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Abstract

The availability of integrated circuits (ICs) capable of 500 or 600 ◦C op-
eration can be extremely beneficial for many important applications, such as
transportation and energy sector industry. It can in fact enable the realiza-
tion of improved sensing and control of turbine engine combustion leading
to better fuel efficiency and reduced pollution. In addition, the possibility of
placing integrated circuits in engine hot-sections can significantly reduce the
weight and improve the reliability of automobiles and aircrafts, eliminating
extra wires and cooling systems.

In order to develop such electronics semiconductors with superior high tem-
perature characteristics compared to Si are required. Thanks to its wide
bandgap, almost three times that of Si, Silicon carbide (SiC) has been sug-
gested for this purpose. Its low intrinsic carrier concentration, orders of mag-
nitude lower than that of Si, makes SiC devices capable of operating at much
higher temperatures than Si devices.

In this thesis solutions for 600 ◦C SiC bipolar ICs have been investigated
in depth at device physics, circuit and process integration level. Successful
operation of devices and circuits has been proven from −40 up to 600 ◦C. The
developed technology features NPN and lateral PNP transistors, two levels of
interconnects and one extra metal level acting as over-layer metallization for
device contacts. The improved SiC etching and passivation procedures have
provided NPN transistors with high current gain of approximately 200. Fur-
thermore, non-monotonous current gain temperature dependences have been
observed for NPN and PNP transistors. The current gain of NPN transistors
increases with temperature at high enough temperatures above 300 ◦C de-
pending on the base doping concentration. The current gain of lateral PNP
transistors has, instead, shown a maximum of approximately 37 around 0 ◦C.

Finally, high-temperature operation of 2-input ECL-based OR-NOR gates
and 3- and 11-stage ring oscillators has been demonstrated. For the OR-NOR
gates stable noise margins of approximately 1 or 1.5V , depending on the gate
design, have been observed up to 600 ◦C with a delay-power consumption
product of approximately 100nJ in the range −40 to 500 ◦C. Ring oscillators
with different designs, including more than 100 devices, have been success-
fully tested in the range 27 to 300 ◦C. Non-monotonous and almost constant
temperature dependences have been observed for the oscillation frequency of
3- and 11-stage ring oscillator, respectively. In addition, room temperature
propagation delays of a single inverter stage have been estimated to be ap-
proximately 100 and 40 ns for 3- and 11-stage ring oscillators, respectively.

Keywords: silicon carbide (SiC), bipolar junction transistor (BJT), cur-
rent gain, surface passivation, SiC etching, complementary bipolar, lateral
PNP, Darlington transistors, SPICE modeling, high-temperature, integrated
circuits, emitter coupled logic (ECL).
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Summary of appended papers

Paper I
This paper describes the effects of SiC etching (RIE vs. ICP) and sacrificial ox-
idation (dry vs. nitrous) on the current gain of 4H-SiC BJTs. Eight different
fabrication procedures, differing in SiC etching and sacrificial oxidation, performed
on a single 100mm wafer are compared in terms of ratio between peak current gain
and base intrinsic sheet resistance. The best performance is obtained when ICP
etching and dry sacrificial oxidation at 1100 ◦C are used; while a significant reduc-
tion in the device gain is observed when the sacrificial oxidation is performed in
N2O rather than in O2 regardless of the etching procedure, and when no sacrificial
oxide is grown after RIE etching. In addition, this paper suggests that the emitter
mesa etching step is the only one able to affect the transistor gain, since the base
surface is unmasked only during this step.
The author performed 100% of layout design, 100% of fabrication, 100%
of characterization and wrote 90% of the manuscript.

Paper II
This paper investigates the impact of deposited SiO2 thicknesses and post-deposition
annealing conditions (in terms of temperature and time) on the current gain of 4H-
SiC bipolar transistors. The effect of various SiO2 thicknesses is evaluated by
comparing the performance of transistors fabricated on the same wafer but passi-
vated by depositing three different SiO2 thicknesses and by annealing them with the
same process (N2O, 1250 ◦C, 1 hour). The effect of different annealing conditions
is estimated for the same annealing ambient (N2O) and deposited oxide thickness
(50 nm) by comparing the performance of transistors fabricated on the same wafer
with post-deposition annealing involving various temperatures (1100 or 1250 ◦C)
and times (30 min, 1 or 3 hours). For the same annealing process the highest gain,
approximately 200, is obtained for thicker oxides (100 or 150 nm), while for a fixed
deposited oxide thickness of 50nm the highest gain, approximately 120, is achieved
for post-deposition anneal performed at 1250 ◦C for 30 minutes. By comparing all
six passivation processes in terms of ratio between current gain and intrinsic base
sheet resistance, it is possible to conclude that the oxide thickness plays an impor-
tant role in the nitridation of deposited oxides in N2O, and that for a given oxide
thickness the optimum annealing time depends on the annealing temperature.
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The author performed 100% of the layout design, 100% of the fabrica-
tion, 100% of the characterization and wrote 90% of the manuscript.

Paper III
This paper presents the high-temperature characterization, up to 300 ◦C, of 4H-
SiC bipolar Darlington transistors for low-voltage applications. The influence on
Darlington current gain of relative current capability of driver and output BJTs is
investigated by means of device and circuit level simulations. A design principle
that allows biasing both driver and output BJT at their maximum gain is derived
for the range 27-300 ◦C. In addition, the main limitation of the fabricated Dar-
lington pairs is identified in the high collector resistance of the output BJTs, which
prevents biasing both the transistors in the pairs at their maximum gain. A layout
solution able to reduce this problem is proposed.
The author performed 90% of the layout design, 90% of fabrication,
100% of characterization, 100% of the simulations and wrote 90% of the
manuscript.

Paper IV
This paper reports on the characterization and modeling of 4H-SiC lateral PNP
transistors fabricated in a high-voltage NPN technology. The possibility of fabri-
cating a lateral PNP with a current gain larger than unity is investigated by means
of device and circuit level simulations, and two approaches able to enhance the
transistor current gain are proposed: reducing the device emitter area and using
an equivalent PNP consisting in a Sziklay pair (composed of a PNP and an NPN
transistor). In addition, the combination of these two solutions is suggested as po-
tential solution for realizing lateral PNP transistors with current gain larger than
unity without adding any further processing step to the NPN fabrication process.
The author performed 100% of characterization, 100% of the simulations
and wrote 90% of the manuscript.

Paper V
This paper reports on the integration of lateral PNP transistors in a 4H-SiC bipo-
lar IC technology for low-voltage application (supply voltage of 15 V) with current
gain of approximately 35. It therefore demonstrates the feasibility of a SiC comple-
mentary bipolar technology. The influence of contact topology (circular vs. rect-
angular), effective base width, base/emitter doping ratio and temperature on the
PNP current gain is analyzed in detail. Design principles for achieving high PNP
current gains have been proposed in terms of device layout and doping concentra-
tions taking into account the doping requirements for high gain NPN transistors.
The author performed 100% of the mask design, 100% of fabrication,
100% of characterization, 90% of the simulations and wrote 90% of the
manuscript.
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Paper VI
This paper reports on the 300 ◦C operation of low-voltage NPN bipolar transistors
and digital integrated circuits fabricated in 4H-SiC. A 2-input OR-NOR gate and
a 3-stage ring oscillator are presented based on the emitter coupled logic (ECL).
Specifically, in the range 27 up to 300 ◦C stable noise margins of approxiamtely
1 V are reported for the OR-NOR gate when operated at a supply voltage of −15
V , whereas an oscillation frequency of about 2 MHz is observed for a 3-stage ring
oscillator.
The author performed 90% of the layout design, 90% of fabrication,
100% of characterization, 100% of the simulations (both device and cir-
cuit level) and wrote 90% of the manuscript.

Paper VII
This paper reports on the successful operation from −40 up to 500 ◦C of low-voltage
4H-SiC NPN bipolar transistors, with increasing current gain above 300 ◦C, and
of integrated OR-NOR gates based on emitter coupled logic (ECL). Thanks to the
use of a temperature compensation network stable noise margins of approximately
1 V are achieved for the reported gate in the range 0 to 500 ◦C, whereas a slight
reduction of the noise margins is observed at lower temperatures. Nevertheless, the
power-delay product of the gate is estimated to be approximately 100 nJ in the
whole temperature range.
The author performed 90% of the layout design, 100% of fabrication,
100% of characterization, 100% and 50% of the simulations at circuit
and device level respectively, and wrote 90% of the manuscript.

Paper VIII
This paper compares the high-temperature performance of two interconnect systems
based on aluminum and platinum, as well as the performance of SiC NPN tran-
sistors and integrated OR-NOR gates fabricated with these interconnect systems
in the range 27 to 500 ◦C. In spite of different characteristics of the interconnects
in terms of resistance of 1 µm-long line, step coverage and via filling no significant
difference is observed in the behavior of the fabricated gates. Regardless of the
interconnect system stable noise margins of approximately 1 V are observed in the
whole temperature range and increasing transistor current gain above 300 ◦C. A
better estimation of the high-temperature performance of the interconnects is ob-
tained from the results of electromigration tests performed at 300 ◦C on contact
chains consisting of 10 integrated resistors. Although in both cases the contact
chain failed after less than one hour when stressed with a current density of about
1 MA/cm2, different failure mechanisms can be observed: electromigration for the
aluminum system and poor step coverage and via filling for the platinum system.
From these results it can be concluded that although further development of its
step coverage and via filling is needed, the platinum-based system is a promis-
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ing candidate for developing a reliable high-temperature interconnect system. The
aluminum-based interconnect system indeed, although unable to provide a reliable
high-temperature operation because of the low melting point, can still be a valid
solution for initial high-temperature testing of SiC ICs.
The author performed 90% of the layout design, 95% of fabrication, 100%
of characterization, 100% of the circuit level simulations and wrote 90%
of the manuscript.
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Introduction

In the last decades, the higher blocking capability of silicon carbide (SiC) compared
to silicon has attracted the attention of many research groups, from both industries
and universities. As a result, a new generation of high-voltage devices based on SiC
is now available on the market. However, the higher blocking capability is not the
only advantage deriving from the wide bandgap of SiC, which is 2-3 times larger
than that of silicon (1.12 eV) depending on the polytype [1]. The SiC wide bandgap
also results in a much lower intrinsic carrier concentration compared to silicon [1],
and this makes SiC extremely attractive for high-temperature applications. SiC
devices have in fact the capability to work at extreme temperatures well beyond
the limit of silicon or silicon-on-insulator devices. In addition, SiC is characterized
by a thermal conductivity (about 5W ·cm−1 ·K−1) [1] two to three times larger than
that of silicon, which means that at temperatures where silicon can still compete
(200 - 300 ◦C) SiC can provide relaxed cooling requirements. It is exactly on the
high-temperature capabilities of SiC that this thesis focuses on.

Thesis objective

The objective of this thesis is to develop a 4H-SiC bipolar technology for high-
temperature integrated circuits (ICs), in order to explore the benefits of combining
the outstanding SiC properties and the advantages of bipolar technology. The al-
ready reported operation of SiC NPN transistors up to 500 ◦C [2] makes these
devices very attractive for high-temperature ICs. In addition, if both NPN and
PNP transistors are available in the same technology, analog integrated circuits
can be easily designed and the realization of more and more advanced circuits can
be enabled.
In order to reach this objective modeling, design, fabrication and characterization
of individual devices and circuits are required, and fabricating several batches is
essential. The feedback the characterization of one batch can provide to modeling,
design, fabrication is fundamental for developing such a technology and for improv-
ing the performance of the successive generation of devices and circuits. For this
reason the following intermediate goals were pursued:

1. developing adequate circuit level models for low-voltage SiC NPN transistors
in order to be able to simulate and design simple basic circuits;

11
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2. designing and fabricating basic digital circuits and test devices for the first
batch;

3. characterizing and modeling individual transistors and ICs fabricated in the
first batch at elevated temperatures up to 300 ◦C;

4. improving process technology and device and circuit performance by iterating
a few times the basic feedback loop between characterization, modeling and
fabrication, and extending the investigated temperature range up to 500 or
600 ◦C;

5. investigating the feasibility of lateral PNP transistors in the same technology.

These goals demonstrate the feasibility of a 4H-SiC complementary bipolar tech-
nology for integrated circuits capable of 500 ◦C, or even 600 ◦C, operation. Al-
though the technology developed in this work has been proven capable of both
digital and analog circuits, only the fabrication of analog circuits is part of this
thesis.

The methodology at the basis of this work, and summarized in the intermediate
goals listed before, is schematically illustrated in Fig. I.1.

At the beginning of this work the availability at KTH of an already developed
high-voltage NPN technology [3] [4] was fundamental. Characterization of single
finger BJTs fabricated in a high-voltage batch [5] allowed extracting a first set
of SPICE models for SiC BJTs and, hence, simulating and designing basic digital
circuits at different temperatures. At the same time, calibrated physical device sim-
ulations were used to design a low-voltage NPN transistor suitable for integrated
circuits. Although this BJT featured different epitaxial structure and layout com-
pared with the high-voltage device used for extracting the first SPICE models, its
design was such that the same SPICE models could be used for both transistors (for
details about the limitations deriving from this choice see device modeling section
2.3). Once design and layout of both circuits and devices were completed, the first
batch was fabricated with a simplified1 version of the high-voltage bipolar process
[4]. Characterization of active and passive devices in the first IC batch (the third
intermediate goal) demonstrated the feasibility of basic digital ICs capable of 300
◦C operation, and provided valuable feedback on the fabrication process and on
the device modeling. A few iterations of the development loop summarized in Fig.
I.1 led to the design of two mask sets and to the fabrication of five batches, which
resulted in an improved IC process technology and in devices and circuits capable
of better performance and of 500 or 600 ◦C operation.

1No over-layer metallization for device contacts and no junction termination extensions were
used.
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High voltage batch: 

MEASUREMENTS on 1-F BJT at T1, T2, ...Tm    

(FGP, IC-VCE, RGP, IE-VEC)

SiC BJT SPICE model extraction 

at T1, T2, ...Tm (LTspice simulations) 

MATLAB SPICE

.cir (netlist)

.out (sim. results)

CIRCUIT 

DESIGN

LAYOUT

Resistors,

Test structures
BJTs Circuits

FABRICATION
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BJTs CircuitsTest structures
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DESIGN
Epitaxial structure 
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DEVICE LEVEL MODELING 

calibrated 2-D physical device simulations

(TCAD) of low-voltage SiC BJT for ICs
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Figure I.1. Flowchart summarizing the feedback loop between characterization,
modeling, design and fabrication at the basis of this thesis. The feedback provided
by the characterization of devices and circuits to modeling, design and fabrication
is highlighted by red arrows (dotted lines), whereas green arrow and box (dashed
lines) indicate steps used only for the first batch. FGP, IC -VCE , RGP and IE-VEC

indicate forward Gummel plot and output characteristic, and reverse Gummel plot
and output characteristic respectively. In the CIRCUIT DESIGN box the input file
for the SPICE simulator, referred to as netlist and indicated by the extension .cir,
is written by means of a MATLAB script. The simulator output file, indicated by
the extension .out and containing the results of the simulation, is read by a specific
MATLAB script.
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Thesis structure

This thesis is organized in seven main chapters. The first one introduces the de-
mand for high-temperature electronics, and the significant advantages SiC can offer
in this field. It also provides an overview of SiC high-temperature ICs.

Chapter 2 discusses the main design principles for NPN and lateral PNP tran-
sistors in terms of both epitaxial structure design and device layout, as well as
device and circuit level modeling of low-voltage SiC NPN transistors. Limitations
of available physical models for device simulation (with Sentaurus T-CAD [6]) at
elevated temperatures are discussed. Special attention is dedicated to their inabil-
ity to reproduce experimentally observed current gain temperature dependences.
The basic procedure used for extracting adequate SPICE model parameters for the
SiC BJT fabricated in this work from their measured characteristics2 is also illus-
trated, together with the selected approach for modeling the device temperature
behavior. To this purpose sets of SPICE model parameters are used, where each
set is dedicated to a specific temperature. The possibility of using the temperature
dependence parameters available in the BJT SPICE model instead of sets of pa-
rameters for discrete specific temperatures is also discussed.

In chapter 3 details about circuit simulation results and implemented layouts are
provided. Different designs of a 2-input ECL-based OR-NOR gates, a 3-stage and
an 11-stage ring oscillators based on the OR-NOR gate are presented. In addition,
an overview of the two mask sets designed during this work is given.

Chapter 4 summarizes the fabrication process used for the various batches dis-
cussed in this thesis. After a brief description of the overall fabrication process,
some critical steps are analyzed in detail. Particular attention is dedicated to SiC
etching, passivation and interconnects. Their development and the consequent im-
provements in device performance are highlighted.

In chapter 5 the performance of NPN and lateral PNP transistors is discussed
in a wide temperature range (from −40 to 600 ◦C). In particular, evolution of
the device performance in terms of NPN current gain and collector resistance is
discussed through the five batches fabricated in this work.

Chapter 6 reports on the performance of the fabricated circuits (OR-NOR gates
and ring oscillators) from −40 to 600 ◦C for different batches.

Finally, the main results discussed in this thesis are summarized in chapter 7
together with considerations about future work aiming to further develop the pre-
sented technology and the performance of the circuits that can be fabricated in
it.

2Required characteristics involve: Gummel plot, current gain plot and output characteristic
both forward and reverse at each temperature of interest.



Chapter 1

High-temperature electronics

1.1 Demand for high-temperature electronics

The availability of electronic components, or even better integrated circuits and sys-
tems, able to reliably operate at high temperature without external cooling could
be greatly beneficial for many important applications. This could also enable fu-
turistic applications not feasible with the traditional electronics, such as Venus and
Mercury exploration. An overview of applications requiring high-temperature elec-
tronics is provided in Table 1.1, together with related peak ambient temperature
and currently available technology if any.

Table 1.1. Semiconductor technology for some high-temperature applications. Bulk
Si stands for bulk silicon, SOI stands for silicon on insulator, NA stands for currently
not available, and WBG stands for wide bandgap. [7].

High temperature application Peak Current
ambient technology

Automotive
Engine control electronics 150◦C Bulk Si & SOI
On-cylinder and exhaust pipe 600◦C NA
Electric suspension and brakes 250◦C Bulk Si
Electric/Hybrid vehicle PMAD 150◦C Bulk Si

Turbine engine
Sensor, telemetry, control 300◦C Bulk Si & SOI

600◦C NA
electric actuation 150◦C Bulk Si & SOI

600 ◦C NA
Spacecraft

Power Management 150◦C Bulk Si & SOI
500◦C NA

Venus and Mercury exploration 550◦C NA
Industrial

High power processing 300◦C SOI
600◦C NA

Deep-Well Drilling Telemetry
Oil and gas 300◦C SOI
Geothermal 600◦C NA

15
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The oldest and currently the largest user of high-temperature electronics is the
downhole oil and gas industry [8]. This application employs electronic systems to
guide and monitor the drilling equipment and to obtain geothermal information
of the surrounding before the production phase. Furthermore, systems are used
to monitor several parameters such as temperature, pressure, vibration and flow
during the production phase. Therefore, this application requires quite complex
electronic systems able to reliably operate without cooling systems at tempera-
tures exceeding 150 ◦C. Moreover, the involved operating temperature is gradually
increasing (recently approaching 200 ◦C), due to the reduced amount of easily ac-
cessible natural resource that forces to drill deeper than few years ago. For this
reason new solutions capable of 300 ◦C operation have been recently reported [9].

Aviation and automotive industry are two examples of emerging users of high-
temperature electronics. Driven by the aim to reduce the weight of the vehicle and
improve its reliability, more and more electronic systems are used by both of them.
The aviation industry is in fact trying to move towards the "more electric aircraft
" (MEA) [8]. The basic idea is to replace the centralized engine controllers with
distributed control systems in order to reduce the complexity of the interconnects,
and to use power electronics and electronic controls instead of the traditional hy-
draulic systems. Although this would significantly reduce the weight of the aircraft
and improve the reliability of the overall system, it requires electronics capable of
reliable operation without cooling systems at temperatures well beyond 300 ◦C1.
Basically for the same reasons the automotive industry is replacing the purely me-
chanical and hydraulic systems with hybrid systems largely based on the use of
electronics. In addition, the availability of integrated circuits capable of operating
well beyond 300 ◦C could enable the development of sensing and control integrated
systems for the engine combustion that could result in better fuel efficiency and
consistent reduction in pollution.

The current silicon and silicon-on-insulator (SOI) technologies can provide high-
performance electronic systems up to 300 ◦C [7]. In particular the reduced leakage
currents provided by the SOI technologies could extend the temperature limit of
CMOS ICs up to 300 or 350 ◦C [10]. However, new technologies based on different
semiconductors are required in order to reach even higher operating temperatures.

1.2 Semiconductors for high-temperature electronics

Wide bandgap semiconductors are extremely attractive for high-temperature ap-
plications, especially when temperatures beyond 300 ◦C are involved. Main reason
is probably their intrinsic carrier concentration, which is orders of magnitude lower
than that of silicon. Semiconductor device operation is in fact based on the con-
trol of free carrier concentration, which is achieved during the fabrication through

1The cooling systems in fact would add cost and weight to the aircraft and reduce its reliability.
In addition, a failure to the cooling system could cause a failure of the electronics controlling critical
systems.
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Figure 1.1. Calculated semiconductor intrinsic carrier concentration versus tem-
perature. Calculations are based on material parameters provided in [12]. Wurtzite
GaN is considered.

introduction of a desired amount of dopants in selected device regions. However,
a certain amount of free carriers is present in the semiconductor crystal itself (the
intrinsic concentration), and it depends on temperature as follows [11]:

ni =
√

NC NV e−EG/2kBT , (1.1)

where NC and NV are the effective electron and hole densities of states, EG is the
bandgap, kB the Boltzmann constant and T the temperature. Although EG, NC

and NV are also temperature dependent, equation (1.1) is governed by the expo-
nential term. When the temperature is high enough to make ni comparable with
the inserted doping concentration, the device behavior is undesirable affected by
the intrinsic concentration. If one compares the intrinsic carrier concentration of Si
with that of different wide bandgap semiconductors such as GaAs, GaN and SiC,
it is evident that electronic devices based on wide bandgap semiconductors can po-
tentially work at much higher temperatures than Si based devices. If 1 · 1014 cm−3

is used as reference value for a low doping concentration Fig. 1.1 clearly shows that
while for Si ni already reaches this value around 200 ◦C, for GaN, 4H- and 6H-SiC
the same value is reached when the temperature approaches 800 ◦C. Moreover, in
the high-temperature range where Si can still compete the much lower ni of the wide
bandgap semiconductors can provide better device performance in terms of leakage
currents and relaxed cooling requirements. Nevertheless, in low-power applications
wide bandgap based devices will likely find use only at ambient temperature above
300 ◦C, since silicon and silicon-on-insulator technologies are already providing very
large scale integrated circuits for operating temperatures approaching 300 ◦C at a
much lower cost than similar SiC circuits. In high-power applications, where the
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internal temperature of the devices can be raised well above the ambient temper-
ature by the significant power dissipated inside them (i.e. due to dynamic losses,
on-state loss or off-state leakage current flowing in the device when blocking hun-
dreds or thousands of volts), wide bandgap devices are indeed already required at
200 ◦C [7].

Different devices based on GaAs, GaN and SiC have reported high-temperature
operation with little degradation of their performance. A GaAs MESFET tech-
nology has demonstrated devices and basic integrated circuits capable of 500 ◦C
and 300 ◦C operation respectively [13], [14]. The high-temperature capability of
different GaN-based devices has also been investigated, leading to AlGaN/GaN
HEMTs capable of stable operation at 500 ◦C [15], as well as GaN MESFETs and
BJTs capable of prolonged operation for 1000 hours at 400 ◦C and for more than
800 hours at 300 ◦C, respectively [16]. For SiC instead several high-temperature
devices have been demonstrated: JFETs [17] [18], BJTs [2] and MESFETs [19] [20]
have reported operation up to 500 ◦C or 550 ◦C, while SiC MOSFETs [21] have
been demonstrated up to 400 ◦C.

Among the aforementioned wide bandgap semiconductors, silicon carbide has been
and still is object of intense research aiming to develop integrated circuit capable of
prolonged operation at extreme temperatures. An overview of the SiC integrated
circuit technologies resulted from this research is given in the next section.

1.3 High-temperature SiC IC technologies

High-temperature operation of SiC ICs has been reported for several technologies
and SiC polytypes. A summary of the latest results is given in Table 1.2.

The first SiC digital integrated circuit was reported by Purdue University in
1994 [29] based on a 6H-SiC enhancement mode NMOS technology. Shortly there-
after, the first SiC analog integrated circuit was announced by GE [30] [31], based
on a 6H-SiC depletion mode NMOS technology. In both cases stable operation up
to about 300 ◦C of the proposed ICs was shown. Although the reported opera-
tional amplifier was capable of a gain of about 53 dB up to 300 ◦C, it was unstable
at 350 ◦C. More advanced analog and digital circuits have been more recently re-
ported by GE based on depletion and enhancement mode technologies [22] [23]. In
both cases, prolonged circuit operation was proven for 150 or 1000 hours at 300 ◦C.

Besides NMOS technologies, CMOS technology has also been investigated since
late 90s. This resulted in digital ICs capable of 300 ◦C operation fabricated first on
6H-SiC [32] and more recently on 4H-SiC [33]. In addition, for 4H-SiC the same
group reported 400 ◦C operation of analog and digital CMOS-based circuits [21].

Long-term stability of 6H-SiC JFET ICs, both analogue and digital, was demon-
strated at 500 ◦C for thousand hours [18]. Based on this technology fully inte-
grated operational amplifiers (op amps) have shown operation up to 600 ◦C [26]
[34]. Specifically, single-stage and 2-stage amplifiers have reported stable differ-
ential mode gains up to 600 ◦C and approximately equal to 35.8 dB and 69 dB,
respectively. In addition, basic digital gates based on 6H-SiC JFETs have reported



1.3. HIGH-TEMPERATURE SIC IC TECHNOLOGIES 19

Table 1.2. Latest reported SiC technology for high-temperature integrated circuits.
In the list of fabricated circuits, op amp stands for operational amplifier and ring
osc. for ring oscillator. * Only the fabrication of analog SiC integrated circuits is
included in this work, but not their design and characterization.

Device type Fabricated circuit Max Temp. Group Ref.
[ ◦C]

4H-SiC NMOS 300-350
depletion-mode fully integrated op amp (100h) GE [22]
enhancement-mode frequency counter and (1000h) GE [23]

time generator

4H-SiC CMOS Digital block
401-stage ring osc. 400 Raytheon [21]
op amp

6H-SiC JFET Basic digital gates 500 (1000 h) NASA [24] ,[18]

Basic digital gates 550 CWRU [25]
2-stage fully monolithic 576 CWRU [26] [27]
op amp

4H-SiC BJT Basic digital gates 355 Purdue univ. [28]

4H-SiC BJT Basic digital gates 600 THIS WORK
Analog circuits* 500

operation up to 550 ◦C [25].
A 4H-SiC MESFET technology for high-temperature ICs has also been reported

[35]. Although this technology has been proven capable of digital basic gates and
more advanced digital circuits up to 300 ◦C, their operation was limited by signifi-
cant leakage associated to the Schottky gate electrode at higher temperatures.

Bipolar digital ICs have also been demonstrated in 4H-SiC with operation up to
355 ◦C based on transistor-transistor logic (TTL) [36]. This technology has shown
propagation delays of basic inverters comparable with those of silicon TTL circuits
(≈10ns) [28]-[37].

Finally, this thesis reports on a 4H-SiC bipolar technology and on integrated cir-
cuits based on emitter coupled logic (ECL) capable of 600 ◦C operation. The ECL
logic family was selected since it permits a wide operating range both in terms of
temperature and supply voltage allowing an easy implementation of a temperature
and supply voltage compensation network. Furthermore, being a non-saturated
logic it has the potential to achieve high operation speed.





Chapter 2

Device design and modeling

This chapter illustrates some basic design principles, in terms of epitaxial structure
and device layout, for a SiC bipolar complementary technology. Furthermore, it
discusses the modeling of SiC BJTs at device and circuit level with special focus on
the temperature range 300 to 500 ◦C.

2.1 Device design: epitaxial structure and layout
considerations

The basic epitaxial structure used in this work and shown in Fig. 2.1 involves
5 or 6 epitaxial layers, depending on using one or two epitaxial layers for the
emitter. This structure allows making the collector contact available on the topside
of the wafer, and isolating different devices realized close to each other on the same
wafer without ion implantation. The same structure also provides the possibility
of designing lateral PNP transistors. As indicated in Fig. 2.1, the base layer of
the NPN transistor can be used to form the emitter and collector region of the
lateral PNP, while the collector layer of the NPN can allocate the base region of
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Figure 2.1. Basic cross-sectional view of NPN and lateral PNP transistors used in
this work. Important parameters for both devices are highlighted.
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the PNP. However, when designing the overall epitaxial structure, and especially
the base layer of the NPN transistor, it is fundamental to take into account the
performance of both NPN and PNP transistor. In order to clarify this point, the
following sections first discuss design principles for both devices separately and then
suggest trade-off solutions.

2.1.1 NPN transistor design

Since the technology developed in this work is meant to be used for low-voltage
applications (i.e. integrated circuits designed for 15 V voltage supply) the main
design focus for an NPN transistor is on its current gain. A certain attention is also
dedicated to base and collector parasitic resistances, while very relaxed designs can
be allowed for the breakdown voltage (BV).
In order to achieve a certain current gain β some parameters have to be properly
designed: doping and thickness of emitter and base epitaxial layers, half emitter
width and distance between the emitter mesa and the base contact WE/2 and Wp

in Fig. 2.1, respectively.
The current gain can be related to the characteristics of emitter and base layers

as follows:

β ∝
NE · tE

NB · tB
, (2.1)

where NE and tE are doping and thickness of the emitter layer, while NB and tB

are doping and thickness of the base layer. High emitter dose1 (NE · tE) and low
base dose (NB · tB) are desirable since they improve the device emitter efficiency,
which is defined as the ratio between the electron emitter current and the total
emitter current. Therefore, the emitter layer is usually heavily doped and rela-
tively thick, while the base layer is thinner and more lightly doped. In particular,
the thickness of the emitter layer should be larger than the diffusion length of the
minority carriers, so that the recombination of the holes injected from the base
into the emitter does not occur at the emitter contact where the recombination
velocity is higher. However, some practical issues and drawbacks that are able to
lower β have to be taken into account. A too high emitter doping concentration
can reduce the current gain because of bandgap narrowing effect, while a too thick
layer resulting in a more pronounced overall device topography could complicate
the fabrication process. For this reason typical emitter doping concentration is
1 · 1019cm−3, while the emitter thickness usually ranges between 1 and 2 µm. For
the base layer instead, practical lower limits for doping concentration and thickness
are determined by the necessity of forming good ohmic contact to the base layer,
especially when the process fabrication does not involve any ion-implantation, and
by the necessity of stopping the first etching step in the base layer in spite of vari-
ations in the thickness of both emitter and base layer and in etch rate across the
wafer. If the first etch is too shallow the isolation between base and emitter can be

1The dose is defined as the product between layer thickness and doping.
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compromised, if instead it is too deep it could result in a significant extrinsic base
resistance or it could even reach the collector layer.

For the two aforementioned geometrical features, WE/2 and Wp, minimum values
should be respected in order to prevent reductions in current gain. A too narrow
emitter width can determine two phenomena that are able to lower the transis-
tor gain: increased bulk recombination and forward biasing of the base-collector
junction [38]. A narrower WE/2 forces the collector current IC to flow through
a smaller area, which means the overall resistance seen by this current increases.
Although for high-voltage NPN transistors the forward biasing of the base-collector
junction is dominant and can lead to a 20% gain reduction for WE/2 < 5µm [38],
for low-voltage transistors this mechanism is much less important. The higher col-
lector resistance of the low-voltage transistors, due to the topside collector contact,
is in fact responsible for an earlier forward biasing of the base-collector junction.
Negligible gain reduction can be observed when the emitter width shrinks. Simula-
tion results reported in [39] showed only a 3% gain decrease when WE/2 is reduced
from 15 to 2.5µm. For wide enough WE/2, the current gain becomes independent
of WE/2 and saturates to its maximum value due to depolarization of the base-
emitter junction caused by the not negligible sheet resistance of the base layer.

The distance between emitter mesa and base contact (Wp) should be designed
large enough to prevent the generation of an additional electron diffusion current
towards the base contact. Such a current would increase the total base current
and, thus, lower the current gain. Although the current gain saturates for large
enough Wp because of the depolarization of the base-emitter junction, a too large
Wp should be avoided since the BJT base resistance considerably increases with it.

Since doping and thickness of the base layer are designed in order to achieve a
certain current gain, the transistor base resistance RB can be optimized by acting
on the device layout or by reducing the sheet resistance in the extrinsic base region.
Double-sided base contacts are usually used, and ion-implantation or epitaxial re-
growth could be employed for modifying the characteristics of the extrinsic base
region. However, both ion-implantation and epitaxial regrowth come with some
drawbacks. In the first case they are represented by the need for a high-temperature
annealing able to activate the implanted dopant and for a wider distance between
base contact and emitter mesa in order to prevent gain reduction. In the second
case, they consist in possible modifications of the device geometry which could com-
plicate the successive process steps.

Concerning the collector layer the main design focus is on the NPN collector re-
sistance since as mentioned earlier the transistor is not designed for blocking high
reverse voltages. As shown in Fig. 2.1 the collector region consists of two epitaxial
layers: one lightly doped (∼ 1 · 1016cm−3) that represents the intrinsic collector of
the NPN, and a second heavily doped layer (∼ 1 · 1019cm−3) that acting as buried
collector allows low resistive path to the intrinsic collector. Because of the topside
collector contact the main contribution to the collector resistance RC comes from
the lateral flow of the IC through the buried layer. Despite of the high doping
concentration of this layer IC sees a high resistive path due to the small thickness
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of the layer compared to the transistor topside dimensions. The resistance seen by
IC in this layer can even be one order of magnitude higher than that seen by IC

when flowing vertically through the intrinsic collector2. In order to reduce the over-
all RC of the transistor one can design a thicker buried collector layer. However,
this could complicate the fabrication process resulting in a more pronounced device
topography. Additionally, one can act on the device layout and specifically on the
design of the collector contact. A double-sided collector contact, or even better a
collector contact that surrounds most of the base periphery, is able to considerably
lower RC , as will be shown in device result section 5.2.1. However, this solution
can complicate the routing of the circuits.

Although, as mentioned earlier, low BV can be accepted for the NPN transistors
in this thesis, a minimum value compatible with the supply voltage of the target ICs
has to be guaranteed. For this reason doping and thickness of the intrinsic collector
have to be properly designed and the possibility of base punch-through has to be
taken into account, while the low value of the reverse voltages involved makes the
use of junction terminations unnecessary. The presence of a heavily doped buried
layer able to sustain an elevated electric field at the intrinsic-buried collector junc-
tion allows a punch-through design for the intrinsic collector [40]. Therefore, the
simplified equation given in the following based on [40] can be used for designing
the intrinsic collector layer for given BV and layer thickness (tiC):

NiC =
2 · ǫ

q · tiC

(

Ecr −
BV

tiC

)

, (2.2)

where ǫ, q and Ecr are the SiC dielectric constant, the elementary charge and the
critical field respectively. Since at the BV the critical field (equal to 2.2·106V ·cm−1

for 4H-SiC) is reached at the base-collector junction the base layer has to be able
to sustain such field without resulting in base punch-through. This means that for
the selected base doping the depleted region of the base layer at the BV has to be
narrower than the selected base layer thickness tB:

tB >
ǫ · Ecr

q · NB
. (2.3)

2.1.2 Lateral PNP transistor design

In this thesis the design of lateral PNP transistor mainly focuses on the current
gain with no other requirement than achieving βP NP > 1 since the first generation
of lateral PNP characterized in this work showed βP NP ≪ 1 [PAPER IV], as will

2In most part of this thesis intrinsic and buried collector layer are 1 µm thick and doped to
∼ 1 · 1016cm−3 and ∼ 1 · 1019cm−3, respectively. For the low-voltage NPN designed for the first
mask set IC sees a cross-sectional area of about 100 · 100 µm2 and a vertical length of 1µm when
flowing through the intrinsic collector, while it sees a cross-sectional area of about 100 · 0.9 µm2

and an average length of ∼ 55µm when laterally flowing in the buried collector layer. Accounting
for the different values of the electron mobility due to the different doping concentrations, the
equivalent resistance in the intrinsic layer is almost 60 times lower than that in the buried layer.
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be discussed in device result section 5.4. Similarly to the current gain of NPN
transistor, the current gain of lateral PNP transistors depends on the design of
emitter and base epitaxial layers and on the device layout. Based on the design
principles already discussed for NPN transistors an equation similar to eq. (2.1)
can be derived for lateral PNP transistors:

βP NP ∝
NB · (tB − OEB)

NiC · (2 · tiC + WCE)
, (2.4)

where OEB and WCE are the over-etch in the base layer of the NPN (i.e. emitter
of the PNP) and the distance between emitter and collector mesa of the PNP (see
Fig. 2.1). Because of the lateral design of the PNP an equivalent electrical base
width has to replace its physical thickness. This justifies the term 2 · tiC + WCE in
eq. (2.4), and clearly suggests that the introduction of a shallow etch dedicated to
the isolation of emitter and collector region of the PNP can improve βP NP since
it results in a smaller electrical base width. In this case tiC in equation (2.4) can
be replaced by the smaller over-etch in the intrinsic collector OEiC . While without
a dedicated etch step tiC in equation should be replaced by tiC + OEbC in order
to account for the over-etch in the buried collector. In addition, when designing
the device layout the presence of a parasitic base-emitter diode has to be taken
into account. Since this diode strongly contributes to the PNP base current, it
is important to minimize its area in order to improve βP NP . When reducing the
emitter area of the PNP, the device base current decreases faster than the emitter
current and, hence, faster than the collector current. For this kind of devices
the base current scales in fact with the area of the base-emitter diode similarly
to the diode current, while the emitter current scales with the periphery of the
base-emitter diode (see device result section 5.4).

2.1.3 Epitaxial structure design for a complementary
technology

Since the NPN and PNP transistors share the same epitaxial layers a compromise
has to be reached for the base layer of the NPN if an ion-implantation free fab-
rication process is used. The doping concentration of this layer (NB) has in fact
opposite effect on the emitter efficiency of the two devices: a low doping concen-
tration improves βNP N but it lowers βP NP . A possible trade-off could consist in a
graded doping profile for NB decreasing towards the emitter of the NPN. In this
way, for the same base dose in the NPN transistor, designed to reach a certain
βNP N , an overall higher dose can be achieved in the emitter of the PNP thanks to
the higher doping concentration in the initial part of the epitaxial layer. Moreover,
such design would reduce the base contact resistance of the NPN transistor as a
further advantage. An alternative, or additional, solution could consist in growing
a very low doped n-layer before the base layer of the NPN. This would enhance the
PNP emitter efficiency and, hence, βP NP without affecting the gain of the NPN.

In this thesis two slightly different epitaxial structures were considered, if vari-
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Figure 2.2. Epitaxial structures used in this work. NA indicates the acceptor
doping concentration in the base of the NPN transistors. (a) Double emitter layer
with different doping concentrations and 1 µm-thick intrinsic collector layer. (b)
Emitter consisting of a single epitaxial layer and 0.5 µm-thick intrinsic collector
layer.

ations in base doping concentration are neglected. As shown by the corresponding
cross-sectional views of the NPN transistor given in Fig. 2.2, the main differences
concern the emitter and the intrinsic collector layer. A fixed thickness of 300 nm
was used for the base layer, as well as fixed doping concentration and thickness for
the buried collector equal to 1 · 1019cm−3 and 1 µm, respectively. The structure
in Fig. 2.2 (a), used at the beginning of this work and for most of the fabricated
samples, involves a double emitter layer consisting of a heavily doped (3 ·1019cm−3)
200 nm-thick capping layer and an 800 nm-thick layer doped to 1 · 1019cm−3. The
intrinsic collector is a 1 µm-thick layer doped to 1 · 1016cm−3 that allows a the-
oretical BV of about 220V without resulting in base punch-through even for the
lowest base doping considered for this structure (∼ 5 · 1017cm−3). In this case
the estimated depleted base width at the BV is about 240 nm. The structure in
Fig. 2.2 (b), instead, is characterized by a single emitter layer (750 nm thick and
doped to 2 · 1019cm−3) with a similar dose compared to the emitter in the other
design and a thinner and more heavily doped intrinsic collector layer. The thinner
intrinsic collector layer (design in Fig. 2.2 (b)) results in a lower theoretical BV of
about 100 V , which is still compatible with the target applications of this work.
The epitaxial design in Fig. 2.2 (b) aimed to reduce the overall device topography
allowing smaller steps for emitter and base mesa of the NPN transistors.

2.2 Device level modeling of SiC BJTs

Device level simulations allow designing devices with specified performance and
modeling observed device behaviors. In this thesis calibrated 2-D physical sim-
ulations have been used for both purposes, although the main focus was on the
temperature modeling of transistor current gain and of sheet resistance, Rsh, of n-
and p-type epitaxial layers. Being able to predict these temperature dependences
could be greatly beneficial for the design of integrated circuits targeting broad tem-
perature ranges including elevated temperatures. The temperature modeling of Rsh
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is not only needed for designing the resistors in the circuits, but it is also involved
in the temperature modeling of the transistor current gain, since this depends on
the the characteristics of emitter and base layer of the transistor.

2.2.1 Physical models

Although several physical models have to be specified in order to simulate the
electrical behavior of a SiC BJT, in the following only few of them are discussed
together with their temperature dependences.

The most relevant models for Rsh are those related to incomplete ionization,
bandgap and carrier mobility. For modeling the BJT characteristics in forward
conduction additional models have to be considered in order to properly describe
bulk and surface recombination mechanisms.

Incomplete ionization

Unlike silicon, where most of the dopants can be considered fully ionized at room
temperature, in SiC incomplete ionization of dopants, ζ, has to be taken into ac-
count. Al and N, commonly used as acceptor and donor dopants in SiC, are char-
acterized by relatively high ionization energies compared to the thermal energy
(T ·kB , where kB is the Boltzman constant). An accurate model of this mechanism
is essential for predicting the device current gain, and especially its temperature
dependence, since the ionized concentrations in emitter and base strongly affect the
transistor emitter efficiency.

The incomplete ionization can be modeled as follows [41]:

ζD =
N+

D

ND
=

1

1 + gD
n

NC
exp

(

EC−ED

kBT

) , (2.5)

ζA =
N−

A

NA
=

1

1 + gA
p

NV
exp

(

EA−EV

kBT

) , (2.6)

where N+
D and N−

A are the ionized donor and acceptor concentrations and ND and
NA their nominal concentration. ∆ED0 = EC − ED and ∆EA0 = EA − EV are the
donor and acceptor ionization energy, NC and NV the effective density of states
in conduction and valence band, gD and gA the degeneracy factor of donors and
acceptors respectively (usually assumed equal to 2 and 4). Finally, kB is the Boltz-
mann constant, and n and p are the electron and hole concentrations.

However, in 4H-SiC nitrogen atoms can occupy two inequivalent sites located in
the cubic or the hexagonal C-lattice, which implies the existence of two donor levels
close to the conduction band. Although several studies have focused on estimating
these energy levels, different values of the corresponding ionization energies have
been reported. They range between 45 − 66 meV for one level and between 92 and
124 meV for the other one [42] [43] [41] [44]. Nevertheless, in simulation a single
effective ionization energy, accounting for both levels, is usually used [41]. When
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instead Al is used as dopant in 4H-SiC a single energy level arises in the bandgap
close to the valence band. For its ionization energy different values have been re-
ported ranging between 191 − 250 meV [41] [45].

The ionization energy of both kinds of dopants can be reduced by several mech-
anisms, as theoretically considered in [46]. A simple way of accounting for them,
suggested in [45], consists in assuming the ionization energy to be inversely propor-
tional to the average distance between the dopant atoms, which means:

∆ED = ∆ED0 − αN N
1/3
D , (2.7)

∆EA = ∆EA0 − αAN
1/3
A , (2.8)

where αN and αA are equal to 3.1 · 10−5meV cm or to 3.6 · 10−5meV cm [45] [47].

Mobility

Temperature and doping dependence of electron and hole mobility can be described
by the following equations based on the Arora model [48]:

µn = µmin,n +
µmax,n

(

T
T0

)αn

1 +
(

N
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)γn
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(
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, (2.9)

µp = µmin,p +
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(

T
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1 +
(

N
Nref,p

)γp
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108
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(

N
1.76 1019

)0.34

(

T

T0

)

−2.15

. (2.10)

Although this model has been used in several studies with slightly different choices
for the values of the parameters [49] [41] [50] [51], the temperature behavior it
predicts can be questioned when wide temperature ranges, including temperatures
above 300 ◦C, are considered as will be shown in the next section. In this regard, it
is worth mentioning that at high doping levels quite different temperature depen-
dences have been proposed for both electron and hole mobility by Balachandran et
al. in [52]. In this study, µn and µp were modeled as follows:

µn = µmin
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)0.7 . (2.12)

As depicted in Fig. 2.3 at high doping levels the predicted decrease of µn and
µp with temperature is much slower compared with the one described in equations
(2.9) and (2.10) for the Arora model. In addition, these two models predict slightly
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Figure 2.3. Comparison between Arora and Balachandran mobility models in terms
of temperature dependence at two doping levels (1 · 1018cm−3 and 1 · 1019cm−3)
from equations (2.9)-(2.10) and (2.11)-(2.12), respectively. (a)-(c) Electron mobility.
(b)-(d) Hole mobility.
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Figure 2.4. Comparison between Arora and Balachandran mobility models in
terms of doping dependence at 300K from equations (2.9)-(2.10) and (2.11)-(2.12),
respectively. (a) Electron mobility. (b) Hole mobility.
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different doping dependences as shown in Figs. 2.4 (a) and (b).
In both electron mobility equations (2.9) and (2.11) N refers to the ionized

doping concentration, while the nominal doping can be used for the hole mobility
equations (2.10) and (2.12) based on [45]. In this study the hole mobility in 4H-
SiC was proven to be mainly affected by neutral impurities rather than by ionized
impurities.

As will be shown in the next section the Balachandran’s mobility model allows a
much better agreement between measured and simulated sheet resistance of heavily
doped n-type epitaxial layers over a wide temperature range compared with that
achievable when using the Arora model. As already mentioned, an accurate tem-
perature behavior of this kind of epitaxial layers is of great interest in this thesis not
only because the resistors used in the circuits are realized in heavily doped n-type
epitaxial layers, but also because an accurate modeling of the transistor emitter
layer (usually an heavily doped n-type layer) is required for an adequate prediction
of the temperature dependence of the transistor current gain .

Bandgap and bandgap narrowing

Modeling the temperature dependence of the bandgap, and more importantly of
the bandgap narrowing in the emitter layer, is essential for an accurate prediction
of the gain temperature dependence [50].

The temperature dependence of 4H-SiC bandgap can be modeled according to
the following equation:

EG (T ) = EG (300K) +

(

3002

300 + beta
−

T 2

T + beta

)

· alpha. (2.13)

The slightly different values reported for the parameters alpha and beta in [51] and
[52] result in the different dependences at higher temperature depicted in Fig. 2.5.

Besides the temperature dependence a reduction of the nominal bandgap has
to be considered for heavily doped layers. In this case variation in the local dop-
ing concentration, formation of an impurity band in the bandgap or interactions
between electrons, holes and ionized impurities can give rise to a smaller effective
bandgap. This mechanism, known as bandgap narrowing, has been modeled in SiC
by Lindefelt [53] by relating the displacements of conduction and valence band to
the ionized doping concentration. For n-type semiconductors this is described as
follows:

∆Ec = Anc

(

N+
D

1018

)1/3

+ Bnc

(

N+
D

1018

)1/2

, (2.14)

∆Ev = Anv

(

N+
D

1018

)1/4

+ Bnv

(

N+
D

1018

)1/2

, (2.15)

while for p-type semiconductors equations (2.16) and (2.17) can be used. In both
cases band edge displacement is related to the ionized dopant concentration and,
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Figure 2.5. Comparison between the temperature dependence of 4H-SiC energy
bandgap reported in [51] and [52].

Table 2.1. Band edge displacements in eV for n-type and p-type 4H-SiC according
to Lindefelt model: parameter values for equations (2.14)-(2.17) [53].

Anc Bnc Anv Bnv

−1.5 10−2
−2.93 10−3 1.90 10−2 8.74 10−3

Apc Bpc Apv Bpv

−1.57 10−2
−3.87 10−4 1.3 10−2 1.15 10−3

therefore, indirectly to the temperature. The values of all coefficients are collected
in table 2.1.

∆Ec = Apc

(

N−

A

1018

)1/3

+ Bpc

(
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1018

)1/2

, (2.16)

∆Ev = Apv

(
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1018

)1/4

+ Bpv

(

N−

A

1018

)1/2

. (2.17)

Recombination processes and carrier lifetime

In this thesis bulk and surface recombination mechanisms have been modeled base
on [50] and [47].

For the Schockley-Read-Hall processes the minority carrier lifetime is modeled
according to the Scharfetter relation for the doping dependence [51] [54] (see equa-
tion (2.19)), while for the temperature dependence [55] the following power law is
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Figure 2.6. Comparison between measured and simulated buried collector sheet
resistance in the range 27 to 500 ◦C for different mobility models and donor activation
energies (∆ED). (a) Arora and Balachandran mobility model with ∆ED = 65 meV .
(b) Balachandran’s mobility model with ∆ED equal to 65, 100 and 130 meV .

used:

τn = τn0

(

T

T0

)exn,tau

, (2.18)

where T0 = 300K.

τdop,n,p =
τmax,n,p

1 +
(

NA,D

Nref

)γn,p
=

τmax,n,p

1 +
(

NA,D

3×1017

)0.3 . (2.19)

For the exponential parameter exn, tau different values can be found in literature.
Specifically, 1.72 [41] and 5 [52] have been reported for it.

The surface recombination is modeled by specifying the trap distribution at the
SiC/SiO2 interface, similarly to what has been reported in [50] and [47]. In this
thesis no temperature dependence was accounted for.

2.2.2 Limitations of the physical models

The main concerns about the physical models described in the previous section
are related to the heavily doped regions (i.e. emitter and buried collector of the
NPN transistor) and to their characteristics when temperatures above 300 ◦C are
considered.

Attempts at modeling Rsh of epitaxial layers with different doping concentrations
and transistor β in the temperature range 27 to 500 ◦C did not always result in
good agreements with measurement results.

Concerns about incomplete ionization and mobility models arise from the sim-
ulated temperature dependence of the sheet resistance of a heavily doped n-type
layer (1 × 1019 cm−3) shown in Figs. 2.6 (a) and (b). The inadequacy of the Arora
model for the electron mobility is evident in the range 27 to 500 ◦C, since it predicts
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a monotonically increasing Rsh while an almost constant behavior was extracted for
it from transfer length method (TLM) measurements. The measured Rsh suggests
that in the investigated temperature range dopant ionization and reduction of the
mobility oppose each other. Although a much better agreement is achieved when
the Balachandran’s mobility model is used, the minimum in the measured Rsh be-
tween 100 and 200 ◦C is still missing in the simulated temperature dependence (see
Fig. 2.6 (a)). Moreover, if different values of the nitrogen ionization energy are
used in the Balachandran’s mobility model, different temperature dependences can
be obtained for Rsh as shown in Fig. 2.6 (b). These results suggest that the use
of an ionization model based on a single energy level for nitrogen in 4H-SiC may
be inadequate for wide temperature ranges. This uncertainty about the incomplete
ionization of nitrogen makes the modeling of bandgap narrowing and transistor β
questionable.

A better agreement can be instead obtained for the sheet resistance of a p-type
layer regardless of the selected mobility model, as shown in Fig. 2.7. In addition,
a small adjustment in the value of the parameter µmin

p in the Balachandran’s mo-
bility model, which is reduced from 53 to 20 (see eq. (2.12)), allows an even better
agreement especially at higher temperatures.

Concerning the transistor current gain, a good agreement between measured and
simulated values has been achieved only in the temperature range 27 to 300 ◦C.
As shown in Figs. 2.8 (a) and (b), for both mobility models and for both the con-
sidered base doping concentrations the simulated β decreases monotonically when
the temperature increases, while the measured β increases above 300 ◦C. This ex-
perimental behavior can be attributed to two competing mechanisms affecting β.
When the temperature rises the minority carrier lifetime increases, while the emit-
ter efficiency decreases until the base dopants are fully ionized [56]. Therefore, the
negative gain temperature coefficient observed in range 27 to 300 ◦C suggests that
the reduction of the emitter efficiency is the dominant mechanism in this temper-
ature range. Whereas the positive temperature coefficient above 300 ◦C suggests
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that all or almost all base dopants have been ionized and that the increasing car-
rier lifetime has become the dominant mechanism. It is worth noting that a similar
behavior of the current gain with a minimum about 300 ◦C has been predicted in
[52] for 4H-SiC BJTs based on the Balachandran’s mobility model.

In order to be able to predict the current gain temperature dependence observed
in this work more accurate physical models should be developed for temperatures
above 300 ◦C. To this aim a reasonable amount of measurement data for transis-
tors and TLM structures, including different doping concentrations and a broad
temperature range, should be considered.

2.3 Circuit level modeling of SiC BJTs

In order to be able to design integrated circuits appropriate circuit level models
are required for the components included in the circuits. Since current gains and
collector resistances of SiC BJTs can significantly vary depending on device design
and fabrication process, a custom model, or a set of models, has to be extracted
based on the observed electrical behavior of the selected BJT.

However, when the circuits rely on a newly designed BJT, which will be fabricated
for the first time together with the circuits, two approaches are possible in order
to extract an adequate circuit level model for the BJT. The first approach consists
in using as reference device a BJT that is as close as possible to the one that will
be used in the circuits in terms of design and process technology. In this case an
appropriate model can be extracted based on the characteristics measured on the
reference BJT. The second approach relies on calibrated physical device simulations
used to predict the electrical behavior of the device. Both approaches have been
used for SiC ICs [34] [37]. However, in order to obtain models accurate enough
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Table 2.2. List of Spice model parameters used to model SiC BJTs in this work.

Name Description Default Unit

V AF Forward Early Voltage ∞ [V]
BF Ideal Maximum Forward Beta 100 [A/A]
IKF Knee Current for Forward Beta High Current Roll-off ∞ [A]
IS Transport Saturation Current 10−16 [A]
NF Forward Current Emission Coefficient 1 [adim]
ISE Base Emitter Leakage Saturation Current 0 [A]
NE Base Emitter Leakage Emission Coefficient 2 [adim]

V AR Reverse Early Voltage ∞ [V]
BR Ideal Maximum Reverse Beta 1 [A/A]
IKR Knee Current for Reverse Beta High Current Roll-off ∞ [A]
NR Reverse Current Emission Coefficient 1 [adim]
ISC Base Collector Leakage Saturation Current 0 [A]
NC Base Collector Leakage Emission Coefficient 2 [adim]

RB Zero Bias Base Resistance 0 [Ω]
RE Emitter Resistance 0 [Ω]
RC Collector Resistance 0 [Ω]

CJC Base Collector Zero Bias Capacitance 0 [F]
MJC Base Collector Junction Grading Coefficient 0.33 [adim]
V JC Base Collector Built-in Potential 0.75 [V]
CJE Base Emitter Zero Bias Capacitance 0 [F]
MJE Base Emitter Junction Grading Coefficient 0.33 [adim]
V JE Base Emitter Built-in Potential 0.75 [V]
CJS Zero Bias Substrate Capacitance 0 [F]
MJS Substrate Junction Grading Coefficient 0.33 [adim]
V JS Substrate Junction Built-in Potential 0.75 [V]
F C Coefficient for Forward Bias Capacitance Formula 0.5 [adim]

Table 2.3. List of Spice model parameters that model the temperature behavior of
bipolar transistors.

Name Description Default Unit

XT B Forward and Reverse Beta Temperature Coefficient 0.0 [adim]
XT F Transit Time Bias Dependence Coefficient 0.0 [adim]
XT I IS Temperature Effect Exponent 3.0 [adim]

T RB1 RB Temperature Coefficient (linear) 0 [ ◦C−1]
T RB2 RB Temperature Coefficient (quadratic) 0 [ ◦C−2]
T RC1 RC Temperature Coefficient (linear) 0 [ ◦C−1]
T RC2 RC Temperature Coefficient (quadratic) 0 [ ◦C−2]
T RE1 RE Temperature Coefficient (linear) 0 [ ◦C−1]
T RE2 RE Temperature Coefficient (quadratic) 0 [ ◦C−2]
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to allow designing analog or digital circuits with specific requirements on power
consumption and delay the choice of reference devices and the calibration of the
simulation models are fundamental. For example in [37] the discrepancy between
measured and simulated transistor gain (the latter was almost 8 times higher) was
indicated as one of the main reasons for a measured gate delay almost 3 times big-
ger than the simulated one. Nevertheless, inaccurate models can be used to verify
the logic functionality of digital circuits at the initial development stage of an IC
technology.

Although several advanced models have been developed in order to predict the
behavior of bipolar transistors such as MEXTRAM [57] or VBIC [58], for this work
the simple Gummel Poon Spice model [59] [60] was selected since it is a rather simple
model that can be easily implemented in SPICE and allows predicting the behavior
of bipolar transistors with a fairly good approximation with only few parameters.
Additionally, the physical meaning of its parameters simplifies the extraction pro-
cedure [61] [62] and makes it less time consuming. This is not a trivial point when
the model needs to be updated or adjusted in order to reflect the evolution of the
real device through different generations or batches, as in this work. Furthermore,
the suitability of this model in predicting the behavior of SiC BJTs has already
been demonstrated [63] [64], and SPICE models for commercially available high-
voltage BJTs from Fairchild semiconductors and super junction transistors (SJTs)
from Genesic semiconductors have been developed and published [65] [66].

Among the different parameters included in the Gummel Poon model, only few
have been used in this work: static parameters, for both forward and reverse bias,
and those related to space charge capacitances and parasitic resistances. The com-
plete list of the used parameters is given in Table 2.2. Besides these parameters
the Gummel Poon model includes temperature dependence parameters (see Table
2.3) that, coupled with built-in equations implemented in any SPICE simulator,
could allow predicting device and circuit behaviors at different temperatures. How-
ever, the implemented temperature dependences suitable for silicon devices do not
always apply to SiC devices, as will be discussed later in this chapter in section
2.3.2. For this reason these parameters have not been included in the models used
in this work. Nevertheless, the behavior of SiC BJTs was modeled in a wide tem-
perature range3 by selecting a discrete number of temperatures and extracting an
appropriate set of parameters at each chosen temperature. All SPICE simulations
in this work were performed by setting the temperature at its default value (27 ◦C)
and by using the BJT SPICE model extracted at the desired temperature. In this
way the simulator does not apply any correction to the given device model, while it
automatically does that when the simulation temperature is different from 27 ◦C.

2.3.1 Extraction procedure

At each temperature the applied extraction procedure relies on a set of four char-
acteristics measured at that temperature: forward and reverse Gummel plots and

3From room temperature up to 200 ◦C at the beginning and then from −40 ◦C to 500 ◦C.
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Figure 2.9. Flowchart describing the procedure used for extracting SPICE model
parameters for SiC BJTs [39]. At each temperature T ∗ an initial set of parameters is
obtained by means of a graphical extraction procedure based on measured forward
and reverse Gummel plots (FGP and RGP, respectively) and output characteristics
(IC − VCE and IE − VEC , respectively). Measured and simulated characteristics
are then compared and parameter values are adjusted until a satisfactory agreement
is achieved. In the SPICE SIMULATION box the extensions .cir and .out refer to
LTspice input and output file, respectively. Proper MATLAB scripts are used for
writing the first and reading the second.
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Figure 2.10. Cross sectional views of SiC NPN transistors. (a) High-voltage BJT:
half structure [5]. (b) Low-voltage NPN transistor designed in this work: entire
structure. Layer thicknesses are not drawn to scale.

output characteristics. First, each parameter is estimated independently of the
others by means of a graphical extraction procedure based on the physical meaning
of the parameters [61] [62]. Then, based on the result of the graphical extraction
an optimization routine is performed in order to obtain a set of parameters that
accounts for interactions between the different parameters. The optimization rou-
tine consists of successive adjustments of the parameter values until a satisfactory
agreement is simultaneously reached for all the four characteristics between mea-
surement and LTspice [67] simulation results. The complete extraction procedure,
summarized in Fig. 2.9, was performed by interfacing MATLAB with a SPICE
simulator [39] [68] [69]. At each optimization step a MATLAB code was used to
write the netlists including the BJT SPICE model extracted at the previous step,
to run the simulations by calling LTspice and finally to read the results of the sim-
ulations and compare them with the measured characteristics.

During this work three sets of SPICE models, covering three different temperature
ranges, were extracted. For the first set a single finger BJT fabricated in a high-
voltage batch [5] was used as reference device, since at that time no IC batch was
available yet. This device and the one designed for the IC technology have different
layouts and epitaxial layer structures, as shown in Fig. 2.10. The different location
of the collector contact 4 results in a collector resistance of the high-voltage BJT
much lower than that of the low-voltage BJT. Emitter and base epitaxial layers
of the low-voltage BJT were instead designed in order to have similar doses com-
pared to the high-voltage BJT and, hence, to result in similar device current gain
as confirmed by preliminary simulation results reported in [39]. Although there
are evident differences between the two devices the SPICE models extracted for
the high-voltage BJT, when operated in the low-voltage range (≤ 15V ), can still be

4The collector contact is placed on the backside for the high-voltage BJT and on the topside
through a buried collector epitaxial layer for the low-voltage BJT.
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Figure 2.11. Comparison between measured characteristics (circles) and LTspice
simulations (dashed line) based on extracted SPICE models for high voltage SiC
BJTs at different temperatures. (a)-(d) Forward and reverse current gain plot and
output characteristic at 27 ◦C. (e)-(h) Forward and reverse current gain plot and
output characteristic at 200 ◦C.
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Figure 2.12. Comparison between measured characteristics (circles) and LTspice
simulations (dashed line) based on extracted SPICE models for a low-voltage SiC
BJT fabricated in the second batch (B2) at 27, 100, 200, 300, 400 and 500 ◦C.
Forward current gain plots (a1)-(b1)-(c1)-(d1)-(e1)-(f1) and output characteristics
(a2)-(b2)-(c2)-(d2)-(e2)-(f2).
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used for the low-voltage BJT if the limitations of the models are taken into account.
The characteristics of the low-voltage BJT predicted in this way are not accurate
but good enough to design basic digital gates focusing on selected DC circuit per-
formance. For the first SPICE models extracted in this work only two temperatures
were selected: 27 and 200 ◦C. As shown in Fig. 2.11 a quite good agreement was
achieved for all the characteristics except for the output characteristic at 200 ◦C,
where the observed quasi saturation, typical for high-voltage bipolar transistors, is
not well modeled. A further effort in the optimization process was not performed
since this phenomenon was not expected to happen for the low-voltage BJT. This
first set allowed the design of all the circuits in the first mask set.

A second set of models was extracted based on measurement results from the first
IC batch. This set covers four temperatures: 27, 100, 200 and 300 ◦C, and it was
used in PAPER III and for designing the second generation of circuits.

The third set, extracted by using a BJT from the second batch (B2) as reference
device, includes 8 models corresponding to the following temperatures: −40, 0, 27,
100, 200, 300, 400 and 500 ◦C. A comparison between measured and simulated
forward characteristics for the last six temperatures is given in Fig. 2.12. This
set was used for analyzing the circuit performance presented in PAPER VII at the
highest and lowest investigated temperatures: 500 and -40 ◦C, respectively.

2.3.2 BJT SPICE model limitations for elevated temperature

As mentioned earlier the built-in equations for the temperature dependence of the
SPICE model parameters do not always apply to SiC BJTs at temperature beyond
300 ◦C. This is the case of the temperature dependence of the forward current gain,
which is described in the SPICE simulators by the following power law:

BF (T ) = BF · (T/T0)XT B
, (2.20)

where T0 is the reference temperature 300K and XTB a temperature dependence
parameter (see Table 2.3). According to equation 2.20 the current gain can only
increase or decrease monotonically when the temperature rises. Although the afore-
mentioned SPICE models for the commercial high-voltage BJT and SJT include
the parameter XTB, besides XTI and TRC1, both components are rated for a
maximum temperature of 250 ◦C. In addition, if one compares the current gain
temperature dependence of these devices based on their SPICE models with the
measured current gain of one BJT fabricated in this work in the range 27 to 500
◦C, it is clear that the same temperature dependence does not apply to all the
three devices above 300 ◦C (see Fig. 2.13 (a)). As clearly shown in Fig. 2.13 (b),
although eq. (2.20) with XBT = −1.1 can provide a satisfactory approximation of
the current gain up to 300 ◦C it is not able to predict the gain increase above this
temperature. A second order polynomial dependence indeed seems more suitable
for this temperature dependence. Nevertheless, the SPICE Gummel Poon model
can still be used for SiC BJTs at extreme temperatures if specific temperature de-
pendences are used rather than the default ones. This means that instead of using
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Figure 2.13. Current gain temperature dependence for an NPN transistor fabri-
cated in batch B2 of this work, for a Fairchild BJT and for a GeneSiC SJT. Measured
peak gain (β) and related SPICE parameter (BF ). (a) Comparison between mea-
sured β of an NPN transistor from this work and BF of commercial BJTs and SJTs
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work: measured β temperature dependence and polynomial fit versus BF predicted
for it by a power law with XTB=-1.1 and BF (T = 27◦C) = β(T = 27◦C).

just one model including the temperature dependence parameters, a set of models
have to be used for covering a certain temperature range where each model refers
to one specific temperature. The parameters of each set can be extracted from
the device characteristics measured at that temperature, or can be calculated once
their temperature behavior has been modeled.



Chapter 3

Circuit simulation and design

This chapter discusses circuit simulation results and implemented layouts for two
ECL-based OR-NOR gates. Furthermore, the design of 3-stage and 11-stage ring
oscillators is described.

3.1 Circuit simulation methodology

A few basic digital circuits were designed by means of LTspice [67] simulations
based on the extracted SPICE models for SiC NPN transistors (see device model-
ing section 2.2). Circuit simulations were performed with the same method used
for extracting the BJT SPICE models. A MATLAB interface was used to write the
netlist, run it in LTspice and read the simulation results. Additionally, simulations
at different temperatures were performed by using the device model specific for the
selected temperature without involving the simulator built-in equations that model
the temperature behavior of the transistor (reasons for that can be found in the
device modeling section 2.3).
Only NPN transistors and integrated resistors were used when designing the cir-

cuits considered in this thesis. The integrated resistors were meant to be realized as
epitaxial resistors. Therefore, variations in sheet resistance across the wafer and in
temperature were taken into account for the layers selected for realizing the resis-
tors. Circuit simulations were first performed assuming constant resistance values
for the resistors, and then accounting for the estimated resistance variations. As
already mentioned in device modeling section 2.3 due to the lack of AC parameters
in the BJT SPICE models, the design of integrated circuits in this thesis focused
on selected DC performances.

3.2 Digital circuit design

In this thesis an ECL-based OR-NOR gate and a simple ring oscillator composed
of 3 or 11 stages based on the aforementioned OR-NOR gate are considered. As
already noticed in chapter 1, the choice of the ECL logic family is mainly due to
the easy implementation of a temperature compensation network and to the use of

43
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differential stages, which make it easier to achieve stable circuit performance in a
broad temperature range.

For these circuits at least two different designs were considered corresponding
to the two mask sets included in this thesis. For all the circuits in the first mask
set the integrated resistors (except for pull-down resistors eventually connected to
input terminals in the basic OR-NOR gate) were designed in the emitter layer.
Whereas for the circuits in the second mask set the buried collector layer was
preferred in order to reduce the resistor topography. Optical images of a full die
fabricated with the first and the second mask set are shown in Fig. 3.1. Since
all the circuits included in these two mask sets rely on just one metal layer for
all the interconnects1 particular choices were made when designing the layout of
both transistors and serpentine resistors. They allow crossing both devices with
one interconnect line at the expense of the device size. For the transistors a 17µm
distance between base mesa and collector contact was used although this increased
the transistor collector resistance.

3.2.1 OR-NOR gate

The first design of this circuit is based on well-known solutions available in literature
[70]. As already discussed in [39] this design intended to obtain stable and adequate
noise margins (NMs) in the temperature range 27 - 200 ◦C, since the first available
NPN SPICE models were able to cover only this temperature range. The NMs
were selected as main design parameter since they are an important figure of merit
for digital circuits, being a measure of the ability of the circuit to work properly in
presence of noise. The NMs were estimated for both OR and NOR output by using
the following definitions [71]:

NMH = VOH,min − VIH,min, (3.1)

NML = VIL,max − VOL,max, (3.2)

where VOH,min is the minimum high output voltage level, VIH,min the minimum
high input voltage level, VIL,max is the maximum low input voltage level and
VOL,max the maximum low output voltage level.

A negative supply voltage of -15 V was selected, based on a reported supply
voltage of -5.2 V for a similar silicon design [70], in order to account for a three
times larger voltage drop across a forward biased SiC p-n junction compared to a
Si junction. The OR-NOR gate, whose diagram is shown in Fig. 3.2, consists of an
input differential stage, a bias and temperature compensated voltage generator and
two emitter follower stages acting as output stages. It consists of 11 resistors and
10 NPN transistors, two of which are connected as diodes. Resistance values were
selected in order to obtain adequate noise margins for both OR and NOR output
by means of LTspice simulations. Resistor geometrical dimensions were accordingly

1The only circuit included in this thesis that uses two metal layers as interconnects (an 11-stage
ring oscillator) is part of a different mask set.
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Figure 3.1. Optical images of full die fabricated with first (top) and second (bot-
tom) mask set and related layout map. Several test devices and circuits are included:
NPN and lateral PNP transistors, capacitors, integrated resistors with various sizes,
contact chains, TLM and Kelvin-cross structures in different epitaxial layers, Dar-
lington and Sziklay pairs, OR-NOR gates, ring oscillators, S-R latch and operational
amplifiers. Although S-R latches have been successfully tested measurement results
have not been included in this thesis, while the testing of designed and fabricated
operational amplifiers (op amp) has not been completed.
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Figure 3.2. ECL OR-NOR gate. (a) Circuit diagram. (b) Mask layout for gate
version v1 30 − 90 included in the first mask set. [39]

derived based on measured sheet resistance and specific contact resistance of emitter
and base layers of the reference high-voltage batch [5]. Although the emitter layer
designed for the low-voltage transistors differs in both doping and thickness from
the one used in the reference batch (see Fig. 2.10) the logic gate was expected to
work properly. Preliminary LTspice simulations, reported by the author in another
work [69], suggested that the static performance of the OR-NOR gate depends on
resistance ratios rather than on the absolute resistance values.

Simulated voltage transfer characteristics (VTCs) for the first version of this
gate, referred to as v1 in the following, are shown in Fig. 3.3 for both OR and NOR
outputs at 27 and 200 ◦C, with a −15 V supply voltage (VEE). In simulation one
input (A or B terminal in Fig. 3.2) was swept from −7V to 0V while the other one
was kept at -15 V. By increasing the temperature the output high and low voltage
levels (VOH and VOL) and the logic threshold (VS), defined as the central intersec-
tion point in the VTC, shift towards positive voltages. This increase in VS , due to
the shifting of the reference voltage (Vref in Fig. 3.2), prevents degradation of the
NOR high noise margin (NMH) at higher temperatures by delaying the entrance in
saturation of the input transistors (Q1 or Q2). When Q1 or Q2 saturates, due to a
high enough input voltage, the NOR output voltage is no more constant for further
increases of the input voltage and it starts to increase by following the variations of
the input signal. This is evident in the simulated VTC at 200 ◦C shown in Fig. 3.3
(b). Simulated NMs are stable with respect to temperature: when the temperature
rises from 27 up to 200 ◦C NMH increses from 0.7 V to 0.8 V for both outputs,
while NML reduces from 1.0 V to 0.9 V and from 0.9 V to 0.8 V for OR and NOR
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Figure 3.3. Simulated voltage transfer characteristics at 27 and 200 ◦C of the
first design of OR-NOR gate (v1) based on NPN SPICE models extracted from
high-voltage single finger BJTs. (a) OR output. (b) NOR output. For each output
and temperature the input-output characteristic (VOR or VNOR vs. VIN ) has been
plotted together with its inverse. In this way the NMs can be graphically estimated.
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Figure 3.4. Simulated voltage transfer characteristics of the second version of OR-
NOR gate (v2) in the range 27 to 300◦C. Simulations are based on NPN SPICE
models extracted at each temperature from measured characteristics of transistors
fabricated in batch B1. (a) OR output. (b) NOR output. For each output and tem-
perature the input-output characteristic (VOUT vs. VIN ) has been plotted together
with its inverse. In this way the NMs can be graphically estimated.



48 CHAPTER 3. CIRCUIT SIMULATION AND DESIGN

output, respectively.
A second version of this OR-NOR gate, included in the second mask set and

referred to as v2 in the following, was designed in order to achieve larger NMs of
approximately 2 V for both outputs by acting on reference voltage and low logic
levels. Simulation results, shown in Fig. 3.4, clearly indicate that shifting both the
logic threshold and the low logic levels towards negative voltages enlarges output
voltage swing and NMs.

When designing the layout of the OR-NOR gates, particular attention was paid to
the output and the input differential stages. A symmetric placement of the output
stages, including output transistor and resistor (Q7 − Rout1 and Q8 − Rout2), and
of the load resistors (Rc1 and Rc2) was preferred in order to reduce the influence
of process variations on the circuit performance. For the same reason transistors
Q1 and Q2, which are controlled by input A and B respectively, occupy equiva-
lent positions with respect to Q3, which is controlled by the reference voltage Vref .
Moreover, all transistors were oriented in the same way. Only one transistor size
was included in each implementation of this gate, whereas different widths were
considered for the interconnects (9, 26 and 44 µm) according to the component
to be connected. For 26 or 44 µm wide strip resistors metal lines with the same
width were used, while for all the other interconnects a standard width of 9µm was
designed.
The first mask set includes only one OR-NOR gate that implements the first gate

design with one fixed transistor size. The second mask set, instead, contains five
different OR-NOR gates implementing the two designs of this gate with different
transistor sizes. An overview of the different designs and implementations of the
OR-NOR gate is given in Table 3.1. Each gate is identified by design version (v1
or v2) and emitter size (WE × LE ) in this table and in the following of this thesis.

3.2.2 Ring oscillator

A 3-stage and an 11-stage ring oscillator were implemented by using as basic block
the OR-NOR gate presented in the previous section.

For the first mask set a simple 3-stage ring oscillator was designed. It consists
of four OR-NOR gates: one is used as output buffer and three are connected in
chain with the NOR output of one gate connected to one input of the successive
gate. The output of the last gate is then fed back to the input of the first one as
depicted in the block diagram in Fig. 3.5. In this design only the first stage acts
as a 2-input gate with one input (node A in Fig. 3.5) used as control input for the
overall circuit. If a high logic level is applied to this input a stable logic level is
settled at the output of each stage and the oscillations are disabled. Although the
other three stages act as inverters (the OR output is left open and one of the inputs
is always connected to −15 V through the pull-down resistors), the basic OR-NOR
gate including two output stages, reference voltage generator and current source is
entirely replicated in each stage.

For the second mask set two 11-stage ring oscillators were designed, based on 11
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Table 3.1. Main design characteristics of the implemented OR-NOR gates. Two
different gate versions, v1 and v2, have been designed and implemented with transis-
tors having different emitter sizes (WE × LE) and integrated resistors (IRs) realized
in different epitaxial layers.

Circuit Mask NPN emitter size Layer used Total area
set [µm × µm] IRs [µm × µm]

v1_30-90 n. 1 30 × 90 emitter 1117 × 1000
(

1.117 mm2
)

v1_24-70 n. 2 24 × 70 buried 983 × 700

collector
(

0.688 mm2
)

v2_24-70 n. 2 24 × 70 buried 983 × 700

collector
(

0.688 mm2
)

v2_22-50 n. 2 22 × 50 buried 924 × 700

collector
(

0.648 mm2
)

v2_18-40 n. 2 18 × 40 buried 883 × 700

collector
(

0.618 mm2
)

v2_15-40 n. 2 15 × 40 buried 878.5 × 680

collector
(

0.597 mm2
)

A

'0'

'0'

'0'

out

Gate 1 Gate Gate

Gate 4

Control
input

Output buffer

2 3

stage 1 stage 3stage 2

Figure 3.5. 3-stage ring oscillator: block scheme based on four OR-NOR gates.
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1
1
1

7
 µ

m

3700 µm

stage 1 output bufferstage 3stage 2

additional R

Figure 3.6. 3-stage ring oscillator based on the ECL OR-NOR gate: layout included
in the first mask set based on the first version of OR-NOR gate and NPN transistors
with emitter size WE × LE = 30µm × 90µm (v1 30 − 90).

inverters and one 2-input NOR gate. For both designs, one of the 11 inverters was
used as output buffer, while the NOR gate at the first stage allowed implementing
a control input for the overall circuit. The two versions of this circuit differ in the
design of the basic inverting stage. In the first version, referred to as 11 st. v1 in
the following, each inverting stage includes a dedicated reference voltage generator.
In the second version, referred to as 11 st. v2 in the following, only one reference
voltage generator is used for the entire circuit.

The 3-stage ring oscillator was designed by simply placing four OR-NOR gates
side by side and by connecting them according to the block diagram depicted in
Fig. 3.5, as shown in the mask layout in Fig. 3.6. In order to realize all the
needed connections with only one metal layer four integrated resistors, realized in
the collector layer, were inserted in the signal path and crossed by metal lines.
For the 11-stage ring oscillators the basic inverting stage was designed in order to

be able to directly connect the output of one stage to the input of the successive
stage when placing the two stages on the top of each other as shown in Fig. 3.7.
In addition, in order to minimize the distance between the output of the last stage
and the input of the first one, after placing the first 6 stages the remaining 5
stages and the output buffer were mirrored. In this way not only the output of
the eleventh stage could be easily connected to the input of the first stage but also
all the connections between ground and supply pads as well as between input and
output pads could be made without introducing additional resistances in the signal
path. For the circuit version with dedicated reference voltage generator for each
stage (see Fig. 3.7 (b)), this meant that all the connections in the circuit could
be realized without any additional resistor along the signal path. For the other
circuit version (11 st. v2) shown in Fig. 3.8, indeed, the larger number of required
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Figure 3.7. 11-stage ring oscillator version 11st.v1, with reference voltage generator
replicated in each stage. (a) Block diagram. (b) Details of the circuit layout (included
in the second mask set): stage 1 and output buffer (top), stage 6 and 7 (bottom) .
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Figure 3.8. Details of circuit layout for 11-stage ring oscillator with only one
reference voltage generator: stage 1 and output buffer (top), stage 6 and 7 (bottom)
. (a) Implementation with a single-layer interconnect, 11st. v2. (b) Implementation
with 2-layer interconnect, 11st. v2 − M2.
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Table 3.2. Main design characteristics of the implemented ring oscillators. IR
stands for integrated resistor. Besides the total number of integrated resistors used
in each circuit, the number of those inserted along the signal path in order to realize
all the required connections is provided in parenthesis. 11st.v1 refers to the 11-stage
ring oscillator with dedicated reference voltage generators for each stage, whereas
11st.v2 and 11st.v2−M2 refer to the circuit version with just one reference voltage
generator implemented with one or two metal layers, respectively.

Circuit Mask NPN emitter Layer used n. of n. of Total area
set size for IRs NPNs IRs [µm × µm]

[µm × µm]

3-stage n. 1 30 × 90 emitter 40 48 3700 × 1284

(4)
(

4.75 mm2
)

11-stage n. 2 24 × 70 buried 97 77 4489 × 1420

11 st. v1 collector (0)
(

6.37 mm2
)

11-stage n. 2 24 × 70 buried 53 78 3835 × 1420

11 st. v2 collector (25)
(

5.44 mm2
)

11-stage n. 2 24 × 70 buried 53 53 3729 × 1456

11 st. v2-M2 collector
(

5.43 mm2
)

connections due to necessity of propagating the reference voltage demanded some
additional resistors when only one metal layer was used for the interconnects (see
Fig. 3.8 (a)). For this reason, this circuit version was also implemented by using
two metal layers (11st. v2 − M2) so that no additional resistors were needed (see
Fig. 3.8 (b)).

The main design characteristics of these ring oscillators are summarized in Table
3.2.



Chapter 4

The IC process technology

In this chapter the fabrication process of bipolar SiC ICs is briefly discussed. After
illustrating the overall process flow, the attention is focused on a few critical steps,
whose development was essential to improve NPN and circuit performance and to
enable the realization of more advanced circuits.

4.1 The basic process flow

As already mentioned, the starting point for developing the IC process was an es-
tablished technology for high-voltage 4H-SiC BJTs [3] [4]. The realization of bipolar
integrated circuits in SiC requires the availability not only of active and passive de-
vices in the same technology, but also of a metallization system (involving device
contacts, vias and interconnects) able to guarantee low resistive connections be-
tween different devices in spite of a non-planar wafer topography. In addition, the
extreme operating temperatures targeted in this work demand for a very careful de-
sign of the overall metallization system, where interdiffusion and reactions between
different materials have to be prevented, as will be discussed later in this chapter.

The basic process flow is schematically described in Fig. 4.1. Characterized by
the absence of ion-implantation and the use of two different metal stacks for ohmic
contacts to p- and n-type SiC, it allows fabricating integrated circuits including
NPN transistors, integrated resistors based on different epitaxial layers (emitter,
base or buried collector), MIM or MOS capacitors1, and PNP transistors. As high-
lighted in Fig. 4.1, it includes nine different lithographic masks and two metal
layers, acting as over-layer metallization for device contacts and interconnects. An
additional metal layer for interconnects can be included by iterating the process
steps from 15 to 18 in Fig. 4.1. Although this layer simplifies the routing of the
circuits, it brings the total number of required masks up to eleven.

As will be discussed later in this chapter, special attention was dedicated to SiC
etching, surface passivation and interconnect system. Already established proce-

1Metal-insulator-metal (MIM) and metal-oxide-semiconductor (MOS) capacitors can be
formed between the first metal layer and the heavily or lightly doped epitaxial layers, respec-
tively.

53
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Figure 4.1. IC technology process flow. Required masks are reported along the
flow (bold text). Color legend: dark red indicates photoresist, gray SiO2, black
metal contact, blue and dark green the metal layer used as over-layer metallization
and interconnects respectively. Thicknesses are not drawn to scale. The collector
layer is drawn as single layer even if it consists of two layers: intrinsic and buried.
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dures were used to form ohmic contacts to SiC. Specifically, ohmic contacts to
n-type SiC were realized with 110 nm of Ni deposited by e-beam evaporation, pat-
terned by lift-off technique and annealed in nitrogen for 60 sec at 950 ◦C [72]
[73]. Similarly, ohmic contacts to p-type SiC were formed by using a triple layer of
Ni/Ti/Al (10/15/85 nm) annealed in argon for 90 sec at 815 or 820 ◦C [73] [74].

4.2 SiC etching

The SiC etching procedure was improved through two main phases:

1. an initial development phase,
which mainly focused on achieving an etching procedure capable of sloped
sidewall and etch rate variations across the wafer compatible with the designed
epitaxial structure and the thickness variations of the actual epitaxial layers;

2. a more advanced development phase,
during which the effects of SiC etching on the transistor current gain were
evaluated.

During the first phase a reactive ion etching (RIE) procedure was tested aiming to
replace an established inductively coupled plasma etching (ICP) process. The main
reason for that was the possibility of performing the RIE etching with a resist mask,
while the ICP etching required a SiO2 hard mask, which means the RIE etching
could result in a faster and cleaner process. Additionally, the already available ICP
etching procedure was characterized by almost straight sidewalls with a bottom
angle of about 80◦, and a minor trenching effect (see Figs. 4.2 (a) and (b)). The
RIE procedure tested at the beginning of this work was instead able to provide
sloped sidewall with a bottom angle of about 60◦ and no trenching without special
development efforts (see Figs. 4.2 (c) and (d)). It is worth noting that a sloped
etching profile represents a big advantage in a non-planar IC technology since it
allows relaxing the step coverage requirements for the interconnects. However, this
attractive etch profile of the starting RIE procedure was due to the formation of
polymers at the mesa edge during the etching as confirmed by Figs. 4.2 (c) and (d).
In the SEM image in Fig. 4.2 (c), which was taken right after stripping the resist
mask, a polymer still attached to the mesa edge of an integrated resistor is clearly
visible. Although these polymers can be easily removed by a standard RCA clean,
as shown in the SEM image in Fig. 4.2 (d) taken on the same resistor after such
clean, if they are not efficiently removed during the etching, they can be redeposited
on open areas of the wafer and locally block the etching (see Fig. 4.2 (e)). The first
development phase resulted in an improved RIE etching procedure for 50 mm and
100 mm wafer size, capable of a better control on the removal of these polymers2,

2The better polymer removal during the etching was achieved by adding SF6 to the process
chemistry, which included HBr, Cl2 and He2/O2, at the expenses of the selectivity towards the
resist.
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Figure 4.2. SEM images of SiC samples etched with different procedures.
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∼ 60◦ sloped sidewalls, an average etch rate of about 130 nm/min with a relative
range3 of approximately 5% for a 100 mm wafer (see Figs. 4.2 (f) and (g)). In the
second phase, sloped sidewalls with a bottom angle of approximately 60 ◦ were also
developed for the ICP process, as shown in Figs. 4.2 (h) and (i).

An important difference between the improved RIE and ICP processes consists
in how they transfer the geometrical dimensions in the mask to SiC. The improved
RIE etching process replicates the designed dimensions at the top of the mesa and
enlarges the bottom dimensions of the mesa. The improved ICP etching process,
instead, keeps the designed dimensions at the bottom of the mesa and shrinks the
top dimensions. In addition, as will be discussed in the next chapter, the two im-
proved RIE and ICP etching processes were tested on the same wafer and compared
in terms of transistor current gain. The main idea behind this investigation, which
also involved the successive sacrificial oxidation step, was that the ICP process
could result in better device performance since it is able to introduce less surface
damage. Compared to a conventional RIE, an ICP etcher allows biasing the wafer
independently of the plasma generation due to the availability of two power sources
[75]. This means that in a RIE etcher enlarging the power increases plasma density
and ion energy at the same time leading to more surface damage. In a ICP etcher,
instead, high density plasma and low energy ions can be obtained at the same time.

4.3 Surface passivation

Unlike other wide bandgap semiconductors SiC offers the great advantage of ther-
mally growing SiO2. However, compared to silicon the thermal oxidation of SiC
is slower and requires higher temperatures due to the strong bond between Si and
C [1]. In addition, the thermal oxidation of SiC releases excess carbon that can
remain as isolated atoms or in form of clusters at the SiO2/SiC interface and in
the bulk oxide and, hence, can degrade the quality of gate oxides and passivation
layers.

Specifically for SiC BJTs the quality of the surface passivation has been proven to
have a significant effect on the transistor current gain, since it is able to suppress the
surface recombination at the extrinsic base surface and along the base-emitter edge
sidewall [76] [77]. For this reason in the last years several passivation procedures
have been investigated aiming to improve the current gain of SiC BJTs. Thermal
oxidation in nitrous (N2O) or nitric oxide (NO) [78], high-temperature annealing
in N2O or NO ambient of deposited [79] [78] or thermally grown silicon dioxide [80]
have been considered for this purpose. In particular current gains up to 102 were
achieved for 4H-SiC BJTs passivated with deposited SiO2 nitrided in NO [79].
The great success of passivation techniques based on the use of N2O or NO is

due to their ability to passivate dangling Si bonds, to replace strained Si-O bonds,
and more importantly to reduce or remove interstitial carbon and carbon clus-

3The etch rate relative range is defined as the ratio between the difference between maximum
and minimum etch rate and its average value.
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Figure 4.3. Gas composition in the decomposition of N2O at different tempera-
tures. Reproduced from [82].

ters [81]. However, during the high-temperature annealing of SiO2 in N2O or
NO two competing mechanisms occur: a nitridation process leading to carbon-
removal and an oxidation process that instead releases carbon. Therefore, it is very
important that adequate nitridation and oxidation rates are achieved during the
annealing. The balance between these two processes can also explain the higher
efficiency of high-temperature annealing of deposited oxide in NO compared to
that in N2O. According to the nitridation model reported in [81] the annealing in
N2O is characterized by a higher oxidation rate than the annealing in NO. Due
to the high-temperature dissociation of nitrous oxide into N2, O2 and NO [82], the
high-temperature annealing in N2O involves an additional oxidation process via O2

besides the slower oxidation via NO and the nitridation process via N2 and NO
[81]. Furthermore, as shown in Fig. 4.3 [82], the dissociation process of N2O leads
to different percentage of NO, N2 and O2 depending on the temperature. At higher
temperatures the percentage of NO increases at the expense of those of N2 and O2.
This, combined with the model proposed in [81], suggests that N2O annealing of
deposited oxide or thermal oxidation in N2O could be more efficient if performed
at higher temperatures. However, annealing temperature and gas composition are
not the only parameters that are able to affect the ratio between nitridation and
oxidation rate during the annealing of deposited oxides. As will be discussed in
the next chapter, thickness of the deposited oxide and annealing time also play an
important role. A similar conclusion was drawn in [83], where the N2O annealing at
1300 ◦C of deposited oxide (PECVD SiO2) was investigated for 4H-SiC MOSFET
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with different deposited thicknesses and annealing times. In [83] it was shown that
the optimum annealing time, which means the one resulting in the highest channel
mobility, depends on the thickness of the oxide grown during the annealing.

4.4 Interconnect system

In order to fully benefit from the high-temperature capability of SiC devices and
ICs it is essential to develop a metallization system (i.e. metal contacts and two
or more interconnect metal layers) capable of reliable operation at elevated tem-
perature for a significant number of hours (usually in the order of 1000 hours).
Besides more basic requirements, such as interconnect step coverage and via filling
essential to enable the circuit operation at room temperature, several issues related
to the high-temperature operation have to be addressed. At elevated temperatures
interdiffusion between interconnect metals and contact metals or passivation layers,
as well as undesired reactions between interconnect and contact metals are more
likely to happen. For this reason it is important to test the overall metallization
system at high temperatures, and consider the use of proper diffusion barriers.

For SiC very few high-temperature metallization systems of this kind have been
reported. NASA developed a metallization scheme for n-type 4H- and 6H-SiC ca-
pable of reliable operation at 600 ◦C in air for 1000 hours [84] [85] based on a stack
of Ti/TaSi2/Pt. This system represents a key feature of the 600 ◦C 6H-JFET tech-
nology proposed by NASA and CWRU.
In spite of the elevated target operating temperatures of this thesis, the metal-

lization systems employed are largely based on the use of aluminum. Main reasons
for that are the Al compatibility with conventional Si process technology and the
availability of easy deposition and patterning procedures for it. In terms of high-
temperature operation the main disadvantage related to the use of Al is not the
relatively low melting point (about 660 ◦C), but rather its ability to easily diffuse
and interact with other materials at relatively low temperatures4 and its sensitiv-
ity to electromigration [86]. One typical high-temperature issue in SiC technology
based on Al metallization is represented by the degradation of NixSi based ohmic
contacts5. The disappearance of NixSi contact layer on n-type SiC has been re-
ported for power MOSFETs after storage lifetime tests at 500 ◦C [87]. The failure
mechanism was elucidated in the reaction between Al and NixSi, which leading to
the formation of NiAl3 and Si, was able to consume the entire contact metal. A
similar mechanism has also been reported for Si technology at 400 ◦C [88]. An
efficient solution to this issue, able to extend the high-temperature reliability of
the used Al-based metallization system for SiC power MOSFET was proposed in
[87] [89]. This solution consists in the use of a bi-layer of Ta/TaN (50/150 nm)
as metal diffusion barrier. The same barrier was also found to be able to prevent
Al electromigration when the Al layer was sandwiched between two barrier layers

4As an example Al is stable on Si only up to 250 ◦C [86].
5Ni is widely used to form ohmic contacts to n-type SiC.
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Figure 4.4. SEM images of interconnects fabricated in different batches. (a)-(b)
Batch 1: details of interconnect lines and transistor contact. Interconnects consist of
3 + 0.5 µm Al layer. (c) Detail of interconnect lines for a Kelvin-cross test structure
for emitter contact consisting in a 2 µm-thick Al layer (tested in batch B2). (d)
Detail of interconnect lines for an integrated resistor realized in the emitter layer
consisting in a stack of T i/T iW/Al with thicknesses 30/70/1000 nm (batch B2). (e)
Detail of interconnect lines for an integrated resistor realized in the emitter layer
consisting in a stack of T i/T iW/Al with thicknesses 30/70/1000 nm (batch B4). (f)
Large circular lateral PNP transistor realized with two metal layers used as over-layer
metallization for device contacts and interconnects (B3).
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Batch 3:  over-layer metal and single level interconnects with metal barriers

Ti/TiW/Al (30/70/500nm) and Ti/TiW/Al (30/70/1000nm)
(a) (b)

(c) (d)

Batch 4:  over-layer metal and double level interconnects with metal barriers

Ti/TiW/Al (30/70/500nm) and Ti/TiW/Al (30/70/1000nm)

metal 1

metal 2

metal 1

metal 2

over-layer metal

improved via 1

Figure 4.5. SEM images of improved via 1 (a)-(b) and details of a cross between
first and second layer of interconnects (c)-(d).

[90]. Furthermore, the possibility of Al diffusion in the inter layer dielectric and of
the dielectric contamination by Ta, was taken into account and prevented by using
thin SiN layers as additional diffusion barriers [87].

In order to enable short-time testing of ICs and devices up to 500-600 ◦C an
appropriate diffusion barrier was introduced in the basic interconnect system used
in this work. Already since the second batch the single Al layer previously used
as interconnect (see Figs. 4.4 (a), (b) and (c)) was replaced by a triple layer of
Ti/T iW/Al (30/70/1000 nm), as shown in Fig. 4.4 (d). The addition of the TiW
layer not only prevented the Al diffusion towards the nickel silicide until after sev-
eral hours of exposure at temperatures approaching 500 ◦C [91], but also resulted
in better via filling. As shown in the scanning electron micrograph in Figs. 4.4 (c)
and (d), displaying two tested interconnects based on a single 2 µm Al layer and
on the aforementioned Ti/T iW/Al stack respectively, in spite of an almost halved
thickness the Ti/T iW/Al stack provides a better via filling than the thicker Al
layer. In addition, the thin Ti layer enhanced the adhesion of the interconnects to
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Table 4.1. Summary of main process parameters for the different IC batches. pda
stands for post-deposition annealing. * The passivation process was performed twice
on batch B1 due to a furnace failure during the first run. The first passivation ox-
ide was therefore etched and the passivation process entirely repeated. ** Only in
batch B3 Al-1%Si-0.5%Cu was used instead of Al. *** For batch B1 deposition and
patterning of the interconnects were performed twice. The 3 µm-thick Al intercon-
nects realized the first time suffered from severe undercutting. Thus, an additional
500 nm-thick Al layer was sputter deposited and patterned.

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5

wafer size 50mm 50mm 100mm 100mm 100mm
quantity (1) (2) (1) (2) (2)
SiC st. RIE st. RIE impr. RIE impr. RIE impr. ICP
etching vs. and

(on carrier) (on carrier) impr. ICP impr. RIE
Sacrificial N2O N2O N2O vs. O2 O2 O2

oxidation
Passivation (×2)*
PECVD SiO2 50nm 50nm 50nm 50nm splits
pda ambient N2O N2O N2O N2O N2O
pda time 3h 1h 1h 1h splits
pda temp. 1150 ◦C 1250 ◦C 1250 ◦C 1250 ◦C splits
Over-layer - - Ti/Al** Ti/TiW/Al Ti/TiW/Al
metal 30/500nm 30/70/500nm 30/70/500nm

Interconnect Al*** Ti/TiW/Al Ti/TiW/Al** Ti/TiW/Al Ti/TiW/Al
metal 1 3+0.5µm 30/70/1000nm 30/70/1000nm 30/70/1000nm 30/70/1000nm

vs
Ti/Pt

10/400nm

Interconnect - - - Ti/TiW/Al -
metal 2 30/70/1000nm

the underlying layer. The use of a thinner Al layer, 1 µm thick, compared to the
3 µm-thick layer of the first batch (see Figs. 4.4 (a)) provides instead an overall
reduced topography, which combined with the use of a 2-step wet etch procedure
consistently lowers the step coverage requirements for the successive dielectric and
metal layers. However, the use of wet etch techniques limits the maximum allowed
thickness of the interconnects for a fixed designed width of the line. Moreover, since
narrower interconnects are preferable in the perspective of reducing the circuit area
it is important to develop a controlled and reliable wet etching procedure in order
to avoid an excessive width reduction of the interconnect, which could compromise
the circuit operation. An example of excessive undercut of a thick Al layer is pro-
vided in Figs. 4.4 (a) and (b). The resulting resistance of the interconnects was
too high to allow a proper circuit operation. In order to overcome this problem an
additional 500 nm-thick Al layer was deposited and patterned, as shown in Figs.
4.4 (a) and (b). As already mentioned, more metal layers were introduced in the
successive batches. Since the third batch an additional metal layer based on the
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Table 4.2. Summary of the main characteristics of the epitaxial structures used in
the 5 batches. Vendors, design and type of available data (SIMS and FTIR mea-
surements for Al concentration and thickness of the epitaxial layers, respectively).
Nominal and estimated base doping concentrations NB given in cm−3, estimated
variations across wafer. These estimations have been derived by comparing the base
intrinsic sheet resistance extracted for different samples with those extracted on
samples for which SIMS data were available. * Epitaxial design n1 and n2 refer to
those shown in Fig. 2.2: n1 includes a double layer emitter and a 1µm-thick intrinsic
collector doped to 1·1016cm−3, while n2 includes a single layer emitter and a 0.5µm-
thick intrinsic collector doped to 5 ·1016cm−3. ** FTIR (Fourier transform infrared)
data provide a map of the estimated thicknesses of emitter, base and collector layer.

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5

epi-design n1 n1 n1 n1 n2
supplier ACREO AB [92] ACREO AB Norstel [93] Norstel Norstel
available SIMS SIMS FTIR FTIR FTIR
epi-data (Al) (Al) data** data** data**
nominal NB 2 · 1018 1 · 1018 1 · 1018 1 · 1018 0.5 · 1018

1 · 1018

SIMS NB 1.4 · 1018 0.5 · 1018 n.a. n.a n.a.
estimated NB 1.4 · 1018

∼ 0.5 · 1018
∼ 3 · 1018

∼ 2 · 1018
∼ 5 · 1017

∼ 0.7 · 1018
∼ 1 · 1018

NB estimated negligible radial radial radial negligible
variation

same metal stack was used as over-layer metal for device contacts. This allowed
more advanced device designs as that of the circular PNP transistor shown in Fig.
4.4 (f). In addition, in order to achieve a better via filling a sloped via with a bot-
tom angle of approximately 70◦ was developed as shown in cross-sectional images
in Figs. 4.5 (a) and (b). A further interconnect metal layer was successfully tested
in the fourth batch (B4). As shown in Figs. 4.5 (c) and (d), appropriate step cov-
erage was achieved when the second interconnect layer crosses the first one, as well
as adequate via filling. The possibility of replacing the Al with a metal capable
of better high-temperature performance was also considered. In this perspective
an alternative Pt-based interconnect system was tested in the second batch (B2)
[PAPER VIII].

4.5 Process evolution through the different batches

A summary of the main process parameters of the different IC batches fabricated
in this work is given in Table 4.1. Five different batches were fabricated, involving
both 50 mm and 100 mm SiC wafers. Except for the first batch, in all the other
batches few process variations were introduced in order to improve specific process
steps. Since different procedures needed to be tested on the same wafer, most of
the 100 mm wafers (three out of five) were diced at the beginning or at a specific
stage of the fabrication and processed as pieces from that point on.
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Characteristics of the epitaxial structures of the wafers involved in these five
batches are collected in Table 4.2. Special attention is dedicated to the base dop-
ing concentration: nominal and estimated values are provided for it, as well as its
estimated variation across the wafer.



Chapter 5

Device performance

In this chapter the performance of the SiC NPN transistors fabricated in this thesis
are discussed in terms of current gain and collector resistance, first at room tem-
perature and then at elevated temperatures.

Improvement of the transistor gain by developing SiC etching and passivation
process is presented. The superiority of ICP etching over RIE etching (for the
emitter mesa) and of dry over nitrous sacrificial oxidation is suggested by the cor-
responding lower surface recombination, which being able to increase the non-ideal
base current can limit the transistor gain. Concerning the passivation process, the
important role played by the oxide thickness in the post-deposition annealing in
N2O is discussed.

The effect of device contact size and collector contact topology on the transistor
collector resistance is analyzed and the superior performance of triple-sided collec-
tor contact transistors is shown. The importance of a proper design of the transistor
collector resistance for Darlington pairs is also discussed.

Finally, the integration of lateral PNP transistors in the same technology is pre-
sented. Effect of device contact topology (rectangular vs circular), emitter/base
doping ratio and temperature on the current gain of the PNP transistors is ana-
lyzed in detail.

5.1 NPN transistor for ICs: current gain

The current gain of SiC NPN transistors depends not only on the design parameters
discussed in device design section 2.1.1, but also on material quality and fabrica-
tion process. In this section the effects of SiC etching and surface passivation are
investigated.
The basic methodology behind these studies is summarized in the following points:

• different procedures are tested on the same wafer, so that the effect of material
quality can be removed;

• when more than one wafer is involved in the same study a reference procedure
is replicated in each wafer, so that tests performed on different wafers can be

65
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Figure 5.1. Cross-sectional view of the starting epitaxial structure and schematic
description of eight procedures involving different SiC etching, SiO2 hard mask
deposition and sacrificial oxidation procedures [PAPER I].

compared on relative basis;

• NPN performance is compared in terms of the ratio between device gain and
intrinsic base sheet resistance (β/Rsh,iB), referred to as gain figure of merit
in the following. In this way the effect of variations in NB and tB can be
removed.

5.1.1 Effect of SiC etching and sacrificial oxidation

In order to evaluate the effects on the transistor current gain of the improved RIE
and ICP SiC etching described in fabrication section 4.2 four different etching pro-
cedures were designed and tested on the same 100 mm SiC wafer with two different
sacrificial oxidation techniques (batch B3) [PAPER I]. The resulting eight proce-
dures are schematically described in Fig. 5.1, while the wafer map is shown in Fig.
5.2 together with the optical image of one of the fabricated transistors. The main
motivation for this study was to figure out if the emitter mesa etching was the only
one able to affect β compared to the successive base and collector mesa etch, and if
eventually the RIE etching could introduce surface damage in the base layer that
are able to lower the current gain if not properly removed (see fabrication section
4.2). This explains the separation between emitter and successive etch steps, the
procedure consisting of RIE etching for emitter mesa and ICP etching for base and
collector mesa and the use of sacrificial oxides with two different thicknesses. The
thickness is not the only difference between these two oxides. The thinner oxide
(about 20 nm) was grown at 1250 ◦C in N2O for 1 hour, whereas the thicker oxide
(about 30nm) was grown at 1100 ◦C in O2 for 3hours. A further process variation
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Figure 5.2. (a) Optical image of one of the fabricated NPN transistors (batch B3).
(b) Photograph of the eight fabricated samples with related etching and sacrificial
oxidation procedures.

was introduced for the ICP etching: the SiO2 hard mask was deposited in two
different PECVD tools under different conditions, referred to as n.1 and n.2 in the
following (details about SiO2 deposition conditions are given in Fig. 5.1). After
the sacrificial oxidation all eight samples were completed with the same procedure
(for more details see PAPER I).

For each sample the current gain of minimum 11 transistors (with 5 different
emitter sizes) was measured at VBC = 0 V and T = 27 ◦C. The intrinsic base sheet
resistance was also measured at 27 ◦C by means of transfer length method (TLM)
measurements performed with a 4-point probe technique in at least 5 dies per sam-
ple. Statistical comparisons of peak current gain, intrinsic base sheet resistance and
their ratio for the 8 treatments are given in Fig. 5.3. Due to non-negligible varia-
tions in the extracted Rsh,iB (see Fig. 5.3) and, hence, in doping and/or thickness of
the base layer across the wafer, it is important to compare these samples in terms
of β/Rsh,iB rather than β. This ratio clearly indicates the presence of an effect
from the sacrificial oxidation: independently of the etching procedure all samples
featuring the dry sacrificial oxidation show better performance than those that ex-
perienced the nitrous sacrificial oxidation (see Fig. 5.3). In addition, the extracted
values of Rsh,iB allow excluding the possibility of relating the observed difference
in current gain to variation of base layer doping and/or thickness. In fact for the
two central pieces in Fig. 5.2 (b) (ICP etching with hard mask n.1 followed by ni-
trous or by dry sacrificial oxidation) the sample that experienced the dry sacrificial
oxidation has higher current gain but lower Rsh,iB (Rsh,iB = 15kΩ and β = 19)
than the one that experienced the nitrous sacrificial oxidation (Rsh,iB = 16kΩ and
β = 12.6).
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Figure 5.3. Statistical comparison of measured parameters for the eight samples
in Fig. 5.2. (a) Peak current gain of minimum 11 transistors per piece with different
emitter sizes: WE × LE = 30µm × 90µm, 24µm × 70µm, 18µm × 70µm and 18µm ×

40µm. (b) Base intrinsic sheet resistance Rsh,iB in minimum 5 dies per piece. (c)
Average value of the current gain figure of merit β/Rsh,iB . [PAPER I]

A similar trend, compared to that existing between β/Rsh,iB and the different
procedures in Fig. 5.3, can be seen in Fig. 5.4 for both base current ideality factor
and surface recombination current divided by the emitter periphery (Ksurf ). The
base current ideality factor was extracted from the slope of the base current in
the low current region of the measured Gummel plots, while Ksurf was obtained
from measurement performed on BJTs with 4 different emitter sizes according to
the procedure illustrated in [77]. In particular for the base ideality factor a non-
negligible variation can be observed in Fig. 5.4 between the different treatments.
Average extracted values range between 1.67 and 2.27 corresponding to ICP etch-
ing (mask n.1) followed by dry sacrificial oxidation and RIE etching followed by
nitrous sacrificial oxidation, respectively. This range of values is compatible with
other values reported for the base ideality factor of SiC BJTs. In [77] surface pas-
sivation processes consisting in dry and nitrous thermal oxidation resulted in base
current ideality factor about 1.99 and 1.96, respectively. In this thesis all samples
experiencing the dry sacrificial oxidation exhibit lower values of the base ideality
factor (≤ 1.9) compared to the pieces featuring the nitrous sacrificial oxidation.
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Figure 5.4. Comparison of the eight treatments in terms of surface recombina-
tion current divided by emitter periphery, Ksurf , and base current ideality factor.
[PAPER I]

This suggests that a smaller surface leakage base current can be associated to the
dry sacrificial oxidation.

Although the best performance corresponds to the sample experiencing ICP etch-
ing (mask n.1) followed by dry sacrificial oxidation and the worse to the piece ex-
periencing RIE etching and nitrous sacrificial oxidation, there is no clear difference
between ICP and RIE etched samples within treatments with the same sacrificial
oxidation. Nevertheless, the absence of significant difference between samples with
the same emitter mesa etching and sacrificial oxidation procedure suggests that if
the etching procedure is able to affect β, among the three etching steps the one
that counts is the first one (i.e. the one defining the emitter mesa). This can be
attributed to the fact that the base layer is unmasked only during this etching step.

Since the results from these eight samples did not allow drawing any defini-
tive conclusion about the comparison between RIE and ICP etching, additional
tests were performed on two extra 100 mm SiC wafers. Specifically, the procedures
consisting of RIE or ICP (with mask n.1) etching of all mesas and dry or nitrous
sacrificial oxidation were replicated. Moreover, for both etching procedures one
sample without any sacrificial oxidation was fabricated. These two extra wafers
were meant to be used for fabricating high-voltage BJTs. Therefore, their epitaxial
design differs from that shown in Fig. 5.1, and the BJTs fabricated on them have
a different layout (backside collector contact and more than one emitter finger)
compared to that of the low voltage BJTs shown in Fig. 5.2 (a). Nevertheless, the
use of β/Rsh,iB and the replication of procedures previously tested on the other 8
samples allow comparing results from pieces belonging to all three wafers in relative
terms. The extracted values of the gain figure of merit for these additional sets of
samples1, shown in Fig. 5.5, confirm the superiority of the dry sacrificial oxidation
over the nitrous sacrificial oxidation regardless of the etching procedure. In addi-
tion, they suggest that the nitrous sacrificial oxide reduces the effectiveness of the

1Current gain at VBC = 0V and Rsh, iB were measured in one die per sample at T=27 ◦C.
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Figure 5.5. Current gain figure of merit, β/Rsh,iB , for two sets of samples repli-
cating RIE and ICP etching with dry and nitrous sacrificial oxides, and without any
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successive surface passivation procedure. In fact, among the ICP etched samples
the one that experienced the nitrous sacrificial oxide exhibits lower β/Rsh,iB than
the one where no sacrificial oxidation was performed. Moreover, in Fig. 5.5 a clear
difference can be seen between ICP and RIE etched samples. When no sacrificial
oxidation is performed, the RIE etching exhibits a 3 times lower gain figure of merit
compared to the ICP etching, which means that with no other difference in process,
material quality and design a 3 times lower gain is obtained. When instead the dry
sacrificial oxidation is performed, the RIE etching reduces β/Rsh,iB only by a fac-
tor 1.2 compared to the ICP etching. In addition, in case of ICP etching the dry
sacrificial oxidation does not seem necessary: the ICP etched samples without and
with dry sacrificial oxidation exhibit similar performances.

These results allow concluding that the ICP etching introduces negligible or no
surface damage into SiC, while the RIE etching introduces damages that need to be
removed by a proper sacrificial oxidation in order to prevent reduction in current
gain, in agreement with what has been discussed in the fabrication section 4.2.

5.1.2 Effect of surface passivation

As already discussed in fabrication section 4.3 the surface passivation has a strong
effect on the current gain of SiC bipolar transistors. In PAPER II the well-known
passivation technique consisting in N2O annealing of deposited SiO2 [78] is further
investigated. Different deposited oxide thicknesses, annealing temperatures and
times are compared in terms of NPN current gain. This study is based on the high-
temperature dissociation mechanism of N2O reported in [82] and on the nitridation
model proposed in [81]. According to them a higher annealing temperature should
result in a more efficient carbon removal process. In fact, based on [82] a higher
temperature yields a higher percentage of NO and a lower percentage of O2, which
could result in a lower oxidation rate during the annealing since the oxidation via
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Figure 5.6. (a) Cross-sectional view of the fabricated NPN transistors (batch B5).
(b) Photograph of the seven fabricated samples from two 100 mm SiC wafers with
related process details about thickness of the deposited oxide and high-temperature
annealing conditions of the surface passivation process.

NO is slower than that via O2 [81]. In the attempt to further reduce the oxidation
rate during the annealing different SiO2 thicknesses were deposited prior to the
annealing.

Six procedures were tested on two 4H-SiC 100 mm wafers (batch B5), whose
epitaxial structures differ in base doping concentration. As shown in Figs. 5.6
(a) and (b) designed NB are equal to 1 × 1018cm−3 and 5 × 1017cm−3. On one
wafer the same oxide thickness (50 nm) was deposited and annealed according to
four different procedures, while on the other wafer three different thicknesses of
PECVD SiO2 (50, 100 and 150 nm) were annealed at 1250 ◦C for 1 hour. The
reference procedure for this study, performed in both wafers, consists in 50 nm of
SiO2 annealed at 1250 ◦C for 1 hour in N2O. This choice was made to be able
to compare in relative terms the results from this study with those obtained from
transistors fabricated in previous batches, as will be discussed later in this chapter.
Additionally, the use of two reference pieces, one for each wafer, was required in
this case since these wafers are from different suppliers and the epitaxial layers were
not grown at the same time.

SiC etching and sacrificial oxidation procedures were designed based on the re-
sults of the study discussed in the previous section. ICP etching was used for the
emitter mesa and RIE etching was used for the other mesas, whereas the sacrifi-
cial oxidation consisted in a 3 hour dry process at 1100 ◦C. Until the sacrificial
oxidation process the samples were processed as full wafers, after that 4 quarters
were cut out from each wafer and 7 out of a total of 8 samples were processed as
pieces until completed. Pictures of the seven fabricated quarters with details of the
related passivation process are shown in Fig. 5.6 (b).

As for the study discussed in the previous section, peak current gain and intrinsic
base sheet resistance were extracted from Gummel plot and TLM measurements
performed at 27 ◦C. A minimum of 30 transistors was considered for each sample
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Figure 5.7. Comparison of the seven tested passivation procedures. (a) Intrinsic
base sheet resistance measured in minimum 4 dies per sample. (b) Peak current gain
in minimum 30 transistors per sample. (c) β/Rsh,iB for the pieces belonging to the
wafer with NB ∼ 1 · 1018cm−3 for which 50 nm of PECVD SiO2 were annealed at
different temperatures and for different times. (d) β/Rsh,iB for the pieces belonging
to the wafer with NB ∼ 5 ·1017cm−3 for which 50, 100 and 150nm of PECVD SiO2

were annealed at 1250 ◦C for 1 hour.

(involving 7 different emitter sizes and at least 3 dies per sample), while TLM mea-
surements were performed in at least 4 dies per sample. The extracted Rsh,iB values
collected in Fig. 5.7 (a) clearly show the difference in base doping concentration
between the two wafers in agreement with the designed values (NB = 1×1018cm−3

and 5 × 1017cm−3 for the wafer experiencing different anneal conditions and ox-
ide thicknesses, respectively). Negligible variations can be instead seen between
samples belonging to the same wafer. Nevertheless, samples from the same wafer
exhibit significantly different currents gains, as evident in the statistical comparison
of the measured β provided in Fig. 5.7 (b). It is worth noting that the two reference
samples exhibit slightly different β/Rsh,iB of approximately 1.5 and 1.9 (see Figs.
5.7 (c) and (d)), which could be related to different material qualities. Neverthe-
less, all the 6 tested procedures can be compared on a relative scale, thanks to the
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presence of these two reference pieces.
The extracted β/Rsh,iB related to the four annealing conditions tested on 50 nm

of deposited oxide given in Fig. 5.7 (c) suggests that an annealing at 1250 ◦C
is more efficient than one at 1100 ◦C regardless of their duration. The 1250 ◦C
annealing performed for 30 min or for 1 hour results in better performances than
those achieved by performing the annealing at 1100 ◦C for 1 or 3 hours. Related
improvement in the gain figure of merit is approximately 10%. If these two temper-
atures are compared for the same annealing time of 1hour, than an improvement of
approximately 20% can be seen in the gain figure of merit. These results agree with
the high-temperature dissociation mechanism of N2O reported in [82] and with the
nitridation model proposed in [81] (see fabrication section 4.3). In addition, results
collected in Fig. 5.7 (c) suggest that for a given thickness of the deposited oxide
the optimum annealing time depends on the chosen temperature. At 1100 ◦C an
annealing time of 3 hours results in better performance than an annealing time of
1 hour, while at 1250 ◦C a time shorter than 1 hour seems preferable (a similar ef-
fect has been reported for NO annealing in [79]). The different optimum times can
be related to the different times required for balancing nitridation and oxidation
processes at different temperatures, which could be explained by different dynamics
and temperature dependences of these two processes [81].
The results related to samples with different SiO2 thicknesses and same anneal-

ing procedure (see Fig. 5.7 (d)) clearly indicate that the oxide thickness plays an
important role in the passivation mechanism. The extracted β/Rsh,iB of samples
with 100 or 150nm is almost 1.5 times higher than the one obtained for the samples
with 50 nm of SiO2. This means that with no other difference in process, material
quality and device design a 50% increase in current gain can be achieved by deposit-
ing a thicker oxide prior to the annealing process. Once again the balance between
nitridation and oxidation mechanism can explain these results. The presence of
a thicker oxide layer to start with during the annealing can reduce the oxidation
rate at the SiC/SiO2 interface [86]. However, a too thick oxide can complicate
the successive formation of ohmic contact2 without leading to better performance.
In addition, the reduction of the oxidation rate with the thickness of the already
present oxide tends to saturate with the oxide thickness, as also suggested by the
close β/Rsh,iB achieved by the samples with 100 and 150 nm of SiO2.

The trends suggested by the gain figure of merit for both sets of samples are
confirmed by the estimated values of the base-emitter diode ideality factor, which
range between 1.16 and 1.24. Unlike the study described in the previous section, the
base-emitter diode ideality factor has been considered instead of the base current
ideality factor (estimated from the measured Gummel plot) since the base current
of these transistors is severely affected by the base resistance.
If one compares all 6 passivation procedures on a relative scale, it is evident that

2In this thesis, ohmic contacts to SiC have been fabricated by lifting-off evaporated metals, and
the required removal of the passivation oxide from the contact area prior to the metal deposition
has been done by wet etch in buffered HF. A thick passivation oxide may require an etching time
so long to damage the resist mask and, hence, to make the use of a 2-step etch procedure necessary.
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the best performance is achieved when 100 or 150 nm of deposited SiO2 are an-
nealed at 1250 ◦C for 1 hour. However, this does not mean that this is the best
passivation procedure for 4H-SiC NPN transistors. The results discussed in this
section rather suggests that besides annealing temperature and time the thickness
of the deposited oxide plays an important role in the nitridation of deposited oxide
in N2O in agreement with what has been reported in [83]. Moreover, they suggest
that the optimum annealing time for a given oxide thickness depends on the anneal-
ing temperature, which should be high enough to result in an optimum dissociation
of N2O into N2, NO and O2.

It is worth noting that the minimum gain achieved for these samples, about 80, is
higher than all the gains measured on NPN transistors from all the other batches
presented in this thesis, and that gains as high as 200 were consistently achieved
on two quarters (the ones where 100 and 150 nm oxide were deposited).

5.1.3 Relative current gain improvement through the 5 batches

In Fig. 5.8 (a) the fabrication procedures tested in this work are compared in
terms of β/Rsh,iB , which provides an estimation of the transistor current gain a
specific process can achieve for a given base dose. Although an absolute compari-
son between all the considered processes is not always fair, due to the difficulty of
accounting for different material qualities and other process and/or design varia-
tions, the improvement in current gain achieved in the last batch (B5) is evident.
A fair comparison between procedures tested on different wafers requires the avail-
ability for each wafer of at least one piece where the same reference procedure was
performed. For this reason it is difficult to compare the first batch (B1) with the
successive ones. The fabrication procedure used for batch B1, in fact, was not repli-
cated in the later batches. In addition, its passivation process, consisting in 50 nm
of PECVD SiO2 annealed in nitrous oxide at 1150 ◦C for 3 hours, was performed
twice due to furnace failure during the first run. Thus, a different marker is used for
it in Fig. 5.8 (a). It is instead possible to establish a relative comparison between
the other tested procedures. In Fig. 5.8 (b) the gain figure of merit of each set of
pieces belonging to the same wafer is normalized with respect to the value achieved
by the reference piece in the set. The reference procedure (highlighted in figure 5.8
(b) by the label Reference) consists of ICP etching for the emitter or for all mesas,
dry sacrificial oxidation (1100 ◦C 1 hour) and passivation consisting in 50 nm of
PECVD SiO2 annealed in nitrous oxide at 1250 ◦C for 1 hour. This figure clearly
shows that the dry sacrificial oxidation leads to better performance than the nitrous
one3. The same can be seen by comparing the passivation annealing at 1250 ◦C
with the one at 1100 ◦C in spite of different optimum times associated to these two
temperatures, or by comparing samples with 100 and 150 nm of deposited oxide
with the one with 50 nm of SiO2. Furthermore, the gain figure of merit achieved

3These sacrificial oxidations also involve different temperatures and times: 1100 ◦C for 3hours
and 1250 ◦C for 1 hour in case of dry or nitrous, respectively.
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Figure 5.9. Peak current gain versus intrinsic base sheet resistance for NPN tran-
sistors belonging to the five fabricated batches: B1, B2, B3, B4, and B5.

in batch B5 is almost 3 times larger than those exhibited by the worse procedure
in batch B3 and B2.

A similar way of comparing different processes in terms of achievable gain consists
in plotting β versus Rsh,iB , as shown in Fig. 5.9. This figure includes data from all
5 batches although an absolute comparison between them is difficult. When data
for different values of the intrinsic base sheet resistance are available for the same
fabrication process, a correlation between β and Rsh,iB can be seen. This is the
case of batch B2 and B4 in Fig. 5.9. In this case a simple linear fit between gain
and intrinsic base sheet resistance can be used to estimate the current gain achiev-
able by the specific process for any value of the base dose if no variation in material
quality and device design is introduced. The corresponding line in the β-Rsh,iB

plane can be assumed as representative of the performance of the specific process.
If for each considered process a performance line can be extracted and data from
different wafers can be compared without any normalization, then a simple graph
that allows comparing the gain capability of different fabrication processes can be
drawn. However, in order to extract accurate performance lines and to perform a
more careful comparison of different processes a large number of data is required.

In this thesis it has been possible to extract only two performance lines for batch
B2 and B4, which correspond to nitrous and dry sacrificial oxidation process for
the same passivation (50 nm of PECVD SiO2 annealed in nitrous oxide at 1250
◦C for 1 hour) and etching (RIE) procedure. Including these two lines in Fig. 5.9
allows an easy and direct comparison with data from batch B3 and from the wafer
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Figure 5.10. Measured characteristics of two NPN transistors fabricated in batch
B4 and B5 at 27 ◦C. (a) Forward Gummel plot at VCB = 0V . (b) Forward current
gain plot at VCB = 0V .

in batch B5 where different annealing conditions were tested.

5.2 NPN transistor for ICs: collector resistance

As already discussed in device design section 2.1.1 the design of a topside collector
contact has a strong effect on the extrinsic collector resistance of the transistor and,
hence, on its overall RC . A high RC can limit the IC and the maximum current gain
the transistor can achieve for a certain bias condition. An example is given in Figs.
5.10 (a) and (b), which depict the forward Gummel plot and the current gain plot
of two NPN transistors with same layout (emitter size WE × LE = 24µm × 70µm)
fabricated in batch B4 and B5. For both devices a sudden drop of current gain can
be observed at relatively low collector currents due to device saturation caused by
the relatively high device RC .

5.2.1 Effect of NPN layout

The extrinsic collector resistance of the NPN transistor can be reduced by acting
on the device layout, and in particular on the shape of the collector contact. If
the collector contact surrounds three sides of the base mesa, instead of just one,
RC decreases by almost a factor 3 if no other changes are made. For two transis-
tor fabricated in batch B4, collector resistances of about 166 and 46 Ω have been
measured for single-sided and triple-sided collector contact, respectively. Related
output characteristics and optical images are shown in Fig. 5.11. In order to model
the transistor collector resistance, devices with different layouts were designed in
the second mask set. Single and multi-finger transistors were considered, as well
as devices with different contact sizes. In particular for the basic NPN transistor,
with one emitter finger and single-sided collector contact, different contact widths
were tested together with different emitter lengths (LE) ranging between 40 and
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Figure 5.13. Measured characteristics of basic NPN transistors (single-sided col-
lector contact and single emitter finger) with different emitter sizes fabricated in
batch B4 and B5 at 27 ◦C. (a)-(c) Forward Gummel plot at VCB = 0 V . (b)-(d)
Forward current gain plot at VCB = 0 V .

90µm. For these transistors all the device contacts were scaled simultaneously. The
narrowest contact, due to the resolution of lithography and etching process of via
holes, is 2µm wide and corresponds to an emitter width (LE) of 10µm. The widest
contact is 22 µm wide and corresponds to WE = 30 µm. For the other topologies
of NPN transistors, i.e. multi-finger or triple-sided collector contact devices, the
contact width was fixed at 16 µm and the minimum LE at 70 µm.

For the single finger transistor the measured collector resistances agree with a
simple model that relates RC to emitter length and distance between emitter mesa
and collector contact, which depends on the selected via width. Measured and
estimated RC values for two sets of test BJTs fabricated in batch B4 and B5 are
shown in Fig. 5.12 (a). In addition, for the devices from batch B4 a clear correla-
tion can be found between the collector current at the maximum gain IC−opt and
the device RC (see Fig. 5.12 (b)). This happens since the device saturation due to
the extrinsic collector resistance is the dominant mechanism in the gain decrease
at higher IC , which is also evident in the Gummel and current gain plots reported
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in Figs. 5.13 (a) and (b) for few devices from this set of transistors. Although the
same correlation between IC,opt and RC cannot be seen for the same set of test
transistors fabricated in batch B5, as evident in Fig. 5.12 (b), RC still controls the
transistor saturation and the consequent fast decrease of the gain at higher IC as
shown in Figs. 5.13 (c) and (d). In addition, if the current gain of 7 different sized
NPN from this set is plotted versus the current density IC/ (LE × WE), the same
gain roll-off can be seen at high current densities for all the devices, as shown in Fig.
5.14. The absence of correlation between IC,opt and RC for this set of transistors is
due to the scaling of WE . As discussed in device design section 2.1.1, reducing the
emitter width can lower the current gain before the device saturates. Correlations
between WE and peak gain and between WE and IC,opt can be seen in Fig. 5.14.

The design of the collector contact is also very important for multi-finger tran-
sistors. If RC is not properly designed transistors with the same emitter periphery
can provide considerably different IC for the same VCE depending on the RC . An
example is provided in Fig. 5.15 (a), which shows the collector current measured
at VCE = 0.5 V for 7 devices with same emitter periphery of 1620 µm but differ-
ent layouts. Single finger transistors with single- and triple-sided collector contacts
are included, as well as multi-finger transistors with triple-sided collector contact.
Optical images of the 7 transistors are shown in Fig. 5.15 (a). The single finger
NPN with triple-sided collector contact is able to provide a much larger current
compared to the other designs thanks to the lower RC . Similarly, if one compares
the RC of triple-sided collector contact transistors with different emitter fingers (1,
2, 3 and 4) for fixed LE = 70 µm and with one emitter finger with different length
(2 ·LE , 3 ·LE , 4 ·LE , 5 ·LE and 10 ·LE), one can clearly see that RC scales faster by
using one longer emitter finger then adding more fingers for the same total emitter
periphery (see Fig. 5.15 (b)). Furthermore, measured RC scales with 1/LE for



5.2. NPN TRANSISTOR FOR ICS: COLLECTOR RESISTANCE 81

15

20

25

30

35

40

45

C
o

ll
ec

to
r 

R
es

is
ta

n
ce

 [
Ω

] set from B4
set from B5

N
P

N
1

N
P

N
2

N
P

N
4

N
P

N
3

N
P

N
6

N
P

N
5

N
P

N
7

E

B

C

NPN4

N
P

N
7

N
P

N
6

NPN2 NPN3

E B

C

EB

C

E

B

C

NPN5

E B

C

EB

C

B

C

E

10

20

30

40

50

2 4 6 8 10
NF or LE,min (70µm) 

0

C
o

ll
ec

to
r 

C
u

rr
en

t 
[m

A
]

m-F T-NPN
m-F NPN

1-F NPN

triple-sided collector contact NPN

1-F NPN

EmitterBase

Collector

m-F T-NPNm-F NPN

(a) (b)

  VCE =0.5V 

B4

Figure 5.15. Extracted collector resistance and collector current at a fixed VCE
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single finger NPN transistors (as shown by the fitting line in Fig. 5.15 (b)), while
it does not scale with the number of emitter finger (NF ) for the other designs.

5.2.2 Darlington pairs: design principles and performance

An accurate prediction of the collector resistance of NPN transistor is also impor-
tant when designing Darlington coupled NPN transistors (D-BJTs) in SiC. A too
high collector resistance of one or of both the NPNs in the couple can prevent one
of the transistors from reaching its maximum gain and, hence, can limit the max-
imum gain of the D-BJT, which is maximized (i.e. βD,max = βT 1,max × βT 2,max)
only if driver (T1) and output (T2) transistors are simultaneously biased at their
maximum gains . As discussed in PAPER III, the Darlington configuration makes
the emitter current of the driver, IE−T 1, equal to the base current of the output
transistor, IB−T 2. Thus, in order to maximize βD T1 and T2 have to be designed
so that:

IC,opt−T 1 ∼ IC,opt−T 2/βT 2,max, (5.1)

where IC,opt−T indicates the collector current of transistor T at the maximum gain.
According to equation (5.1) the current capability ratio between T2 and T1, re-
ferred to as AF in the following, should be as close as possible to βT 2,max.
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Figure 5.16. LTspice simulation results for different AF values (1, 20, 50 and 120)
at 27 ◦C. Forward current gain plots for D − BJT , T 1 and T 2 with highlighted (red
markers) T 1 and T 2 bias points at the maximum gain of D − BJT (top). Division
of the D-BJT base-emitter voltage between T 1 and T 2 (bottom). [PAPER III]

This design principle is confirmed by LTspice simulation of D-BJTs with dif-
ferent AF values performed by using appropriate SPICE models for driver and
output transistor. The same model extracted from measured characteristics of a
device fabricated in batch B1 (see PAPER III for details) was used for both T1
and T2, while the different AF values were implemented by specifying different
device areas: 1 for T1 and AF for T2. Simulation results at 27 ◦C are shown in
Fig. 5.16. In it βD,max and the operating points of T1 and T2 are highlighted for
each considered value of AF (i.e. 1, 20, 50 and 120). Furthermore, the simulated
voltage drops across the base-emitter of T1 and T2 (VBE−T 1 and VBE−T 2) are also
shown as function of the voltage drop across the base-emitter of D-BJT (VBE−D).
For AF ∼ βT 2,max = 50 an equal division of VBE−D between VBE−T 1 and VBE−T 2

can be observed. This allows biasing both T1 and T2 at their maximum gain and,
hence, allows maximizing the gain of the D-BJT. Lower gains are obtained when
AF is much lower or much higher than βT 2,max. In the first case T1 is not biased
anymore at its maximum gain, while in the second case this happens for T2.

Since βD is maximized when AF ∼ βT 2,max, the optimum value of AF changes
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Figure 5.17. LTspice simulation results for peak current gain of D-BJTs with
different AF values ranging between 1 and 200 at different temperatures in the
range 27 to 300 ◦C. (a) βD,max versus AF . (b) Relative gain of the Darlington pair
(βD,max/(βT 1,max × βT 2,max)) versus AF .

with temperature as the transistor current gain. This is confirmed by simulation
results of D-BJTs with different values of AF shown in Fig. 5.17 (a) for the range 27
to 300 ◦C. Nevertheless, if the maximum simulated gain of the D-BJTs is compared
with βT 1,max × βT 2,max for different AF values and temperatures it is possible to
identify a range of AF values for which βD,max ∼ βT 1,max × βT 2,max in the full
temperature range. As shown in Fig. 5.17 (b), AF values ≥ 20 are suitable for the
considered temperature range.

Although D-BJTs with different sizes of output transistor were fabricated in the
first batch, none of them was able to maximize βD because the collector resistances
of the output transistors were too high compared to those of the driver transistors
[PAPER III]. For all the five designs the resulting values of AF ∼ 1 and gains of
the output BJTs ∼ 40 prevented the driver transistors from reaching their max-
imum gains when operated in the D-BJTs. Measured characteristics collected in
Fig. 5.18 for one of these D-BJTs clearly show that T1 is not yet at its maximum
gain when βD drops because T2 saturates. Accordingly, the voltage swept across
the base-emitter of the D-BJT (VBE−D) is not equally divided between T1 and T2:
only VBE−T 2 follows the entire VBE−D sweep while VBE−T 1 is almost constant and
equal to about 2.9 V after T1 turns on and until T2 saturates. The Gummel plots
in Fig. 5.18 were measured at VCB−D = 7V , VCB−T 1 = 7V and VCB−T 2 = 9.5V
for D-BJT, T1 and T2 respectively. This allows matching the characteristics mea-
sured on T1 and T2 when operated as single devices with those measured on the
Darlington pair. The limitation imposed by T2 is also evident in the output charac-
teristic of the D-BJT shown in Fig. 5.19. For VCE smaller than 3.5V RC−D ∼ 20Ω
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Figure 5.19. Measured IC − VCE at 27 ◦C of a D − BJT , T 1 and T 2 belonging
to a Darlington pair with AF of approximately 1 fabricated in batch B1 (design D1
in PAPER III).

is close to the parallel connection of RC−T 1 and RC−T 2, while for larger VCE it
is dominated by RC−T 1: RC−D ∼ 120 Ω. Nevertheless, at higher temperatures
βD,max becomes closer to βT 1,max × βT 2,max [PAPER III]. This, in agreement with
the SPICE simulation results presented earlier in this section, is due to the lower
transistor gains and the resulting relaxed requirements on AF .

D-BJTs that are able to reach their maximum gain were fabricated in later
batches thanks to improved designs of the output transistors resulting in much
lower RC . An example is given in Fig. 5.20, where the output characteristic of
a D-BJT with AF = 20 is shown together with those measured on its T1 and T2
when operated as single devices.

The design principle suggested in PAPER III and based on equation (5.1) is
confirmed by the D-BJTs with improved designs fabricated in batch B3 and B4
thanks to the different current gains achieved by the transistors in them (∼ 13
and 40, respectively) and to the availability of D-BJTs with different AF val-
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Figure 5.20. Measured IC − VCE at 27 ◦C of a D − BJT , T 1 and T 2 belonging to
a Darlington pair with AF of approximately 20 fabricated in batch B4, and optical
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Figure 5.21. Relative peak current gain of D−BJT (βD,max/(βT 1,max×βT 2,max))
versus the ratio between AF and peak current gain of the output transistor T 2 for
2 sets of Darlington pairs fabricated in batch B3 and B4, and one Darlington pair
fabricated in batch B1 (design D1 in PAPER III).

ues ranging between 5 and 20. In agreement with the simulation results dis-
cussed earlier (see Fig. 5.16) a clear correlation can be seen in Fig. 5.21 between
βD,max/ (βT 1,max × βT 2,max) and AF /βT 2,max for various D-BJTs from different
batches.

5.3 High-temperature performance of NPN transistors

High-temperature operation of basic NPN transistors (with one emitter finger and
single-sided collector contact) was proven up to 500-600 ◦C. For the range −40 to
500 ◦C Gummel plot and gain temperature dependence of an NPN transistor from
batch B2 (emitter size LE × WE = 90µm × 30µm) are shown in Fig. 5.22 [PAPER
VII]. The non-monotonous temperature dependence of the current gain can be
related to opposing phenomena occurring when the temperature rises: reduction
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and collector resistance (extracted from measured IC −VCE at VCE = 2V ). [PAPER
VII]

of emitter efficiency and increase of the minority carrier lifetime in the base (see
device modeling section 2.2). In the same temperature range a similar behavior can
be observed in Fig. 5.22 (b) for the transistor RC , which being dominated by the
extrinsic contribution follows the temperature dependence of the sheet resistance
of the buried collector layer.

The current gain temperature dependence of four other NPN transistors with
the same design (emitter size LE × WE = 70µm × 24µm) but different base doping
concentrations (NB ∼ 5 · 1017, 7 · 1017, 2 · 1018 and 3 · 1018 cm−3) is compared
in Fig. 5.23 (a) in the range 27 to 600 ◦C. In addition, measured current gain of
one of them is plotted versus the collector current in Fig. 5.23 (b) from 27 up to
600 ◦C. The minimum point for the gain seems to be related to the base doping
concentration. As shown in Fig. 5.23 (a) it moves towards higher temperatures
at higher doping concentrations. Such a trend could be related to the doping
dependence of the carrier lifetime (see device modeling section 2.2). Higher base
doping concentrations reduce the minority carrier lifetime at each temperature,
thus pushing the balance between complete ionization of base dopants and lifetime
increase (in terms of β) towards higher temperatures. Moreover, if one calculates
an effective activation energy for the current gain (Ea−β) from its constant slope
versus 1000/T in the range 27 to 300 ◦C, one can see that Ea−β decreases for
increasing doping concentrations. Extracted values of Ea−β , reported in Fig. 5.23,
are about 46, 46, 40 and 33 meV for base doping concentrations about 5 · 1017,
7 · 1017, 2 · 1018 and 3 · 1018 cm−3 respectively, in agreement with a reduction in the
ionization energy of acceptor dopants at higher doping concentrations (see device
modeling section 2.2 and [45]). Nevertheless, more measurement data (i.e. data
for more devices with several base doping concentrations characterized in a wide
temperature range) are necessary in order to model the temperature dependence
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of SiC NPN transistors in a broad temperature range, given the limitations of the
available physical models discussed in device modeling section 2.2.2.

5.4 Performance of lateral PNP transistors

In order to simplify the design of analog ICs lateral PNP transistors were devel-
oped in the IC technology discussed in this thesis. The first attempt to lateral PNP
transistors (PAPER IV) resulted in devices with current gain less than unity. The
highest measured βP NP out of seven devices from different dies was about 0.013
(see Fig. 5.24). Nevertheless, those lateral PNPs were characterized and modeled
at both device and circuit level, and design principles for higher gains were sug-
gested. These devices were fabricated in a high-voltage NPN batch [5] without any
additional process step compared to NPN fabrication process. In addition, at that
time only one device layout was tested. This consists of a rectangular topology with
interdigitated emitter and collector fingers and a backside base contact, as shown
in the cross-sectional and top view images in Fig. 5.24.

In PAPER IV two ways of improving βP NP are proposed independently of the
design of the epitaxial layers:

• minimizing the half emitter width (WE/2 in Fig. 5.24 (a));

• building an equivalent PNP transistor based on a PNP and an NPN transistor
connected in Sziklay configuration [94].
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Figure 5.24. Lateral PNP transistor fabricated in a high-voltage NPN technology
[5]. (a) Cross-sectional view together with a high-voltage NPN transistor. (b) Opti-
cal image. (c) Measured current gain plot on 7 PNP transistors, together with the
simulated characteristic. [PAPER IV]

The first solution, based on the results of calibrated physical device simulations,
allows reducing the amount of injected holes from the emitter to the base that
reaches the base contact increasing the base current and, hence, lowering βP NP .
This hole current, which represents a large part of the base current of the PNP,
can be related to the presence of a parasitic base-emitter diode. When WE/2 is
reduced4 the current of the parasitic diode and, hence, IB of the PNP transistor
features a bigger reduction compared to IE of the PNP. In fact, the diode current
scales with the diode area, while the emitter current of the PNP scales with the
emitter periphery. This mechanism can have a stronger effect on PNP with circular
topology where the emitter radius (WE/2) is the scaling factor or on square PNPs
where both emitter width and length are scaled, since in both cases IB scales with
the square of the emitter radius or width, while IE scales only linearly with it.

The second solution, consisting in using a Sziklay pair instead of a single PNP,
requires connecting the emitter contact of the PNP to the collector contact of the
NPN as illustrated in Fig. 5.25 (a). Although this solution is not suitable for the
high-voltage technology in [5] since the emitter contact of the PNP is located on
the topside of the wafer while the collector contact of the NPN on the backside
(see Fig. 5.24 (a)), it suits well the IC technology presented in this thesis. Circuit
level simulation results5 shown in Figs. 5.25 (b) and (c) suggest that compared to
a single PNP a Sziklay pair could provide an increase in βP NP by a factor 37 at the
cost of a larger emitter-collector voltage drop (VEC). In order for this solution to

4In case of rectangular layout of the PNP where only one dimension of the emitter finger is
scaled, it is necessary that LE is large enough compared to WE , in order for the scaling to be able
to reduce the effect of the parasitic base-emitter diode.

5For details about simulation procedures and SPICE models for both devices see PAPER IV.
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Figure 5.25. Lateral PNP transistor and Sziklay configuration. (a) Circuit sym-
bol for a PNP transistor and circuit diagram for a Sziklay pair. (b) Current gain
plot: measurement results for the isolated PNP transistor and LTspice simulation
results for the Sziklay configuration. (c) Forward output characteristic: measure-
ment results for the isolated PNP and LTspice simulation results for the Sziklay
configuration. [PAPER IV]

work properly, similarly to the working principle of a Darlington pair, it is essential
that the range of IC where the PNP reaches its maximum gain falls into the range
of IB of the NPN for which βNP N is high enough to increase the gain of the pair.

Lateral PNPs with current gain of approximately 35 were fabricated in batch
B3 together with NPN transistors and integrated circuits [PAPER V]. This result
was achieved thanks to the use of a shallow etching step dedicated to the isolation
of emitter and collector mesa of the lateral PNPs and to the use of two separate
metal layers for interconnects and for over-layer metallization for device contacts.
A particularly high emitter/base doping ratio for the PNP transistors in batch B3
was also beneficial. The additional etching step allows reducing the effective base
width of the PNP and, hence, increasing βP NP . This is confirmed by current gains
measured on PNPs having the same layout but for which the isolation between
emitter and collector mesa was done in different ways: by using this shallow etch or
the deeper etch performed for the base mesa of the NPN transistors. The availabil-
ity of two metal layers, instead, provides more flexibility in terms of device layout,
since in this case the design of the contacts is not limited by the final intercon-
nects to the metal pads. Finally, the high emitter/base doping ratio for the PNP
transistors enhances the PNP emitter efficiency and, hence, βP NP . In addition,
the low donor concentration in the base of the PNP6 reduces the effective base
width of the PNP resulting in a wider space charge region associated to the device
base-collector junction (see PAPER V and device design section 2.1.2). For these
devices the acceptor doping concentration (i.e. emitter doping for the PNP and

6Base doping concentration of the PNP was estimated by means of C-V measurements across
the base-collector junction of NPN transistors fabricated on the same wafer.
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base doping of the NPN) was estimated7 to be ∼ 2-3 · 1018 cm−3.
In the following, effects on βP NP of contact topology (rectangular vs. circular),

effective base width and temperature are discussed (PAPER V).
Thanks to the availability of two metal layers it was possible to significantly re-

duce the area of the aforementioned parasitic base-emitter diode. For both circular
and rectangular contact topology the emitter contact can be easily placed at the
center of the device and surrounded by collector mesa and base contact, located
in the outer area (see simple circular and square PNP in Fig. 5.26). For the cir-
cular topology two different distances (2 and 4 µm) between emitter and collector
mesa (WCE) were tested, as well as large PNP with only one larger emitter contact
(radius WE/2 = 50 µm) or with two additional emitter and collector rings. In ad-
dition, a square contact topology was tested with a single central emitter contact (
WE = LE = 57µm) and a large area rectangular device with interdigitated emitter
and collector contact, similar to the one discussed in PAPER IV. Optical images
of the fabricated PNPs are shown in Fig. 5.26.

Gummel plot and current gain plot measured at 27 ◦C on a simple circular PNP
with WCE = 2 µm are shown in Figs. 5.27 (a) and (b), respectively. A strong
effect of the reverse bias of the base-collector junction on βP NP can be observed:

7This estimation was based on extracted intrinsic base sheet resistance from several dies across
the wafer. Measurement results can be found in section 5.1.1. The PNP transistors discussed in
this section belong in fact to one of the samples in batch B3.
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βP NP increases from about 35 at VBC = 0 V up to 220 at VBC = 15 V . This
effect, visible in the output characteristic of this device in Fig. 5.27 (c), can be
related to modulation of the base-collector space charge region, which reduces the
effective base width of the PNP. The low early voltage (about 15 V ) that can be
extracted from the output characteristic of this device is still compatible with the
target application of this technology8.

Measurement results for the PNPs in Fig. 5.26 shown in Fig. 5.28 suggest that
configurations with a high ratio between emitter periphery and emitter area and
circular contact topology should be preferred, and that WCE should be as small as
possible given the resolution limits of lithography and etching process9, which in
this case is approximately 2 µm. As shown in Fig. 5.28, for simple circular PNPs a
higher gain is achieved when smaller distances between emitter and collector mesa
are used: βP NP is about 35 and 11 for WCE equal to 2 and 4 µm, respectively (at
VBC = 0 V and 27 ◦C). This can be related to the smaller effective base width of
the PNP for WCE = 2 µm.

Among all the other PNP transistors with WCE = 4 µm, the highest gain of
about 11 is achieved by the simple circular PNP, while the lowest about 1.5 by
the interdigitated PNP. If one neglects the interdigitated PNP, a correlation can
be found between device gain and emitter geometry as shown in Fig. 5.28. In
particular, βP NP is higher when the ratio between emitter periphery and emitter
area is higher, since as already discussed higher values of this ratio reduce the effect
of the parasitic base-emitter diode. The worse performance associated to the in-

8This IC technology is meant to be used for IC with 15 V supply voltage.
9Although for the technology presented in this thesis the resolution limit of lithography is

about 1 µm and that of SiC etching depends on the target etch depth, due to the sloped sidewalls,
for several circular PNP transistors with WCE = 1 µm emitter and collector regions are not
isolated.
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Figure 5.29. IC − VEC measured at 27 ◦C on PNP transistors and Sziklay pairs
fabricated in batch B3 together with optical image of the pairs. (a) Sziklay configura-
tion consisting of one PNP and one NPN transistor. (b) Double Sziklay configuration
(d-Sziklay) consisting of one PNP and two NPN transistors.

terdigitated PNP, which is lower than that achievable by a circular device with the
same emitter size ratio, can be related to larger distances between device contacts
and intrinsic regions leading to higher parasitic resistances.

Together with these lateral PNP transistors, the aforementioned Sziklay con-
figuration was also fabricated in batch B3 based on simple circular PNP with
WCE = 4 µm. A similar configuration, referred to as double Sziklay in the fol-
lowing (d-Sziklay), including two NPN transistors was also tested. Optical images
are given in Figs. 5.29 (a) and (b) together with measurement results. Although
both configurations are capable of operation, their current gains are slightly lower
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than those achieved by the PNP transistors when operated alone, as evident in
the measured output characteristics shown in Fig. 5.29. This can be related to
the low collector currents of the PNPs that force the NPNs to work in a region
where their gain is approaching 1. Improvement in the gain of the Sziklay pairs,
similarly to simulation results shown in PAPER IV, can be instead observed when
the same configurations are fabricated in batch B5. Although in this case for the
isolated PNPs the current gain is ≪ 1, the equivalent gain of a simple Szikaly pair
approaches 1, specifically the gain of the Sziklay pair is about 0.7 at VBC = 5V (see
Fig. 5.30 (b)) thanks to capability of the NPN transistors in this batch of providing
higher current gain when biased at low IB compared to the NPNs in batch B3 (see
Fig. 5.10). In addition, in batch B5 the double Sziklay (i.e. including one PNP and
two NPN transistors) is able to provide equivalent gains larger than 1, and specifi-
cally approaching 3 and 6 at VBC equal to 5 and 10 V , respectively (see Fig. 5.30
(c)). However, simple and double Sziklay pairs demand larger VEC (approximately
2.5 and 5 V respectively) compared to that of a single PNP transistor. Therefore,
the use of these pairs when designing integrated circuits could limit the minimum
supply voltage for which the circuit can be designed.

5.5 High-temperature performance of lateral PNPs

Simple circular PNP transistors with WCE = 2 and 4 µm were characterized in the
temperature range −40 to 300 ◦C [PAPER V]. The Gummel plot at the highest
temperature is given in Fig. 5.31 (a) for the device with WCE = 2 µm. For
both devices a non-monotonic temperature dependence of the current gain can be
observed in Fig. 5.31 (b). Maximum values of about 37 and 12 can be observed
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Figure 5.31. (a) Gummel plot of simple circular PNP with WCE = 2µm measured
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size WE × LE = 24µm × 70µm) fabricated in the same die (batch B3). [PAPER V]

around 0 ◦C for WCE equal to 2 and 4 µm, respectively; while at 300 ◦C they
exhibit gains of 8 and 2. This temperature dependence can be related to the same
phenomena affecting the gain temperature dependence of the NPN transistors (see
section 5.3), although in this case other parameters have to be taken into account.
For PNP transistors the main parameters affecting the temperature dependence of
the current gain are the ionization degree of acceptor dopants, the lifetime and the
mobility of minority carriers. For increasing temperature the acceptor ionization
degree and the lifetime increase, while the mobility decreases [51], and its reduction
is stronger at lower doping concentrations [52]. Therefore, the current gain of
the PNPs is enhanced by the higher minority carriers’ lifetime in the base and
higher emitter efficiency (due to the increased ionization degree of acceptors in the
emitter region). However, it is reduced by the lower minority carrier mobility, which
decreases faster in the base than in the emitter (details about doping concentrations
can be found in Fig. 5.26). In the same temperature range, NPN transistors
fabricated in the same die exhibit instead a negative temperature coefficient (Fig.
5.31 (b)). As already discussed in device result section 5.3, this can be related the
reduced emitter efficiency of the NPN transistors due to the increasing ionization
degree of acceptors in the base, which in the temperature range −40 to 300 ◦C
is not yet compensated and overcome by the increase of minority carrier lifetime
in the base. It is worth noting that in this batch (B3) the current gain of NPN
transistors is limited at each temperature by the high acceptor concentration in the
base layer.



Chapter 6

Circuit performance

This chapter reports on the performance of basic digital gates in a wide temperature
range. Measurement results for ECL-based OR-NOR gates and 3- and 11-stage ring
oscillators are discussed in the range −40 to 500 or 600 ◦C and in the range 27 to
300 ◦C, respectively.

The performance of the OR-NOR gates is evaluated by estimating noise margins1

(NMs), power loss2 (PD) and propagation delay3 (TP ). Tested OR-NOR gates
are capable of stable NMs in the entire temperature range of approximately 1 or
1.5 V depending on the gate design. Estimated delay-power consumption product,
almost constant in the considered temperature range, is about 85-100nJ depending
on gate version, actual resistance values and transistor size.

Concerning the ring oscillators, propagation delay of a single stage is estimated
to be ∼ 105, 45 and 36 ns for the 3-stage and 11-stage ring oscillator with one and
two interconnect levels, respectively.

6.1 OR-NOR gate

The static behavior of 2-input OR-NOR gates, with different designs and from
different batches, was tested by applying an input signal swept between −10 and
0 V , to only one of the two inputs with a supply voltage (VEE) of −15 V . At the
other input a low voltage level was seen when no signal was applied to it due to
the connection to VEE through the pull-down resistors (for detail see circuit design
section 3.2.1).

The switching behavior of these gates was instead tested by applying a square
input signal with suitable frequency and amplitude to one of the inputs and a sup-

1The NMs have been already defined in circuit design section 3.2.1.
2Both static and dynamic power dissipated in a single gate were accounted.
3The propagation delay characterizes the dynamic performance of a logic-circuit family. The

shorter it is the higher the speed at which the circuit can be operated. It is defined as the time
elapsed between the input and the output signal transitions, and it is measured at half of the
logic swing (difference between high and low voltage levels). It is defined for both the transitions
of the output signal: low-to-high (TP LH) and high-to-low (TP HL). Their mean value gives the
propagation delay TP .

95



96 CHAPTER 6. CIRCUIT PERFORMANCE

−10 −8 −6 −4 −2 0 −10 −8 −6 −4 −2 0

−7

−6

−5

−4

−3

v1 24−70
v2 24−70
v2 22−50
v2 18−40
v2 15−40−7

−6

−5

−4

−3
O

u
tp

u
t 

V
o
lt

ag
e  [V

]

Input Voltage [V]

OR output NOR output

0.5

1

1.5

2

β ∼ 40

Rsh,bC ~140 Ω/sq

v2
 2

4−
70

v2
 2

2−
50

v2
 1

8−
40

v2
 1

5−
40

T=  27 °C 

NOR
OR 

N
o
is

e 
M

ar
g
in

g
s  

[V
]

v1 24−70
v2 24−70
v2 22−50
v2 18−40
v2 15−40

(a) (b) (c)

v1
 2

4−
70

Input Voltage [V]

O
u
tp

u
t 

V
o
lt

ag
e  

[V
]

Figure 6.1. Voltage transfer characteristics and related noise margins of 2-input
ECL-based OR-NOR gates fabricated in batch B4 measured at 27 ◦C. First gate
version (v1) realized with transistors having emitter size WE × LE = 24µm × 70µm,
while the second gate version (v2) was realized with different transistor sizes (WE ×

LE equal to 22µm×50µm, 18µm×40µm and 15µm×40µm). (a) OR output VTCs.
(b) NOR output VTCs. (c) Noise margins for both OR and NOR output.

ply voltage of −15 V . The frequency of the input signal was set at 100 kHz since
this value is consistently lower than the maximum frequency at which these gates
can operate (as will be shown in the next sections). Peak-to-peak voltage value and
logic levels of the input signal were similar to output logic swing and logic levels of
the gate under test.

Both static and switching measurements were performed in a wide temperature
range up to 300 or 500 ◦C depending on the batch. For all devices and circuits
fabricated in the first batch the maximum testing temperature was set at 300 ◦C
since no diffusion barrier was used in the interconnects. In addition, static mea-
surements up to 600 ◦C were performed only on few gates belonging to batch B4
since the used diffusion barrier (TiW ) cannot withstand such high temperature for
long time.

6.1.1 Room temperature performance

Static characteristics of the two versions v1 and v2 of the OR-NOR gate described
circuit design section 3.2 are compared in Fig. 6.1 at 27 ◦C. Voltage transfer char-
acteristics (VTCs) and NMs are shown for both gate versions implemented with
the basic NPN transistor with emitter size WE × LE = 24µm × 70µm, and for
the second gate version implemented with smaller transistors (WE × LE equal to
22µm × 50µm, 18µm × 40µm and 15µm × 40µm). Measurement results collected
in Fig. 6.1 refer to gates fabricated in the same die (and specifically belonging
to batch B4). Thus, it is possible to compare the two designs and to analyze the
effects of transistor size on the overall gate performance independently of variations
in transistor gain or resistance values4. Voltage transfer characteristics of the two

4Although for a given gate design static characteristics such as NMs, low logic levels and logic
threshold depend on the resistor ratios rather than on the absolute resistor size, the current levels
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Figure 6.2. Static and dynamic characteristics of OR-NOR gates fabricated in
three dies of one wafer belonging to batch B4 characterized by different current
gains and buried collector sheet resistance values. Both gate versions and different
transistor sizes are considered: v1 and v2 built with transistors with WE × LE =
24µm × 70µm, and v2 built with transistors having WE × LE = 22µm × 50µm
(v2 22 − 50), WE × LE = 18µm × 40µm (v2 18 − 40) and WE × LE = 15µm × 40µm
(v2 15 − 40). (a) Propagation delay. (b) Static current consumption. (c) Delay-total
power dissipation product.

versions with the same transistor size agree with simulation results presented in
circuit design section 3.2.1. The different resistor sizes of the second gate version
(v2) shift logic threshold and low logic levels towards negative voltages and, hence,
enlarge low and high NMs for both OR and NOR output. An increase from ap-
proximately 1 to approximately 1.7V can be observed in Fig. 6.1 (c). Although the
NMs achieved by v2 are larger than those obtained for the first version regardless
of the size of the transistor used in the gate, a minor effect of the transistor size on
the VTCs can be seen in Figs. 6.1 (a) and (b). The different values of the collector
resistance associated to each transistor size result in small variations of the low logic
levels and, hence, of the related NMs. In Figs. 6.1 (a) and (b) a clear correlation
can be seen between the low output logic level VOL and the transistor collector
resistance RC . For increasing collector resistance VOL moves towards positive volt-
ages (i.e. it is reduced). This could be related to a smaller bias current of the
differential stage resulting in a smaller voltage drop across the load resistor in the
conducting branch of the differential stage. In agreement with estimated collector
resistance for different sizes of the basic transistor (see device result section 5.2.1),
the lowest VOL and, hence, the highest NMs is achieved when the NPN with lowest
RC is used. In this case, this is the transistor with WE × LE = 24µm × 70µm. The
highest VOL is instead obtained by the gate built with transistors that exhibit the
highest RC , which is the one having WE × LE = 18µm × 40µm.

In order to analyze the effect of transistor gain and resistance variations on the

throughout the circuit are determined by the absolute resistance values. Therefore, TP and Pd

are affected by variations in sheet resistance of the epitaxial layer the resistors are fabricated in.
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Figure 6.3. Measured voltage transfer characteristics at 27 ◦C and their inverses
with different supply voltages. First gate version fabricated in batch B1 (v130−90).
(a) OR output. (b) NOR output. [PAPER VI].

gate performance, the same set of OR-NOR gates was tested in two other dies of
the same wafer. For them different transistor gains and buried collector sheet resis-
tances were measured. For these three dies the gain varies between 25 and 45, while
the buried collector sheet resistance varies between 120 and 185Ω/sq. Although the
noise margins of each gate are independent of the specific die, TP and bias currents
can be related to the different buried collector sheet resistances of the three dies.
As shown in Figs. 6.2 (a) and (b), for increasing values of the sheet resistance the
bias currents decrease and the propagation delays increase. Furthermore, in each
die the propagation delays for the second gate version depend on the transistor
size: in all three dies TP scales with the transistor area (see Fig. 6.2 (a)). A similar
effect can be observed for the static power consumption only at high bias currents
(i.e. for low resistance values) as shown in Fig. 6.2 (b).

The estimated delay-power consumption products, shown in Fig. 6.2 (c), suggest
that the performance of the second gate version improves when smaller transistors
are used. Moreover, for high enough resistance values (the first and the second die
in Fig. 6.2 (c)) the smallest transistor size considered for v2 allows delay-power
consumption products about 85 nJ , which are smaller than those obtained by the
first version due to similar propagation delays with lower bias currents.

For each gate version static characteristics such as logic threshold, low logic level
and noise margins depend on the chosen value of the supply voltage. Voltage trans-
fer characteristics for both OR and NOR output, displayed in Figs. 6.3 (a) and (b)
respectively and measured on a gate (v1 30 − 90) fabricated in batch B1 [PAPER
VI], show that higher absolute values of the supply voltage shift logic threshold and
low logic levels towards negative voltages and, hence, enlarge the low noise margins.
Additionally, although low-to-high and high-to-low transitions can still be observed
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implements the first circuit version with transistors having WE ×LE = 30µm×90µm
(v1 30 − 90). OR output (left). NOR output (right). [PAPER VII]

when this gate version is operated with −7 V voltage supply, the lowest supply
voltage able to provide positive NMs is approximately −9 V [PAPER VI].

6.1.2 High-temperature performance

Operation of the OR-NOR gates was reported up to 500 ◦C in PAPER VII, where
the first gate version discussed in the previous section (and specifically fabricated
in batch B2) is proven to be able to operate in the range −40 to 500 ◦C with noise
margins of approximately 1V for both outputs in the range 0 to 500 ◦C. The VTCs
measured at different temperatures in this range, shown in Figs. 6.4 (a) and (b)
together with the related NMs, exhibit high logic levels and logic thresholds mov-
ing towards positive voltages when the temperature increases. This is in agreement
with simulation results discussed in circuit design section 3.2.1 and measurement
results reported in PAPER VI for the same gate version fabricated in the first batch.
The low voltage levels, instead, exhibit a non-monotonous behavior in the range
−40 to 27 ◦C, which based on simulation results5 can be related to the increase in
resistance values at low temperatures.

Estimated propagation delay and total power consumption at each tempera-
ture are shown for this gate in Fig. 6.5 (a). The non-monotonous temperature
dependence of both parameters can be related to changes in resistor resistance and

5Additional simulations were performed based on NPN SPICE models and buried collector
sheet resistance extracted at different temperatures in the range −40 to 500◦C from measured
characteristics of NPN transistors and TLM structures realized in the same die as the gate.
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transistor gain with temperature. Both TP and Pd track changes in the overall
gate current consumption, which is mainly determined by its static component, as
confirmed by estimated static and dynamic current consumptions shown in Fig. 6.5
(b). Nevertheless, the delay-power consumption product is almost unchanged and
about 100 nJ in the entire temperature range −40 to 500 ◦C, closely to what has
been reported for logic gates based on 6H-SiC JFETs [24].

600◦C demonstration

Both gate versions, v1 and v2, implemented with the same transistor size (WE ×

LE = 24µm × 70µm) and fabricated in batch B4 have been successfully tested
up to 600 ◦C. For the second gate version VTCs for OR and NOR outputs are
shown in Figs. 6.6 (a) and (b), respectively. Noise margins of both gate versions
are displayed in Figs. 6.7 (a) and (b). The temperature behavior of logic levels and
logic threshold of v2 is similar to that described in the previous section for v1. For
the second gate version the low logic level of the OR output is almost unchanged
in the range 100 to 600 ◦C, while for the NOR output an evident increase in the
low logic level can be seen at 600 ◦C. As a result the noise margins for both OR
and NOR output are approximately 1.5 V in the entire temperature range 27 to
600 ◦C (see Fig. 6.7). The first gate version also provides stable NMs in the same
temperature range, but they are smaller than those observed for v2 and specifically
of approximately 1 V , consistently with what has been reported in the previous
section for the two gate versions.

Although these gates are not capable of prolonged operation at 600 ◦C, mainly
due to metallization limits as discussed in fabrication section 4.4, the VTCs in
Fig. 6.6 prove the high-temperature capability of SiC bipolar transistors and the
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Figure 6.6. Voltage transfer characteristics of an OR-NOR gate fabricated in
batch B4 in the range 27 to 600 ◦C. The gate implements the second version v2
with transistor size WE × LE = 24µm × 70µm. (a) OR output. (b) NOR output.
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robustness of the gate design especially for the temperature compensation network
involved in the generation of the reference voltage applied to one of the branches
of the differential stage (see circuit design section 3.2.1).

6.2 Ring oscillators

The ring oscillators described in circuit design section 3.2.2 were tested in the range
27 to 300 ◦C. The successful operation of this kind of circuit requires functionality
of all stages. Therefore, it provides an estimation of the complexity of the circuits
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Figure 6.8. 3-stage ring oscillator fabricated in the first batch (B1): optical image.
Transistor size: WE × LE = 30µm × 90µm. Fundamental gate based on the first
OR-NOR gate version.[PAPER VI]

that can be fabricated in the specific technology, in terms of number of devices
involved. Any failure in a single stage prevents the circuit oscillation due to the
series connection of the different stages. Additionally, this kind of circuit provides
a better estimation of the maximum frequency at which the logic this circuits is
based on can be operated.
In the following 3- and 11-stage ring oscillators are first analyzed separately and
compared.

6.2.1 3-stage ring oscillator

An optical image of the 3-stage ring oscillator fabricated in batch B1 is shown in Fig.
6.8 [PAPER VI]. Although three stages are enough to make it oscillate, thanks
to a wide enough logic swing of the fundamental gate [95], the resulting oscillation
period is not long enough to allow each gate to reach the nominal output voltage
levels. The output characteristics collected in Fig. 6.9, which were measured at
different temperatures in the range 27 to 300 ◦C with VEE = -15 V, show a reduced
logic swing compared to that of the fundamental gate. The output logic swing of
the ring oscillator is approximately 0.7 V at 27 ◦C and approximately 0.5 V at
higher temperatures, whereas for the fundamental gate (an OR-NOR gate version
v1 30 − 90) it is approximately 2 V in the entire temperature range. This behavior
can be related to rise and fall times of the fundamental gate longer than half of
the oscillation period of the overall circuit. For an OR-NOR gate fabricated in the
first batch estimated rise and fall time at 27 ◦C are approximately 700 and 400 ns
respectively [PAPER VI], whereas half of the oscillation period of a 3-stage ring
oscillator in the same batch is approximately 300 ns. Nevertheless, this circuit is
able to oscillate in the entire temperature range. As shown in Fig. 6.9 its oscillation
frequency and, hence, the propagation delay of the fundamental gate exhibits a non-
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Figure 6.10. 11-stage ring oscillator version 11st. v2 − M2 fabricated in batch B4:
optical image.

monotonous temperature dependence similarly to what has been observed for the
propagation delay of the OR-NOR gate discussed in the previous section.

6.2.2 11-stage ring oscillator

As described in circuit design section 3.2.2 two 11-stage ring oscillators were de-
signed based on the second OR-NOR gate version discussed earlier in this chapter.
The first version, referred to as 11st.v1, consists of 174 devices (including both tran-
sistors and resistors) since each stage replicates the OR-NOR gate almost entirely.
The second version (referred to as 11st. v2), based on a simplified version of the
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Figure 6.11. 11-stage ring oscillators (versions 11st.v1 and 11st.v2−M2 fabricated
in batch 4): time-domain oscillation measurements at 27 ◦C for different values of
the supply voltage, VEE . (a) VEE = −15 V . (b) VEE = −10 V .

OR-NOR gate, includes instead a smaller amount of devices: 131 or 106 when im-
plemented with only one or two levels of interconnects respectively. However, only
the implementation with two levels of interconnects referred to as 11st. v2 − M2),
whose optical image is shown in Fig. 6.10, is functional. The other one suffered
from a so big degradation of the signal level through the 11 stages to prevent the
circuit oscillations. As discussed in circuit design section 3.2.2, in this version addi-
tional resistors were added in the signal path due to the elevated number of required
connections when only one level of interconnects was used.

The two functional versions of ring oscillators were tested with different supply
voltages and at different temperatures in the range 27 to 300 ◦C. Their output
characteristics measured at 27 ◦C with supply voltage of −15 and −10 V , shown in
Fig. 6.11 (a) and (b) respectively, exhibit an almost full output swing thanks to the
use of 11 stages. Output swing of about 3 and 1V were observed for supply voltage
of −15 and −10V , respectively. The higher oscillation frequency observed at −10V
supply voltage can be attributed to the lower absolute value of logic threshold and
low logic level. As discussed in the previous section or the OR-NOR gate reported
in PAPER VI, these parameters are reduced by smaller absolute values of the sup-
ply voltage. Oscillation frequency of about 1 and 1.4MHz can be observed for both
circuit versions for supply voltage of −15 and −10V , respectively. In addition, the
oscillator frequency of both circuit version is almost constant in the temperature
range 27 to 300 ◦C. Measured output characteristics of version 11st. v2 − M2 are
shown in Fig. 6.12 at different temperatures and at VEE = −10 V .

Propagation delays of the fundamental gate achieved at different temperatures
in the 3-stage ring oscillator and in the two versions of 11-stage oscillators are pro-
vided in Fig. 6.13. Although the 3-stage and the 11-stage oscillators are based on
different versions of the OR-NOR gate, the smaller transistor size used in the 11-
stage circuits (WE × LE = 24µm × 70µm instead of 30µm × 90µm) is probably the
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main reason for the smaller delays observed at each temperature for the 11-stage
version.

6.3 Towards a high-temperature metallization system

Since the technology discussed in this thesis targets high-temperature (500-600
◦C) applications the traditional interconnect system based on a triple layer of
Ti/T iW/Al has to be replaced since it is unable to provide reliable operation at
such temperatures. For this reason a different interconnect system, consisting in a
double layer of Ti/P t, was investigated and compared to the traditional intercon-
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Figure 6.14. Fabricated NPN transistors with the two interconnect systems (batch
B2). (a) Optical image: T i/T iW/Al system. (b) Cross-sectional view with doping
and thickness of the epitaxial layers. (c) Optical image: T i/P t system. [PAPER
VIII]

nect system (PAPER VIII). Although platinum could allow much higher operating
temperatures than aluminum thanks to a much higher melting point (1755 and
660 ◦C for platinum and aluminum, respectively [96]), it is more difficult to etch
compared to aluminum and suffers from poor adhesion to SiO2 [96] (this is why a
10 nm-thick titanium layer was added to the stack).

In PAPER VIII, the high-temperature performance of interconnects, NPN tran-
sistors and OR-NOR gates is discussed for both Al- and Pt-based systems. In order
to allow a fair comparison between the two systems, two 50 mm SiC wafers were
used for this study. The epitaxial layers were grown in the same run and the same
fabrication process was used for them until the realization of the interconnects.
Although these two interconnect systems show different performances in terms of
resistance of a 1µm-long line, step coverage and via filling, they are not able to affect
the short term behavior of devices and circuits. In particular the OR-NOR gates
exhibit noise margins of approximately 1 V and asymmetric propagation delays of
approximately 200 and 700 ns in the temperature range 27 to 500 ◦C regardless
of the metallization system for both OR and NOR outputs (see PAPER VIII for
details).
These two interconnect systems differ not only in the metals used in the specific

stack, but also in thickness and patterning technique as summarized in Fig. 6.14.
The traditional stack has an overall thickness of 1.1 µm and includes a 1 µm-thick
Al layer, while the Pt-based stack is about 410 nm thick with a 400 nm-thick Pt
layer. The use of wet etch and lift-off as patterning method for the Al-based and
Pt-based system respectively resulted in different line widths and via filling and
step coverage properties. The thicker Al-based lines are capable of better via filling
and step coverage than the Pt-based lines, but they are narrower. Only the Pt-lines
are able to keep the designed width of 9 µm (see Figs. 6.15). The shrinkage of the
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Figure 6.15. SEM images of 10-resistor contact chain realized with the two inter-
connect systems. Details of a single resistor with measured width of the intercon-
nects and of stressed and unstressed chain (top-bottom). (a) T i/T iW/Al system.
(b) T i/P t system. [PAPER VIII]

Al-lines, due to the use of wet etching, is particularly pronounced when the lines
are located on the top of the device topography (i.e. on the top of the emitter
layer) as evident in Fig. 6.15 (a).

The electrical performance of both interconnects was evaluated by performing
accelerated electromigration tests at 300 ◦C with a current density of approximately
1 MA/cm2 on contact chains consisting of 10 integrated resistors fabricated in the
emitter layer and connected by interconnect lines. These specific integrated resis-
tors were chosen since they represent the worse condition the interconnects have to
face in this technology: the interconnects have to climb up and down three steps
each one with a minimum height of 1 µm. Both chains failed within minutes of
stress showing failures located at contact holes (see Figs. 6.16 (a) and (b)). How-
ever, different failure mechanisms can be observed. SEM images of stressed and
unstressed chains, shown for both systems in Figs. 6.15 (a) and (b), suggest the
electromigration as main failure mechanism for the Al-lines, and the poor via-filling
for the Pt-based lines. Since in both cases the failures occurred at the contact holes,
the overall interconnect system, including the contact to SiC, could be involved in
the failure mechanism.

Although further development is required for the Pt-based interconnect system,
especially in terms of via filling and step coverage, the functionality of devices and
circuits as well as the absence of electromigration make it a promising candidate for
developing a reliable metallization systems for high-temperature ICs. Nevertheless,
the traditional interconnect system represents a valid solution for initial testing of
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high-temperature SiC integrated circuits.



Chapter 7

Conclusions and future outlook

In this thesis a 4H-SiC complementary bipolar technology for high-temperature
integrated circuits (ICs) has been developed for 100 mm wafer size. This technol-
ogy, featuring NPN and lateral PNP transistors and three metal layers besides the
contact metals, has allowed the fabrication of digital and analog integrated circuits
capable of extreme-temperature operation up to 600 and 500 ◦C, respectively.

The main achievements in the various fields involved in this thesis are summarized
in the following.

• Process development
Improvements of SiC etching, sacrificial oxidation and passivation procedure
have led to the fabrication of NPN transistors with current gain of approxi-
mately 200. More significant outcomes of these developments are the achieve-
ment of adequate etch rate uniformity and sloped sidewalls for 100mm wafers
in different etching tools (RIE or ICP), and the attainment of a better un-
derstanding of the passivation mechanism involved in the high-temperature
annealing in N2O of deposited oxides.

In addition, a metallization system consisting of three layers of metal has
been developed based on a stack of Ti/T iW/Al. One acts as over-layer met-
allization for device contacts, and the other two as interconnects. The advan-
tages they can provide in terms of device and circuit design as well as their
functionality have been proven. Triple-sided collector contact NPN transistor,
lateral PNP transistors and the second version of the 11-stage ring oscillator
11st. v2 − M2 are clear examples. An alternative metallization system, based
on the use of platinum, has also been considered and tested in the perspec-
tive of developing a reliable high-temperature metallization system. Its short
term functionality at elevated temperatures has been proven. However, in
this system only one layer of interconnects was tested.

• Simulation of integrated circuits and layout design
Discrete SPICE models of basic NPN transistors (i.e. with one emitter fin-
ger and collector contact along only one side of the base mesa) fabricated

109
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in different batches have been extracted in the range −40 to 500 ◦C. They
allow predicting the static behavior of digital and simple analog circuits with
a quite good approximation. The transistor behavior at various temperatures
has been modeled by using a specific set of parameters for each temperature
instead of relying on the simulator built-in equations and temperature depen-
dence parameters. For the transistor current gain the inadequacy of these
equations above 300 ◦C has been highlighted.
In addition, layout cells of standard test structures for process control, ac-

tive and passive devices (including NPN and PNP transistors with different
designs and scalable dimensions, integrated resistors and capacitors), as well
as a few basic digital gates, have been designed.

• Device characterization
The characterization of NPN transistors with different designs has highlighted
the importance of the placement of the collector contact for the device col-
lector resistance RC , and has contributed to build a better model for it.
Furthermore, the capability of designing NPN transistor with scalable RC

has allowed fabricating Darlington pairs where both driver and output tran-
sistors are simultaneously biased at their maximum current gain and the gain
of these pairs is therefore maximized. In addition, the possibility of scaling
the basic NPN transistor has been investigated and in the second mask set
devices with an almost 80% smaller area than the transistors in the first mask
set have been fabricated and successfully tested.

Important design principles have been derived by the characterization of lat-
eral PNP transistors with different designs. Specifically, increasing the ratio
between emitter periphery and emitter area has been shown to be an efficient
way of reducing the impact of the parasitic base-emitter diode and, hence, of
enhancing the transistor gain when the PNP performance is not limited by
high extrinsic resistances.

• High-temperature characterization of devices and circuits
The high-temperature characterization of devices and circuits has shown the
great potential of SiC electronics for extreme-temperature applications. NPN
transistors and OR-NOR gates have been successfully tested up to 600 ◦C
despite of the lack of a metallization system that is able to guarantee a long-
term operation at such temperatures. Stable noise margins of approximately
1 or 1.5 V , depending on the gate design, have been observed for the gates
in the entire temperature range. Furthermore, measurements above 300 ◦C
have allowed observing a transistor behavior that, in this thesis, could not
be predicted by physical simulations: increasing NPN current gain above a
specific and high enough temperature.

Finally, 3-stage and 11-stage ring oscillators (including more than 100 de-
vices) have been successfully tested in the range between 27 to 300 ◦C. At each
temperature their oscillation frequencies have been found to be dependent on
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the applied supply voltage and on the overall current levels throughout the
circuit.

Further work is needed in different fields in order to be able to realize high-
performance ICs capable of reliable operation at extreme temperatures. Details
about each field are given below.

• Transistor modeling at both device and circuit level
Improving the SiC physical models for more accurate wide temperature simu-
lations (especially above 300 ◦C) of transistor current gain is very important
in order to design an epitaxial structure capable of high-performance NPN
and PNP transistors at elevated temperatures. In addition, better modeling
of the temperature dependence of the sheet resistance of heavily doped n-type
epitaxial layers could improve the modeling of the transistor gain and could
be beneficial for the design of the integrated resistors used in the circuits.
Concerning the circuit level models of the basic NPN transistor, extraction
of AC parameter values at different temperatures in the range between 27 to
500 ◦C is essential in order to model and improve the dynamic performance of
the designed circuits, especially for the analog ones. In addition, for each con-
sidered model parameter its temperature dependence could be investigated
in order to build a solid model able to provide adequate transistor SPICE
models in a wide temperature range based on just one model extracted at
any temperature.

• Development of passive components
Modeling of integrated resistors and capacitors should be improved, especially
in the perspective of reducing the series resistance associated to metal-oxide-
emitter layer capacitors. The possibility of integrated inductors should be
investigated.

• Optimization of epitaxial structure and device layouts for high performance
NPN and PNP transistors
An optimized epitaxial structure for complementary devices should be de-
signed and tested based on the design principles and on the fabrication pro-
cesses developed in this thesis for both devices. In particular analog designs
involving both NPN and PNP transistors should be tested since the best pas-
sivation procedure used in batch B5 could provide high enough βNP N and
βP NP for base doping concentrations ∼ 2 · 1018cm−3.

• Process development
A reliable high-temperature metallization system should be developed. This
includes the investigation of the stability of ohmic contacts to SiC and inter-
connects, as well as of the possibility of interactions between them. For this
purpose, further studies could be performed for the already tested Pt-based
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interconnect system. Alternative interconnects system could also be devel-
oped based on different metals. Tantalum, gold and molybdenum are only
few examples.

The possibility of using ion-implantation or epitaxial regrowth for improv-
ing NPN and PNP performance could be considered, since they could relax
some constraints in the design of the epitaxial structure and open up new
design possibilities. For example, the high doped p-type emitter of the PNP
transistors and the extrinsic base of the NPN transistors could be implanted
or regrown.

Although in this thesis a significant improvement has been achieved in
the quality of the passivation in term of current gain of the NPN transis-
tors a further investigation of the same passivation technique (N2O anneal-
ing of deposited SiO2) could lead to a deeper understanding of the passi-
vation/nitridation mechanism. This could provide further improvement in
the quality of the passivation and in the transistor performance. Alternative
techniques should be also investigated. Furthermore, besides the impact of
the different processes on current gain of the NPN transistors their effect on
the current gain of PNP transistors (for devices with suitable gain) could also
be evaluated.

• Reliability testing of devices and ICs.
Finally, long-term testing at elevated temperatures of devices and circuits
should be performed in order to explore the effective high-temperature capa-
bility of SiC. However, this requires the development of adequate metallization
and packaging, or at least bonding, technology.
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