage levels transla-
tion and to enable CPU bidirectional Bus read/write operation. This chapter
also reports an FPGA based verification strategy and measurement setup for
the HT characterization of the fabricated SiC ICs and 4-bit CPU.
• Chapter 5: demonstrates the HT characterization of the PDK and set
of reference designs, with an inverter, and a D-type flip-flop (DFF) as a
benchmark standard cell. This chapter also describes the combinational
and sequential reference circuits such as a 4-bit counter, 2-bit ALU, TTL-
comparator and 555-timer.
• Chapter 6: the chapter on other PDK reference ICs reports SiC-based
image-sensor and data-converters designed in collaboration with other work-
packages in the project WoV.
• Chapter 7: is about 4-bit SiC bipolar CPU. It describes the CPU instruc-
tion set and architecture design having in mind the constraints imposed by
in-house SiC technology, layout implementation, transistor level HT simula-
tions and characterization.
• Chapter 8: concludes the thesis work and suggests future research direc-
tions.



Chapter 2

High-Temperature Electronics

This chapter gives a brief review of the material and electrical properties of Silicon
Carbide (SiC). Furthermore, it also presents an overview of the reported state-of-
the-art high-temperature SiC-based ICs and this work.

2.1 SiC Material Properties

This section presents a brief review of the SiC crystal structure called polytypes
and their electrical properties such as high electric filed, bandgap narrowing, low
intrinsic carrier concentration, and mobility.

2.1.1 Crystal Structure

Silicon (Si) and Carbon (C) atoms are group IV elements of the periodic table. Both
atoms have four valance electrons, each atom is covalently bonded to its neighboring
four atoms tetrahedrally and forms a SiC crystal [18]. Because of a strong bond
between Si and C atoms, it can withstand high-temperature, high-power and high-
radiation environments [18,19]. Fig. 2.1 shows (a) unit cell (b) resulting zinc-blende
or sphalerite SiC crystal structure. The distance between Si-Si or C-C atom is 3.08
Å and between Si-C atom is around 1.89 Å.

Figure 2.2 shows a double layer hexagonal crystal structure of Si and C atoms.
Different order of stacking of double layer unit cell results in over 200 known stacking
orders possibilities, and hence different polytypes in SiC material [21]. The type
ABC double layer is known as 3C-SiC with cubic symmetry is unstable and difficult
to grow. At a temperature above 1900 ◦C the cubic structure 3C-SiC is transformed
into a hexagonal structure [22]. Only a few polytypes with four and six double layers
are stable enough for device purposes large wafer growth. The ABCB and ABCACB
have hexagonal symmetry and named 4H-SiC and 6H-SiC respectively [18] as shown
in Fig. 2.2.

9
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Figure 2.1: SiC crystal structure in a covalent bonding scheme. (a) The tetrahedral
unit cell (b) The zinc blende crystal structure [20]

.

2.1.2 Electrical Properties

Table 2.1 summarizes the electrical properties of Si and SiC-polytypes [18, 19].
Among all the SiC polytypes, the 4H-SiC has the largest bandgap energy, that is
about 3 times larger than that of Si. The electron mobility of 4H-SiC is also larger
than other SiC polytypes but less than Si. The thermal conductivity of all SiC
polytypes is much greater than Si. 4H-SiC mobility, high bandgap, and thermal
conductivity make it a promising candidate for HT applications.

Table 2.1: Electrical Properties of Si and SiC-polytypes

Properties Unit Si 3C-SiC 4H-SiC 6H-SiC
Bandgap (Eg) [eV ] 1.12 2.36 3.26 3.02
Bond length [Å] 2.35 1.89 1.89 1.89
Critical electric field (Ec) [MV cm−1] 0.25 2 2.2 2.5
Thermal conductivity (λ) [WK−1cm−1] 1.5 5 5 5
Saturated drift velocity (vsat) [cm s−1] 1 2.5 2 2
Electron mobility (µn, ⊥c) [cm2/V s] 1350 1000 1020 450
Electron mobility (µn, ||c) [cm2/V s] − 1000 1200 100
Hole mobility (µp) [cm2/V s] 480 100 120 100
Melting point [◦C] 1420 2830 2830 2830
Relative permittivity εr) 11.9 9.7 10 10
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High electric field

Compared to Si, SiC exhibits 10 times higher electric field (EC). The breakdown
voltage (VB) and EC relation is given in Eq. 2.1, where W is the depletion width.

VB = ECW

2 (2.1)

From the Eq. 2.1, we can have a 10 times higher breakdown voltage or ten times
thinner depletion region. The relation for W is given in Eq. 2.2 and for doping ND

Figure 2.2: The hexagonal double layer SiC crystal structure in 3-types: 3H having
3 double layers ABC, 4H has 4 layers ABCB and 6H with 6 layers ABCACB
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is given in Eq. 2.3, which gives a 100 times increase in the doping for the same
breakdown voltage because of EC .

W ≈

√
2εVB

qND
(2.2)

ND = 2εVB

qW 2 = εE2
C

2qVB
(2.3)

For the depletion width W and doping ND, the on-resistance Ron can be esti-
mated using the relation given in Eq. 2.4. Because of 10 times higher EC but lower
electron mobility µn and dielectric constant ε of SiC about 400 lower Ron can be
achieved at a given VB as compared to Si [19].

Ron = W

qµnND
= 4V 2

B

εµnE3
C

(2.4)

Bandgap and bandgap narrowing

The energy bandgap (Eg), temperature, and doping concentration dependence are
modeled as [23] and [24] respectively. According to [23] the temperature dependence
of the 4H-SiC bandgap can be modeled as given in Eq. 2.5.

Eg(T ) = Eg(300K) + η( 3002

300 + γ
− T 2

T + γ
) (2.5)

where η and γ are constants and presented in [25–27]. For a high doping con-
centration, the bandgap energy reduces and is known as bandgap narrowing, which
is more prominent to highly doped emitter layer of a BJT. The bandgap narrowing
of SiC semiconductors based on dopant concentration and the temperature was
modeled in [23] using the displacements of conduction and valence bands for p and
n-type.

The variations in the SiC energy bandgap (Eg) by the temperature and doping
concentration, affect bipolar transistors electrical properties such as current gain
(β) and the VBE required to turn ON the BJT, which are important parameters
for stable and reliable SiC bipolar digital circuit design. Because of the bandgap-
narrowing, the VBE exhibits a temperature coefficient of ∼ -2 mV/◦C [17]. As
a result, the BJT turns ON around 1 V earlier at a temperature of 500 ◦C, as
compared to 25 ◦C. It gives an estimate of the voltage shift that SiC-based digital
circuits are required to tolerate and sets the minimum noise margin limit.

Low intrinsic carrier concentration

Because of the wide bandgap, SiC has low intrinsic carrier concentration ni. The
ni has an exponential relation [28] to the bandgap energy Eg and temperature T
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as given in Eq. 2.6.

ni =
√
NcNv( T

300)3/2 exp(− Eg

2kT ) (2.6)

where Eg, k, and T are the bandgap energy, Boltzmann constant, and the abso-
lute temperature respectively. The intrinsic temperature of SiC is around 1000 ◦C.
The high intrinsic temperature of a semiconductor enables HT operation because
as the temperature increases, the ni also increases till it reaches the background
doping and at this intrinsic temperature point, the device stops working.

2.2 State-of-the-Art High-Temperature SiC ICs

Designing of SiC LSI circuits is challenging because of the semiconductor device
threshold voltages and electron mobility variations due to temperature variation.
Moreover, significantly lower operating frequencies, high supply voltage, much
larger device size, lack of well-developed device models, and design kits for SiC
IC processes are the foremost drawbacks and challenges in creating application-
ready circuits. A detailed comparison of the reported state-of-the-art complex high
temperature SiC-based ICs and this work is given in Table 2.2.

Because of the SiC-based ICs design challenges, only a few functional complex
ICs have been reported to date operating at temperatures exceeding 300 ◦C. The
SiC-based integrated circuits functional at 300 ◦C and above are given in Table
2.2. Metal oxide semiconductor field effect transistor (MOSFET), because of the
critical gate oxide normally causes reliability issues [47, 48], is not an ideal can-
didate for high-temperature applications. However, complementary metal-oxide-
semiconductor (CMOS) based timing generator, a 4-bit counter, 8-bit shift register,
a DAC controller ICs with a complexity of around 400 to 1400 transistor have been
reported to work up to 300 ◦C [29, 31, 35]. Whereas CMOS based ring oscillators
with a transistor count of 54 and 26 have also been reported working up to 500
◦C [30,34].

Impressive results have been demonstrated using SiC-based JFET (junction
field effect transistor) and BJT (bipolar junction transistor) technologies for high
temperature applications because of a stable SiC PN-junction. NASA has reported
JFET based SiC ICs with around 300 transistors functional well above 500 ◦C, this
also includes a 195 transistor based 16-bit RAM operational at 500 ◦C [39] and
26 JFETs based ring oscillator working above 800 ◦C [40]. More recently, 4H-SiC
JFET based ICs operational testing for 60 days directly exposed to Venus surface
atmospheric conditions reported in [49]. However, BJTs have better linearity, higher
speed and driving capability as compared to JFETs [50].

Our group at KTH focused on BJTs and results have been reported in project
HOTSIC [51] and Working on Venus (WoV) [14,15]. Bipolar SiC-based sigma-delta
modulator using emitter-coupled logic (ECL) comprised of 104 transistors and 92
integrated resistors with a total area of 19.3 mm2 and SiC 8-b DAC consisting 40
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Table 2.2: State-of-the-Art SiC Based Integrated Circuits.

Reported ICs SiC Technology Type Complexity (T/R) Total Area Peak Ambient Ref. Year

SiC DAC Controller 4H-SiC CMOS 1,398/- 5.5 mm2 300 ◦C [29] 2016

SiC NCL 4-bit Counter 4H-SiC CMOS 812/- 7.2 mm2 300 ◦C [29] 2016

SiC Ring Oscillator 4H-SiC CMOS 26/- 0.42 mm2 500 ◦C [30] 2015

SiC 8-bit Register 4H-SiC CMOS 525/- 4.4 mm2 300 ◦C [31] 2015

SiC Op-amp, Quad-NAND 4H-SiC CMOS −/− − 400 ◦C [32] 2013

SiC RO, Basic Gates 4H-SiC CMOS −/− − 400 ◦C [33] 2011

SiC Ring Oscillator 4H-SiC MOSFET 54/- 2 mm2 500 ◦C [34] 2014

SiC Timing Generator 4H-SiC MOSFET 380/- − 300 ◦C [35] 2013

SiC DFF 4H-SiC MESFET 30/33 − 300 ◦C [36] 2015

SiC Comparator 4H-SiC MESFET −/− − 250 ◦C [37] 2015

NASA SiC ICs 4H-SiC JFET 301/- − >500 ◦C [38] 2015

SiC 16-bit RAM 4H-SiC JFET 195/- 9 mm2 500 ◦C [39] 2018

SiC Ring Oscillator 4H-SiC JFET 26/- − 800 ◦C [40] 2017

SiC Inverter 4H-SiC BJT (TTL) 5/4 − 325 ◦C [41] 2008

SiC ROs, DFF 4H-SiC BJT (TTL) 55/44 − 355 ◦C [42] 2011

SiC 3-stage RO and OR/NOR 4H-SiC BJT (ECL) 40/48 4.75mm2 500 ◦C [43] 2012

SiC 11-stage ring-oscillator 4H-SiC BJT (ECL) 90/40 6.3 mm2 600 ◦C [44] 2015

SiC 8-b DAC 4H-SiC BJT (ECL) 40/16 2.45 mm2 500 ◦C [45] 2016

SiC Sigma-Delta Modulator 4H-SiC BJT (ECL) 104/92 19.3 mm2 500 ◦C [46] 2017

SiC SAR ADC 4H-SiC BJT (TTL) 1,573/1,078 47 mm2 500∗ ◦C [17] 2017

SiC FLASH ADC 4H-SiC BJT (TTL) 856/540 30.7 mm2 500∗ ◦C [17] 2017

SiC 256-pixel Image Sensor 4H-SiC BJT (TTL) 2,203/1,113 67 mm2 400 ◦C [16] 2019

SiC Ring Oscillator 4H-SiC BJT (TTL) 63/50 0.6 mm2 600 ◦C this work 2018

SiC 555-timer IC 4H-SiC BJT (TTL) 61/41 1.4 mm2 500 ◦C this work 2019

SiC TTL PDK 4H-SiC BJT (TTL) 456/314 7.2 mm2 500 ◦C this work 2019

SiC 4-bit CPU 4H-SiC BJT (TTL) 6,000/4,000 151 mm2 500∗ ◦C this work 2019

T = No of Transistor, R = No of Resistor, ∗ Simulations, characterization is in
progress.
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BJTs and 16 integrated resistors have previously been reported working up to 500
◦C [45,46].

Apart from ECL digital logic, previously TTL-based SiC digital circuits have
also been demonstrated operational up to 355 ◦C with a complexity of 40 BJTs and
16 integrated resistors [41, 42]. TTL circuits use less area and consume less power
in comparison to ECL.

This work, in comparison with the state-of-the-art SiC ICs in terms of com-
plexity and level of integration, is summarized in Table 2.2. The SiC TTL ICs
fabricated in batch-1 included basic test structures, FLASH ADC, SAR ADC, and
a 256-pixel image sensor designed using bipolar TTL PDK. The batch-1 also con-
sists of 4-bit CPU with around 10.000 devices (both transistors and resistors). The
batch-2 consists of TTL-comparator, TTL-based 555-timer ICs to demonstrate the
analog and digital circuits monolithic integration, ring oscillators, flip-flops, coun-
ters, basic gates and several test structures for SiC bipolar technology radiation
hardness measurements in the project SUPERHARD IC. The second half of the
batch-2 die consists of several ICs such as gate driver, analog and mixed-signal
circuits designed in collaboration with the University of Arkansas.





Chapter 3

Process Design Kit and Digital
ASICs

Advancement towards Silicon Carbide based LSI, and VLSI circuits such as HT mi-
crocontroller would enable on-chip monitoring and digital control of a sensor system
employed in an extreme environment. Expeditious and successful VLSI circuits are
not possible without a Process Design Kit (PDK). A PDK for VLSI circuits func-
tional at elevated-temperature opens many new opportunities. Raytheon UK has
facilitated this need and developed a minimum featured size of 1.2 µm SiC CMOS
process called HiTSiC [32]. MOSFET, which has a critical gate oxide that com-
monly causes reliability issues [47,48], is not an ideal candidate for HT applications.
However, using this process, Raytheon has successfully demonstrated circuits to be
operational up to 400 ◦C. Later the University of Arkansas with the collaboration
of Ozark Integrated Circuits Inc. has developed a SiC CMOS PDK [52], which
includes transistor models, P-cells and design rules. The PDK was demonstrated
using a library of standard digital cells using two example parts; an 8-bit register
and a programmable delay line working up to 300 ◦C [31].

This chapter describes the methodology of developing a PDK for the in-house
SiC bipolar low-power technology as reported in [Paper 4] with detailed design
process and analysis, and also more complex Digital ASICs implementation with
the PDK. It also reviews the in-house SiC bipolar devices, high-temperature mod-
els, and device simulations for digital bipolar circuits design considerations for
HT applications. The PDK development process consisting of a transistor level
schematic, designing gate/module library, P-cells and standard cell design will be
discussed. The PDK based digital ICs realization in the bipolar low-power process
with abstraction; digital system design, system simulations, layout implementa-
tion, physical verification, and fabrication will also be discussed. This work is an
essential step towards a SiC-based application specific integrated circuits (ASICs)
implementation.

17
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Figure 3.1: PDK design and development flowchart for in-house SiC bipolar low-
power process. The feedback provided by the characterization of the devices and
circuits to models, simulations, design and fabrication is highlighted by blue arrows
(dotted lines), whereas boxes and red arrow indicate steps for the PDK develop-
ment.
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3.1 Working with Process Design Kit

The design and implementation of a complex digital IC were carried out in two
phases. First, building a PDK for in-house SiC bipolar technology. Secondly, work-
ing with the PDK in SiC Digital ASICs design by employing a top-down approach.
A flowchart summarizing the PDK building process for the SiC bipolar low-voltage
technology is shown in Fig. 3.1. The SiC TTL PDK includes device models, de-
sign rules, physical verification checks, parameterized cells (P-cells), gate/module
library, and standard cells library.

3.1.1 SiC Devices and High-Temperature Models
The device from a previous fabrication round that was used to extract models [53,54]
referred here as generation one (G1) device. The G1 device models have been
used for the circuit design of this thesis work. In order to increase device density
per unit area second generation (G2) devices were designed in our group with a
single base finger, 69 % reduced area, and 38 % reduced topography as compared
to first generation device. This section gives a brief overview of the SiC bipolar
devices, high-temperature models and device simulations for HT bipolar ICs design
considerations.

SiC Bipolar Devices

2-D cross-sectional view of a SiC bipolar transistor with the epitaxy and intercon-
nects is shown in Fig. 3.2 (a) and the microphotograph is shown in (c). The design
and details of the epi-layers are reported in [55,56]. The first generation (G1) device
was used for the modeling by our group [17] and has total area of 165.5 µm × 105
µm with an emitter area of 30 µm × 90 µm. The cross-sectional view of the second
generation (G2) device used for the SiC-based digital circuits realization is shown
in Fig. 3.2. (b). The microphotograph of the top view is shown in Fig. 3.2. (d).
The G1 device was scaled down to 60 µm × 55 µm with an emitter area of 15 µm
× 40 µm. The doping profiles with a 2-D cross-sectional view of the G1 device and
the G2 n-p-n bipolar transistor are shown in Fig. 3.2 (a) and (b) respectively.

High-temperature models

The SiC semiconductor electrical properties vary with the temperature swing, in
order to correctly predict a circuit behavior, so that a SiC-based IC can operate
functionally correct over a wide temperature range, compact circuit models such as
VBIC [57,58], MEXTRAM [59], and SGP [60,61] are needed.

The Spice Gummel-Poon (SGP) was chosen for the high-temperature modeling.
The SGP HT-models were developed by our group [17] for the aforementioned
G1 device for binned temperature points (25 ◦C, 100 ◦C, 200 ◦C, 300 ◦C, 400
◦C, 500 ◦C) by extracting the DC parameters from forward and reverse output
characteristics as well as the Gummel plot of an n-p-n bipolar transistor. All the
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Figure 3.2: SiC n-p-n transistor 2-D cross-section and micro-photograph showing
front-end-of-line epitaxy and back-end-of-line interconnects. (a) 2-D cross-section
with double base finger of a first generation (G1) BJT device, showing thickness
and doping (not to scale). (b) 2-D cross-section of a scaled second generation (G2)
BJT device with thickness and doping (not to scale). (c) Micro-photograph of a
G1 BJT device top view. (d) Micro-photograph of a G2 transistor top view.

parameters of the HT models were previously reported in [17]. The SGP models
reported in [17] were used in the Cadence Analog Design Environment (ADE) for
the SiC ICs simulation of this thesis work.

Device Simulations and SiC ICs Design Considerations

NPN Bipolar Transistor (G1) Simulations: The forward Gummel plots (VBC

= 0 V) of the G1 BJT at 25, 100, 200, 300, 400 and 500 ◦C are shown in Fig. 3.3 (a).
Because of the bandgap-narrowing, the VBE required to turn ON the BJT, exhibits
a temperature coefficient of ∼ -2 mV/◦C [17], as a result, the BJT turns ON ∼ 1
V earlier at temperature = 500 ◦C, as compared to 25 ◦C. It gives an estimate of
threshold voltage shift, that SiC based digital circuits required to tolerate and sets
the minimum noise margin limit.

The forward current gain plot (β vs. IC) measured at VBC = 0 V at different
temperatures is shown in Fig. 3.3. (b). At higher IC , the current gain decreases
abruptly due to the forward biasing of the base-collector junction [43, 53] (see the
Gummel plot). The output characteristics forward current gain (βr) and IC vs.
VCE of a G1 BJT as a function of base current at six discrete temperature points
are shown in Fig. 3.4. A bipolar transistor connected at the input of transistor-
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Figure 3.3: SiC G1 bipolar transistor output characteristics. (a) The forward Gum-
mel plots with (VBC = 0 V) at T = 25 to 500 ◦C. (b) Forward current gain (β) of
the BJT over the wide temperature range of 25 to 500 ◦C.

transistor logic (TTL) operates either in forward or reverse active mode. The
reverse current gain (βr) and reverse current of a BJT connected at the input of
a TTL gate are also used to calculate the Fan-out. The βr and IE vs. VEC plots
at temperature T = 25 to 500 ◦C are shown in Fig. 3.5 (For G2 device results see
section 5.1).

The current gain β decreases, and IC , VCE slope increases with the increase in
the temperature. The BJT comes out of saturation earlier at higher temperatures
(see Fig. 3.4). This observation is vital for TTL-based digital circuit’s fan-out
analysis. The BJT maximum collector current sinking capability while working
in the saturation region in the TTL output stage sets the fan-out limit of a TTL
gate. Around 50% drop in the BJT collector current was observed by raising the
temperature from 25 to 500 ◦C. Hence TTL gate fan-out decreases around 50%
while working at T = 500 ◦C as compared to working at RT [Paper 4], so a SiC
bipolar transistor with higher IC can increase the TTL circuit’s fan-out.

Epitaxial Integrated Resistor: The integrated resistors were realized in the
collector layer and digital circuits were designed with a simulated sheet resistance
of 250 Ω/�. This value depends on doping in the collector, the thickness of the
collector and over etch in the process, so it was expected to change. Both G1
and G2 BJTs have a highly-doped buried-collector layer but reduced thickness for
the G2 device as shown in Fig. 3.2, which results in increasing the collector re-
sistance (simulated sheet resistance of a G1 device ∼ 160 Ω/� and G2 device ∼
250 Ω/�). Non-monotonic temperature dependence of sheet-resistance was previ-
ously demonstrated in [17,43,53]. From RT to 200 ◦C, dopant ionization increases
and dominates, so the sheet resistance reduces. However, from 200 ◦C to 500 ◦C
majority carrier mobility decreases and dominates so the sheet resistance increases.

Any possible variation in the sheet resistance because of a process variation
could affect the fan-out. Also, the propagation delay is directly proportional, and
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Figure 3.4: Forward current gain β and collector current IC vs. VCE plot of SiC
G1 BJT at temperature 25 to 500 ◦C.

power dissipation is inversely proportional to the sheet-resistance.

3.1.2 Gate and Module Library
The PDK gate schematic is designed by employing TTL family available in liter-
ature [62]. Standard cell area plays a dominant role when it comes to integrating
complex circuits and systems, and TTL based standard cells can be extended for
multiple inputs with less area overhead. Because of good logic swing and noise
margin, TTL-based SiC ICs provide stable operation at HT. The high-temperature
operation of SiC devices causes electrical properties’ variation and produce noise
in the SiC-based ICs. Therefore the noise margins are selected as the main design
parameter, and they are also a prominent figure of merit for digital circuits. The
TTL-based gate schematic is designed by specifying circuit parameters to provide
adequate NMs and stable voltage levels at HT operations. The SiC TTL-based
gate and module library is designed for adequate fan-out, noise margins, propaga-
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Figure 3.5: Reverse current gain and IE vs. VEC plot of the SiC G1 BJT at
temperature 25 to 500 ◦C.
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tion delay, and power dissipation and successfully implemented in Cadence Virtuoso
ADE.

SiC TTL Gate Design and Analysis

A logic circuit including counters, decoders, multiplexers, arithmetic and logic units
(ALUs), and computer memory, all the way up through complete microprocessors,
are realized using many gates in a hierarchical design flow. This part demonstrates
the design and specifications of a TTL-based inverter in low-power SiC bipolar
technology for HT applications.

TTL Inverter Schematic Design and Operation

A TTL inverter designed for HT operation and wide power supply range is analyzed
here as a benchmark standard cell. According to the schematic of the TTL inverter
as shown in Fig. 3.6 [Paper 4], it consists of three stages. The first stage is called
the input stage, for a more than 1-input gate, a multi-emitter transistor is used.
The second stage is called the phase splitter. In this stage, the transistor used as a
switch, and it splits the phase into two parts, i.e., 0 and 1. The third stage is the
output stage, and it consists of two transistors, both are ON and OFF in a mutually
exclusive way in a totem-pole arrangement. For a logic-low (0 V) input, the input
stage transistor Q1 turns ON, Q2 OFF, which splits the phase into logic-high at
the collector and logic-low at the emitter. Hence Q3 turns ON, Q4 switches OFF,

Figure 3.6: SiC TTL inverter circuit diagram with node currents, voltages and
micro-photograph (a) the output-high state (b) the output-low state.



3.1. WORKING WITH PROCESS DESIGN KIT 25

and the output VOUT rises high as shown in the TTL inverter schematic in the
output-high state Fig. 3.6. (a).

When a TTL inverter input changes from logic-low to high, the base-emitter
junction of Q1 will be reverse biased, and it operates in a reverse active mode,
it makes the phase splitter Q2 change the collector to logic-low and emitter to
logic-high. Hence the transistor Q3 is OFF and Q4 switches ON, and TTL inverter
output drops to logic-low as shown in the output-low state Fig. 3.6. (b). Four types
of devices have been used to realize the inverter; the input stage BJT Q1 (can be
replaced with a multi-emitter transistor), single-emitter BJTs Q2,3,4, a circuit-diode
D1 and resistors R1,2,3,4.

Specifications of TTL Family

This section discusses TTL-based inverter specifications such as noise margins,
propagation delay, rise-time, fall-time, power dissipation, and fan-out.

Noise Margin

Noise margin is an important characteristic of a logic family, and it tells how much
noise a particular family can tolerate. A normal and inverted voltage transfer
characteristics (VTC) of an inverter are shown in Fig. 3.7. The stable operating
points are the highest and lowest intersection points of normal and the inverted

Figure 3.7: An inverter normal and inverted VTCs for noise margin analysis.
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VTC curves. The noise margin is the voltage difference between the stable operating
point and the knee of the transfer characteristic, defined as the unity slope point.

NML = VIL − VOL (3.1)

NMH = VOH − VIH (3.2)

The noise-margin low (NML) and noise-margin high (NMH) are given in equa-
tion 3.1 and 3.2 respectively. VIL is the maximum value of the input voltage,
considered as a logic low, extracted from the upper unity slope point. VOL is the
highest and VOH is the lowest intersection points of normal and the inverted VTC
curves. VIH is the minimum value at the input which is considered as a logic high,
extracted from the lower unity slope point (see Fig. 3.7).

The noise margins are directly proportional to logic swing VL of a TTL gate.
To achieve balanced noise margins, the input and output characteristics should
be symmetric. The logic switching threshold (VLT ) given in equation 3.3, used to
design symmetric noise margins.

VLT = 1
2(VOH + VOL) (3.3)

If the logic threshold of an inverter shifts towards the origin, the NML decreases
and NMH increases.

TTL inverter Simulated VTC and Noise Margins: The noise margins of a
TTL inverter are selected as the main design parameter and are also an important
figure of merit for digital circuits. Designing of complex and dense combinational
and especially sequential SiC digital circuits are challenging, because of the semi-
conductor device bandgap narrowing and electron mobility variations, due to the
temperature swing and causes transistor current gain β, and collector current IC

degradation and also VBE shift. As discussed earlier the VBE required to turn ON
the BJT, exhibits a temperature coefficient of ∼ -2 mV/◦C, hence as compared to
∼ 2.2 V at 25 ◦C required to turn ON the BJT, connected at the input stage (see
Fig. 3.6, Q1) of a TTL inverter, it turns ON at ∼ 1.2 V at 500 ◦C (see Fig. 3.3.
(a).). In order to tolerate these variations, the TTL circuit parameters are modified
to provide adequate NMs and stable voltage levels at HT operations as reported
in [Paper 4]. TTL inverter schematic with simulated node voltages and currents
using the HT models [17] at room-temperature in the output-high and the low state
is shown in Fig. 3.6. (a) and (b) respectively, with VCC = 15 V and fan-out of one
inverter.

The simulated voltage transfer characteristics (VTC) with power supply of 15
V, applying the input signal swept between 0 to 15 V at the input, are shown in
Fig. 3.8 (a) over the wide temperature range of 25 to 500 ◦C. The TTL inverter
input (Vin) is 0.2 V, and output (Vout) is 9.6 V. VBE reaches ∼ 2.2 V the SiC BJT
Q2 turns ON and phase splitter stage (R2, Q2 and R4) operates as an amplifier
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Figure 3.8: SiC TTL inverter simulated VTC and NMs as temperature increases
from 25 to 500 ◦C at VCC = 15 V. (a) simulated VTC (b) simulated noise margins.

with the gain of -R2/R4. Vout decreases with the negative slope equal to the phase
splitter gain and acts as an emitter follower till Q4 starts conduction. When 2.2 V
<VBEQ2< 4.4 V the transistors Q2 and Q3 will be ON and Q4 will be OFF, in this
range Vout falls with the gain of ∼ -1 as shown in the inverter VTC Fig 3.8. (a)
at 25 ◦C. When VBEQ2 increases ∼ 4.4 V level the BJT Q4 turns ON and reaches
saturation before Q2 and Q3 turns to cut-off region and Vout = 0.3 as shown in Fig.
3.6. (b) [Paper 4].

Because of a decrease in the corresponding base-emitter voltage drop due to
bandgap-narrowing, the output-high voltage (VOH) increases with the temperature
and logic threshold VLT shifts towards the origin, resulting in an increasingly high-
level noise margin (NMH), while the noise margin-low (NML) decreases with the
temperature. Increasing the temperature from 25 to 500 ◦C, the simulated NML

decreases from 3.9 V down to 2 V. The NMH increases almost linearly from 3.6
to 7 V, with the temperature increased from, 25 to 500 ◦C. The SiC TTL inverter
exhibits stable noise margins from RT to 500 ◦C.

The simulated VTCs and NMs of the inverter as supply-voltage rises from 8 V
to 20 V are shown in Fig. 3.9 at three discrete temperatures (T= 25 ◦C, 300 ◦C,
and 500 ◦C). The output-low voltage (VOL) remains constant whereas VOH almost
linearly increases with the VCC . Fig. 3.9 (d) shows the noise margins versus the
power supply voltage at different temperatures. As the VCC increased, the NML

only increases by 0.6 V whereas the NMH almost linearly increases with VCC .
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Figure 3.9: SiC TTL inverter simulated VTC and NMs as supply-voltage rises from
8 to 20 V (a) simulated VTC at T = 25 ◦C (b) at T = 300 ◦C (c) at T = 500 ◦C
(d) simulated noise margins as the supply-voltage rises from 8 V to 20 V.

Propagation Delay, Rise-time and Fall-time

Propagation Delay: The propagation delay of a gate defines how quickly it
responds to a change at its input. It is measured as the difference in time between
the 50% point of the input and output waveforms as shown in Fig. 3.10. The
propagation delay low-to-high (tpLH) and propagation delay high-to-low (tpHL)
may not be the same and is given in equation 3.4.

tpd = 1
2(tpHL + tpLH) (3.4)

The propagation delay is usually measured using a ring-oscillator (RO). A ring-
oscillator consists of an odd number of inverters as shown in Fig. 3.11. (a), at each
output, the voltage constantly toggles between the two logic levels as shown in Fig.
3.11. (b), its frequency depends on the propagation delay and is given in equation
3.5.
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Figure 3.10: Propagation delay, rise and fall time definition.

f = 1
2Ntpd

(3.5)

where f is the frequency of oscillation, N number of stages and tpd is the prop-
agation delay of a single stage (for more quantitative discussion on SiC-based ROs
see [Paper 2]).

Rise Time and Fall Time: In addition to propagation delay there are two other
delays associated with a logic gate called rise-time (tr) and fall-time (tf ) and are
shown in Fig. 3.10. Usually, it is defined in terms of 10% to 90% of a waveform
transition.
Transient Analysis of a TTL inverter: Simulated transient response of a TTL
inverter over the wide temperature range of 25 to 500 ◦C is shown in Fig. 3.12.
Because of the TTL inverter output stage topology as shown in Fig. 3.6, a non-
symmetric transient response is expected. The reason is that (see Fig. 3.6 (a)), in
the pull-up path, there are three resistances as compared to pull-down, which has
only one resistance, i.e. rCEQ4. Moreover, before making a transition from low to
high, transistor Q4 and Q2 are in saturation. When the input falls down the BJT

Figure 3.11: Inverter based ring oscillator (a) gate level schematic (b) output wave-
form .
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Figure 3.12: TTL inverter simulated transient response over the wide temperature
range of 25 to 500 ◦C.

Q2 turns first to cutoff-region, whereas Q4 will continue to operate in the saturation
because it needs some time to remove the base charge via resistor R4. Because of a
race condition; the devices R3, Q3, and D1 try to pull-up the output, whereas, Q4
tries to pull-down until the Q4 base charge gets removed via R4, and Q4 turns OFF.
The propagation delay tpLH can be improved by improving the pull-up devices at
the cost of power consumption and area, or by decreasing the R4 at the cost of
noise-margin ( the phase splitter sets the slope of the VTC = -R2/R4).

Power Dissipation

The power dissipation is another important characteristic, especially, in the present
day scenarios, where the trend is to pack in a large number of transistors in a
given die. The power consumption of a circuit determines how much heat a circuit
dissipates and how much energy is consumed per operation. These factors influence

Figure 3.13: Bipolar inverter for power analysis.
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the important design decisions, such as supply line sizing, battery life. Peak-power
dissipation not only sets the minimum battery limits but also gives an estimate of
the interconnects pitch, via size, and IO pin size.

A simple inverter circuit for the power analysis shown in Fig. 3.13 with a
capacitor load CL. If the transistor is ON, the current I flows into BJT and it
goes to saturation and output goes to logic-low. When BJT is in the cut-off, the I
flows into CL and charges the capacitor and output goes logic-high. So the power
dissipation (PD) is given by equation 3.6.

PD = VCCI (3.6)

Suppose the logic swing at the output is VL, the time it takes to charge the
capacitor is given by equation 3.7

tpd = CL
VL

I
=> I = CL

VL

tpd
(3.7)

From eq. 3.6 and 3.7.

PDtpd = VCCCLVL (3.8)

Eq. 3.8 gives an important figure of merit of a logic family and is called power-
delay-product. For a digital circuit increasing the logic swing VL, the noise margins
will also be high, but at the same time delay increases.

Fan-out

The fan-out (FO) analysis of a logic circuit gives an estimate of a maximum number
of outputs/gates it can drive. As the BJT is a current controlled current device,
the Fan-out of a TTL logic gate can be calculated using the expression 3.9

Fan− out = min(IOL

IIL
,
IOH

IIH
) (3.9)

where IOL is the maximum load current that the output BJT can sink so that
it remains in the saturation, that is, the output voltage remains logic low. IIL

is the maximum value of the input current when the input is low. IOH is maxi-
mum current that the output can source when the output is at a logic high. IIH

is the maximum value of the input current when the input is high. When differ-
ent logic families are connected the Fan-out calculations are particularly important.

Fan-out Analysis of a SiC TTL inverter: The fan-out analysis of a TTL gate
is essential, especially for designing complex digital circuits. It gives an estimate of
maximum clock driver load and designing clock networks. The silicon-based TTL
circuits can have a load of 10 gates. Because of the SiC BJT current gain β and



32 CHAPTER 3. PROCESS DESIGN KIT AND DIGITAL ASICS

collector current IC degradation with the temperature increase and also to accom-
modate more devices on a unit area, the device size was scaled, and buffer/repeater
circuits have been inserted to address the fan-out.

As shown in Fig. 3.6. (a) the maximum value of the simulated input current
when the input is low using the G1 device models IIL ∼ 1.2 mA, and as reported
in [17] and also shown in Fig. 3.4 the maximum current a BJT can sink while
working in the saturation so that the output voltage remains low IOL is ∼ 19 mA
at VOL < 3.8 V (as minimum simulated NML is 3.8 V at T = 25 ◦C with VCC =
15 V), which turns down to ∼ 9 mA at VOL < 2 V (as minimum simulated NML

is 2 V at T = 500 ◦C with VCC = 15 V). With these specifications the designed
TTL gate can have a fan-out of 16 TTL-gates at RT and it decreases ∼ 50% to 7
TTL-gates at 500 ◦C [Paper 4].

The maximum value of the simulated current, that the output can source using
the G1 device models IOH ∼ 20 mA, at 25 ◦C and 10 mA at 500 ◦C, with IB =
0.6 mA and VCC = 15 V, as shown in Fig. 3.4. Whereas, IIH ∼ 70 µA at 25 ◦C
and 180 µA at 500 ◦C with IB = 0.6 mA, while working in reverse active mode
(see Fig. 3.6. (b), 3.5). With these specifications a TTL gate can drive more than
50 TTL gates. But from eq. 3.9, Fan-out is limited by the IOL and IIL current
specifications.

From the analysis, the G2 device collector current sinking capability degradation
would be around half of the G1 device. All the TTL-based complex combinational
and sequential circuits, mainly clock tree routing, was carried out with the half of
the fan-out that was calculated with the simulated G1 devices [Paper 4].

3.1.3 Standard Cells Library
Parametrized Cells

The P-cells give freedom to the designer to enter a specific parameter for the devices
like n-p-n bipolar transistor and get the multi-emitter transistor for a TTL imple-
mentation. The integrated resistors are also parametrized to set a specific length
and hence the resistance. The PDK consists of four different types of P-cells, and
corresponding mask layers and vias as shown in Fig. 3.14. The PDK mask layers
and vias are shown on the left side. The bipolar transistor circuit diode made by
shorting the base and collector terminals, the multi-emitter bipolar transistor P-
cells configured as single-emitter and double-emitter, and the epitaxial integrated
resistor has its width "W" fixed and the length "L" is parametrized to get the re-
quired resistance are shown in the middle top-down respectively. The PDK device
circuit symbols shown on the right side (see Fig. 3.14).

SiC TTL Standard Cell Layout Design

For an ASIC physical implementation, a common entity of all PDKs is the standard
cell, which is a layout using P-cells, mask layers and vias following the schematic
topology. Two metal interconnects used to realize the layout. The epitaxial resistors
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with different sizes were integrated on-chip. The resistors were integrated using a
string of small segmented resistors, connected with short metal lines and vias. An
inverter, 2-input NAND gate, and a Buffer/Repeater circuit standard cells using
SiC TTL PDK are shown in Fig. 3.15.

For more dense monolithic integration of SiC circuits, the physical design of each

Figure 3.14: The PDK device circuit symbols and P-cells with PDK layers and
vias. The right side shows the circuit symbols, and the left side shows the P-
cells of The bipolar transistor, circuit diode, multi-emitter bipolar transistors, and
epitaxial integrated resistor. The legend for the mask layers and vias are given on
the left-most side.
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Figure 3.15: Layout implementation of SiC bipolar TTL-based gate using PDK
P-cells as a standard cell. (a) An inverter circuit schematic (b) A 2-input TTL
NAND gate schematic (c) An inverter circuit standard cell illustration using SiC
TTL PDK. (d) A 2-input NAND gate standard cell. (e) Buffer/Repeater circuit
schematic (f) Buffer/Repeater standard cell.
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cell has been optimized for many criteria. First, to simplify the placement, each
cell has a standard height. Second, to simplify the power routing VCC is routed on
the top side and GND on the bottom side of a standard cell. Third, to simplify the
signal routing, inputs are on to the left side and outputs to the right side.

Physical Verification

After successful simulations at the transistor level, using the Cadence Spectre sim-
ulator of the PDK gate and module library given in table 3.1, standard cell place
and route were performed. In order to ensure the in-house standards (minimum
spacing, minimum metal width, via placement, via dimensions, fixed standard cell
height etc.) and correct signal and power routing, the design rule check (DRC) and
layout versus schematic (LVS) programs were programmed in the physical verifica-
tion system (PVS) tool. After place and route, the GDSII file is generated to order
the masks set, and the next step is a fabrication.

Test-structures HT Measurements and Modeling

The in-house SiC bipolar process optimization has been described in [16, 63]. The
fabricated test structures are measured on the wafer using a hot-chuck probe-
station, KEITHLEY SCS-4200 parameter analyzer, and Keysight parameter ex-
traction and optimization software IC-CAP. The feedback provided by the charac-
terization of the test structures was used for the model validation [17].

3.2 Digital ASICs Realization

A digital circuit design flow using the SiC TTL PDK is shown in Fig. 3.16. The
digital ICs are first implemented at RTL and synthesized at gate level using ISE
tools such as ModelSim and design compiler. After that, the digital circuits are
implemented at the transistor level in the Cadence Virtuoso IC design environment
using the PDK gate and module library. The transistor level simulations were
carried out using the high temperature compact models. The circuit layout imple-
mentation was carried out using the standard cell library. To ensure the in-house
standards the physical verification was done using DRC, and LVS programs in the
Cadence supported PVS tool. The GDSII file was generated to order the masks
set. The fabricated circuits were measured on the wafer. The feedback provided
by the characterization of the digital ICs was used for the functional verification,
process optimization, and PDK development.

Digital Circuit Design

A digital IC realization in the in-house SiC bipolar process was carried out by
employing a top-down approach (see Fig. 3.16). Firstly, according to the speci-
fications, a system-level behavioral implementation was done in the VHDL using
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Table 3.1: The PDK Gate and Module library

Gate/Module No of Input
Inverter 1
NAND 2, 3, 4
AND 2, 3, 4
OR 2, 3, 4
NOR 2, 3, 4
XOR 2
XNOR 2
Buffer/ Repeater −
Tristate-Buffer −
AND-OR-Invert (AOI) −
AND-OR −
SR Latch −
DFF without Reset −
DFF with Synchronous Reset −
DFF with Asynchronous Reset −
DFF with Synchronous Set −
DFF with Asynchronous Set −
DFF with Synchronous Set-Reset −
DFF with Asynchronous Set-Reset −
4-bit Register −
4-bit Register with Reset and Enable −
1-bit 2 to 1 Multiplexer −
4-bit 2 to 1 Multiplexer −
2 to 4 Decoder −
3 to 8 Decoder −
4 to 16 Decoder −
Full-Adder −
4-bit Adder −
4-bit Adder/Subtracter −
4-bit ALU −
4-bit IO Bus −
8-bit Counter −
4-bit Program Counter −
TH2B Encoder −
Comparator −
∗64-bit Memory −

∗ Designed in our group and place and route were carried out using SiC TTL PDK.
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Figure 3.16: A digital circuit design flow using the SiC TTL PDK. The feedback
provided by the digital ICs HT characterization, simulations, design and fabrica-
tion is highlighted by blue arrows (dotted lines), whereas the right-hand side box
containing small boxes shows the PDK contents and is used to design the digital
circuits [Paper 4].
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ModelSim. Secondly, the RTL design is synthesized at the gate level and imple-
mented in VHDL ModelSim. After the RTL and gate level circuit co-simulation
and FPGA based verification, the gate level design was ready to implement in the
in-house SiC bipolar process.

The established SiC TTL PDKs gate/module library [Paper 4] has been used
to implement the gate level design at transistor level in Cadence Virtuoso IC de-
sign environment. After TTL implementation of digital IC, the transistor level
simulations are carried out using the high-temperature compact models.

Digital Circuits Layout Implementation and Verification

After the successful transistor level simulations, the circuit layout implementation is
carried out using the PDK standard cell library [Paper 4]. The layout implemen-
tation of the digital circuit is illustrated in Fig. 3.17 using the PDK standard cells.
In this example, an 11-stage ring oscillator using 10 inverters, a 2-input NAND
and a Buffer standard cells are implemented at the layout and the implementation
process can be extended to any digital circuit layout realization.

3.2.1 Fabrication
The n-type 4H-SiC wafers were purchased from Norstel AB for this study. The
wafers had five epitaxial layers [64]. The epitaxy and 2D cross-sectional view of
an n-p-n transistor are shown in Fig. 3.2. After reactive ion etching of the emit-
ter, base and isolation region, a sacrificial oxide was thermally grown in dry O2.
The passivation oxide was made by plasma enhanced chemical vapor deposition
(PECVD) of 100 nm SiO2 with post-deposition annealing. More details on the SiC
in-house fabrication process are reported in [16].

The circuits have two levels of interconnects. Each metal layer is sputtered 100
nm TiW and 2000 nm Al. The TiW serves as both an adhesion layer and a diffusion
barrier between Al and Ohmic contacts. The thickness of an interconnect dielectric
(PECVD SiO2) is 400 nm between SiC mesas to the 1st metal layer and 1000 nm
between the 1st and second metal layer. The minimum aspect ratio (width/height)
of via was 4:1. The minimum spacing between metal lines was 4 µm, and minimum
width of the via was 4 µm. The minimum width of the metal lines was 6 µm. The
in-house SiC bipolar process has been optimized for the thesis work and reported
in [16].

3.2.2 Digital and Mixed-signal ICs
This work has been fabricated in 2 batches. All the ICs were realized by employing
the TTL logic and manufactured in the in-house 4H-SiC bipolar technology by
Shuoben Hou [16].
Batch-1: The TTL-based Batch-1 multi-project wafer (MPW) die layout is shown
in Fig. 3.18. It contains basic test structures to characterize the SiC TTL pro-
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Figure 3.17: 11-stage ring-oscillator to illustrate PDK standard cells monolithic
integration using SiC PDK. (a) RO gate level implementation using PDK gate
library (b) RO place and route using PDK standard cell library.



40 CHAPTER 3. PROCESS DESIGN KIT AND DIGITAL ASICS

Figure 3.18: Batch-1: MPW (a) die layout (b) micro-photograph (c) legend.
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cess design kit such as PDK gate and module library. It also consists of 4-bit SiC
CPU, FLASH ADC and SAR ADC designed using SiC-TTL-PDK working up-to
500 ◦C [17]. Batch-1 also included the SiC 256-pixel image sensor designed using
SiC-TTL-PDK [16].

Batch-2: The TTL-based Batch-2 MPW die layout is shown in Fig. 3.19. It con-
sists of a TTL compatible comparator and TTL-based 555-timer IC to demonstrate
the analog and digital circuits monolithic integration. Batch-2 also consists of ring
oscillators, flip-flops, counters, basic gates and several test structures for SiC bipo-
lar technology radiation hardness measurements in the project SUPERHARD IC.
The second half of Batch-2 die consists of several ICs such as gate driver, analog
and mixed-signal ICs designed using the PDK in collaboration with the University
of Arkansas.
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Figure 3.19: Batch-2: Left half side of the MPW die shows ICs designed using SiC
PDK for HT and radiation-hardness measurements. The right half of the die shows
several analog and mixed-signal ICs designed in collaboration with the University
of Arkansas using the SiC TTL PDK.



Chapter 4

High-Temperature Measurement
Setup

The SiC devices and digital circuits were successfully fabricated in the in-house
low-power bipolar process. All the circuits were characterized on-wafer by using a
hot-chuck probe-station over a wide temperature range of 25 ◦C to 500 ◦C. This
chapter describes the devices and integrated circuits, measurement setups, that
includes a PCB design for voltage level translation and to enable bidirectional CPU
bus read/write operation. This chapter also describes an FPGA based verification
strategy and measurement setup for the HT characterization of the fabricated SiC

Figure 4.1: High temperature measurement setup: left-to-right, die under test
on a high temperature probe-station, KEITHLEY Semiconductor Characterization
System (SCS4200), and Keysight parameter extraction and optimization software
IC-CAP device modeling setup.

43
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ICs and 4-bit CPU.

4.1 SiC Devices Measurement Setup

The device under test was placed on the hot-chuck of a probe-station; the tem-
perature of the chuck can be adjusted within 27-600 ◦C range. The probe-station
can support up to 12-13 micro-positioners (with Tungsten needles). A microscope
was used for locating the device under test. The outer parts and instruments were
connected using coaxial cables (∼1-2 m) terminated with 50 Ω BNC connectors.
All the measurement instruments were placed at room temperature. The device
measurement setup is shown in Fig. 4.1.

The tested devices were characterized at a discrete temperature points (25 ◦C,
100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C ) by setting the temperature of the chuck
in the probe station. A SiC device output characteristics such as IC − VCE , IE −
VEC , Forward and reverse Gummel plots (FGP and RGP) were measured using
Keysight parameter extraction and optimization software IC-CAP in connection
with Keithley 4200 Semiconductor Characterization System (SCS).

4.2 SiC CPU and ICs Measurement Setup

The IO ports type and orientation of the SiC ICs designed in this work are shown
in Fig. 4.2. The left side shows a block representing the PDK gate and module

Figure 4.2: Block diagram of SiC ICs with IO port orientation for measurement
consideration. On the left-side, a generic SiC ICs entity, right-side 4-bit CPU
black-box representation with IO ports orientation for HT measurement setup.
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Table 4.1: CPU operational modes with 2-bit external control

CPU Operational Mode External 2-bit User Control
Reset 00
Program 01
Execute 10
Memory Dump 11

library test structures, and the digital ICs designed using the SiC TTL PDK. On
the right side, the 4-bit SiC CPU IO ports are shown for HT measurement setup
consideration. The PDK gate and module library can be characterized by applying
a set of test patterns at the input and measuring the output. The CPU needs a
control mechanism to run it in 4-operating modes, and also a Bus controller as it
has a bidirectional bus because of the probe-station IO ports constraint.

The input test patterns and control signals were generated using an FPGA
based setup at 3.3 V. The SiC TTL ICs are characterized in a supply voltage range
of 8 V to 20 V. Therefore the input stimulus signal levels are translated using a
PCB designed for the logic level shift and enabling the CPU IO Bus.

CPUModes of Operation: The CPU operates in 4-modes with 2-bit external
user-control as given in Table 4.1. In the Reset mode, all the CPU registers and
counters are initialized with "0s". After that, the 2-bit CPU mode-control inputs
run the CPU in any one of the three modes (Program, Execute, Memory Dump).

The program mode is set by external user control input "01" and is used to load
the CPU with a user program. The program mode has 2-clock cycles. The program
cycle one stores an opcode in the opcode Memory and cycle two stores an operand
in the operand Memory via the CPU Bus.

The 3rd mode is program execution and is set by external user-control input
"10". The execution mode also takes two clock cycles. In the first cycle, it fetches
the instruction, and in the second cycle, it executes an operation provided by the
opcode on the operands. During the first cycle, the opcode and the second cycle,
the operand will be available on the output of the IO bus.

The 4th mode is a memory dump; it is used to verify the memory contents.
During the first cycle, the opcode memory contents and in the second cycle the
contents of data memory will be available on the IO Bus (see chapter 7 SiC 4-bit
CPU for more details).

CPU IO Port: The CPU communicates with the outer world using a 4-bit
IO Bus. It is a bidirectional Bus; during a program mode user can write it, and
during all other three modes user can read the IO Bus. It is implemented using a
tristate buffer with an internal enable signal CPU_Bus_En to conduct a correct
read/write operation. The CPU IO Bus read/write operational interface with ex-
ternal measurement setup is shown in Fig. 4.3. When CPU_Bus_En will be at



46 CHAPTER 4. HIGH-TEMPERATURE MEASUREMENT SETUP

a logic low, the IO Bus is used as an input or user write/program mode otherwise
as an output/read mode.

4.2.1 FPGA based Functional Verification
An FPGA and Quartus II ISE [65] was used for the functional verification of SiC
digital ICs [Paper 4]. An abstract level block diagram of the SiC ICs functional
verification setup is shown in Fig. 4.4. The verification setup is comprised of 4 main
building blocks. A control unit to generate 2-bit signalMode_Cntr_B(0, 1) to run
the CPU in all 4-modes is given in Table 4.1. The control signal EX_Bus_En is

Figure 4.3: CPU IO port interfaces with external measurement setup. Top-side,
CPU IO Bus internal integrated part. Bottom-side, external measurement setup
(PCB) interface. Red arrows show bidirectional CPU IO Bus. The CPU internal
enable signal CPU_Bus_En is complementary to external PCB data enable sig-
nal Ex_Bus_En. The signal IO_TO_CPU represents the program data when
Ex_Bus_En will be at logic level-high, CPU_IO_HV_B represents the PCB
level shifted data (program mode) or CPU data (in an execute or memory dump
mode), Logic_Analyzer_B represents the IO Bus taped data for functional veri-
fication and logic analysis, Sample_Prgm_B is the low-voltage FPGA generated
user data to program the CPU, and CPU_TO_IO is the CPU data available on
the Bus when CPU_Bus_En will be at logic level high.



4.2. SIC CPU AND ICS MEASUREMENT SETUP 47

used to enable the PCB interface with CPU bidirectional Bus as shown in Fig. 4.3.
An external user-controlled input System_Reset is used to reset all test setup. A
counter is used to divide the FPGA clock and set the test patterns and also several
cycles of a CPU mode. A 32X4 bit ROM contains the user program. The controller
generates the ROM address synchronized with the CPU modes of operation. A
test pattern generator with all possible input combination used in the functional
verification of the PDK gate and module library and other SiC ICs. The test
patterns frequency is set by external user control signal Pattern_Frq_Sel(0, 1).

4.2.2 PCB for SiC ICs Interface
A PCB was designed to bridge the voltage difference between state of the art Si-
based FPGA chip (low-voltage 2.2-3.3 V) and SiC-based ICs (operating voltage
levels 8-20 V). The voltage level shifting/translation and enabling the CPU IO Bus
was done using commercial-off-the-shelf driver circuit CD40109B [66]. The PCB
board is designed using KiCad software as shown in Fig. 4.5. Top, with soldered off-
the-shelf commercial components. Bottom, without soldered components. A female
connector port is used to connect an FPGA with the PCB. The BNC connectors
are used to connect the probe-station and other measurement instruments. The
PCB can shift 8-bit test-patterns generated by an FPGA (Pattern_IN) to a SiC
ICs compatible voltage levels (OUT_HV ). The PCB 4-bit channel is dedicated for
the CPU IO Bus interface and labeled by a signal name CPU_Prgm_IN(0 − 3)
and CPU_IO_HV_B(0− 3).

Figure 4.4: FPGA based SiC PDK and CPU functional verification setup.
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Figure 4.5: The PCB board for SIC ICs interface.
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CPU and ICs Measurement Setup
The fabricated circuits were characterized on-wafer by using a hot-chuck probe-
station from 25 ◦C to 500 ◦C [Paper 4]. A detailed measurement setup of SiC
PDK gate and module library, Digital ASICs and 4-bit CPU is shown in Fig. 4.6
(a) measurement setup using the used instruments photos, the outer parts and in-
struments were connected using the coaxial cables (∼1-2 m) terminated with 50 Ω
BNC connectors and capacitive loading ∼50-70 pF/m. Fig. 4.6 (b) shows a detailed
overview of the measurement setup by a graphical representation of the instrument
and DUTs. The input signals and test-patterns are generated using an FPGA
based setup as shown in Fig.4.4 [Paper 4]. The CPU and PCB bidirectional IO
Bus interface is shown in Fig.4.3. The SiC TTL logic is characterized with a supply
voltage range of 8 V to 20 V, the input stimulus signal levels are translated using
a PCB shown in Fig.4.5. The transient response is measured using KEYSIGHT
InfiniiVision MSO-X 3024A mixed signal oscilloscope. The PDK gate DC mea-
surements are carried out using KEITHLEY parameter analyzer (SCS4200). The
measured response analysis and results plots were carried out using a Matlab script.
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Figure 4.6: A detailed High temperature measurement setup of SiC ICs and 4-bit
CPU. (a) Measurement setup (b) A detailed overview of the measurement setup.



Chapter 5

Process Design Kit and SiC IC
Results

The SiC TTL PDK has been successfully used in the design, implementation, and
fabrication of monolithic SiC integrated circuits and devices in the in-house low-
power bipolar technology [Paper 4]. The measurement setup discussed in Chapter
4 is used to characterize the PDK for the SiC ICs specifications addressed in Chapter
3. An inverter and a D-type flip-flop (DFF) are described as a benchmark standard
cell.

This chapter reports the results of the PDK discrete devices, gate/module li-
brary, combinational and sequential monolithic integrated circuits. Some of the
PDK basic gates and modules HT characterization has already been reported in
the appended papers [Paper 1-5]. In this chapter some of the SiC TTL PDK gates
and modules as given in Table 3.1 will be discussed with transistor level schematic,
gate symbol, layout, fabricated chip micro-photograph, and measured results over
the full temperature range of 25 to 500 ◦C. For the sake of design flow clarity some
of the results are reproduced here as was reported in [Paper 1-5].

5.1 Device HT Characterization

5.1.1 Bipolar Transistor

The forward Gummel plots (VBC = 0 V) and the output characteristics IC vs. VCE

as a function of base current (IB) of a G2 bipolar transistor at RT, 100, 200, 300,
400, and 500 ◦C are shown in Fig. 5.1. (a). As it was expected and shown by the
simulations of the G1 devices, because of the bandgap-narrowing, the VBE exhibits
a temperature coefficient of ∼ -2 mV/◦C [17], as a result, the BJT turns ON ∼ 1
V earlier at temperature = 500 ◦C, as compared to 25 ◦C.

The forward current gain plot (β vs. IC) measured at VBC = 0 V at RT to 500
◦C is shown in Fig. 5.1. (b). At higher IC , the current gain decreases abruptly due

51
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Figure 5.1: SiC G2 BJTs output characteristics. (a) Forward Gummel plots with
(VBC = 0 V) at T = 25 to 500 ◦C with forward current gain β vs. IC in the inset,
and the IC vs. VCE plot at temperature T = 25 to 500 ◦C. (b) Forward current
gain (β) of the BJT measured from RT to 500 ◦C as a function of collector current
IC . β vs. temperature in the inset.
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Figure 5.2: SiC G2 BJTs output characteristics. Reverse Gummel plot with reverse
current gain (βR) vs. reverse emitter current IEr in the inset. IE vs. VEC plot of
the SiC BJT at temperature 25, 100, 200, 300, 400, and 500 ◦C.

to the forward biasing of the base-collector junction [43,53] (see the Gummel plot).
At RT, the current gain (β) reaches its maximum value of 103 at IC ∼ 12 mA.

At higher IC , the current gain decreases abruptly due to the forward biasing of the
base-collector junction at VBE > 8V [43,53] (see the Gummel plot). The maximum
forward current gain is temperature dependent. It decreases from 103 at RT to 41
at 300 ◦C and then increases to 47 at 500 ◦C. This phenomenon can be attributed
to two competing mechanisms at HT; reduction of the emitter injection efficiency
due to increased ionization of base dopants at low temperature and the increase of
minority carrier lifetime at high temperature [43,53].



54 CHAPTER 5. PROCESS DESIGN KIT AND SIC IC RESULTS

Figure 5.3: Epitexial integrated resistors realized in the collector layers HT charac-
terization. Left side: Measured resistance of TLM structure in the collector layer
from 25 to 500 ◦C as a function of collector length. Right side: Collector sheet
resistance and contact resistance over wide temperature range.

Reverse gummel plot and reverse current gain (βr) in the inset, and IE vs. VEC

plots at temperature T = 25 to 500 ◦C are shown in Fig. 5.2.

5.1.2 Integrated Resistor

Epitaxial integrated resistors are formed in the highly doped collector layer. A
sheet resistance value of 250 Ω/� at RT was obtained from simulation and used in
the circuit design and simulations of the thesis work. A TLM structure is used to
extract the sheet and contact resistances. The standard deviation is 17 %, which
is due to the non-uniform doping and thickness of the epitaxial layer. Measured
resistance of TLM structure in the collector layer from 25 to 500 ◦C as a function of
collector length, collector sheet resistance, and contact resistance is shown in Fig.
5.3. The sheet resistance temperature dependency is caused by two mechanisms,
the degree of collector dopant ionization and majority carrier mobility. From RT to
200 ◦C, collector dopant ionization increases and dominates, so the sheet resistance
is reduced. However, from 200 ◦C to 500 ◦C majority carrier mobility decreases
and dominates so the sheet resistance increases [43,53].

The mean measured value of the sheet resistance is 300 Ω/� which is around
17 % greater than the value used in simulations [Paper 4]. The increase in the
measured sheet resistance increases the fan-out, the reason is, as it increases the
resistance R1 connected at the base of the input BJT of a TTL gate as shown in
Fig. 3.6, by 17 % and hence reduces the maximum input current when the input
should be low [Paper 4].
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5.2 Gates HT Characterization

This section demonstrates the high-temperature electrical characterization of some
of the gates of the PDK gate library given in Table 3.1.

5.2.1 TTL Inverter

The TTL inverter design, physical implementation, and fabrication are discussed
in [Paper 4]. The inverter high-temperature electrical characterization over wide
temperature, and power supply range as a benchmark standard cell are discussed
in this section. The inverter transistor level schematic design, standard-cell design
using P-cells, micro-photograph, and measured and simulated transient-response in
the range of 25 to 500 ◦C with VCC = 15 V are shown in Fig. 5.4.

Figure 5.4: SiC TTL inverter gate. (a) Transistor level schematic design and gate
symbol as a PDK gate library. (b) Standard-cell design using P-cells as a PDK
Standard-cell library. (c) Micro-photograph of TTL inverter fabricated in the in-
house SiC bipolar low-power technology. (d) Measured and simulated transient-
response in the range of 25 to 500 ◦C with VCC = 15 V.
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Transient-Analysis

The measured performance of a TTL inverter is also summarized in Table 5.1 at
six discrete temperatures. When the temperature increases from 25 ◦C up to 500
◦C, the output voltage swing increases gradually from 9.4 V up to 11.4 V as the
voltage drop VBE decreases with the temperature. Non-monotonic temperature
dependence was observed for inverter delays, and all transients are affected by
the change in the resistance of the SiC devices [Paper 4]. TTL-based inverter
propagation delay from high-to-low TpHL and low-to-high TpLH , rise-time tr and
fall-time tf over the wide temperature range of 25 to 500 ◦C are also given in Table
5.1. The propagation delay tpLH is more than 3 times greater than tpHL [Paper
4].

Noise Margin

The simulated and measured voltage-transfer characteristics (VTCs) with power
supply of 15 V, with input signal swept between 0 and 15 V, are shown in Fig. 5.5
(a), and noise-margin low and noise-margin high are shown in Fig. 5.5. (b). over
the temperature range of 25 to 500 ◦C [Paper 4]. As the temperature is increased
from 25 to 500 ◦C, the simulated and measured NML slightly decreases from 3.7
V down to 1.8 V. The models predict NML correctly at RT and at 500 ◦C but at
300 ◦C the simulated and measured NML difference is 1 V. This variation can be
observed from the VTCs shift with the temperature as shown in Fig. 5.5 (a). The
NMH increases almost linearly from 3.5 to 5.5 V, with the temperature increased
from 25 to 300 ◦C thereafter, it increases up to 7.2 V at 500 ◦C. The SiC TTL
inverter exhibits stable noise margins from RT to 500 ◦C.

The simulated vs. measured VTCs and noise margins of the inverter as supply-
voltage is changed from 8 V to 20 V at three discrete temperatures i.e. T= 25 ◦C,
T= 300 ◦C, and T = 500 ◦C, are shown in Fig. 5.6. (a), (b) and (c) respectively
[Paper 4]. The output-low voltage (VOL) remains fairly constant whereas VOH

increases almost linearly with the VCC . Fig. 5.6 (d) shows the noise margins versus
the power supply voltage at different temperatures. As the VCC is increased, the

Table 5.1: Measured performance of TTL inverter over temperature range of 25 to
500 ◦C [Paper 4].

Temperature ◦C VOH/OL [V] trise / tfall [ns] tpLH/tpHL [ns] Tp.PD [nJ]
25 9.4 / 0.3 990/130 450/125 7
100 9.8 / 0.3 445/90 255/60 4.7
200 10.2 / 0.3 380/85 235/45 4.6
300 10.8 / 0.3 420/90 220/40 4.5
400 11 / 0.3 440/95 210/45 4
500 11.4 / 0.3 515/110 255/65 4.7
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Figure 5.5: SiC TTL inverter (a) simulated vs. measured VTC, (b) noise margins
as temperature increases from 25 to 500 ◦C at VCC = 15 V [Paper 4].

NML only increases by 0.6 V whereas the NMH increases almost linearly with
VCC . Fig. 5.6 (d) shows a good match between simulated and measured noise
margins [Paper 4].

Fan-out: Based on Measured Results

As discussed in [Paper 4] with 17% increase in the measured sheet resistance,
the resistance R1 with a simulated value of 10 kΩ will increase to 11.7 kΩ. This
reduces the maximum input current from 1.2 mA to 1.02 mA with VCC = 15 V.
The maximum current a BJT can sink while working in the saturation is 9 mA at
VOL < 3.5 V (as minimum measured NML is 3.5 V at T = 25 ◦C with VCC = 15
V). It reduces to 4.4 mA at VOL < 1.8 V (as minimum measured NML is 1.8 V
at T = 500 ◦C with VCC = 15 V). With these specifications the fabricated TTL
gate using the G2 SiC BJT devices can have a fan-out of 9 TTL-gates at RT. It
decreases around 50% to 4 TTL-gates at 500 ◦C, which is ∼ half of the G1 devices
fan-out [Paper 4]. The new devices based fan-out calculations can be verified from
the IC and β degradation by increasing the temperature as shown in Fig. 5.1. (a).

5.2.2 Ring Oscillator
Ring oscillators are used as a test circuit to infer transistor aging and circuit level
reliability in modern Silicon on insulator (SOI) technologies [67]. For the in-house
SiC TTL technology, ROs performance degradation due to high voltage and HT
stress was observed by measuring its natural oscillation frequency at a nominal
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Figure 5.6: SiC TTL inverter simulated vs. measured VTC & noise margins as
supply-voltage rises from 8 to 20 V at three discrete temperatures. (a) at T = 25
◦C (b) at T = 300 ◦C (c) at T = 500 ◦C (d) simulated vs. measured noise margins
as the supply-voltage rises from 8 V to 20 V [Paper 4].

reference voltage and temperature during the accelerated stress [Paper 2]. A SiC
TTL-based 11-stage ring-oscillator gate level design, layout, chip micro-photograph,
and output frequency at six discrete temperatures with VCC = 15 V are shown in
Fig. 5.7 (a, b, c, and d respectively) [Paper 2].
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Figure 5.7: 11-stage ring-oscillator using SiC TTL inverter (a) gate level implemen-
tation (b) physical implementation (c) micro-photograph (d) output frequency at
6 discrete temperatures with VCC = 15 V. (Part (c) and (d) [Paper 2].)
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Figure 5.8: RO output characteristics (a) frequency vs. temperature as VCC rises
from 10 V to 20 V (b) power dissipation vs. temperature as VCC rises from 10 V
to 20 V (c) TTL inverter delay and power dissipation (inset power-delay product)
vs. temperature at VCC = 15 V (d) 11-stage RO delay and power dissipation (inset
power-delay product) vs. temperature at VCC = 15 V [Paper 2].

5.2.2.1 Ring-Oscillator Measured Performance

The RO time domain response is shown in Fig. 5.7. (d). The resulting oscillation
period of the 11-stage RO is not long enough to allow the basic building blocks
to settle, and it limits the nominal VOH . At RT the measured VOH = 7.9 V. The
RO frequency of oscillation at RT is 490 kHz, which results in single stage delay of
∼ 92 ns. The ring-oscillator maximum fOSC = 1.33 MHz at 300 ◦C with VCC =
15 V. The RO circuit was also measured with power supply of 10 V to 20 V, and
temperature range of 25 ◦C to 600 ◦C. The frequency response, power dissipation,
and power-delay product of 11-stage RO and TTL-inverter as stand-alone circuit
versus temperature as VCC was swept in the range of 10 V to 20 V, is shown in
Fig. 5.8 (a), (b), (c), and (d) respectively [Paper 2]. All the measured results of
fOSC , Tp, and PD follow the variations in the current gain β and resistance. The
power-delay product of 11-stage RO and TTL inverter is given in Fig. 5.8 (c), (d)
in the inset and show that TTL SiC ICs consume minimum energy at 400 ◦C.
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5.2.2.2 Reliability

One of the features that need to be explored is the reliability of the SiC-based in-
tegrated circuits. Reliability testing for the 11-stage ring-oscillator (RO) using SiC
TTL PDK indicated that the RO frequency of oscillation decreased 16% after HT
characterization [Paper 2]. The degradation in DC and transient measurements
was permanent, due to HT reactions between contact silicide and TiW/Al in the
metalization system [54]. The long-term reliability of the in-house SiC circuits at
HT requires stable metalization as reported in [68].

5.2.3 NAND, AND, OR Logic Gates
The HT functional verification of the PDK gate library as a proof of concept was
done using basic digital gates NAND, AND, and OR [Paper 4].
NAND: A 3-input SiC TTL NAND gate transistor level schematic designed using
PDK device library and gate symbol as a PDK gate library are shown in Fig.
5.9. (a). The NAND gate standard cell was designed as described in chapter
3 using P-cells as a PDK Standard-cell library is shown in Fig. 5.9. (b). The
micro-photograph of the TTL NAND gate fabricated in the in-house SiC process
is shown in Fig. 5.9. (c). Measured transient-response in the range of 25 to 500
◦C by applying fin1= 10 kHz, fin2= 5 kHz and fin3= 2.5 kHz with VCC = 15 V is
shown in Fig. 5.9. (d).
AND: A 4-input SiC TTL AND gate transistor level schematic and gate symbol are
shown in Fig. 5.10. (a). it consists of 5 integrated resistors and 7 BJTs including
2 double emitter BJTs. Cadence supports only 4-terminal devices, therefor up to
2 emitter BJTs are used in all designs. The AND gate as a PDK standard-cell is
shown in Fig. 5.10. (b). The micro-photograph of the TTL AND gate is shown in
Fig. 5.10. (c). Measured transient-response in the range of 25 to 500 ◦C is shown
in Fig. 5.10. (d).
OR: A 4-input SiC TTL OR gate transistor level schematic and gate symbol are
shown in Fig. 5.11. (a) conceptually it is a NAND gate with inverted inputs. It
consists of 8 integrated resistors and 12 BJTs. The OR gate standard cell is shown
in Fig. 5.11. (b). The micro-photograph of the TTL OR gate is shown in Fig.
5.11. (c). Measured transient-response in the range of 25 to 500 ◦C is shown in
Fig. 5.11. (d).

Table 5.2: 11-stage RO performance degradation at T= 25 ◦C and VCC = 15 V
before and after heating up to 600 ◦C [Paper 2].

Measurements fOSC (kHz) VOH (V) tr/tf (ns) I (mA)
Before heating 490 7.9 610/108 17
After heating 411 7.5 745/120 16
%Change -16% -5% +22/+11% -5.8%
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Figure 5.9: 3-input SiC TTL NAND gate. (a) Transistor level schematic design and
gate symbol as a PDK gate library. (b) Standard-cell design using P-cells as a PDK
Standard-cell library. (c) Micro-photograph. (d) Measured transient-response in
the range of 25 to 500 ◦C. by applying fin1= 10 kHz, fin2= 5 kHz and fin3= 2.5
kHz with VCC = 15 V. (Part (c and d) [Paper 4].)

5.2.4 Buffer/Repeater

A buffer/repeater transistor level schematic designed using PDK device library and
gate symbol as a PDK gate library is shown in Fig. 5.12. (a). It consists of 6
integrated resistors and 7 BJTs. The Buffer gate standard cell is shown in Fig.
5.12. (b). The micro-photograph of the TTL Buffer is shown in Fig. 5.12. (c).
Measured transient-response in the range of 25 to 500 ◦C with VCC = 15 V is shown
in Fig. 5.12. (d).

5.2.5 AND-OR-INVERT (AOI)

AND-OR-Invert (AOI) logic is the primary cell used to realize the SR-latches and
flip-flops. The compound logic gates such as AOI are often employed in circuit
design because their construction using TTL is simpler and more efficient than the
sum of the individual gates. AOI logic transistor level schematic and gate symbol
are shown in Fig. 5.13. (a). It consists of 5 integrated resistors and 7 BJTs. A
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Figure 5.10: 4-input SiC TTL AND gate. (a) Transistor level schematic and symbol.
(b) Standard-cell design. (c) Micro-photograph. (d) Measured transient-response.
(Part (c) and (d) [Paper 4].)

double emitter BJT is used as a two-input AND gate. The AOI gate standard cell is
shown in Fig. 5.13 (b) also, micro-photograph in (c). Measured transient-response
in the range of 25 to 500 ◦C with VCC = 15 V is shown in Fig. 5.13. (d).

5.2.6 XOR

AN XOR gate was implemented using 2 TTL inverters and a 4-input AND-OR
(AO) logic using the PDK gate library. The gate level schematic and gate symbol
are shown in Fig. 5.14. (a). The XOR gate standard cell was designed using an
inverter and 4-input AO standard cell of PDK Standard-cell library and is shown
in Fig. 5.14 (b) and micro-photograph in (c). Measured transient-response in the
range of 25 to 500 ◦C is shown in Fig. 5.14. (d).
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Figure 5.11: 4-input SiC TTL OR gate. (a) Transistor level schematic design and
gate symbol as a PDK gate library. (b) Standard-cell design using P-cells as a PDK
Standard-cell library. (c) Micro-photograph. (d) Measured transient-response in
the range of 25 to 500 ◦C with VCC = 15 V. (Part (c and d) [Paper 4].)

Figure 5.12: SiC TTL Buffer/Repeater gate. (a) Transistor level schematic design
and gate symbol as a PDK gate library. (b) Standard-cell design using P-cells as a
PDK Standard-cell library. (c) Micro-photograph. (d) Measured transient-response
in the range of 25 to 500 ◦C with VCC = 15 V. (Part (c and d) [Paper 4].)
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Figure 5.13: SiC TTL-based AND-OR-Invert (AOI) gate. (a) Schematic design
and gate symbol. (b) Standard-cell design using P-cells. (c) Micro-photograph. (d)
Measured transient-response. (Part (c) and (d) [Paper 4].)

5.2.7 Tristate-buffer
The in house fabricated tristate bus buffers are tested by connecting a tristate buffer
gate and a TTL inverter on a bus as shown in Fig. 5.15 (a). The TTL compatible

Figure 5.14: SiC TTL-based XOR gate. (a) schematic and gate symbol. (b)
Standard-cell design. (c) Micro-photograph. (d) Measured transient-response.
(Part (c) and (d) [Paper 4].)
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Figure 5.15: SiC TTL-based tristate-buffer gate. (a) Two tristate-buffers for the
functional verification. (b) Standard-cell layout. (c) Micro-photograph. (d) Mea-
sured transient-response in the range of 25 to 500 ◦C with VCC = 15 V.

transistor level schematic of tristate bus buffers is reported in the literature [69].
The Tristate-buffer gate standard-cell was designed using the P-cells shown in Fig.
5.15. (b). The micro-photograph is shown in Fig. 5.15. (c).

Two tristate buffers are used to pass the input signals based on the control signal
”En”. The transient response was measured over the wide temperature range of
25 to 500 ◦C by applying the 10 kHz and 5 kHz square waves with VCC = 15 V
at input ”In1” and ”In2” respectively (see Fig. 5.15 (d)). A control signal ”En”
is used to control the tristate when ”En” is at logic-low, the tristate-1 passes the
input to the bus and tristate-2 will be in the high-impedance state. When ”En”
is at logic level-high, the tristate-1 will be in the high-impedance state, and the
tristate-2 writes the bus.
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5.3 Combinational ICs HT Characterization

5.3.1 Decoder

A 2-to-4 lines decoder is implemented using 2 TTL inverters and 4 TTL-based 2-
input AND gates using the PDK gate library. The gate level schematic is shown
in Fig. 5.16. (a). The decoder layout level implementation was carried out using
inverter and 2-input AND standard cell and is shown in Fig. 5.16. (b). The micro-
photograph of the TTL decoder is shown in Fig. 5.16. (c). Measured transient-
response in the range of 25 to 500 ◦C by applying fin1= 10 kHz and fin2= 5 kHz
is shown in Fig. 5.16. (d). This concept can be extended to realize any SiC-based
VLSI circuit.

5.3.2 Multiplexer

A 2-to-1 lines multiplexer is implemented using 2 TTL inverters and a 4-input
AND-OR logic. The gate level schematic and symbol is shown in Fig. 5.17. (a).
The multiplexer layout implementation was carried out using inverter and 4-input

Figure 5.16: 2-to-4 lines decoder (a) gate level design using PDK gate library (b)
physical implementation using PDK standard cell library (c) micro-photograph (d)
Measured transient-response in the range of 25 to 500 ◦C with VCC = 15 V. (Part
(c and d) [Paper 4].)
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Figure 5.17: 2-to-1 line multiplexer (a) gate level design (b) layout implementation
(c) micro-photograph (d) Measured transient-response. (Part (c) and (d) [Paper
4].)

AO logic standard cell and is shown in Fig. 5.17. (b). The micro-photograph of the
TTL-based multiplexer is shown in Fig. 5.17. (c). Measured transient-response in
the range of 25 to 500 ◦C by applying fin1= 10 kHz and fin2= 5 kHz at the input
and fSel= 2.5 kHz as a select line as shown in Fig. 5.17. (d). when Sel = 0, MUX
passes the Vin2 at the output, else Vin1.

5.3.3 Full Adder

A full-adder gate level implementation is carried out using the PDK gate library.
It consists of 2 TTL XORs and a 4-input AND-OR logic. The gate level schematic,
layout, micro-photograph, and transient-response of a full-adder is shown in Fig.
5.18. (a-d) respectively. An ALU of a microcontroller can be realized using basic
digital gates and a full-adder.
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Figure 5.18: SiC TTL-based Full-adder (a) gate level design (b) layout implemen-
tation (c) micro-photograph (d) Measured transient-response. (Part (c) and (d)
[Paper 4].)

5.3.4 Arithmetic and Logic Unit (ALU)
A 2-bit Arithmetic and Logic Unit (ALU) gate level implementation was carried
out using the PDK gate library. It consists of full-adder and basic logic gates. It is a
generic building block and can be extended to n-bit arithmetic and logic operations.
An arithmetic and logic unit is a combinational electronic circuit that performs
arithmetic and bitwise logic operations on integer binary numbers. An ALU is a
core building block of many types of electronic computing systems, including the
central processing unit (CPU) of a computer.
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Figure 5.19: 2-Bit ALU block diagram using PDK gate/module library comprised
of arithmetic and logic unit that performs addition and subtraction based on
ADD/SUB control signal. The logic unit perform bitwise AND, OR, NAND, and
Invert operations using 2 to 1 multiplexers. The buffers are used to address the
fan-out [Paper 4].

The ALU performs 8 operations (Addition, Pass data on bus B, subtraction
using 2’s complement, pass bus B complement, NAND, AND, pass bus A data and
OR operation) based on 3-bit opcode (Sel0, Sel1, Sel2). All the operations with
2-bit ALU architecture are shown in the block diagram in Fig. 5.19. The layout
was carried out using the PDK standard-cell library and is shown in Fig. 5.20. (a).
The micro-photograph of in-house fabricated chip is shown in Fig. 5.20. (b). It
consists of 720 integrated devices with a total chip area of 4096 µm × 1765 µm =
7.2 mm2 [Paper 4].

The transient response of the ALU, in the range of 25 ◦C to 500 ◦C with a supply
voltage VCC = 15 V, was measured by applying square waves of 10 kHz, 5 kHz,
2.5 kHz and 1.25 kHz with VIH = 15 V, and VIL = 0 V as an input A0, B0, A1, B1
respectively. The square waves with VIH = 15 V, and VIL = 0 V and frequency
of 5 kHz, 2.5 kHz and 1.25 kHz are applied at 3-bit opcode Sel0, Sel1andSel2
respectively to perform the desired selection operation. ALU_O0 and ALU_O1
are the outputs of the ALU, and ALU_CO is the carryout of arithmetic unit that
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Figure 5.20: 2-bit ALU (a) Physical implementation using PDK standard cell li-
brary (b) Micro-photograph, the white markers shows the standard cells name,
integration density, power and signal routing schemes, in-out ports names. The
ALU is comprised of 720 on-chip integrated devices. (Part (b) [Paper 4]).



72 CHAPTER 5. PROCESS DESIGN KIT AND SIC IC RESULTS

Figure 5.21: SiC TTL based 2-bit ALU measured transient response over a wide
temperature range of 25 to 500 ◦C with a supply voltage VCC = 15 V. [Paper 4].
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can be used for the ALU integration for n-bit operations. The measured transient
response in the range of 25 to 500 ◦C is shown in Fig. 5.21.

5.4 Sequential ICs HT Characterization

5.4.1 Data-Type Flip-Flop (DFF)
A data-type flip-flop DFF gate level schematic with synchronous active low reset
shown in Fig. 5.22 (a) houses 14 TTL gates (inverter, AND, Buffers, and AND-OR-
Invert (AOI) logic). The AOI logic shown in Fig. 5.13 is the basic gate/cell used
to realize the SR-latch and flip-flops. The layout implementation of the DFF using
the standard-cell is shown in Fig. 5.22. (b). The micro-photograph has shown in
Fig. 5.22. (c).

The DFF transient response as a data input configuration and as a clock divider
configuration over the temperature range of 25 ◦C to 500 ◦C, by applying a clock
signal of 100 kHz are shown in Fig. 5.22. (d) and (e) respectively [Paper 3].

The DFF performance is summarized in Table 5.3 [Paper 4]. The output volt-
age swing increases gradually from 9.4 V to 11.4 V with the increase in temperature.
The propagation delay of DFF clock-to-Q (tpCQ) and setup-time (tsup) are shown
in Fig. 5.23, at temperatures 25, 300, 400, and 500◦C. The high-temperature mea-
surements indicate that the DC and dynamic parameters are affected by the device
performance. The FF operates best at 400 ◦C and consumes minimum energy 145
nJ.

A Data-type flip-flop (DFF) layout with asynchronous active high set and reset
is shown in Fig. 5.24. (a). The micro-photograph is shown in Fig. 5.24. (b). The
transient response of the DFF is shown in Fig. 5.24 (c) over the temperature range
of 25 ◦C to 500 ◦C, by applying a 10 kHz square wave with VIH = 15 V, and VIL

= 0 V as a clock signal. When reset and set inputs are at low logic then at the
positive edge of the clock, DFF samples the data input D to the output Q as shown
in Fig. 5.24. (c) [Paper 4]. The DFF configured as clock divider by connecting
the complementary output QI, to the input D. The transient response of the DFF,
configured as a clock divider, in the range of 25 ◦C to 500 ◦C with a supply voltage
VCC = 15 V, was measured by applying square waves of 10 kHz with VIH = 15 V,
and VIL = 0 V as a clock input, the DFF output Q is 5 kHz; fclk divided by 2, as
shown in Fig. 5.24. (d) [Paper 4].

5.4.2 4-bit Binary Counter
A 4-bit binary counter was designed using the PDK gate/module library. It consists
of 4 DFFs with synchronous active low reset [paper 3], three XOR, two 2-input
AND, and four Buffers. The gate level schematic of the 4-bit counter is shown in
Fig. 5.25. (a). The place and route of the counter were carried out using the PDK
standard cell library; the layout of the 4-bit counter is shown in Fig. 5.25. (b). The
physical verification was done using the PDK DRC, and LVS programs with the



74 CHAPTER 5. PROCESS DESIGN KIT AND SIC IC RESULTS

Figure 5.22: SiC TTL-based DFF with synchronous active low reset. (a) Gate level
design schematic (b) Layout implementation (c) Micro-photograph (d) Measured
transient-response as a data input mode, in the range of 25 to 500 ◦C with VCC =
15 V. (e) Measured transient-response of DFF configured as clock-divider, in the
range of 25 to 500 ◦C with VCC = 15 V. (Part (c, d, and e) [Paper 3].)
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Figure 5.23: DFF setup time (tsup) and propagation delay clock-to-output Q (tpCQ)
(a) at RT (b) at 300 ◦C (c) at 400 ◦C (d) and 500 ◦C [Paper 3].

Cadence supported PVS tool. After successful simulations and LVS checks, the 4-bit
counter was successfully fabricated in the in-house low-power SiC bipolar process;
the microphotograph is shown in Fig. 5.25. (c). It consists of 520 integrated devices
with a total chip area of 3375 µm × 1365 µm = 4.6 mm2 [Paper 4].

The transient response of the counter, in the range of 25 ◦C to 500 ◦C with a
supply voltage VCC = 15 V, was measured by applying square waves of 10 kHz as
a clock input when reset turns to low the counter output resets. When reset turns
to a logic high then at the positive edge of the clock counter starts counting from
0 to 15 and then again starts from 0 as shown in Fig. 5.25. (d). [Paper 4].

Table 5.3: DFF performance summary over wide temperature range [Paper 4].

T [◦C] VOH/VOL [V] tr/tf [ns] tsup[ns] tpCQ[ns] Tp.PD[nJ]
25 9.4/0.2 680/120 360 720 216
100 9.8/0.2 560/100 230 520 187
200 10.2/0.2 480/105 230 400 150
300 10.6/0.2 440/120 230 400 162
400 11/0.2 520/125 240 440 145
500 11.4/0.2 540/130 250 480 144
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Figure 5.24: SiC TTL-based DFF with asynchronous active high set and reset (a)
Standard cell based physical implementation (b) Micro-photograph (c) measured
transient response in the range of T = 25 to 500 ◦C. (d) measured transient response
in the range of T = 25 to 500 ◦C, as a clock divider. (Part (c) and (d) [Paper 4].)

5.4.3 555-Timer
An industry standard monolithic 555-timer circuit was designed and fabricated in
the in-house silicon carbide (SiC) low-voltage bipolar technology. The 555-timer
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Figure 5.25: SiC TTL-based 4-bit binary counter with synchronous active low reset.
(a) Gate level design using PDK gate/module library (b) Physical implementation
using PDK standard cell library (c) Micro-photograph (d) Measured transient re-
sponse in the range of T = 25 to 500 ◦C. (Part (c) and (d) [Paper 4].)
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Figure 5.26: 555-timer IC. (a) Schematic. (b) Layout. (c) Micro-photograph. (Part
(a) and (c) [Paper 5].)

ICs high-temperature characterization in both monostable and astable modes of
operation over the wide temperature range of 25 to 500◦C are reported in [Paper
5]. A TTL compatible comparator circuit results as a stand-alone and integral
part of the 555-timer are discussed in this section. Non-monotonic temperature
dependence was observed in the 555-timer IC frequency, rise-time, fall-time, and
power dissipation.

The 555-timer is a universally accepted IC which can simply, cheaply, and accu-
rately serve as a free running astable multivibrator for the clock waveform genera-
tion, single pulses, pulse-width or frequency modulation [70,71]. In May 2009, IEEE
Spectrum also listed the 555-timer IC in "25 microchips that shook the world" [72].
One billion chips of 555-timer are produced annually [73], but silicon-based ICs are
limited to the low-temperature industrial applications.

The TTL comparator circuit is the primary building block of the 555-timer IC.
It is also realized as a stand-alone circuit and consumes only 165 mW at 25◦C,
whereas the ECL based comparators previously reported by our group consume
585 mW [64] and 439 mW [74].
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Design and Implementation

The 555-timer characteristics and use in both monostable and astable modes of
operation are reviewed in [75]. All the building blocks of the 555-timer are realized
by employing the conventional TTL logic. The 555-timer is comprised internally
of five main functional elements; Two TTL comparators connected to the reference
voltages at 1/3 and 2/3 of the supply voltage, a potential divider chain with taps
at VCC(1/3) V and VCC(2/3) V. An SR-latch controlled by the comparator’s two
outputs. A circuit diode with two discharging transistors are connected to the
output Qbar of the SR-latch, to connect the Reset and Discharge ports. Also, two
TTL buffers are placed at the output to increase output drive as shown in Fig.
5.26. (a). The place and route of the timer IC were carried out using the PDK
standard cell library; the layout and micro-photograph are shown in Fig. 5.26. (b
and c) [Paper 5].

TTL Comparator

Design and Implementation: A SiC TTL compatible comparator’s transistor
level schematic is shown in Fig.5.27 (a) with the block-level symbol shown in (b).

Figure 5.27: SiC TTL comparator (a) Module transistor level schematic using PDK
devices. (b) Module symbol (c) Physical implementation as a PDK standard cell
using P-cell. (d) Micro-photograph. (Part (a and d) [Paper 5].)
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As shown in Fig. 5.26 (a) it is used at the inputs of the 555-timer for the DC voltage
level comparison. The TTL comparator consists of cascaded differential amplifiers
stages, a level shifter, and a TTL output stage. Based on the voltage comparison
applied at the inputs Vn and Vp the comparator generates a logic "0" or "1". The
output of the TTL comparator is fed to the SR-latch. The TTL comparator layout
using P-cells is shown in Fig. 5.27 (c) and micro-photograph in (d) [Paper 5].

HT Characterization: The measured results over the wide temperature range
of 25 to 500◦C is shown in Fig. 5.28. (a) [Paper 5]. Whenever the voltage signal
applied on the non-inverting input Vp is higher than the voltage signal applied at
the input Vn, the TTL comparator generates a logic "1" (10 V, TTL output stage
with VCC = 15 V). Whenever the voltage signal applied at the input Vp is lower
than the voltage signal applied at the input Vn, the TTL comparator generates a
logic "0" (0 V) as shown in Fig. 5.28. (a). When the temperature increases from
25◦C up to 500◦C, because of a decrease in the corresponding base-emitter voltage
drop, the measured level of output-high voltage (VOH) of the comparator increases.
The circuit was tested with a supply voltage (VCC) of 15 V. A 4 V DC input signal
was applied at the input Vn. A sinusoidal 8 V peak-peak signal with VsineLL = 0 V,
VsineHL = 8 V and fsine = 10 kHz was applied at the comparator’s non-inverting
input Vp.

The TTL comparator propagation delays for both high-to-low (tpHL) and low-
to-high (tpLH) transitions were measured by applying a 4 V DC signal at the input
Vn. A square wave with low-voltage level = 0 V, and high level = 8 V with freq
= 10 kHz was applied at the comparator non-inverting input Vp. The tpLH at the
temperature 25, 100, 200, 300, 400, and 500◦C is shown in Fig. 5.28. (b) [Paper
5]. The comparator performance summary over the wide temperature range is
given in Table 5.4 [Paper 5]. Over the temperature range of 25 to 200◦C the
propagation delay, fall and rise time decreases. As dopant ionization increases and
dominates, so the sheet resistance is reduced and therefore the bias current via
R1 increases and therefore comparator speed. However, from 200◦C to 500◦C the
delays increase because of majority carrier mobility decreases and dominates, so

Table 5.4: Comparator performance summary over wide temperature range [Paper
5].

Temperature [◦C] VOH/VOL [V] tr/tf [ns] tpLH/tpHL [ns] PD[mW]
25 9/0.2 329/126 300/305 165
100 9.2/0.2 259/77 214/161 161
200 9.4/0.2 245/67 190/123 161
300 9.8/0.2 294/74 214/116 150
400 10.2/0.2 322/91 250/116 135
500 11/0.2 450/110 287/147 135
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Figure 5.28: High-temperature characterization of the TTL comparator. (a) HT
measurements of TTL comparator over the wide temperature range of 25 to 500◦C.
(b) TTL-based comparator’s propagation delay low-to-high (tpLH) over the wide
temperature range of 25 to 500◦C [Paper 5].

the sheet resistance is increased and the opposite behavior in R1 is seen [43,53,54].

555-Timer HT Characterization: Monostable-mode

The single-shot pulse generator or monostable setup of the 555-timer SiC IC is
shown in Fig. 5.29 [Paper 5]. The 555-timer measured results over the wide
temperature range of 25 to 500◦C with VCC = 15 V are shown in Fig. 5.30. The
Reset is active high, it may be used to hold the output OUT low or to stop a timing
cycle. When not used, the Reset input is connected to the ground.

An external trigger command applied to the TRG input, commences the oper-
ation. The TRG input is usually kept positive at 15 V and briefly pulling down
to 0 V to initiate the timing sequence. When the input is Triggered, comparator
B’s output goes high and sets the SR-latch and discharge releases. The capacitor
Cap_TRG then charges until it reaches 2/3 of the supply voltage. At this instant,
the Threshold comparator A generates ”1” and resets the SR-latch, and the ca-
pacitor Cap_TRG is rapidly discharged to ground via the transistor Q1 and Q2
discharge terminal. The Cap_TRG remains low until another pulse at TRG input
is initiated. Unlike the astable multivibrator mode, the cycle does not repeat itself.

The monostable mode with external R1 = 60 kΩ and C = 2.2 nF plus additional
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Figure 5.29: HT measurement setup of the 555-timer IC in the monostable mode
of operation. The SiC 555-timer chip is shown in the purple box. The transient
response is measured using KEYSIGHT InfiniiVision MSO-X 3024A mixed signal
oscilloscope [Paper 5].

capacitive loading to the circuit due to probe pads with connecting wires measure-
ment setup are shown in Fig. 5.29. When increasing the temperature, an increase
in VOH and non-monotonic behavior of 555-timer current consumption, rise and
fall time was observed and is summarized in Table 5.5. The high-temperature mea-
surements of the 555-timer IC follow the same trends as were reported in [Paper
2] and [43,54,76].

Table 5.5: SiC TTL 555-Timer Performance Summary in Monostable Mode of
Operation (R1 = 60 kΩ, C = 2.2 nF and VCC = 15 V) [Paper 5].

Temperature [◦C] VOH/VOL [V] tr/tf [ns] I[mA]
25 9.4/0.2 290/100 43
100 9.8/0.2 290/260 48
200 10.2/0.2 290/420 50
300 10.6/0.2 320/800 49
400 10.8/0.2 350/290 46
500 11.4/0.2 450/320 42
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Figure 5.30: The 555-timer measurements over the wide temperature range of 25◦C
to 500◦C configured as a single pulse generator. The reset Rst is active high. An
external trigger command applied to the Trg input, commenced the operation.
The Trg input is normally kept positive at 15 V and briefly pulling down to 0 V
initiates the timing sequence. The capacitor Cap_trg then charges until it reaches
2/3 of the supply voltage, and output OUT remains high until Cap_trg retains its
voltage.

555-Timer HT Characterization: Astable-mode

The waveform generator or astable setup of the 555-timer SiC IC is shown in Fig.
5.31 [Paper 5]. The timer ICs measured results over the wide temperature range
of 25 to 500◦C with VCC = 15 V are shown in Fig. 5.32. When the Reset input
is high, the external capacitor C is discharged via the transistor Q3, when Reset
goes low, the output OUT is high and its complement OUT_B is low, and the
charge on the capacitor is low. The capacitor (see Cap_Thr, Fig. 5.32) begins
charging through R2 and R1 in series towards VCC . When the voltage across the
capacitor rises to ∼ VCC(2/3) V, the 555-timer internal Threshold comparator
A’s output rises high and resets the SR-latch. The Transistor Q2 turns ON to
discharge the capacitor C through R2. The discharging of external capacitor C
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Figure 5.31: HT measurement setup of the 555-timer in an astable mode of opera-
tion. The capacitor C, begins charging through R2 and R1 in series towards VCC

to run the timer IC in the astable mode of operation. The transient response is
measured using KEYSIGHT InfiniiVision MSO-X 3024A mixed signal oscilloscope
[Paper 5].

continues until its voltage drops down to ∼ VCC(1/3) V. At this point, the second
Trigger comparator senses the low voltage across the external capacitor C, its
output rises high, sets the SR-latch pin high again, and turns OFF the discharging
transistor Q2 on the capacitor. The output is a rectangular waveform, and the
cycle continuously repeats. During a charge cycle, the output OUT is high and
its complement OUT_B is low. During a discharging cycle of the capacitor C the
OUT is low and its complement OUT_B is high as shown in Fig. 5.32. Any duty
cycle between 99% and 50% can be obtained by a selection of the ratio of Rl and
R2. The high output time always charges through two series resistors (R1 + R2)
and discharges through R2.

In astable mode with external R1 = R2 = 2.4 kΩ, C = 33 pF plus additional ca-
pacitive loading to the circuit due to probe pads with connecting wires measurement
setup as shown in Fig. 5.31, the 555-timer can generate a waveform with 223 kHz
frequency of oscillation at 25◦C. When the temperature is increased, an increase
in VOH , and non-monotonic behavior of 555-timer output frequency, fall-time and
rise-time was observed as given in Table 5.6 [Paper 5]. With the aforementioned
measurement setup, the timer can generate a clock with maximum frequency = 257
kHz at T = 200◦C and it was reduced to 200 kHz at T = 500◦C.
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Figure 5.32: The 555-timer measurements at temperature 25◦C to 500◦C configured
as a multivibrator. The reset Rst input is active high. During a charge cycle (see
Cap_Thr), the output OUT is high and its complement OUT_B is low.

Table 5.6: SiC TTL 555-Timer Performance Summary in Astable Mode of Opera-
tion (R1 = R2 = 2.4 kΩ, C = 33 pF ) and VCC = 15V [Paper 5].

Temperature [◦C] VOH/VOL [V] tr/tf [ns] Freq [kHz] I[mA]
25 9.4/0.2 285/84 223 63
100 9.8/0.2 241/73 254 69
200 10/0.2 241/72 257 71
300 10.4/0.2 260/74 241 69
400 10.6/0.2 298/81 226 68
500 11.2/0.2 369/96 200 64





Chapter 6

Other SiC PDK Reference ICs

The PDK developed in this thesis work has also been used by our group in analog
and mixed-signal integrated circuits design of the WoV project in different work-
packages and fabricated in two batches. The TTL-based Batch-1 MPW die layout is
shown in Fig. 3.18 and Batch-2 MPW die layout is shown in Fig. 3.19 (see chapter
3). This chapter presents an overview of the SiC TTL PDK reference integrated
circuits designed in collaboration with other work-packages.

6.1 Image Sensor

6.1.1 Pixel Array with Decoders

A SiC-based photodiode was designed in our group [16]. The photodiode with
a 3T-switch was used as a pixel sensor and acted as a photocurrent source when
illuminated by the light source (for more details see [16]). The image sensor readout
circuit was designed by integrating 256 photodiodes with a 3T switch. The row and
column decoders performed the row and column selection. A 256-pixels 2-D array
with 4-to-16 row and column decoder circuits schematic is shown in Fig. 6.1.

6.1.1.1 8-bit Counter

The 256-pixel image-sensor operates in two modes; dynamic and static based on the
select line. The dynamic mode means that the pixels are read sequentially using
the clock pulses. An 8-bit counter has been implemented using the SiC PDK, and
its 4-outputs are used for the row and other 4-outputs for the column decoding
based on the positive edge of the clock. The 8-bit counter circuit is shown in Fig.
6.2. It consists of PDK gates and DFF with active low synchronous reset and clock
and reset buffers placed after the fan-out of 4-TTL gates.
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Figure 6.1: Image sensor pixels array with 4-to-16 lines row and column decoder
schematic designed using the PDK gate/module library.

6.1.1.2 Mode Controller

The Image sensor reading mode controller circuit has been designed using 16 tristate
buffers and a TTL inverter as shown in Fig. 6.3. The image sensor reader can be
operated in two modes by a mode select signal Enable. When Enable = 1 the
dynamic or sequential mode is used with the counter. In the static mode the
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Figure 6.2: 8-bit counter gate level schematic designed using the PDK gate/module
library for image sensor sequential pixel-decoding/reading.
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Figure 6.3: Image sensor mode controller with 8-bit counter and tristate buffers.

readout is manual from the 8-bit user input.

6.1.2 256-pixel Image Sensor

After designing the Image sensor basic building blocks and successful simulations
over the wide temperature range of 25 to 500 ◦C, the modules were integrated
successfully. The 256-pixel image sensor top view with integrated mode controller
is shown in Fig. 6.4. (a). The repeater circuits were already inserted inside the
modules to address the input/output and control signals fan-out. To be able to
troubleshoot the internal pixel nodes of the image sensor after fabrication, the
additional tabs were inserted using buffers. The 256-pixel image sensor simulated
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Figure 6.4: Image sensor simulations (a) Simulation setup top-view with mode-
controller, and pixels array with decoders. (b) Simulation results in both dynamic
and static mode.
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Figure 6.5: Image sensor mask layout with 256 pixels arranged in 2-D array with
row-column decoders, counter and mode-controller.

results at 500 ◦C using the dynamic and static modes of operation with only the
first 16-pixel select status is shown in Fig. 6.4. (b). After successful simulations
up to 500 ◦C, the manual layout was carried out using the PDK gate and module
standard-cell library.

6.1.3 Mask Layout, Fabrication, and Characterization
After successful simulations up to 500 ◦C, the manual layout was carried out using
the PDK gate and module standard-cell library. The mask layout of the image
sensor is shown in Fig.6.5. It consists of around 4000 devices (transistors + resistors)
and an area of 8.57 mm × 7.96 mm = 68.2 mm2.

After successful physical verification, the image sensor was fabricated in the in-
house low-power SiC bipolar process [16]. The 256-pixel image sensor successfully
characterized up to 400 ◦C by taking the grey scale images and are shown in [16].



6.2. SIC MIXED-SIGNAL INTEGRATED CIRCUITS 93

6.2 SiC Mixed-signal Integrated Circuits

6.2.1 Flash ADC
A Flash ADC has been successfully implemented in our group using the SiC TTL
PDK for HT applications [17]. A resistive ladder is implemented to generate 24-
1 different reference voltage levels. The comparator circuits are used to compare
the ADC input Vin with these voltage references. It generates a logic "1" if Vin is
greater than the reference voltage, else a logic "0". Consequently, a thermometer
code is generated at the outputs of the comparators. A thermometric to the binary
encoder is used to convert the thermometric code to a 4-bit binary code.

6.2.1.1 Encoder

A SiC TTL thermometric to binary encoder circuit gate level schematic is shown
in Fig. 6.6. (a). It is used at the output of the comparators to detect the transition
from "1" to "0". The error in thermometer encoder originates from offset and noise
of the comparators is called Bubble error. This error can be detected and corrected
by using extra logic. The higher order bubble error can be corrected with some
advanced logic [77]. For the ADC designed in our group, a 4-bit encoder with
first order bubble error correction was designed as shown in Fig. 6.6. (a). gate
level schematic and (b) layout. The encoder simulations with bubble error and
correction are shown in Fig. 6.7. (a). analog format at RT, 300 ◦C and 500
◦C, and (b) digital bus format. After successful simulations, the encoder circuit
was successfully integrated with the FLASH ADC in our group and is reported
functional up to 500 ◦C in [17].

6.2.2 10-bit Bipolar SAR ADC:
The PDK has been used to implement a SAR ADC for HT applications in our
group. Specifically, the successive approximation register (SAR) and clock-tree
routing were carried out using the PDK in our group. The SAR ADC is operational
up to 500 ◦C and is reported in [17].
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Figure 6.6: Thermometric to binary encoder for 4-bit Flash ADC integration (a)
Gate level schematic using SIC TTL PDK gate library. (b) Layout using the PDK
standard cells library.
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Figure 6.7: Thermometric to binary encoder simulation with bubble error and
correction (a) analog format (b) digital bus format.





Chapter 7

SiC CPU

A microprocessor adds intelligence to many existing products and provides signifi-
cant improvements in its performance and ease of use. Today, smart-phone houses
many powerful embedded computers to manage communication, control, and sens-
ing functions. The Intel Corporation released first Si-based 4-bit CPU known as
4004 in 1971. The CPU has a total area of 12 mm2 and houses about 2,300 MOS
transistors [78], the chip photo is shown in Fig. 7.1.

A 4-bit CPU implementation in SiC was carried out to demonstrate the pos-
sibility of a SiC CPU for Venus lander. The CPU architecture was miniaturized
to meet the constraints of the in-house SiC process: 4-bit word-length, generic but
small instruction set (IS), only 128-bit Memory, and 1-bit control-unit to minimize
the device count as initially the die size was limited to 7 mm by 7 mm, and bipolar
ICs are not ideal for dense integration (device size and circuit topology). Also, as
the probe-station can support only up to 12-13 connections, the CPU has a 4-bit
bidirectional IO Bus, 2-bit mode controller, clock and power supply ports. The
CPU signal and power routing is also constraint by the device and circuit perfor-
mance (G2 has fan-out 4-TTL gates at 500 ◦C). Having in mind the in-house SiC
technology constraints, the first step was to select a very basic generic instruction
set (IS). Design of a CPU architecture that can accept a user program based on the
IS, execute the program and dump the memory contents via the bidirectional in-out
(IO) bus. Several CPU basic building blocks such as Memory System, ALU, Multi-
plexers, Program Counter, Registers, Buses, State-Machine based micro-controllers
have been designed and implemented in the final CPU architecture. Structured
and hierarchical design methodologies using high-level simulations with a Hard-
ware Description Language (HDL) have been utilized to prove the designs before
manufacture.

The CPU on-wafer high-temperature electrical characterization was performed
using the measurement setup discussed in section 4.2. Around 9 CPU dies have been
characterized. The CPU modules such as IO Bus, Clock tree, Program Counter,
Control Unit were measured as an integral part of the CPU in three modes (Reset,
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Figure 7.1: Die microphotograph of the Intel 4004. The chip area 3 mm by 4
mm and contains around 2,300 MOS transistors. [Image provided courtesy of Intel
Corp.]

Program and Memory Dump) and are functional as expected. The CPU has two
Memory Systems. Memory System 1 was found working correctly on only one die,
whereas, only one bit of Memory System 2 works on only one die. On all other dies
none of the Memory System works. The CPU execution mode or ALU measure-
ments depend on the Memory data; therefore, could not be verified. Whereas, the
ALU as a stand-alone module is operational at 500 ◦C as reported in [Paper 4].

This chapter describes the CPU generic instruction set and architecture design,
layout, transistor level HT simulations and characterization.

7.1 4-bit CPU Architecture

The choice of a CPU architecture was principally constrained by the in-house SiC
technology specifications such as device size, die size, power supply, and measure-
ment setup. The design and physical implementation of a CPU to be operational
at Venus surface temperature (∼ 460◦C) is also challenged by the temperature vari-
able characteristics of SiC devices (non-monotonic temperature dependence ∼ 1 V
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Figure 7.2: 4-bit SiC CPU architecture with two 64-bit Memory Systems, IO Bus,
PC, ALU, Registers, Multiplexes, and a Control Unit.
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Table 7.1: 4-bit CPU Instruction Set (IS)

Instruction Mnemonic Immediate Mode Direct Mode
Branch if not equal(if Z=1) BNE 0000 −
ADD Accumulator ADDA 0001 1001
LOAD Accumulator LDA 0010 1010
XOR Accumulator XORA 0011 1011
SUBTRACT Accumulator SUBA 0100 1100
Compare (if equal flag reset, Z=0) CMP 0101 1101
AND Accumulator ANDA 0110 1110
OR Accumulator ORA 0111 1111
Store Accumulator STA − 1000

Vt shift, ∼ 50% β and IC degradation, ∼ 17% variations in the sheet resistance,
16% performance degradation after HT characterization). Also, with manual place
and route (P&R) of around 10,000 devices, high current density and only two levels
of interconnects. A CPU architecture designed at RTL is shown in Fig. 7.2. It is a
4-bit architecture and consists of two 64-bit memories, a bidirectional in/out (IO)
bus, program-counter (PC), arithmetic and logic unit (ALU), data registers and
data-path controllers, and a hardwired control unit (CU). All the basic building
blocks and instruction set of the 4-bit CPU are discussed in the follow up sections.

7.1.1 Instruction Set

The proposed set of instructions and instruction format with addressing modes are
given in Table 7.1.

Instruction Format: The instruction length is 8-bit, an upper nibble is used
as an opcode and stored in the Memory System 2. The lower nibble is used for the
operands and stored in the Memory System 1. The most-significant-bit (MSB) of
the instruction, i.e. bit position [7] is used for an immediate or direct addressing
mode selection. If MSB = 1 then direct else immediate addressing mode. The
instruction-bit positions [6][5][4] are used for the arithmetic logic unit (ALU) con-
trol.

7.1.2 CPU Operation

The 4-bit CPU architecture shown in Fig.7.2 has 4-modes of operation, which were
previously discussed in Section 4.2. A program (set of instructions) run on the CPU
in a sequence of four modes, i.e. Reset, Program, Execute, and Memory Dump with
2-bit external control, in between each mode CPU needs to reset.
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Reset Mode

The CPU control unit (CU) runs the CPU based on the external 2-bit user control
input. When Mode-Control (MC) bits are ”00”, the control unit resets the PC,
memory address register, data registers, accumulator and all other data-paths and
registers.

Program Mode

The CU takes Two clock cycles to program an instruction.
Cycle1: When mode-control = ”01”, the control unit stores the opcode in the
Memory System 2 at the PC generated address during first clock cycle. During
this cycle, the instruction bits position [7][6][5][4] are available on the CPU IO bus
and hence at the input of Memory data registers. The address register holds the
address, and WR_EN2 signal enables Memory write operation (when WR_EN2
= 1 write else to read).
Cycle2: During program cycle two, the first opcode got stored in Memory 2, due
to memory input registers delay. During the second cycle, the instruction bits
[3][2][1][0] are available on the CPU IO bus and hence at the input of memory data
registers. The address register holds the same address as PC counts after 2-clock
cycles, and the WR_EN1 signal enables the Memory 1 write operation, because
of memory input registers the data will be stored after one clock delay. The control
unit inserts the PC count signal.

Execution Mode

Cycle1-Fetch: With mode-control = ”10”, the control unit fetches the opcode
and operand from the memory addresses provided by the address register and are
available at the input of opcode register (OPR_REG) and operand or ALU register
(GP_REG) respectively. During this cycle, the opcode is also available at the
output, i.e. on the IO bus and operands are available at the input of memory address
register. CPU controller inserts the PC count signal to increment the memory
address and OPCGP_REG_EN signal to enable OPC_REG, and GP_REG
write operation.
Cycle2-Execute: During the second cycle the memory address register has the
operand for direct addressing mode instruction, both direct value, i.e. memory
contents at the address provided as an operand and immediate value are available
at the input of the ALU multiplexer. The opcode register’s MSB bit, i.e. OPR[3]
decides between immediate and direct. If OPR[3] = 0 then immediate else direct.
The bit positions OPR[2][1][0] are used as the select lines of the ALU. The CPU
controller inserts the Acc_EN signal, and during the next clock cycle, the accumu-
lator will be loaded with the ALU output. During this cycle, Memory1 contents at
the address corresponding to the operand will also be available at the IO Bus. The
PC has been incremented, and the new memory address is available at the input of
the address register.



102 CHAPTER 7. SIC CPU

Memory Dump Mode

Cycle1: Memory dump mode is used to verify the memory contents. When mode-
control = ”11”, during cycle1 control-unit makes the availability of Memory2 data
corresponding to the PC address at the output, i.e. on the IO Bus. The CPU
controller inserts the PC count signal.
Cycle2: During memory dump cycle2 the Memory1 contents corresponding to the
PC address are available at the IO Bus. The PC is incremented and is available at
the input of the address register.

7.1.3 IO BUS
The CPU communicates with the outer world using a 4-bit IO bus. It is imple-
mented using tristate buffers and an inverter. It is a bidirectional bus; to conduct a
correct read/write operation, the control unit generates a CPU_BUS_EN signal.
If CPU_BUS_EN will be at a logic level low, then CPU IO Bus is used as an
input mode otherwise as an output mode. The IO bus schematic view for simula-
tion purposes is shown in Fig. 7.3. (a). The transient simulations were carried out
by setting the appropriate biasing voltages, high-temperature models and required
number of inputs using the Cadence Spectre ADE simulator. Here besides on-chip,
also, off-chip tristate buffers are used to avoid multiple write operation as discussed
in Section 4.2. The layout of the 4-bit IO bus using the PDK standard cell library
is shown in Fig. 7.3. (c). The Simulated results of the IO bus in data input and
output mode based on the control signal BUS_EN at 500◦C in the digital format
is shown in Fig. 7.3. Whereas the IO bus simulated results at RT, 300 and 500◦C
in the analog format are shown in Fig. 7.4.

7.1.4 Memory System
A 64-bit memory system with 4-bit address lines, 4-bit data input and output
ports, and write/read enable port is shown in Fig. 7.5. The memory system
designed in our group [13] is TTL compatible and integrated with 4-bit SiC TTL
CPU. Two images of a 64-bit memory system have been used; Memory System 1
is used for the opcode and Memory System 2 for the operands storage. The gate
level implementation of the Memory System was done using the PDK gate and
module library. The functional verification from RT to 500◦C was performed using
the HT device models and set of control inputs and data patterns in the Cadence
Spectre simulator. The HT simulations at RT, 300 and 500◦C are shown in Fig.
7.5 (c). analog and (d) digital format. After a successful functional verification
manual place and route was carried out using the PDK standard cell library in the
Cadence Virtuoso Analog Design Environment. It consists of 1500 devices and a
core area of 5312 µm × 2784 µm = 14.8 mm2 as shown in Fig. 7.5 (b). After
physical verification using PDK DRC and LVS programs in Cadence PVS, the
Memory System integrated with the CPU.
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Figure 7.3: TTL CPU IO Bus (a) schematic for simulation (b) Layout using PDK
standard cell (c) Simulated results at 500◦C digital format.
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Figure 7.4: IO Bus simulated results at RT, 300 and 500◦C analogue format.

7.1.5 Arithmetic and Logic Unit (ALU)

The ALU is a central part of the CPU. A bottom-up approach is used to design the
4-bit ALU for the instruction set given in Table 7.1. A SiC TTL-based full-adder
presented in Section 5.3.3 was used as a basic building block of the arithmetic unit.
TTL-based 4-bit arithmetic unit: The 4-bit arithmetic unit shown in Fig. 7.6
performs a 4-bit add-sub operation. It is implemented using 4 full-adders as a 4-bit
adder with XOR gates at the input to perform the 1’s complement on the basis of
control input OPR_Bit2, if OPR_Bit2 = 0 then addition, else 1’s complement
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Figure 7.5: 64-bit Memory System (a) Block diagram with IO ports (b) Layout (c)
Simulated results at RT, 300 and 500◦C analog format. (d) Simulated results at
500◦C digital format.
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Figure 7.6: 4-bit Arithmetic Unit (a) Gate/module schematic (b) Layout (c) Simu-
lated results at RT, 300 and 500◦C analog format. (d) Simulated results at 500◦C
digital format.
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Figure 7.7: 4-bit Logic Unit (a) Gate level implementation (b) Place and route
using PDK standard cell library.

feeds to 4-bit adder with Cin = OPR_Bit2 = 1 hence subtract operation using
2’s complement as shown in Fig. 7.6. (a). The repeater/buffer circuits are used to
address the fan-out. The HT simulations at RT, 300 and 500◦C are shown in Fig.
7.6 (c) analog and (d) digital format. After successful functional verification, the
4-bit arithmetic unit P&R was carried out and is shown in Fig. 7.6 (b). TTL-
based 4-bit logic unit: TTL based 4-bit logic unit gate level schematic using the
PDK gate library is shown in Fig. 7.7. (a), it performs a 4-bit AND, OR, XOR

Table 7.2: 4-bit ALU operations based on OPCODE as a select line

OPCODE[2][1][0] ALU Operation
000 −
001 ADDA (ADD Accumulator)
010 LDA (Load Accumulator)
011 XORA (XOR Accumulator)
100 SUBA (Subtract Accumulator)
101 CMP (Compare (Subtract with flag reset))
110 ANDA (AND Accumulator)
111 ORA (OR Accumulator)
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Figure 7.8: 4-bit ALU (a) Gate/module level implementation with IO ports (b)
Simulations at RT, 300 and 500◦C analog format. (c) Simulations digital bus format
at 500◦C for ALU functional verification.
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operation. The 4-bit Logic unit layout is shown in Fig. 7.7 (b)
ALU design and operation: The 4-bit CPU compatible ALU gate/module level
schematic using the PDK is shown in Fig. 7.8 (a). It consists of a 4-bit logic
and arithmetic unit. Based on the opcode provided by the OPCODE register bit
positions OP_CODE[2][1][0], the ALU using arithmetic and logic units, and 4-
bit 2-to-1 multiplexer performs the bit-wise operation listed in Table 7.2. The
repeaters/buffers are used to address the fanout. If there is a branch instruction
that is BNE (branch if not equal) and Z_Flag = 1 then, the control-unit inserts
the load enable signal and PC will be loaded with the immediate address provided
in the BNE instruction operand field. The HT simulations at RT, 300 and 500◦C
are shown in Fig. 7.8 (b). analog and (c) digital format. After successful functional
verification the ALU was integrated with the CPU.

7.1.6 Registers
Two types of registers have been used in the 4-bit CPU design; Memory data input
and address registers are implemented without reset and enable, whereas, 4-bit
accumulator, ALU input, and opcode registers are implemented with enable and
reset. The gate level schematic of the TTL-based 4-bit register with enable and
active low reset as shown in Fig. 7.9 (a) is designed with SiC TTL PDK. It consists
of DFF with active low reset and ANDOR TTL logic based multiplexer with enable
as a select line (if enable = 0 hold the data, else pass input to the output) (see
chapter 5). Two repeater/buffer circuits are used to address the fan-out.

The HT simulations of a 4-bit register at RT, 300 and 500◦C are shown in Fig.
7.9 (b) analog and (d) digital format. After successful functional verification and
place and route as shown in Fig. 7.9 (c), The Registers were integrated with the
CPU.

7.1.7 Multiplexer
A 2-to-1 4-bit Multiplexer is realized by using ANDOR logic and Inverter gates. 2
Inverters are used for a select line so that Multiplexer select line is treated like a
load of one TTL gate as shown in Fig. 7.10. (a). 4-bit Multiplexer manual place
and route were carried out using the PDK standard cell library in the Cadence
Virtuoso Analog Design Environment and is shown in Fig. 7.10 (b). After successful
functional verification, the Multiplexers were integrated with the CPU for the data-
paths control and the select lines were inserted by the CPU control-unit.

7.1.8 Program Counter
The PC generates the memory addresses for a write/read operation based on the
control signals generated by the control unit and are given in Table 7.3 with PC
output. The gate level schematic of the TTL-based 4-bit PC with Load, Count,
Reset, Clock and input/output ports is shown in Fig. 7.11. (a). It consists of
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Figure 7.9: 4-bit Register (a) Gate/module level implementation with IO ports (b)
High-temperature simulations at RT, 300 and 500◦C analog format. (c) Layout
implementation using PDK standard cell library (d) Simulated results at 500◦C in
digital bus format.
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Figure 7.10: 4-bit 2-to-1 Multiplexer (a) Gate level implementation (b) Physical
layout using the PDK standard cell library

DFFs with active low reset [Paper 3], TTL-based AND-OR logic and other TTL
gates to run the PC output as given in Table 7.3. Four repeater/buffer circuits are
used to address the fan-out.

Table 7.3: 4-bit Program Counter output as a function of the controlled inputs.

Reset Load Count PC_Out
0 X X 0
1 0 0 No Change
1 0 1 Increment by 1
1 1 X Input
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Figure 7.11: 4-bit Program Counter (a) Gate/module level implementation with
the PDK gate/module library (b) High-temperature simulations at RT, 300 and
500◦C analog format. (c) Layout implementation.

The transient simulations are carried out by inserting the PC control signals,
biasing voltages, HT DC models in the Cadence Spectre ADE simulation design
environment. The HT simulations at RT, 300 and 500 ◦C are shown in Fig. 7.11
(b) analog and Fig. 7.12 digital format. The 4-bit PC mask layout is shown in Fig.
7.11 (c). After successful functional verification, the PC was integrated with the
4-bit CPU.

7.1.9 Control Unit
A 1-bit hardwired control unit was implemented based on 2-bit user control and
opcode to command the CPU operations accurately in all four modes. The state
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Figure 7.12: 4-bit Program Counter simulated results at 500◦C in digital bus for-
mat.

diagram of the CPU controller is shown in Fig. 7.13. The control unit completes a
user program by shifting the control in all four modes. The control unit generates
the following control signals to conduct the CPU operations correctly. Table 7.4
shows the logic state of control unit signals during a particular mode.
Clock: It is a dual phase positive edge triggered control signal responsible for the
synchronization of the CPU basic synchronous building blocks.
Reset: Active low synchronous control signal used to reset the CPU, can be acti-
vated directly by external user 2-bit control input i.e. BC = "00".
PC_Mux_En: The Program counter (PC) multiplexer enable control signal se-
lects between the PC and Memory system 1 output to be loaded in the address
register. When PC_Mux_En = 1, it passes the PC output to the address register
else in the case of direct addressing mode, it passes Memory System 1 output to
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Figure 7.13: CPU controller state diagram with 4 modes of operation.

the address register.
Acc_Str_En: When accumulator enable = 1 then accumulator contents will be
updated else holds the same data.
OPCGPR_En: It is used for the load enable of the opcode register (OPC_REG)

Table 7.4: CPU 1-bit control unit state transition table with controller outputs.

P.S INPUTS N.S
A BC DA 1 2 3 4 5 6 7 8 9 10
0 00 0 0 1 0 0 0 0 0 0 0 0
0 01 1 1 1 0 0 0 0 0 0 1 0
0 10 1 1 0 0 1 1 1 1 0 0 1
0 11 1 1 1 0 0 1 1 1 0 0 0
1 00 0 0 1 0 0 0 0 0 0 0 0
1 01 0 1 1 0 0 1 0 0 1 0 0
1 10 0 1 1 1 0 0 0 1 0 0 1
1 11 0 1 1 0 0 0 0 1 0 0 0

P.S = Present State, N.S = Next State, BC = CPU Mode, 1 = Reset, 2
= PC_Mux_En, 3 = Acc_Str_En, 4 = OPCGPR_En, 5 = Count, 6 =
Ex_Mux_En, 7 = CPU_BUS_EN, 8 = M1_WR_En, 9 = M2_WR_En, 10 =
M1_IN_Mux_Sel.
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Figure 7.14: 4-bit CPU hard-wired controller gate level schematic using the SiC
PDK gate library.
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and ALU register (GP_REG). When OPCGPR_En =1 then both registers con-
tents will be updated with the input data else holds the same data.
Count: Used for the increment of the program counter contents (Memory 1 and 2
write/read address).
Ex_Mux_En: Used for the multiplexing between Memory2 and Memory1 out-
put. When Ex_Mux_En = 1 then Memory2 else Memory1 out passes to the CPU
IO Bus via the tristate buffers.
CPU_BUS_EN: It is the CPU IO Buss tristate enable signal. When CPU_BUS_EN
= 0 then CPU IO bus is used as an input mode (Program) else data output mode
(Memory Dump).
M1_WR_En & M2_WR_En: used to enable the write/read operation of the
Memory1 and Memory2 respectively. When M1_WR_En = 1 then Memory1 write
operation takes place else read. Also when M2_WR_En = 1 then Memory2 write
operation else read operation.
M1_IN_Mux_Sel: It is a select line of the Memory1 input multiplexer. When
M1_IN_Mux_Sel =0 then we can program the Memory 1 with user instructions
provided that write enable signal is high else the multiplexer allows the Memory
System 1 to store the Accumulator contents for a store accumulator instruction.
Next_State (NS): As all the internal control of the 4-bit CPU is commanded by
a 1-bit state machine based hardwired controller shown in Fig. 7.14 and also given
in the state transition Table 7.4, the Next_State is a function of the present state
and 2-bit external user control input.

There are some derived CPU control signals which are based on the above-given
controller outputs and the opcode and are discussed below.
WR_EN1: Memory1 needs to be written in the program mode when WR_EN1
is 1 or in the execution mode when there is an accumulator store instruction so
based on this instruction opcode the Memory1 write control signal is set to activate
the correct Memory write operation.
Acc_EN: The control signal Acc_Str_En is not enough to enable the accumulator
load operation, because of the instructions need not be stored in the accumulator,
so the Acc_EN signal governs the correct load operation.
load: The PC load enable signal is used for conditional branching instruction. If
there is a branch instruction that is BNE (branch if not equal) and Z-Flag is set
to 1, the controller inserts the PC load signal. The PC will be loaded with the
immediate address provided in the BNE instruction operand filed.
CPU_Flag_EN: CPU flag register enables signal CPU_Flag_EN should be set
to logic 1 for all instruction except STA and BNE so that it can store the previous
instruction output after the OR operation and based on that it execute the BNE
instruction.

The CPU control unit was implemented at the gate level using the K-maps for
the state transition Table 7.4, and the gate level schematic is shown in Fig. 7.14.
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Table 7.5: A sample program for the CPU functional verification and demonstration

Sample Program Binary Format (Machine Code)
ORA #3 0111 0011
ANDA #15 0110 1111
XORA #5 0011 0101
LDA #1 0010 0001
STA 15 1000 1111
LDA #2 0010 0010
STA 14 1000 1110
LDA 14 1010 1110
ADDA #2 0001 0010
STA 14 1000 1110
LDA 15 1010 1111
ADDA #1 0001 0001
STA 15 1000 1111
CMP #3 0101 0011
BNE 11 0000 1011
LDA #1 0010 0001
BNE 12 0000 1100

# for immediate addressing mode.

7.2 SiC TTL Implementation of 4-bit CPU

After designing the CPU basic building blocks and successful simulations over the
wide temperature range of 25 to 500 ◦C, the modules were successfully integrated.
The 4-bit CPU schematic is shown in Fig. 7.15. The repeater circuits were already
inserted inside the modules to address the input/output and controlled signals
fan-out, therefore, all the CPU modules input has a load of 1 TTL gate. The
buffers/repeaters shown on the left side of Fig. 7.15 are used as a clock tree buffers.
To be able to troubleshoot the internal data-paths of the CPU after fabrication,
the additional tabs were inserted using the buffers. The buffers are used to increase
the output drive and also to isolate the CPU internal nodes.

7.2.1 Functional Verification Before Manufacturing
The CPU was functionally verified at a behavioral and physical level using State of
the art SoC methodologies, and at transistor level using the SiC TTL PDK models
before physical implementation and fabrication.

VHDL Implementation, Synthesis, and FPGA based verification: The
4-bit CPU architecture shown in Fig. 7.2 was successfully implemented in VHDL.



118 CHAPTER 7. SIC CPU

Figure 7.15: 4-bit SiC CPU architecture with integrated two 64-bit Memory Sys-
tems, IO Bus, PC, ALU, Registers, Multiplexes, tristate buffers, and a Control
Unit.

After successful simulations in the ModelSim, the CPU architecture was synthesized
at gate level. After RTL and Gate level simulations, the FPGA based verification
of the gate level 4-bit CPU was carried out using the ALTERA DE2-115 FPGA kit
and Quartus II software-based built-in logic analyzer. The CPU Gate level simu-
lations using the ModelSim for a sample program given in Table 7.5 are shown in
Fig. 7.17. (a). 7.18. (a). and 7.19. (a). in all 4-modes of operation.

CPU Transistor Level Simulations: The CPU transistor level simulation setup
is shown in Fig. 7.16. A sample program given in Table 7.5 was simulated using the
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Figure 7.16: SiC TTL CPU simulation setup using tristate-based external IO Bus
control.

Cadence Spectre simulator by providing the HT model libraries. The 4-bit CPU
consisting of ∼ 10,000 devices have been successfully simulated at the transistor
level in all four modes of operations from RT to 500 ◦C.

Both VHDL based simulations using the ModelSim and transistor level simula-
tions using the SiC TTL low power-bipolar technology for the sample program of
Table 7.5 are given in 3-parts in Fig. 7.17. 7.18. 7.19 (a) and (b) respectively. The
CPU functionality has been verified using both simulation waveforms. The Gate
level 4-bit CPU design is thereafter ready to implement at the physical layout level
using the PDK Gate/Module standard cell library.

7.3 Physical Implementation and Fabrication

The 4-bit CPU consisting of around 10,000 devices has been implemented in TTL-
based SiC technology. Manual place and route of the global power ring, local power
strips, input and output signals, and clock tree network were done using the PDK
standard cell library. The physical layout verification for the in-house fabrication
standards have been carried out using the DRC, and signals and power-routing
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Figure 7.17: 4-bit SiC TTL CPU simulations part-1 Reset-Program-Reset Mode (a)
VHDL code based simulations using the ModelSim. (b) Transistor level simulations
using SiC TTL PDK in the Cadence Spectre simulator.
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Figure 7.18: 4-bit SiC TTL CPU simulations part-2 Execute-mode (a) VHDL Mod-
elSim. (b) Transistor level simulations using HT models.
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Figure 7.19: 4-bit SiC TTL CPU simulations part-3 Execute-Reset-Memory-Dump
Mode (a) VHDL ModelSim. (b) Transistor level simulations using HT models.
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Figure 7.20: 4-bit CPU SiC TTL implementation (a) Layout using the manual
place and route with the PDK standard cell library, DRC and LVS programs (b)
Micro-photograph of the 4-bit CPU fabricated in the in-house SiC bipolar process.
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verification was done using the LVS programs of the PDK. The layout of the 4-bit
CPU is shown in Fig. 7.20 (a). After successful physical verification, the CPU
was fabricated using the in-house fabrication facilities and optimized process as
described in [16]. The micro-photograph of the 4-bit SiC TTL CPU is shown in
Fig. 7.20. (b). The CPU consists of 10,000 integrated devices with a total area of
13.2 mm × 11.4 mm= 150.5 mm2.

CPU Power, In/Out Signal, and Clock-tree Routing: The CPU global
power ring was routed using the Metal2, and internal TTL gates power feeding
was carried out using the Metal1 strip lines. The pitch of the global and local
power grids was decided based on the peak power analysis using the transistor level
simulations in the Cadence Spectre simulator. The global power grids are designed
to feed up to ∼ 2.5 A current to the CPU devices depending on the supply voltage
and temperature. Thereby each local power grid strip must be able to handle ∼
100 mA (around 34 gates in each row with ∼ 2-3 mA current consumption per TTL
gate as reported in [Paper 1]). The global power ring must be able to handle ∼ 2.3
A (23 rows with each ∼ 100 mA current consumption see Fig. 7.20). Therefore the
global ring with 500 µm and internal power strips with 24 µm wide aluminum wire
was routed as shown in Fig. 7.21. (a). Assuming the limit of ∼ 106 A/cm2 with 1
µm thickness, before electro-migration occurs in the aluminum-based interconnects
as a top-metal line [55], a safe current density for the sake of metalization should
not exceed ∼ 10 mA/µm. In the case of the 4-bit CPU HT characterization, this
should be in the limit of ∼ 2.5 mA/µm as reported [79]. To be on the safe side with
aforementioned interconnects width for the required current density we decided to
double the interconnect thickness (2 µm) to save some area as well, the in-house
low-power SiC bipolar process has been optimized as reported in [16].

The horizontal signal routing was carried out using Metal1, and vertical using
Metal2 interconnects. Metal1 and 2 are connected using the via2; the signal routing
of the CPU internal gates is shown in Fig. 7.21. (c). After fabrication, internal
data-paths troubleshooting tabs along with output buffers are shown in Fig. 7.21.
(b).

The CPU floor plan was carried out with the clock tree network before physical
implementation. The CPU clock-tree network to minimize the skew is shown in
Fig. 7.22. The main clock was routed by inserting buffers to balance the clock tree.

Memory System Integration: After the high-temperature simulations of the
64-bit Memory System, the place and route was carried out as a separate building
block using the PDK standard cell library. After physical verification, the Memory
System 1 was integrated with the CPU on the bottom left side and Memory System
2 on the bottom right side as shown in Fig. 7.20. The Memory System 1 power
routing, data input and output routing, and address lines are shown in Fig. 7.23.
(a) also, Memory System 2 in (b).
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Figure 7.21: 4-bit CPU internal routing (a) Global power ring (b) internal power
and in/out signal routing (c) Internal data-path probing tabs. (d) CPU Clock tree
routing.

7.4 CPU High-temperature Electrical Characterization

The CPU on-wafer high-temperature electrical characterization was performed us-
ing the measurement setup discussed in Chapter 3. Around 9 CPU dies were



126 CHAPTER 7. SIC CPU

Figure 7.22: 4-bit CPU Clock tree routing with buffers.
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Figure 7.23: Memory system integration with the CPU (a) Memory System 1 (b)
Memory System 2

measured. The CPU building blocks such as IO Bus, Clock tree, Program Counter,
and Control Unit were measured as an integral part of the CPU in three modes
(Reset, Program and Memory Dump) and are functional as expected. Two-images
of the 64-bit Memory System that was designed in our group [13], successfully inte-
grated with the CPU. Memory System 1 found working correctly on only one die,
whereas, only one bit of Memory System 2 found functionally correct only on one
die. On all other dies none of the Memory System works. Using the CPU internal
probing tabs the CPU integral parts were successfully verified at RT and 300 ◦C
in only three modes. The CPU execution mode or ALU measurements depend on
the Memory data; therefore, could not be verified. The 2-bit ALU as a stand-alone
module is operational at 500 ◦C [Paper 4].

Control-Unit, Program Counter and Clock tree: The functionality of the
control unit of the CPU was verified using the troubleshooting tabs by running the
CPU in different modes. The control unit inserts the correct write/read signals of
the Memory systems, Bus In/Out tristate enable signal and program counter count
and reset control input signals. The program-counter measured results are shown
in Fig. 7.24. The mode controller runs in three modes as shown by signal names
Program, Rst, Mem Dump, Rst and Program to verify the CPU different modules.
It can be verified from Fig 7.24 at the positive edge of the CPU clock, the control
unit increments the memory addresses after every two clock cycles (one cycle for
each Memory System) as shown by signals Mem1&2_Addr_B_(0, 1, 2, 3). Based
on the mode control 2-bit user input, the control-unit also inserts the correct Reset
signal, and program-counter resets the output. As the program counter and control
unit outputs depends on the clock signal, the clock tree also works accurately.

Memory System write/read enable: The Memory System 1 and 2 write read
enable signals with CPU clock are shown in Fig. 7.25. As discussed in Section 7.1.9
the control signal WR_EN2 enables Memory 2 and WR_EN1 enables Memory
1 write-read operation. The Memory System write/read enable signals are verified
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Figure 7.24: Program-counter measured results as an integral part of the CPU
using data-paths troubleshooting tabs. The PC generates correct address for the
Memory System 1 and 2 write and read operation.

by running CPU in a program mode. The control unit inserts correct write and
read signals for the memory system 1 and 2 as shown in Fig. 7.25. Both the control
signals are complementary to each other, during the first cycle Memory 2 write-
enable is activated and in second cycle Memory 1.

Memory System 1 and 2 Measurements: The Memory System 1 measured
results are shown in Fig. 7.26. It is tested by running the CPU in three modes,
i.e. in program mode to program the CPU memory system, Rst mode to initialize
the program counter and memory address registers, and Memory read or Memory
dump mode to verify the memory contents. A detailed CPU measurement setup is
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Figure 7.25: Control unit measured results as an integral part of the CPU using
data-paths troubleshooting tabs. It inserts correct write enable (WR_EN) signals
to both Memory Systems.

described in chapter 4.
Memory Write Operation: After reset mode the CPU is operated in program
mode by external 2-bit user control input and sample program provided via CPU
IO Bus. After one clock cycle, the IO data is available at the input of both memory
systems as shown in Fig. 7.26 by signal named "Memory Data in Bit-(0,1,2,3)". The
control signal inserts correct write enable signal named "Memory Write/Read En-
able" as shown in Fig. 7.26 and program counter generated addresses are available
via address register at memory system input named "Mem1&2_Addr_B_0, 1, 2, 3"
as shown in Fig. 7.24. When write enable signal = 1 the data gets stored in the
Memory System at the PC generated addresses, during the writing phase memory
outputs a garbage data.
Memory Read Operation: To verify correct memory write operation, the pro-
gram counter was initialized using the control unit to generate the same addresses
as was used for the writing operation. After reset mode, the CPU operated in
"Memory Read" mode as shown in Fig. 7.26 by external 2-bit user control input of
"11" with "Memory Write/Read Enable" = 0. The memory contents are measured
and verified using the internal probing tabs and are given by signal name "Memory
Data Out Bit-(0,1,2,3)" (see Fig. 7.26).

The CPU consumes 1.6 A at RT with VCC = 15 V and 2.1 A at 300 ◦C with
VCC = 18 V.

7.5 SiC CMOS CPU

The 4-bit CPU consisting of around 750 CMOS gates, and two 64-bit Memories has
also been implemented in SiC CMOS technology. Manual place and route of the
global power ring, local power strips, IO signals and clock tree network were done
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Figure 7.26: Memory System 1 measured results as an integral part of the CPU in
program, reset and memory dump mode.
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Figure 7.27: 4-bit CPU CMOS implementation (a) Layout using the manual place
and route within CMOS SiC technology (b) Micro-photograph of the 4-bit CPU
fabricated in the in-house CMOS process.
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using the basic CMOS gates library designed in [13]. The CPU was integrated with
two 64-bit SRAMs [13]. The layout of the 4-bit CMOS CPU is shown in Fig. 7.27
(a). The CPU was fabricated in the in-house fabrication facilities using the CMOS
process as described in [13]. The micro-photograph of the 4-bit SiC CMOS CPU
is shown in Fig. 7.27. (b). The SiC CMOS CPU has a total area of 5.5 mm × 6.4
mm = 35.2 mm2.

CMOS CPU Power, IOs Signal and Clock Routing:, The main IOs of the
CMOS CPU, are shown in Fig. 7.28. (a). The internal data-paths probing tabs
using the buffers are shown in Fig. 7.28. (b). The main IOs and tabs are Electro-
static Discharge (ESD) protected. The CPU global power ring was routed using the
Metal2, and internal CMOS gates power feeding was carried out using the Metal1
strip lines. Four types of power rings were routed; two for VDD and VSS and two
for the body biasing of the PMOS and NMOS transistor for threshold voltage ad-
justments as shown in Fig. 7.28. (b). The horizontal signal routing was carried out
using the Metal1, and vertical using Metal2 interconnects. Metal1 and 2 are con-
nected using the via2, the data-paths internal signal routing and memory system
integration with the CPU are shown in Fig. 7.28. (c).

The CPU floor plan was carried out with the clock tree network before physical
implementation. The CPU clock-tree network to minimize the skew using the H-
tree network is shown in Fig. 7.29. The main clock was routed by inserting the

Figure 7.28: 4-bit SiC CMOS CPU internal routing (a) Main IOs with ESD protec-
tion and Power ring (b) CPU data-paths probing tabs with output buffers and ESD
protection and power supply lines. (c) Internal signal and local power routings.
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buffers to balance the clock tree delays and increase the drive.
The CMOS CPU is implemented using the same architecture as was imple-

mented using the TTL-based SiC bipolar technology. The CMOS CPU has a much
smaller area as compared to SiC TTL CPU because of the high CMOS integrating
density and much smaller devices size. Not only this but also because of the lower
power consumption, the CMOS technology is much more demanded. Due to the
newly developed CMOS process and other issues, as reported in [13], we could only
be able to demonstrate MOSFET transistors and ring-oscillator circuits based on
SiC CMOS process functional at a high-temperature [80].

Figure 7.29: 4-bit SiC CMOS CPU dual phase clock tree routing.





Chapter 8

Conclusion and Future Outlook

This thesis work has successfully demonstrated a Process Design Kit and reference
Digital ASICs based-on SiC for high-temperature applications. More specifically,
a PDK for the in-house low-power bipolar technology consisting of basic discrete
devices, TTL gates and module library, combinational and sequential ICs. A 555-
timer, Image sensor, and 4-bit CPU are prototype demos for prospective surface
exploration probes to Venus. The thesis work research-and-development has been
accomplished through 2-batches, with almost all types of circuits including analog,
digital and mixed-signal ICs, each of which consolidates the architecture design,
physical implementation and electrical characterization from device to circuit level.
The thesis work has laid the foundation and is an essential step towards SiC-based
VLSI ASICs realization for extreme environment applications. The final thesis
objectives have been achieved through intermediate rewarding achievements.

1. Process Design Kit for Low-power SiC Bipolar Technology
For the SiC VLSI circuits implementation, a Process Design Kit (PDK) has
been established. The PDK consists of discrete devices and P-cells, gate and
module library with transistor level schematic and symbol, gate and mod-
ules standard cell library with DRC and LVS programs. The bipolar devices
characteristics have been simulated and measured for HT ASICs design con-
siderations. Each gate and module of the PDK library designed at transistor
level for required noise-margin and fan-out, manually compact layout level
implemented as a standard cell, and functionality and physical power and
signal routing were verified before manufacturing.

2. HT Measurement Setup
A PCB and FPGA based measurement setup has been established for the SiC
ICs and 4-bit CPU on-wafer characterization. All the circuits are successfully
characterized using this setup from RT to 500 ◦C.

3. Process Design Kit HT Characterization
After the fabrication in our group and using the HT measurement setup, the
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high-temperature electrical characterization and performance analysis of the
PDK gate and module library were performed successfully. A TTL-based
inverter and DFF have been characterized as a benchmark standard-cell of
the PDK gate and module library. The circuits have been measured for
the noise-margin, fan-out, propagation-delay, rise-time, fall-time and power-
delay product. The circuits’ performance was analyzed over the wide range
of temperature 25 to 500 ◦C, and power supply of 10 V to 20 V.

4. Low-voltage SiC Bipolar Technology HT Characterization and Re-
liability Testing
A ring-oscillator circuit based on TTL inverter was successfully used for the
in-house SiC bipolar technology stressed measurements up to 600 ◦C, ∼16%
degradation in the RO performance was observed with temperature ramp up
and down, the changes observed in the performance degradation were perma-
nent. The SiC ICs consumes minimum energy and operates well around 400
◦C.

5. Analog and Digital Circuits Monolithic Integration
A 555-timer consisting of both digital and analog circuits has been designed,
integrated and characterized up to 500 ◦C. A TTL compatible comparator
circuit designed using the differential amplifiers, have been successfully char-
acterized over the wide temperature range as a stand-alone and also integral
part of the 555-timer IC.

6. SiC TTL-based CPU for Venus Lander Application
A 4-bit CPU architecture has been designed for the instruction set proposed
based on the in-house SiC technology limitations and device’s HT performance
analysis. The CPU integral parts; bidirectional IO Bus, memory system,
program-counter, ALU, registers and data-paths, and control unit were suc-
cessfully designed at the gate and transistor level, simulated from RT to 500
◦C and physically implemented using the PDK gate/module library. After the
modules integration and functional verification, the CPU manual place and
route with around 10,000 devices and a total area of 150 mm2 were success-
fully carried out using the PDK standard cell library. After physical layout
versus schematic verification, the CPU has been successfully fabricated in our
group in the second run of the batch-1 processing with the optimized process.
The CPU integral parts using the data-paths probing tabs have been suc-
cessfully functionally verified. The CPU has been measured and functionally
verified in three out of four modes. Because of one memory system failure,
the CPU could not be characterized in the execution mode. The digital parts
of the CPU are robust and designed with a minimum noise margin of ∼2 V
at 500 ◦C and have a high yield. The Memory System designed in our group
has a low yield (only one Memory System works out of 9 CPU dies).

7. SiC CMOS CPU
A CPU architecture is consisting of around 750 CMOS gates, and two 64-bit
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Memories have been implemented in SiC CMOS technology. Manual place
and route of the global power ring, local power strips, IO signals, and clock
tree network were done using the basic CMOS gates library. The CPU was
fabricated in the in-house CMOS process. The SiC CMOS CPU has a total
area of 35 mm2. Due to the newly developed CMOS process and other issues,
our group could only demonstrate MOSFET transistors and ring-oscillator
circuits based on SiC CMOS process functional at a high-temperature.

8. Contribution and Collaboration in other Projects/Work-packages
SiC Image Sensor and Mixed-signal ICs: A SiC-based photodiode has
been designed in our group, used as a pixel of the image sensor. 256 photodi-
odes have been successfully integrated with a 3T switch. The 256-pixel image
sensor is operational up to 400 ◦C. Moreover, SAR and FLASH ADCs have
been successfully implemented.
With the SiC TTL PDK, we can design an HT microcontroller with frequency
ranges from few hundred kHz to MHz depending on the data-path, fan-out,
noise-margin and operating temperature (non-monotonic temperature depen-
dence). The SiC TTL ICs frequency of operation is according to the demand
for HT applications, such as distributed engine control with smart sensors
and digital IOs. Employing the SiC ICs, the wire count and weight can be re-
duced, which increases the reliability, expandability, and flexibility. Moreover,
SiC TTL PDK can also be used for the digital ICs design with sensors and
microcontroller for Venus lander applications without active cooling systems
and can cut the mission budget significantly. The applications such as space
exploration, distributed engine control and sensing, underground drilling can
work with a low-frequency operation for monitoring or controlling purposes
and SiC TTL circuits demonstrated here can be designed and employed for
specific application requirements.

Future Outlook

1. Device and Circuit Level Improvements
The thesis work has discussed the devices and circuit design for high-temperature
applications. For the realization of digital circuits, four main design aspects
have been discussed; delay, power, noise margin, and fan-out. We have con-
centrated more on the latter two aspects, which can be improved with better
SiC bipolar devices and circuit design.
Device design for maximum noise margins and fan-out: Maximum
measured voltage shift in the BJT VB ON is ∼1.2 V, whereas measured min-
imum noise margin is ∼1.8 V at 500 ◦C. For the devices demonstrated in the
thesis work, the measured noise margins are enough.
The thesis work demonstrated the complex digital circuits with a fan-out
of maximum 4 TTL gates at T= 500 ◦C. It can be improved by increasing
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the collector current IC sinking capability of the bipolar transistor in the
saturation region.
TTL circuit design for maximum noise margins and minimum fan-
out: The noise margins of the TTL gate can be improved by decreasing the
gain of the phase splitter, which also improves the propagation delay tpLH ,
but at the cost of power dissipation. The power dissipation of the TTL gates
can also be reduced at the cost of tpLH , by increasing the sheet resistance.
The TTL-based digital circuits design can be improved so that we can reduce
the buffer/repeaters insertion by restructuring the logic and clock tree net-
works. At the TTL-based gate schematic design level, the fan-out support
can be improved by reducing the input current flow when the TTL-gate input
is low, by increasing the R1 connected at the base of the input stage BJT.

2. PDK Improvements
The SiC TTL based digital circuits were realized at two abstraction levels;
the PDK design at the device level and digital design at RTL and gate level
using the PDK. The PDK can be improved by including more devices, design
rules, physical verification functionalities, and improving the standard cells if
there is a room of improvement for dense integration. The digital design flow
can be made fully automated that can perform auto place and route, which
saves not only time but also chip area. The device models need to be updated
for the new G2 devices, and also small signal AC perimeters are needed for
circuit transient simulations.

3. HT Measurement Setup and Packaging
On-wafer HT measurements of a circuit with 12 IO ports using the hot-chuck
based manual prob-station is challenging, time-consuming, and risky. There-
fore packaging of the SiC ICs is highly recommended for full HT characteri-
zation of the more complex ASICs.

4. Reliability testing of SiC ICs
One of the features that need to be explored is the reliability of the SiC-
based integrated circuits. Reliability testing for the 11-stages ring-oscillator
(RO) using SiC TTL PDK indicated that the RO frequency of oscillation de-
creased 16% after HT characterization. The degradation in DC and transient
measurements was permanent and caused by HT reactions between contact
silicide and TiW/Al in the metalization system [54]. The long-term relia-
bility of the SiC ICs at elevated temperatures require stable metalization as
reported in [68]. Moreover, designing of a microprocessor or more complex
VLSI circuits is also limited by the SiC wafer quality and yield.

5. SiC CMOS Technology
The CMOS CPU has been implemented using the same architecture as was
implemented using the TTL-based SiC bipolar technology. The CMOS CPU
has a much smaller area as compared to SiC TTL CPU because of the high
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CMOS integrating density and much smaller devices size. Not only this but
also because of the lower power consumption, the CMOS technology is much
more demanded.
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