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Preface

This textbook is intended for students and engineers who are engaged in the
development of power electronic equipment as well as power amplifiers for radio
frequency applications using integrated circuits. It covers relevant technological
aspects along the value chain from device physics to power electronic and radio
frequency applications.

Reading the corresponding chapters, students will get in touch with device,
circuit, and application-specific knowledge to get started on projects in power
electronics and radio frequency circuits. The citations throughout this textbook will
guide the reader to further literature which provides in-depth description of novel
technologies, future applications, and relevant device physics. This textbook thus
represents a quick way of getting to the core of device-related topics by following
its trails to the technologically relevant literature.

For application engineers, the aim of this textbook is to foster the understanding
of device physics and gain insights into new developments of integrated power
devices. This understanding is fundamental to properly comparing and choosing
fabrication technologies suitable for the respective task at hand, decreasing non-
conformity costs in new projects and products and reducing time-to-market.

Process and device engineers will find a decent introduction concerning the
requirements of power electronic applications. Moreover, it addresses the needs of
process and device engineers that are developing new power electronic devices by
motivation of relevant circuit considerations and by reviewing important reliability
issues. Its aim is to assist in feasibility considerations when designing these devices
and circuits by providing insight into the state of the art of integrated circuit
solutions and in presenting current trends and developments that may result in
emerging technologies over the next decade. Among the wide range of emerging
technologies, those presented in this textbook have high potential to be imple-
mented in future integrated circuit technologies.

The textbook describes power electronic applications using integrated circuits
from an academic point of view: Given that a full-fledged overview of applications
using integrated circuits is beyond the scope of this book, application examples are
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selected to provide a conclusive understanding of fundamental requirements
inherent to this market.

In summary, the textbook presents a top-down approach from application
examples over typical energy conversion and power amplifier circuits down to the
lateral power devices, and an in-depth discussion of their ongoing development is
given. By review of the present technology on the one hand and of emerging device
concepts on the other hand, this textbook is logically divided into two sections:
Chaps. 2 through 5 present the current state of the art of applications, circuits and
power transistors employed therein. Chapters 6 through 9 explore ongoing devel-
opments for lateral power transistors in integrated circuits. Chapter 10 synthesizes
the status quo and the emerging technologies to provide insights into potential
future applications and solutions.

The introduction presents a brief rundown on the evolution of power electronics
and RF applications from an economic perspective. The prospects of these appli-
cations in future innovations are discussed, and further demand for the development
of the underlying technologies is identified.

In Chap. 2, an introduction to power conversion and RF amplifier applications is
presented. After discussion of the impact of these solutions on energy conversion
and information technologies, examples of both power electronic and RF amplifier
applications are introduced. In order to provide a wide basis for discussion in the
subsequent chapters, applications found in a wide range of systems are discussed.
Then, the typical requirements for these types of applications are deduced. These
requirements form the foundation for the discussion of emerging technologies in the
final chapter of this textbook.

Chapter 3 describes circuits for power conversion which are regularly encoun-
tered in the aforementioned power electronic applications that can be realized by
incorporation of integrated circuits. Moreover, relevant classes of power amplifiers
for RF applications are presented here. Discussion of these circuits provides the
understanding of requirements that device engineers are typically faced with, when
developing new power electronic devices. By combination of the power electronic
systems described in Chap. 2 and the circuits used in these applications, important
requirements for power semiconductor devices are finally discussed. In order to
decide on a suitable fabrication technology, the developer has to understand the
benefits and limitations of power devices in integrated circuits in general. There-
fore, the requirements are differentiated by considering several applications.

Chapter 4 on power semiconductor devices starts with a summary of so-called
“Figures-of-Merit” that are derived from the requirements for systems and circuits
listed in Chaps. 2 and 3. These Figures-of-Merit are routinely used to compare
different device technologies regarding their applicability for power electronic
applications at hand. Next, a rundown of different device topologies that are
available for these kinds of applications is provided: The comparison of vertical
power MOSFETs, stand-alone RF MOSFETs, and lateral power MOSFETs is used
as a basis for the discussion of advantages and limitations when using lateral power
MOSFETs in integrated circuits (so-called “smart-power ICs” and “monolithic
microwave integrated circuits”).
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The history of lateral power transistor development presents the first part of Chap. 5
which deals withmodern power device technologies in integrated circuits. In particular,
the transition from bipolar junction transistors to MOSFETs is described. In this
chapter, the operation principle and design considerations of state-of-the-art lateral
powerMOSFETs and lateral RFMOSFETs are discussed.Moreover, important device
concepts like field and ground plates as well as the “RESURF” principle are explained.
Finally, the Figures-of-Merit derived in Chap. 4 are evaluated with respect to the
implications arising in these lateral power transistors. Device and circuit designers are
provided with a toolset to judge capabilities and limitations of different power tran-
sistors. Moreover, this state of the art acts as reference for discussions provided in
Chaps. 6 through 10.

In Chap. 6, the progress for incorporation of charge compensation patterns is
described. In particular, different device designs employing charge compensation
and their respective electrical properties are reviewed. Additionally, integration
aspects for implementation in smart-power ICs are considered.

Chapter 7 introduced the implementation of trench gates into lateral power
transistors. It considers processing technology for trench gate formation, novel
device designs, and electrical properties of lateral trench gate power and RF tran-
sistors. Again, feasibility of this approach with respect to implementation in inte-
grated circuits is discussed.

The combination of planar and trench gate topologies is considered as an
example of “More-than-Moore” integration in Chap. 8 of this textbook. Integration
considerations leading to this development are presented and electrical properties of
these devices are discussed. The application of this concept for high output power
and high frequency operation are reviewed in particular.

Device concepts based on two wide-bandgap semiconductors are described in
the Chap. 9 of this textbook. Firstly, the progress on the development of lateral
power transistors in silicon carbide is reviewed with respect to power electronics
and RF applications. The current state of the art toward the realization of logic
circuitry is discussed. Secondly, the integration of gallium nitride high electron
mobility transistors on silicon substrates for radio frequency operation represents a
promising yet immature development. To judge its potential for application in
integrated circuits, the performance of GaN transistors and the requirements for
epitaxial layers are reviewed. Moreover, the status on device reliability of GaN
transistors is presented.

The final chapter summarizes the aforementioned device concepts considering
Figures-of-Merit and integration density. Additionally, process complexity and
costs are investigated. To conclude, these developments are rated regarding the
application-specific requirements defined in Chap. 2.

This textbook would not have been compiled without the support of several
professionals. The author acknowledges the support from Heinz Mitlehner who
committed himself to numerous discussions and also arranged for the review of this
textbook. Fabrication and analysis of trench gate devices was assisted by Gudrun
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Rattmann as well as the technicians at Fraunhofer IISB and the Chair of Electron
Devices at the University of Erlangen. Results of scanning spreading resistance
measurements of these devices were provided by Florian Stumpf. Moreover, the
excellent support during the publication processes by Springer is greatly appreciated.

Erlangen, June Tobias Erlbacher
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Chapter 1
Introduction

Technological innovation has been the key economic driving force over the last few
centuries. Starting with the invention of the steam engine, textiles—mainly made of
cotton—became available in large quantities. The production of clothing in facto-
ries represents one cornerstone for the industrial revolution in the first part of the
nineteenth century. At that time, the invention of the railway already marked the
beginning of another economic boost. Heavy investments into the railway system
and continuous technology improvement allowed for the installation of a dense
track network in the second part of the nineteenth century across Europe and North
America. The steam engine driven locomotives enabled mass transportation—both
of passengers and goods—long before aircraft or trucks amended the versatility in
logistics as we know it today.

Advances in chemistry and electrical engineering such as the introduction of
thermodynamic principles in physics and chemistry and discovery of electromag-
netic induction and the evolution of the electric engine led to another wave of
investments especially towards electricity and electrically powered systems in the
first part of the twentieth century. Hydro-electric power plants and steam engines
which were the first to produce electricity for local factories were amended by coal-
fired power plants and later on by nuclear power plants to cope with increasing
demands. The installation of electric grids enabled distribution of electrical power
to communities which could then be located further away from power plants.

After the recession marked by Black Tuesday in 1929, another economic boost
was evident in the second part of the twentieth century when limitations in mobility
of persons and goods were eradicated by the availability of motor vehicles. Here,
large investments were also carried out on the road network, crude oil extraction,
petroleum production and the installation of filling stations as prerequisites for
convenient and everyday usage of cars and trucks.

Following the oil crisis in the 1970s, the economy turned upward with the rise of
the semiconductor industry and the mass fabrication of personal computers and
mobile telecommunication equipment. Again, significant investments had to be
spent for internet and mobile communication infrastructure.

© Springer International Publishing Switzerland 2014
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The technological innovations coincided well with the observation of long
waves in economic life introduced by Kondratieff in the 1920s for the first three
innovation cycles [1, 2]. Based on these observations, Schumpeter has developed a
theory on these Kondratieff cycles [3]. Without strictly adhering to the 50 year
cycles discovered by Kondratieff, the economic cycles over the last few centuries
are schematically illustrated in Fig. 1.1 based on the data from Korotayev [4].

All of these economic cycles have been pushed by severe changes in production
methods (manufacturing sites, factories, business complexes) and the methodology
of organization (e.g. transportation of goods, persons, energy). Moreover, part of
the investments was spent to set up a novel infrastructure (e.g. electric power grids
or the internet). This observation is depicted in Fig. 1.2.

It has been identified that investments into infrastructure occur on a shorter time
scale of approximately 15–25 years which are called Kuznets swings [4]. Therefore,
infrastructure investments occur twice to three times during a typical Kondratieff

Fig. 1.1 Economic cycles over the last centuries based on the observations from Kondratieff
(marked by asterisk) and Korotayev
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cycle. The lifetime of infrastructure, on the other hand, is anticipated to last for
50–70 years. Therefore, development of infrastructure is a decisive factor for
implementation of future technologies and the capability of adopting new or
improved systems.

Presently, additional investments are being prepared and are starting to be added
into the electric grid infrastructure. This includes new DC–DC transmission lines in
China and Japan and the strengthening of the existing grid infrastructure in Europe
towards the transition to renewable energies. Energy efficient solutions and
responsible use of resources have become important subjects in nowadays tech-
nological developments. Even though, this effort could be seen as a necessary
modernization of existing infrastructure which will not gain enough momentum for
another economic boost or change methodologies so significantly on its own.

Today, the digital age appears to be at its verge of investments. With an internet
grid allowing for data rates in the Mbit/s range and a mobile phone infrastructure
providing the possibility of mobile communication virtually everywhere on this
planet, the infrastructure investments into IT appear to be have peaked, which
would announce the end of this innovation period.

What kind of innovation will give rise to the next economic cycle—or whether
the cycles are significantly speeding up with the broad availability of information
technology—is not yet known. But judging from the previous economic cycles it is
apparent that groundbreaking innovations were already made and the first dem-
onstrators were fabricated during the previous economic cycle, respectively [4].

From the current innovation perspective, self-diagnostic systems (“Industry
4.0”) and health care—especially for the elderly—as well as renewable energies are
coming into the focus of governments and companies. The implementation of
sensor networks and interconnection of data from different sources are considered
to be key prospects for Smart Cities. Whether any of these developments will
constitute to another megatrend like the previously described evolutions is not yet
clear. According to Rifkin, the next economic cycle, which he calls the “Third
Industrial Revolution”, will be based on the following five innovations [5]:

• Roll-out of renewable energies
• Buildings as micro power plants
• Energy storage using Hydrogen grids
• Smart power grids
• Electric vehicles for energy storage

With a steady increase in urbanization, investments into new infrastructure for
cities are also on the horizon. This includes but is not limited towards the imple-
mentation of new food, water and energy distribution systems, monitoring and
control of buildings and zero-emission transportation both in mass transit and
personal mobility. Assisted and autonomous driving is one way to deal with the
increasing traffic density in urban areas. And innovative technologies to reduce
traffic are also desired.

The breakthrough of all of these innovations will heavily rely on the availability
of energy-efficient systems and a powerful wireless communication infrastructure.
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As all of the key innovations boosting the economy so far have also played a vital
role in the introduction of subsequent technologies (compare Fig. 1.2), it is safe to
assume that power electronic systems will be a key enabling technology for any of
these upcoming innovations. Micro- and nanoelectronic circuits are the cornerstone
of the present economic cycle. The technological innovations in microelectronics
can be subsumed under the compliance to Moore’s Law [6]. In order to keep this
pace, continuous improvement is required even if Moore’s Law cannot be further
pursued in the future due to the increasing number of “brick walls” that circuit
designers and device technologists are faced with. This includes:

• Electric power conversion systems with high reliability and energy efficiency
• Communication infrastructure with high data rates

As will be discussed in the subsequent chapters, further developments in Smart-
Power ICs and RF Power Amplifiers promise to provide the technological foun-
dation for the ever increasing system demands.
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Chapter 2
Demand for Power Electronic Systems
and Radio-Frequency Applications

This chapter deals with applications for power electronics using integrated circuits,
providing intuitive access to lateral power transistors employed therein. For this
purpose so-called smart-power ICs combining logic operation, memory and power
electronic circuitry are presently employed. Additionally, integrated lateral power
transistors are also the driving force in multi-stage RF power amplifiers (monolithic
microwave integrated circuits) for base stations with a clear trend towards further
incorporation of logic functionality and the implementation in the power amplifiers
of mobile devices.

An overview of power electronic and power amplifier markets provides a basic
understanding for the applications driven by these technologies and the implications
involved in rolling out newdevelopments. In particular, the impact of power electronics
on energy conversion and the impact of power amplifiers on information technologies
are presented. Power electronic and RF amplifier applications having a high impact on
recent developments using integrated circuits are briefly reviewed. Examples of power
electronic applications include motor control and drive inverters for window lifts in
automobiles and switch-mode power supplies in battery chargers. Integrated circuits
for radio-frequency (RF) applications are readily found inmobile communication base
stations and in wireless local area network (WLAN) communication equipment.

Subsequently, the requirements of these applications regarding their commercial
use will be summarized. This overview includes economic aspects like energy
efficiency, reliability as well as costs of fabrication and operation. Moreover,
technologically relevant aspects regarding power density, ruggedness and switching
frequency will be elaborated upon.

2.1 Semiconductors in Integrated Power Electronics
and Radio Frequency Amplifiers

One of the key enabling technologies for the success of monolithic integrated power
electronic systems and RF applications has been the lateral double-diffused metal-
oxide-semiconductor (LDMOS) field-effect transistor in silicon technology which
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has easily surpassed the performance of integrated bipolar junction transistor in
both of these fields.

2.1.1 Impact on Integrated Energy Conversion Systems

Although the first lateral drain extended Metal-Oxide-Semiconductor Field Effect
Transistors (MOSFET) had already been reported in 1972 [1], and the reduced
surface field (RESURF) principle was discovered in 1979 [2], it took until the end
of the 1990s for commercial integration of LDMOS transistors into complementary
MOS (CMOS) technology [3]. Before that, bipolar technology and double-diffused
MOS (DMOS) technology using quasi-vertical (DMOS) transistors were the
methods of choice to integrate power devices in a logic process [4]. Or from an
application point-of-view, power semiconductor devices were first augmented by
logic functionality on chip in the 1980s. This augmentation gave rise to the ter-
minology smart-power integrated circuit (smart-power IC). At the end of the
1980s, fabrication of display drivers in Bipolar-CMOS-DMOS (BCD) processes
began. These monolithic integrated drivers were able to directly drive displays at
low current ratings and medium voltages [5]. This market had enough volume to
further drive the development of more versatile smart-power IC technology. From
the 1990s on, further integrated solutions arose for automotive applications, motor
control, power supplies and factory automation equipment. Since that time, non-
volatile memories and LDMOS transistors were also employed to improve versa-
tility and ruggedness of power electronic equipment. Advanced options like the
implementation of microprocessors, digital signal processors and control functions
(e.g. fuzzy logic) became available [4]. The main driver for this development in
power electronics, however, was cost-efficiency over similar discrete solutions.
Again, large volume production staged the development of these integrated circuits.
The timeframe for integrating different power devices into CMOS processes and a
comparison to the development of stand-alone Power semiconductor devices is
shown in Fig. 2.1.

Besides the bipolar transistor, which has a long track history in BiCMOS process
technology, no advanced bipolar power device technologies have been as suc-
cessful as MOS-based power devices in commercially available smart-power IC
processes.

Today, smart-power ICs are part of most electronic equipment with the LDMOS
transistors being the working horse among all available power electronic devices.
High voltage CMOS (HV-CMOS) technology is particularly interesting due to the
lower process complexity compared to BCD technologies. This also simplifies
scaling to future technology nodes or the integration of advanced CMOS-related
devices like embedded non-volatile memories [7]. Smart-Power ICs found their
way into applications where the use of these LDMOS transistors ranges from
integrated gate drivers for high power electronic applications using insulated gate
bipolar transistors (IGBTs) or superjunction power MOSFETs over battery
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monitoring and charging solutions to full-fledged integrated power supplies for on-
board or on-chip power conversion. An overview of main-stream applications using
smart-power ICs and their respective voltage ratings is given in Fig. 2.2.

Moreover, smart-power ICs are available both as “off-the-shelf”, ready-to-use
chips and as application-specific integrated circuits (ASIC) fabricated on customer
demand and even on customer design. The possibility to design individual circuits
has given rise to the development of further HV-CMOS, BCD and BiCMOS
technologies which silicon foundries are offering to their customers. Now, even for
small production volumes these complex manufacturing technologies can be eco-
nomically employed by sharing a common fabrication process among different
customers. Additionally, the ability to reuse design blocks in subsequent

Fig. 2.1 Timeline for development of stand-alone power semiconductor devices and those
integrated into CMOS processes, adopted from [4, 6]

Fig. 2.2 Overview of typical applications employing smart-power IC technologies

2.1 Semiconductors in Integrated Power Electronics … 7



generations has led to the development of features far beyond simple control circuits
for power devices. Typical design features that are included in smart-power ICs can
be gathered from Fig. 2.3.

Sensing functionality in smart-power ICs has evolved from over-temperature
and over-voltage sensing by on-chip silicon sensors to the integration of detection
circuits using external sensors (e.g. humidity, chemical sensors, and optical sen-
sors). The incorporation of high-performance microprocessors, dynamic random
access memory and non-volatile memories as well as precision analog-to-digital
and digital-to-analog converters has enabled the implementation of small highly
specialized computers into a single silicon chip. Most commercially used data
transfer protocols (e.g. SPI, UART, I2C, CAN, LIN, FlexRay) can also be inte-
grated and allow for interaction with the outside world [7]. Often, the semicon-
ductor foundries already offer a base set of these fundamental building blocks to
their customers for ease of implementation in new technologies.

Advances from the development of new smart-power IC generations include a
reduction in feature size and typically an improvement in device performance which
arises from more metallization levels or more robust designs. With each new
technology generation becoming available, more sophisticated and powerful solu-
tions are implemented, driving cutting-edge solutions today and in the future. The
technologies are based on BiCMOS, BCD or HV-CMOS technologies. A summary
of foundry technologies and their typical feature sizes is provided in Fig. 2.4.

With a high investment in the design and development of these integrated cir-
cuits, smart-power ICs are often fabricated using a given technology for several
years. Some are even fabricated for decades using the same technology node. For
instance, some ASICs designed in 2 µm technology are still being fabricated today.

Fig. 2.3 Building blocks regularly encountered in smart-power ICs and RF integrated circuits,
adopted from [5]
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2.1.2 Impact on Information Technologies

Availability of electronic systems capable of reliably operating at frequencies near
1GHz has enabled the realization ofwireless communication infrastructure and radio-
frequency applications. A very diverse set of solutions which are part of present day
life have evolved from this development ranging from mobile phones and wireless
local-area-networks (LAN) over radar applications for avionics to digital video
broadcast. An overview of different applications and their operating frequencies is
given in Fig. 2.5 along with the year of introduction for the respective standards.

It is apparent that CMOS technology was not available for some of the tech-
nologies (e.g. W-LAN) at the year of introduction as the required switching

Fig. 2.4 Summary of CMOS-based process technologies available as foundry services and their
typical technology nodes

Fig. 2.5 Definition of standards for radio-frequency applications and their operating frequencies
by year with comparison to CPU clock frequency by year of introduction to market
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frequencies could not be achieved with high efficiency. Some applications have
been manufactured by using different semiconductor materials, such as the GaAs
heterojunction bipolar transistors for the power amplifier in mobile phones [8].
Nevertheless, CMOS in general and LDMOS technology in particular are recently
catching up with even these demanding technologies [9].

Driven by the bipolar junction transistor (BJT), these technologies started
emerging in the 1970s. Operating frequencies were, of course, limited by the
availability of suitable device technology. The bipolar transistor offered quite
mature processing technology and sophisticated design options making it viable for
a wide range of solutions at frequencies close to 1 GHz [10]. For the simple
modulation schemes of first generation RF power amplifiers, gain and linearity were
sufficient for the demands of the information technologies of that era, and the
bipolar transistor could readily be scaled to support the diverse power requirements
of different applications [11].

Starting in the 1990s, the technology for LDMOS transistors tailored towards
high operating frequencies had evolved so efficiently, that it started to replace the
silicon bipolar transistor in radio-frequency applications [12]. A comparison
between bipolar junction transistors and unipolar MOS transistors can be found in
Chap. 4 of this textbook. Furthermore, higher operating frequencies and more
sophisticated modulation schemes have been realized due to the high gain at better
linearity of these unipolar RF transistors [13, 14]. This disruptive technology paved
the way for today’s third and fourth generation RF power amplifiers in mobile
communication base stations. It has also enabled a tremendous leap in data trans-
mission rates using wireless telecommunication equipment. A comparison to data
transfer rates (downstream) with the year of introduction to the European market is
given in Fig. 2.6.

As is evident from the data, mobile phones are now capable of providing similar
data transfer rates to cable or DSL-based internet access. Presently, RF-LDMOS

Fig. 2.6 Data transfer rates (downstream) of wireless and line-based telecommunication
technologies and year of introduction into the European market
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transistors are the key element of modern mobile phone base stations. Here, market
prospects are excellent, and a compound annual growth rate of up to 30 % is
predicted for the next several years as depicted in Fig. 2.7.

The market volume for these RF amplifiers is expected to arrive at over 5 billion
US-$ in 2017. This includes a share of 75 million US-$ for RF semiconductor
devices [15]. The key drivers for RF semiconductor devices are the demand for new
features, the increasing deployment of 3G and 4G mobile phones, and the pene-
tration of new markets (e.g. LTE). Figure 2.8 summarizes the technologies currently
used in RF amplifiers depending on power level and operation frequency.

Just recently, competitive performance of integrated silicon LDMOS transistors
for application on mobile phone power amplifiers was reported, a terrain that has
been traditionally occupied by GaAs transistors [17]. Similarly, the efficient oper-
ation of the first CMOS-based power amplifiers integrated into silicon for WiMax
and LTE transmitters has been achieved [18]. For mobile phones, monolithic
integration of circuits in system-on-chip solutions today is state-of-the-art. Manu-
facturers strive for a single-chip solution using a CMOS-based technology for cost
reasons [15, 19]. The main advantages of using power devices for the RF power
amplifier with operating voltages well above the CMOS level (typically 3.3 V or
below) arises from the reduction of device current for the required output power of
1–3 W. This would both minimize electromigration effects through the metalliza-
tion layers and the impact of parasitic inductances [20]. Therefore, it can be
expected that the trend towards a fully integrated fabrication with LDMOS tran-
sistors will also be used in RF power amplifiers for mobile phones in the near
future. This is particularly true, because the CMOS technology alone is not capable
of providing cost-efficient RF power amplifiers for handsets due to diminishing
returns from technology scaling [21].

Fig. 2.7 Estimatedmarket development for mobile communication RF amplifiers, adopted from [15]
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The implementation of monolithic microwave integrated circuits (MMICs)
allows the concatenation of several amplifier stages on a single substrate. This
minimizes parasitic capacitances and inductances and can offer higher output power.

2.2 Integrated Power Electronic and Radio-Frequency
Applications

Monolithic integration of power semiconductor devices and the implementation of
advanced circuit topologies have enabled a wide range of power electronic appli-
cations. Selected examples demonstrate the benefits of this approach.

2.2.1 Switch-Mode Power Supplies for DC-to-DC Conversion

A high efficiency well beyond 90 %, high tolerances regarding input voltage and
grid frequency and a low weight and volume are the key benefits of switch-mode
power supplies (SMPS) compared to fixed voltage regulators. Figure 2.9 depicts the
building blocks of an SMPS.

For high power densities like in traction systems vertical power transistors
(MOSFETs and IGBTs) on transfer substrates with water cooling for efficient heat
management are usually employed. Low and medium power densities use packaged
power devices and passive (air) cooling that can be augmented by a heat sink. The
monolithic integration using lateral transistors together with the high energy effi-
ciency of this circuit topology provides the basis for control, routing and regulation
of medium power densities in smart-power ICs.

Fig. 2.8 Dominant semiconductor technologies currently used in RF power amplifiers (adopted
from [16])
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2.2.2 Motor Control and Drive Inverters for DC-to-AC
Conversion

Traditionally, most three-phase induction motors are operated directly on the AC line
at a fixed speed related to the net line cycle. For applications with varying loads, e.g.
water pumps or ventilation in air conditioning, a higher energy-efficiency can be
achieved by variable frequency drives. Using power electronics, the torque and speed
of the electric motor can be directly controlled by supplying optimized voltages and
currents to the motor. This is performed by converting the input power of this drive
inverter to a sinusoidal wave with power adequate for the present demand of the
motor. A schematic circuit topology for a DC-to-AC converter is shown in Fig. 2.10.

This topology can generally be used to convert direct current to alternating
current. A “mobile AC plug” powered by the battery of an electric or hybrid vehicle
is an example for this type of energy conversion.

Due to its high reliability, low fabrication effort (at high volumes) and high
energy efficiency, monolithically integrated drivers for bidirectional variable fre-
quency drives are applied in automotive applications, especially for power window
lifts. A block diagram of such a power window lift using an integrated circuit is
shown in Fig. 2.11.

2.2.3 Power Amplifiers for Mobile Communication Base
Stations and Handhelds

One of the largest growing markets of the last and present decades is telecom-
munications enabling access to the internet. The introduction of higher data rates

Fig. 2.9 Circuit topology of monolithic integrated switch-mode power supply

2.2 Integrated Power Electronic ... 13



has led to computer technology “to go” with laptops and smart phones on the
forefront. At the core of this development is the transmission of information via
radio waves in the lower GHz range. The underlying transmission infrastructure is
schematically depicted in Fig. 2.12.

It consists of both a sender (signal source, e.g. microphone) and receiver (signal
sink, e.g. loudspeaker). The signal source is encoded in the baseband processing
hardware that typically consists of a digital signal processor and an ASIC [22].
Then, a radio frequency frontend is used to modulate the digital signal onto the

Fig. 2.11 Circuit topology of monolithic integrated power window lifts circuitry

Fig. 2.10 Circuit topology of monolithic integrated variable frequency drive
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carrier frequency. This modulated carrier signal is amplified by the RF power
amplifier and broadcast using an antenna.

An RF power amplifier in base station equipment utilizes silicon RF LDMOS
transistors and offers a peak output power of 120–180 W at a supply voltage of
26–28 V and frequencies of 900 MHz (GSM) to 3.6 GHz (UMTS) depending on
the baseband technology. The power amplifier in the mobile phone is still fabricated
using GaAs HBT transistors in MMIC technology [17].

When the transmitted signal is received, it is passed through a low noise
amplifier to extract the signal from the hostile background noise: Assuming that the
power of the received signal compares to the size of a pin (approximately one mm
in diameter), the size of the haystack—given by the largest known interferer—
would be the size of a field of 100 by 100 m [23]. Fortunately, the interferences
occur at other frequencies than the desired signal and can be filtered out. The
amplified signal can then be passed on to be decoded in the baseband processing
hardware, where synchronization and data recovery take place [24]. This func-
tionality can be clustered into a single silicon CMOS chip.

2.2.4 Transceivers for Wireless-LAN Communication

For the connection of mobile phones, laptops, desktop computers and peripherals
through a local area network, wireless LAN was implemented following the IEEE
802.11 protocol [25]. The purpose of this protocol is to provide a communication
frameset that achieves data rates similar to wire bound LAN connections for up to
52 potential clients. Usually, all clients are connected to a wireless access point. The
wireless access point is often integrated into a router providing connection to a

Fig. 2.12 Schematic representation of transmission link in telecommunications
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wire-bound intranet or the internet (e.g. DSL or cable TV). Figure 2.13 represents a
system architecture regularly encountered in households or small companies.

Moreover, mobile phones with integrated wireless LAN functionality provide
internet connectivity using wireless telecommunication data transfer (e.g. UMTS,
LTE) in ad hoc networks. The block diagram for a wireless LAN transceiver is
shown in Fig. 2.14.

In order to ensure that the information from up to 52 potential clients—repre-
sented by 52 subcarriers of the orthogonal frequency-division multiplexing
(OFDM) signal—can be transmitted without distortion, the transmitter stage has to
provide a peak-to-average ratio of at least 17 dB. This requires high power back-off

Fig. 2.13 System architecture for a wireless LAN with one central access point and participants
connected through different hardware components

Fig. 2.14 Block diagram of a wireless LAN transceiver operating at 5 GHz (adopted from [26])
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in the transmitter and a wide dynamic range in the receiver [26]. Owing to error
correction topologies, these demanding constraints can be somewhat relaxed.

Due to the limited output power (of up to 1 W depending on the country) that is
allowed for a wireless LAN,CMOS technology can be applied for the implementation
of RF power amplifiers in wireless LAN transmitters, and integrated circuits are
routinely used. Nevertheless, to boost the signal level of the clients to the access point,
external power amplifiers can be hooked up to the CMOS output stage [27].

2.3 Requirements for Power Electronic and RF Amplifier
Systems

2.3.1 Energy Efficiency

In modern power electronic systems, energy efficiency can be a key criterion for
customers when buying products. This is particularly true for mobile systems where
“infinite” power supply from a wall plug is not available. Also, this point holds for
applications like white goods where a rating system with respect to energy effi-
ciency has been implemented. The customer is made aware of the system’s effi-
ciency, and the system facilitates low operating expenditures. Or, in the case of
solar inverters, the revenue is increased from using more efficient equipment despite
the higher initial costs [28].

Moreover, efficient energy usage produces less heat. Subsequently, the cooling
system can be reduced in size and cost. This advantage becomes particularly
apparent, when air instead of water cooling can be applied.

2.3.2 Size and Weight of Equipment

Reducing the size and weight of a power electronic system is particularly beneficial
in mobile applications where large, bulky or heavy equipment is not accepted by the
customer, e.g. mobile phones. While power semiconductor devices are usually not
the constraint in size and weight of electronic equipment, they may affect these
properties of related subassemblies. Two prominent examples are passives com-
ponents and cooling systems.

• By applying higher switching frequencies in power converters, smaller induc-
tances and capacitances are required.

• The usage of more efficient semiconductor devices allows for a reduction in the
size of the cooling system. With a large benefit arising, when air cooling instead
of a fluid cooling system is sufficient to remove the excess heat.
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2.3.3 Power Density

From an application perspective, the power density of an energy conversion system
depends on a wide range of factors. Passive components like inductors and
capacitors typically require a lot of volume. Moreover, cooling components (heat
sinks, pipes, fluids etc.) constitute to another mentionable portion. In contrast, the
(power) semiconductor devices are not a key factor when power density of the
system is concerned. However, as shown in Chap. 4, the power density of semi-
conductor devices is of concern, when chip costs have to be considered.

2.3.4 Reliability

Another important aspect of electronic equipment is reliability. It is defined as “the
ability of a system to consistently perform its intended or required function or
mission, on demand and without degradation or failure” [29]. In Industrial, Science
and Medical applications, failed systems can usually be repaired. In this case, the
reliability of a system can be estimated by the “mean-time-between-failures”
(MTBF). When an electronic subsystem has failed, it is typically replaced by a new
one, unless repair of the electronic component requires less labour and parts than
the full replacement. Additionally, failure of power electronic equipment often
causes irreparable damage to the whole subsystem. Then, the reliability of a system
is usually predicted by the “mean-time-to-failure” (MTTF) which is equivalent to
the total lifetime. The reliability requirements greatly vary between different mar-
kets, e.g. lighting on the lower end and aviation on the upper end of reliability
demands. The failure probability of electronic equipment can be described using a
“bathtub curve” (see Fig. 2.15).

Fig. 2.15 Bathtub curve describing failure probability of electronic equipment
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This curve predicts the end of a product’s life during one of three different
periods [30]:

• A high initial failure probability with a subsequent decline of failure rate. The
term “infant mortality” refers to the first observation of this bathtub-like
behaviour in human life expectancy [31].

• A low constant failure probability during the “useful life” of the product.
• An increase in failure probability occurs due to wear-out and its onset typically

defines the usual operation time of electronic equipment.

It must be noted that this behaviour is not observed for all electronic systems,
and that the applicability on a system level is at least questionable [32]. However, in
the context of this textbook which focuses on power semiconductor devices and
monolithic integration, the bathtub curve for modelling of device failures is well
accepted. Early failures are routinely identified by burn-in tests. By measuring and
modelling the wear-out region, it is possible to design electronic equipment for a
specified operating lifetime with failure rates below 1 ppm (parts-per-billion).
Moreover, doing so allows for the prediction of expected failures in the field. This is
particularly important for markets where excessive failures cannot be tolerated
(spaceflight) or preventive repair must be performed due to safety regulations
(automotive). Of course, other markets are not as demanding of highly reliable
equipment, e.g. consumer applications.

In microelectronics, device failure follows a Weibull failure distribution [33],
which is a monotonic function. In order to apply the Weibull theory to the non-
monotonic bathtub function, different modifications of the classical Weibull
equation have been proposed [34].

2.3.5 Time-to-Market

In fast evolving markets like the mobile communications sector, the ability to be the
“first to deliver” can make the difference between making a profit or making a loss.
Therefore, time-to-market is an important factor when implementing new designs.
Generally, development cycles for integrated circuits are more time consuming
when a new design needs to be fabricated and tested. This is particularly true for RF
amplifiers, where redesigns are frequently necessary to keep up the pace [21].
Under these conditions, where fully integrated System-on-Chip solutions become
rapidly outdated, it can be favourable to have a solution with different sub-circuits
where key components can be more easily changed. In contrast, wireless LAN
applications or data transmission subsystems (e.g. using Bluetooth) are well
established and do not readily change. Generally spoken, the benefit of a fast
production ramp-up with previous engineering runs, the capability of using parts of
previous designs and the availability of excellent modelling tools for all kinds of
applications have turned the implementation of integrated circuits into a fast time-
to-market approach.
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2.3.6 System Cost

From an economic perspective, cost is a key factor when designing new systems. The
cost issue is twofold in nature: The first consideration is capital expenditures
(CAPEX) which relates to the installation price for the customer. This leads to careful
calculation of fabrication, packaging and assembly costs necessary to derive cost-
efficient solutions. These calculations then give a first indication on the feasibility of
monolithic integration of power electronic systems. Unfortunately, there are other
risks that cannot be easily converted into monetary considerations. For example, the
implementation of a more reliable technology could be feasible even if it is more
expensive. To this respect is should be noted that the costs for additional rework or
service in the field are often difficult to estimate for companies along the whole value
chain. Moreover, a reliable measure beyond previous experience within the company
for customer satisfaction or recalls often does not exist. The second consideration is
operational expenditures (OPEX) which contains the costs for operating the equip-
ment. These recurring costs are particularly relevant in systems which consume a lot
of energy or that are expensive to repair, e.g. in down-hole drilling [35].

Most conventional power electronic systems which operate in the range of up to
100 W could be integrated using smart-power ICs. However, the feasibility of doing
so strongly depends on these economic considerations. Even though smart-power
ICs achieve a higher reliability than circuits assembled from discrete devices, it is
argued that the partitioning of logic, memory and power devices within a smart-
power IC must be suitable to warrant integrated circuit design. If the additional cost
for packaging and assembly still favours a lower cost for a discrete system, the
monolithic integration of this particular circuit will usually be discarded [5]. Taking
this to the extreme, monolithic integration of a drive inverter for an electric car
using LDMOS transistors for the power switches is currently not cost efficient. This
is, however, not so say that such a drive inverter does not employ smart-power ICs
in the form of gate drivers etc.

2.3.7 Switching Frequency

For power electronic systems, an increase in switching frequency allows for smaller
passive devices (e.g. inductance of a DC-DC converter). Given that switching fre-
quency is typically limited by the parasitic components of the packaging and
assembly techniques and not of the power switches themselves, it can be conceived
that a high switching frequency can be achieved by monolithic integration in smart-
power ICs. While the operation at RF frequencies is not of relevance when designing
energy conversion circuits, there is a clear trend observable towards higher operating
frequencies in order to reduce the size and weight of the electronic system.

A significantly stronger strive for increased operating frequencies holds true for
radio-frequency applications where overall system performance strongly depends
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on the choice of a suitable amplifier design. This development is also driven by
military applications, where higher operating frequencies enable secure and unin-
terruptable communication.

2.3.8 Ruggedness

Finally, ruggedness determines the systems capability to withstand unexpected
operation conditions. For example, these may arise from supply voltage fluctuations
due to lightning strikes or a short-circuited load from a failing electric engine.
In order to prevent excessive damage, these faults have to be detected and the
electronic equipment must be quickly switched to a self-protection mode. A rugged
system which is capable of surviving these kinds of faults requires both fast
intelligent control circuitry and power devices that are not destroyed between the
occurrence and detection of the fault.

2.3.9 Comparison of Requirements

The correlations between these requirements for power electronic systems and
radio-frequency broadcasting equipment and their relevance for different applica-
tions are summarized in Table 2.1.

Table 2.1 Relevance of properties for power electronic systems and radio-frequency
broadcasting equipment and their relevance depending on selected markets

Power electronic systems

Automotive UPS Consumer Industrial

Cost Very high High High High

Size High Low Low/Mediuma Low/Mediuma

Efficiency High High Medium High

Frequency Low Low Low Low/Mediuma

Time-to-market Medium Medium Very high High

Reliability/Rugged. Very high Very high Medium Medium/Higha

Radio-frequency broadcasting equipment

Base station Mobile phones Office/Business Aerospace

Cost High High High Medium

Size Medium High Medium Low/Higha

Efficiency Medium High Medium Medium

Frequency Very high Very high Very high Very high

Time-to-market High Very High High Low

Reliability/Rugged. High Medium Medium Very high
a depending on application
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These requirements need to be considered when designing a competitive power
electronic system. However, a significant proportion of these requirements depend
on the particular market a system is designed for. Similar solutions may have
different constraints coming from the customer base across countries (national
customs and trends), competition and legislation (laws and regulations).
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Chapter 3
Power Electronic and RF Amplifier
Circuits

The applications mentioned in Chap. 2 require suitable power electronic circuits.
This chapter transfers the application specific constraints and requirements down to
the circuit and device level. Power electronic systems using integrated circuits are
enabled by circuitry for energy conversion and control. Here, switch mode con-
verters provide high efficiency, simple topology and high power densities satisfying
the requirements set by the application. The benefits and drawbacks of switch-mode
conversion in comparison to conventional fixed voltage regulation are explained.
Moreover, the topologies for buck and boost inverters in direct current conversion
and solid-state rectification as well as for power inverters using half-bridges are
reviewed with respect to the application demands.

Next, fundamentals of circuits commonly found in state-of-the-art RF amplifiers
are also introduced. The benefits and limitations of different amplifiers types
(classes) are discussed in order to foster understanding of those suitable for the
application specific requirements.

Using these circuit topologies, the application-specific requirements for power
transistors in power electronic applications are discussed. For different circuits,
requirements regarding energy efficiency, power density and switching frequency
are aspects that each power semiconductor device has to satisfy to a different
degree.

3.1 Circuits for Energy Conversion and Control

Powering a load in an electric circuit requires that a suitable form of electricity is
provided. A light emitting diode or a light bulb demands a different source of
electricity than an asynchronous motor. The electric energy can be provided at
different frequencies ranging from constant direct current to high frequencies of
alternating current for motor control. Moreover, the voltage and current consumed
by the load varies over a wide range from nanowatts for the power supply of
integrated circuits and sensors over kilowatts when driving electric engines to
gigawatts in femtosecond pulsed lasers [1].
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Another point to consider is the direction of energy flow. While most loads like
lighting, heating and cooling systems simply consume power (unidirectional), there
are applications that require a bidirectional flow of current. Examples are the
control circuitry for charging and discharging secondary batteries and the motor of
an electric vehicle when recuperation is desired. In order to transform the energy for
a given load, power electronic circuits have been developed.

A very simple yet inefficient method of converting the input voltage of an
electronic circuit to the required voltage level of a load at direct current is the
application of a fixed voltage regulator as shown in Fig. 3.1.

Today, fixed voltage regulators are routinely employed in electronic circuits.
However, these circuits exhibit several drawbacks like a low power factor and poor
energy-efficiency [3].

3.1.1 Switch-Mode Converter Circuits

An advanced methodology incurring lower conversion losses that has successfully
emerged in energy conversion is the implementation of switch-mode topologies.
The main concept of any switch mode circuitry is the transportation of energy in
small portions from the primary to the secondary side at sufficiently high switching
frequencies. In bidirectional topologies, energy flow from the secondary to the
primary side is also possible. Typically, an inductor is used to store the energy
portion, whereas a capacitor is used to store the energy at the primary and sec-
ondary side, respectively [4]. The first pulse-width controlled AC-to-DC converter
for single and three phase AC currents was described in 1970 [5]. From this idea a
large number of different converter topologies have evolved, e.g. [6, 7]. Presently,
there are still reports of further improvements to the topology and innovations in the
design towards increased efficiency, e.g. for photovoltaic applications [8, 9]. At the
core of most switch-mode converters lies a circuit consisting of a switch, a diode
and an inductor. A simple buck converter circuit for step-down voltage conversion
is shown in Fig. 3.2.

Fig. 3.1 Fundamental circuit topology of fixed voltage regulator, adopted from [2]
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During the charging phase, the semiconductor switch is closed and the inductor
current increases while more electrical energy gets stored in its magnetic field.
When the semiconductor switch is opened during the discharge phase, the inductor
current continues flowing through the freewheeling diode and the inductor current
decreases while electrical energy is removed from the system. If the switching
frequency and duty cycle of the semiconductor switch are precisely controlled, any
voltage below the supply voltage can be applied to the load on the secondary side.
With increasing switching frequencies, the energy portions that need to be trans-
ferred per switching cycle become smaller and the inductance can be reduced, i.e. a
smaller inductor can be used. However, parasitic inductances in the circuit and
dynamic power losses in the semiconductor devices limit the switching frequencies
that can be applied. Extensive literature on modelling pulse-width modulated
switch-mode circuits is available, e.g. a model of a pulse-width modulated switch
for both continuous and discontinuous modes of operation [10].

3.1.2 Benefits and Drawbacks of Switch-Mode Conversion

The main reason for the success of pulse-width controlled switch-mode converters
with active power factor correction is a power factor close to unity, i.e. the energy
flowing into the circuit from the primary side is (almost) completely transferred to
the secondary side. This maximizes the amount of energy that can be, for instance,
drawn from an office wall plug [3]. Moreover, the total harmonic distortion of such
a circuit is minimized. Consequently, passive networks at the input of the converter
which are bulky and heavy can be avoided [7].

The use of a switch-mode based circuit also allows for efficient energy con-
version beyond 90 %, i.e. the power losses incurred during operation can drop
below 10 %. Ideally, the power switches operate either at low voltages (on-state) or

Fig. 3.2 Circuit topology of buck converter circuit for voltage reduction and current paths in on-
and off-state of the power switch, respectively
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at low currents (off-state) and little power is consumed. Consequently, the thermal
power dissipation is much smaller than in fixed voltage regulators. It is noteworthy
that for high switching frequencies the power losses during switching from on- to
off-state and vice versa can be significant. This will be discussed in Chap. 4 in
detail.

Because the input voltage is typically rectified at the input of the converter, high
tolerances regarding the grid frequency can be achieved. Moreover, regulation of
the switching frequency allows for a large variance in input voltages. Typical
switch-mode circuits for operation of the secondary side at low DC voltage can be
connected to both the European (230 V AC, 50 Hz) and the American (110 V AC,
60 Hz) Mains power.

In comparison to voltage transformation (using a transformer and subsequent DC
rectification), the conversion solution using a switch-mode circuit achieves much
smaller weight and form factors. The same consideration also holds true in com-
parison to fixed voltage regulators which require larger transistors and a heat sink
due to the high average power dissipation [11]. Finally, using a suitable boost
converter topology, generation of voltages above supply voltage is also possible.

Among the disadvantages are the higher part count and the added complexity
from power factor correction because additional control circuitry is necessary aside
of the power semiconductor devices (switches and diodes). Moreover, electro-
magnetic interference will be generated in the converter due to the hard switching
operation at higher frequencies (typically in the kHz range), and suitable low pass
filters need to be added to the circuit to avoid this.

Since the energy is not constantly provided, a buffering capacitor has to be
employed on the secondary side to minimize the voltage ripple. Increasing
switching frequency will reduce the voltage ripple and relax the size requirement
for the filter capacitor [12].

3.1.3 Direct-Current Conversion and Solid-State
Rectification: Buck and Boost Converters

The conversion of the voltage level at direct current can be performed by different
circuit topologies for buck and boost converters. Some relevant topologies without
galvanic insulation are shown in Fig. 3.3 to further illustrate the concept of switch-
mode conversion.

Beside the buck converter (Fig. 3.3a) which can be used to reduce the voltage
level below the input voltage of the circuit, a boost converter (Fig. 3.3b) is capable
of generating voltages beyond the input voltage of the circuit. The boost converter
charges the inductance using the power transistor in the first phase. Switching the
transistor off in the second phase charges the output capacitor—and thus the output
voltage—beyond the input voltage level.
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Additional converter topologies with galvanic isolation between primary and
secondary side are presented in literature [4]. Generally, these concepts include
transformers to realize galvanic isolation.

3.1.4 Power Inverters: Half and Full Bridge Topologies

When the buck converter is extended by a second switch in parallel to the diode DL

as depicted in (Fig. 3.3c), the energy stored in the output capacitor can be trans-
ferred to the inductance by closing power switch Tsw,2. When this power switch is
opened, the current through the inductance will continue to flow through the
additional free-wheeling diode parallel to transistor Tsw,1 into the input capacitor.
This operation mode constitutes to a boost converter from the right side to the left
side of the circuit. Therefore, bidirectional operation of this converter can be
achieved. Both diodes can be implemented as body diode of a power MOSFET or
by additional external diodes to improve switching performance, e.g. using unipolar
diodes or bipolar diodes optimized for fast switching [13].

Power electronic circuits for the operation of AC motors at variable frequencies
for single or three phase operation are also known. The most commonly used
circuits employ half-bridge topologies like the one shown in Fig. 3.4. By choosing
a pulse-width modulated switching scheme of the six power switches, a sine
waveform which is required for operation of an asynchronous motor with torque
control can be provided. This bidirectional converter concept also enables recu-
peration or electric break functionality in electric motor drives. Extending this

Fig. 3.3 Overview of switch-mode topologies with power factor correction
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topology to a full bridge (H-bridge) scheme even allows for bidirectional buck-
boost conversion offering full control regarding voltage level and frequency at the
secondary side of the power converter.

Integration of the power transistors and the diodes into a monolithic integrated
circuit enables a minimization of parasitic inductances. Thereby, over-voltages and
current surges are reduced compared to a discrete assembly using bond wires.
Additionally, extending the integration to gate drivers and logic allows for the
realization of a robust IC including features like over- and under-voltage protection,
short circuit or no-load detection. Again, the reduction of bond wires and solder
joints for the whole circuit also increases reliability.

3.2 Circuits for RF Amplifiers

By itself, the information that is transmitted by telecommunication equipment as of
today is digital. Nevertheless, the signals that are routed through the RF amplifier
circuit have to be considered analogue due to the complexity of modern modulation
topologies which include the use of multiple channels and phases in the broadcasted
signal. The amplification of analogue signals necessitates a circuit technology that
offers high linearity. A digital switching scheme as described in the previous section
for converters was not suitable when vacuum tubes and later on bipolar power
transistors became available. Amplification circuits for analogue signals are known
for almost one century [14, 15]. And even the most basic topologies are still in use
today. The fundamental topology of a class A amplifier circuit depicted in Fig. 3.5
consists of a single inverting stage.

Fig. 3.4 Overview of half-bridge topologies for generation of alternating currents at variable
frequencies

30 3 Power Electronic and RF Amplifier Circuits



Assuming an ideal switch, the output signal is an amplified reproduction of the
input signal. The switch exhibits a cut-off when the input voltage is below the
threshold voltage. The output current increases linearly with input voltage, and the
output current is independent of the output voltage. Only at low output voltages
(below the knee voltage) a rapid drop to zero current is observed.

3.2.1 Amplifier Fundamentals

For RF amplifiers, a number of distinct properties to enable the maximum system
performance are of importance. A high penetration range of the broadcasting sys-
tem, reducing the number of base stations per square kilometre, requires high output
power. In order to maximize the power of the amplified signal, high power effi-
ciency is desirable. This goes hand in hand with the reduction of power losses that
also need to be dissipated. Base station equipment requires power switches with
output powers of over 100 W [16]. Moreover, handheld devices, which are powered
by batteries, achieve longer talk time if the RF amplifier is more efficient. Trans-
mission of the information from the mobile phone to the base station requires 2 W,
being one of its most energy-demanding functionalities. The power demand of RF
amplifiers in mobile phones is very diverse across different countries and geo-
graphical areas, e.g. due to legislation [17]. The components of an RF amplifier and
the associated current flow are schematically presented in Fig. 3.6.

The output matching network consists of a harmonic termination which shorts
out harmonic frequencies and a fundamental matching network. The fundamental
matching network transforms the load line resistance of the RF amplifier to the
impedance level of the system [18].

Drain Efficiency By comparing the supplied power consumed by the circuit (DC
bias) PDC with the output power of the amplified signal Pout, the drain efficiency gD
can be calculated.

Fig. 3.5 Fundamental amplifier circuit and ideal output signal for a sinusoidal small-signal
excitation from the operating point
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gD ¼ Pout

PDC
ð3:1Þ

Since the termination resistance of the system is typically 50 Ω, the ideal
operating voltage for the RF amplifier which has to be provided by the bias network
at a given power level is given by

Pout ¼ V2
DC

RLoad
¼ IDC:VDC

2
; ð3:2Þ

which is valid when the input power can be neglected (high level of amplification)
and a sinusoidal waveform of the input signal is assumed. The average supply
power of an ideal amplifier circuit in contrast equals to

PDC ¼ IDC � VDC; ð3:3Þ

yielding an output efficiency of 50 % for a class A amplifier using a sinusoidal
waveform. In reality, it will be significantly lower due to the power of the input
signal and device cut-off at the knee voltage.

When the level of amplification is low (e.g. the input signal has already been
amplified in a pre-amplification stage), the power of the input signal Pin represents a
significant contribution to the output power of the amplifier and should be
considered.

Power Gain The ratio of the output power Pout to the input power Pin of the
amplified signal is defined as power gain Gp

Gp ¼ Pout

Pin
ð3:4Þ

Fig. 3.6 Power distribution in RF amplifiers
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A concatenation of several amplifier stages as multi-stage MMICs can be used to
increase the power gain.

Power Added Efficiency The efficiency of an RF amplifier including the energy
provided by the input is given by the power added efficiency (PAE)

PAE ¼ Pout � Pin

PDC
; ð3:5Þ

further reducing the energy efficiency compared to an ideal circuit. The reduction
becomes particularly apparent for low power gains, i.e. when the output signal is
not much stronger than the input signal. The PAE can be expressed as

PAE ¼ gD 1� 1
G

� �
: ð3:6Þ

For a power gain of 100, the PAE is within 1 % of the drain efficiency [19]. For
lower gain, a significant reduction of PAE starts to occur. Increasing the power gain
beyond 100 does not significantly increase energy efficiency but implies additional
effort in circuit design. Therefore, a power gain of 100 (20 dB) is usually desired for
each stage of a RF amplifiers.

Linearity A high linearity of the RF amplifier minimizes distortion of the signal. In
code-division or orthogonal frequency-division modulation access schemes used
for UMTS and LTE communication equipment, the fulfilment of linearity specifi-
cations like Adjacent Channel Power and Alternate Channel Power is of utmost
importance [20]. Based on this fulfilment, other properties like PAE and power
density are then optimized. Figure 3.7 represents the correlation between input and
output power for an ideal and a real (saturation of power transistor) class A
amplifier.

Ideally, the output power increases linearly with higher input power and the
power gain is constant. In reality, at a sufficiently high input power, the circuit
saturates, the power gain reduces and the input signal is compressed. Typically, a
compression of 1 dB is still acceptable for modern modulation schemes in tele-
communication [21]. The request for higher linearity reduced the maximum output
power of a given amplifier circuit.

Dynamic Range When multiple channels with different frequencies are asserted,
the transmitted output signal is the sum of the amplified input signals (channels). A
high dynamic range of the RF amplifier enables the utilization of a large number of
channels. The output signal of a multi-channel transmission over time is depicted in
Fig. 3.8.

Peak-to-Average Ratio The ratio between the highest output signal and the
average signal is known as the peak-to-average ratio (PAR). It is defined as
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PAR ¼ Vpeak

Vrms
: ð3:7Þ

Obviously, successful reconstruction of the transmitted signal requires that the
signal is not compressed beyond the 1 dB point even when peak signals occur.

Back-Off Therefore, the amplifier circuit must be operated in back-off: The PAR
defines the distance of the operating point for a single channel signal below the
1 dB compression point (see Fig. 3.7).

Bandwidth The bandwidth describes the frequency range available for each
transmission channel in frequency-division multiple access protocols. While it is
not a characteristic of the RF amplifier itself, it should be noted that a larger
bandwidth reduces the linearity constraint because more signal distortion can be
accepted [22]. A circuit with a high power density enables the design of smaller and
cheaper RF amplifiers. Here, the power density is limited by the semiconductor
switches used in the circuit. The same is true for the output power with respect to
Power Added Efficiency at a given frequency.

Fig. 3.8 Peak-to-average ratio: Result of channel intermodulation as the sum of signals with
different frequencies

Fig. 3.7 Input and output power of RF amplifier; comparison between ideal and real circuit
characteristics in a class A amplifier
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Gain-Bandwidth Product The gain-bandwidth product describes the relationship
between the current gain of the amplifier circuit and its operation frequency. Under
typical operating conditions the product remains constant, i.e. if the switching
frequency of an RF amplifier is lowered, the bandwidth increases. Conversely, if a
sufficient current gain is required at a high operating frequency, the amplifier must
exhibit a large gain-bandwidth product. This makes the gain-bandwidth product a
decent Figure-of-Merit for comparing different amplifier circuits with respect to
their high frequency performance. It can also be converted to the transition fre-
quency of the amplifying semiconductor device as will be shown in Chap. 4.

Stability of Output Signals The circuit must also exhibit sufficient stability to
ensure proper operation for the specified lifetime of the product. Again, most of the
stability issues arise from the semiconductor device itself or the associated con-
nection and assembly technology. They will be covered in details in Chap. 4. There
is a trade-off between the power density, output power and the degradation over
time. The requirements for circuits in RF amplifiers are summarized in Table 3.1.

3.2.2 Amplifier Classes

As previously mentioned, a class A amplifier cannot exceed a drain efficiency of
50 %. For solutions where a higher efficiency is required, a different amplifier
topology needs to be exploited. Due to different performance requirements, a wide
range of amplifier classes have been developed [18]. Two prominent amplifier
classes are compared in Fig. 3.9.

The main different between these topologies is the location of the operating
point. The class A amplifier operates at the centre of the load line so that both
polarities of a sine wave can be amplified. In contrast, a class B amplifier exhibits
an operating point right at the cut-off point. This minimizes the power losses,
because the circuit is consuming little power in standby mode. However, a second
power switch is necessary to amplify the negative half-wave (push-pull stage).
Also, due to the strong reduction of power gain below the knee voltage, strong
distortion may occur for very small signals. A trade-off between these two circuit

Table 3.1 Summary of RF amplifier circuit requirements for handhelds and base stations

Circuit property Importance

Handheld Base
station

Power added efficiency High Low

Output power density High High

Linearity (time and frequency-division multiple access), e.g. GSM High High

Linearity (orthogonal frequency and code-division multiple access),
e.g. UMTS, WiMax, LTE

Very
high

Very
high
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topologies is the class AB amplifier which sacrifices some power efficiency for the
sake of linearity: Here, the operating point is located right above the knee voltage
and distortion can be minimized.

Recently, amplifier classes with theoretical power efficiency of 100 % have
gained additional interested: For audio amplifiers, where the signal is limited to
frequencies below 20 kHz, the class D amplifier has been introduced [23]. In
contrast to the previously mentioned class A and B amplifiers where high linearity
is achieved by operation of the transistors in a linear portion of the load line, the
class D type relies on a switch-mode concept very similar to switch-mode amplifiers
where the amplified signal is “reconstructed” by high frequency switching [24].
This concept can readily be applied in audio amplifiers where signal frequencies are
in the upper kHz range and adequate sampling frequencies two or three decades
higher are feasible [18].

In order to use this amplifier topology at RF frequencies, the class D amplifier
can be extended to the so-called class S amplifier [25] as shown in Fig. 3.10.

Fig. 3.9 Overview of basic RF amplifiers: a class A and b class B with their respective load lines
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Without going into detail about the operating principle, it is evident that the
circuit technology used in a class S amplifier resembles a switch-mode circuit
routinely used in energy conversion, i.e. in switch-mode power supplies. Power
semiconductor devices used in this amplifier are operated in linear operation mode
which is in contrast to conventional amplifiers (e.g. Class A, B) where the satu-
ration region is used, and this enables a high drain efficiency.

3.3 Application-Specific Requirements for Power
Transistors

From application and circuit requirements, the desirable properties of power tran-
sistors can be extracted. The following summary lists device requirements and
derives implications for the design of power semiconductor devices.

Energy Efficiency and Frequency The energy efficiency of a power electronic
system is limited by the properties of the power semiconductor devices and the
circuit topology. Power dissipation arises from both static losses and dynamic
losses. On one hand, switch-mode applications are mainly dealing with static losses
and dynamic losses incurring from the transition between on- and off-state. On the
other hand, power losses in RF amplifiers are strongly affected by dynamic losses
incurred from charging and discharging the parasitic device capacitances.

Power Density and Thermal Losses The demand for high power densities arising
from the economic point of view can be satisfied by semiconductor devices. By
passing high currents over the device a smaller chip size can be used. Theoretically,
power devices with little static losses can be fabricated, but they would turn out too
expensive for mass-market applications. Also, when operating at high frequencies,
a large chip also yields large parasitic capacitances that need to be charged and
discharged. Both considerations give rise to the demand for small chips with high

Fig. 3.10 Class S amplifier for RF signal amplification using a switch-mode based topology,
adopted from [25]
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power densities. This in turn requires good cooling of the power devices to remove
the high power losses dissipated locally in the system.

Reliability and Ruggedness Considerations Exceeding the safe operating area of
power semiconductor devices may temporarily yield superior device performance
—and it is a valid option in some applications where long lifetime is not crucial—
but it will result in severe device degradation and premature device failure.
Examples include the injection of hot carriers and the degradation of the gate
dielectric at excessive gate voltage both shifting the knee voltage of RF amplifiers.
Given that most power electronic applications are based on digital switching of the
power device (On-Off), the device degradation is less critical compared to an
analogue switch used in RF amplifiers.

Other critical operating conditions which can arise from high currents, high
voltages or high voltage changes are associated with dynamic properties. An
example for premature device failure due to high drain currents or a rapid change in
drain current at high drain voltages is the turn-on of the parasitic bipolar junction
transistor in an LDMOS transistor as shown in Fig. 3.11.

In this event, the device current exceeds the specification for which the device
has been designed. At high power densities, local device heating leads to an
increase in the bipolar current, thermally inducing the bipolar turn-on and corre-
sponding device failure [26]. Proper design of power semiconductors must be
employed to achieve the required reliability at the highest possible performance.

Availability of Device Models The availability of suitable device models is an
aspect that should also be mentioned when discussing requirements for power
semiconductor devices. For a precise and reliable circuit simulation, adequate
device models including temperature dependence are necessary. Circuit simulation
has become a key method of reducing time-to-market and to lower the development
costs. Clearly, semiconductor devices that cannot be reliably modelled can hardly
be integrated into an application that relies on precise control of device properties.

Fig. 3.11 Equivalent circuit of LDMOS transistor with parasitic bipolar junction transistor and
body diode
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3.4 Summary of Power Semiconductor Device
Requirements

Due to the wide range of applications, a clear ranking of the different requirements
does not exist. Too broad are the individual demands in different markets. While
automotive applications require extremely rugged and reliable devices, consumer
products are primarily cost driven. This is not to say that the cost pressure in the
automotive market is low either. Nevertheless, some trends regarding device
requirements can be derived. A rough comparison between power device properties
for power electronic and RF amplifier circuits is presented in Table 3.2.

Requirements for similar circuit topologies vary between different applications,
however, making a universal guidance near to impossible.
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Chapter 4
Power Semiconductor Devices in Power
Electronic Applications

This chapter introduced topologies for power semiconductor devices and explains
the suitability of lateral power MOSFETs for implementation in integrated circuits.
It begins with a thorough definition of power semiconductor devices in general and
lateral power transistors in particular because these terms are ambiguously used in
different traits of microelectronics and microwave technologies. The fundamental
requirements for power semiconductor devices are also discussed. Next, device
topologies regularly found in state-of-the-art power electronic and RF applications
are reviewed. This includes vertical power MOSFETs, stand-alone lateral RF
MOSFETs and lateral power MOSFETs. Then, the trade-offs between different
aspects of these power semiconductor devices are reviewed, and a summary of
Figures-of-Merit (FOM) suitable for comparison of different power semiconductor
devices is presented. These FOMS are derived from the application point-of-view
following the requirements set forth in Chap. 2. They will be used throughout the
textbook to compare different device technologies regarding their applicability in
relevant circuit topologies. For the applications in Chap. 2, combination with logic
and memory devices, reliability and robustness demands and small size and low
weight of the overall circuit are key elements. This emphasizes the advantages of
lateral power MOSFETs in integrated circuits. However, limitations and drawbacks
of lateral power transistors need to be considered as well. In particular, the com-
bination with logic and memory devices comes with a cost to process freedom, and
complicates implementation of junction termination concepts. Moreover, unipolar
charge transport and field enhancement at the device surface result in lower per-
formance compared to stand-alone power devices.

4.1 Introduction to Power Semiconductor Devices

The mostsuccessful semiconductor devices of today are the p-channel and n-
channel MOSFETs constituting to CMOS logic. Without a doubt, these devices
have contributed to the rise of information technologies as they can be found in
central processing units, graphic accelerators, digital sound processing and in both
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volatile dynamic random access memory and non-volatile electronically erasable
programmable random access memory. These components are the basic building
blocks of computers and telecommunication equipment. By following Moore’s
Law [1], which predicted a doubling of devices per integrated circuit every 2 years
(from the economic point of view), the integration density of these semiconductor
devices has rapidly increased over the last 60 years. This development is shown in
Fig. 4.1 depicting the release dates of Intel and AMD microprocessors.

In 2013 Intel has introduced a microprocessor fabricated in 22 nm technology
capable of running at 4.0 GHz with 1.86 billion transistors located on one chip of
177 µm2 size.

However, these MOS-based logic transistors are not capable of withstanding
operating voltages beyond 5–10 V. Moreover, this massive shrinking of device size
has further reduced operating voltages of CPUs from 5 to 3.3, 1.8 and 1.3 V [2].
With the application of a constant electric field approach, it is apparent that future
logic devices will use even lower operating voltages.

Given that computers and servers are usually connected to the alternating current
grid infrastructure, voltages from 110 to 230 V need to be controlled and converted
to the low operating voltages which can be sourced to the logic devices. In modern
computers, there are several DC voltage levels for peripheral components like hard
disk drives, USB ports and fans which run at 5 and 12 V, respectively. Figure 4.2
shows a schematic summary of these voltage levels in a typical desktop computer.

Apparently, there is a significant demand for semiconductor devices that are
capable of handling operating voltages beyond the logic level, enabling the oper-
ation of the logic devices from the grid or another high voltage supply. The MOS-
based logic device is failing at higher drain-source voltages because either the
electric field in the channel region exceeds the critical value and avalanche
breakdown occurs or punch-through breakdown occurs due to the low doping of the

Fig. 4.1 Component count per integrated circuit for microprocessors and initial prediction by
G. Moore, data from [1] extended by Intel and AMD CPU release dates
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channel region. Additionally, the thin gate dielectric is not capable of withstanding
high gate-drain voltages without degradation or even dielectric breakdown.

The approach that has been widely used to increase the voltage rating of
semiconductor devices is to provide an extension of the drain region—the drift
region—which is lightly doped compared to the drain region. The space-charge
region extending into this drift region will then carry most of the blocking voltage
applied to the drain electrode, relaxing the electric field across the channel.
Moreover, with a doping concentration significantly lower than the channel, punch-
through conditions can also be prevented.

Regarding a definition of power semiconductor devices, it can be stated that:

Any semiconductor device that includes dedicated device structures, e.g. a lightly doped
drift region, in order to withstand drain-source voltage beyond logic level can be considered
a power semiconductor device.

A large number of power semiconductor devices have evolved in the last century
with the huge majority of technological development on silicon. The most prom-
inent devices based on silicon technology are listed in Fig. 4.3.

Among these, the unipolar LDMOS transistors have been extensively used in
integrated circuits and radio-frequency amplifiers. These devices will be discussed
throughout the remainder of this book in detail. A lateral drain-extended MOS
transistor was first introduced by Sigg et al. in 1972 [3]. Its cross-section is sche-
matically shown in Fig. 4.4.

The device was named DMOS transistor due to the simultaneous double dif-
fusion of source and channel dopants that was required to fabricate a short channel
device for high frequency operation. The p-well region containing the MOS
channel is formed due to the faster diffusion of these p-dopants (boron) compared to
the dopants used for the n+-source region (arsenic or phosphorous). Despite the

Fig. 4.2 Voltage levels and regulators for components and peripherals of a personal computer
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availability of ion implantation and high resolution lithography to manufacture
wells, the term DMOS has also been adopted for power semiconductors that do not
rely on this double diffusion concepts nowadays like the VDMOS and LDMOS
transistors for power electronic applications. These devices exhibit a channel region
similar to the double-diffusion process.

Fig. 4.4 Cross-section of a DMOS transistor with lightly n-doped drift region, adopted from [3]

Fig. 4.3 Summary of power semiconductor devices fabricated in silicon
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Depending on the voltage and current ratings and whether integration with logic
devices is desired, two different device concepts for MOS-based power semicon-
ductor devices have evolved.

• The vertical power MOSFET is typically employed for high power densities in
single device packages or power modules.

• The lateral power MOSFET is used when integration with logic devices or high
operating frequencies as in radio-frequency power amplifiers are required.

In the context of this textbook the terms lateral and vertical define the direction in which the
drain-source voltage is blocked within the semiconducting material and the drain current is
flowing through the drift region.

This means that even if the drain contact is located at the backside of the device
the presence of a lateral drift region makes it a lateral MOSFET device. This is both
true for a typical RF LDMOS and a LDMOS transistor in a smart-power IC.
“Quasi-vertical” transistors exhibit vertical current flow through the drift region but
have source and drain contacts on the same side of the semiconductor. Also, this
implies that both VDMOS and UMOS transistors are vertical power devices, even
though the VDMOS has a lateral channel and the channel in the UMOS is vertical.

Among the MOS-based power transistors, the vertical device topologies have
received a lot of attention, because they are able to carry larger current densities
than their lateral companions. The capability to inject the current from one side of
the chip and to remove it on the other side provides a straight forward approach for
the metallization patterns. A cross-section of a typical VDMOS transistor is pre-
sented in Fig. 4.5.

Fig. 4.5 Cross section of a VDMOS transistor with a lateral channel region and vertical drift region
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Here, the current flows laterally from the source through the channel region into
the n-doped drift region. From there it can spread under the cell to pass vertically
through the drift region where it is collected at the drain contact. Assembly tech-
nologies using direct bonded copper substrates or with e.g. TO-220 packages are
available to provide solutions for highly integrated power inverters and buck/boost
converters. An increase in current density can be facilitated by integration of trench
gates, i.e. UMOS transistors.

Further advances in vertical power transistor technology have also led to the
development of superjunction devices with very low on-state resistances [4]. The
application of this charge-compensation concept to LDMOS transistors is also
investigated in Chap. 6.

The key benefit of using semiconductor technology to fabricate power semi-
conductor devices is its ability to achieve the circuit and system demands with high
reproducibility and reliability under the desired operating conditions. This also
includes the availability of these devices at economically feasible fabrication costs
and quantities. Increasing wafer sizes and yield as well as the reduction of process
variations have added to this development.

A full introduction to semiconductor device physics is omitted in this textbook.
For the understanding of this textbook, relevant physical models include doping of
semiconductors, diffusion and drift, (temperature and doping dependent) bulk
mobility, field-dependent channel mobility, MOS capacitance, impact ionisation
and avalanche breakdown. Several excellent textbooks are available dealing with
these topics for silicon semiconductors in general [5] and power semiconductor
devices [6] and MOS devices [7] in particular.

4.2 Trade-Offs and Figures-of-Merit for Power
Semiconductor Devices

Like for all other power semiconductor devices, unipolar MOS-based power tran-
sistors are facing several trade-offs that need to be considered, when choosing the
proper device type for a special application. Before the discussion on typical device
topologies, these trade-offs will be discussed and Figures-of-Merit to judge the
suitability for certain applications are presented. As previously mentioned, energy
efficiency and power density necessitate a minimization of power losses in the
semiconductor device. Depending on the operating conditions, power losses are
incurred by three major sources:

• Under static conditions conduction losses occur in the on-state of the semi-
conductor device. The power losses in the off-state are usually insignificant due
to the low drain leakage current.

• Switching losses arise due to finite switching time which causes a current flow
while the blocking voltage is still applied across the device.
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• Switching losses from charging and discharging the device capacitances can
also become significant when a high switching frequency is applied.

These contributions to power losses and Figures-of-merit suitable for judging
device performance with respect to these sources are discussed next.

4.2.1 Static Power Losses: On-State Resistance and Blocking
Voltage

Static power losses result from operation of the power semiconductor device in its
on-state. That is, a forward current Ion gives rise to a forward voltage drop Von

within the device.

Ploss;on ¼ Von � Ion: ð4:1Þ

Under static conditions, the forward voltage drop can be expressed as an ohmic
total device resistance between drain and source RDS,on at the given forward current.

Ploss;on ¼ RDS;on � I2on: ð4:2Þ

The contributions of the different regions within the device to the total resistance
are summarized in Fig. 4.6 for an n-channel LDMOS device.

For p-channel devices similar considerations hold true. However, the hole
mobility in silicon is three times lower than the electron mobility, making n-channel
devices the choice for small sized, energy-efficient solutions.

Modern fabrication technologies provide low contact resistances and thick metal
lines to keep the resistances of drain and source metallization in check. Significant
contributions towards the total resistance arise from the channel and drift regions.

Fig. 4.6 Device resistance contributions within a lateral DMOS transistor
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The resistance of the channel region can be directly extracted from the output
characteristics of a MOS transistor (Fig. 4.7).

In the linear region of operation, the drain voltage is small compared to the gate
overdrive (the difference between gate voltage VGS and threshold voltage VTh in the
on-state of the device). The drain current is approximated to

ID ¼ b VGS � VThð ÞVDS: ð4:3Þ

The transconductance β is calculated from geometric and material constants,
namely the inversion channel mobility of electrons µn,ch (for an n-channel MOS
transistor), the gate capacitance Cox, length of the channel region Lch, and the width
W of the device. In silicon, the inversion channel mobility is very close to the bulk
mobility for low vertical electric fields. However, when a high gate voltage is
applied, the mobility is reduced due to phonon scattering and surface roughness
scattering effects [8]. Also, the product of gate capacitance and gate overdrive
equals to the amount of channel charge influenced by the gate voltage. From (4.3)
the channel resistance in the linear region becomes

Rch;lin ¼ 1
b VGS � VThð Þ ¼

Lch
W � ln;ch � Cox VGS � VThð Þ : ð4:4Þ

The linear region is desired for operation of the LDMOS transistor as a power
switch (e.g. for switch-mode power supplies) because it offers a lower channel
resistance than the saturation region. Under saturation, the channel resistance
becomes (nearly) independent of the drain-source voltage. While this results in
higher power losses, the current is limited and unstable operation conditions at
excessive drain-source voltages are avoided.

Fig. 4.7 Output characteristics of ideal silicon MOS field effect transistor
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The resistance of the drift region can be readily computed when current
spreading effects from the channel into the drift region are neglected. Depending on
the average doping concentration NDrift in the drift region, the depth ddrift as well as
length of the drift region Ldrift and the width of the device Wdrift, the resistance for
an n-doped drift region is

Rdrift ¼ qdrift
Ldrift

Wdrift � ddrift ¼
Ldrift

q � ln;drift � Ndrift �Wdrift � ddrift : ð4:5Þ

From an electrical point of view, the total device resistance becomes minimal in
the linear mode of operation for the maximum gate voltage, i.e.

Rloss;on ¼ VDS;lin

ID

����
VGS;max

;withVDS;lin � VGS � VTh: ð4:6Þ

This also constitutes to the typical operating point of a power semiconductor
device. Comparing the channel and drift region resistances, it becomes apparent
that the total device resistance can be reduced by increasing the width of the device
—or in other words, by parallelization of a large number of transistor cells. This
reduces the current density flowing through the device and in turn the power losses.
However, this approach—as discussed later on—also requires a larger chip size
which increases the cost of the chip.

In order to compare the suitability and performance of different device tech-
nologies, an area independent measure for the total device resistance has been
introduced which includes the device width Wcell and the device length Lcell of an
individual cell. This cell constitutes the smallest building block of a power semi-
conductor device. Based on the channel and drift resistances as the major contri-
butions, the area-independent device resistance RDS,on of an LDMOS transistor
equals to

RDS;on ¼ LCell � Lch
ln;ch � Cox VGS � VThð Þ þ

LCell � Ldrift
q � ln;drift � Ndrift � ddrift þ Rsource þ Rdrain þ Rmetal

ð4:7Þ

For typical LDMOS transistors, the first two terms in (4.7) are dominating over
the other resistance components. A lower drift region resistance could be achieved
by increasing its doping concentration. However, the doping concentration of the
drift region also defines the blocking capability of an LDMOS transistor. This can
be explained by assuming a simple device structure as shown in Fig. 4.8.

The drain-source voltage will be absorbed in the drift region acting as the lightly-
doped region of a pin-diode. Under these circumstances, the highest voltage which
the device supports in static condition without failure can be calculated. Avalanche
breakdown due to excessive impact ionisation occurs at the breakdown voltage BV
when the critical electric field Ecrit is exceeded [9, 10]. If the drift region is long,
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this will happen before the space charge region fully extends from the p-well/n-drift
region junction to the n+-drain region (non-punch through). Then, the breakdown
voltage is given by Poisson’s equation to

BV ¼ 1
2
Ecritwscr;max: ð4:8Þ

In non-punch through condition, the maximum width of the space charge region
wscr depends on the maximum electric field (at the pn-junction) according to

wscr;max ¼ � e0er
qNdrift

Emax; ð4:9Þ

resulting in the following expression for the breakdown voltage:

BV ¼ 1
2
qNdrift

e0er
w2
scr;max ð4:10Þ

Impact ionisation in semiconductor devices exhibits an exponential dependence
on the electric field [11]. Using Fulop’s approximation for the impact ionisation
coefficients [12], the maximum width of the space charge region (at which ava-
lanche breakdown occurs) can be analytically calculated to

Fig. 4.8 LDMOS transistor with pin-type drift region in non-punch through condition—space
charge region and electric field lines are simplified
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wscr;bd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8
1:8 � 10�35

e0er
q

� �7
8

s
N

�7
8

drift: ð4:11Þ

For silicon devices a set of analytical functions for the breakdown voltage,
critical electric field and maximum width of the space charge region was derived
assuming a constant doping concentration of the drift region [6]. For a specific
dielectric constant of 11.8, the results are

Ecrit

Vcm�1 ¼ 4096 � NDrift

cm�3

� ��1
8

: ð4:12Þ

wscr;bd

cm
¼ 2:67 � 1010 � NDrift

cm�3

� ��7
8

: ð4:13Þ

BV
V

¼ 5:34 � 1013 � NDrift

cm�3

� ��3
4

: ð4:14Þ

Note that the critical electric field slowly increases with increasing doping
concentration. The well-known trade-off of the blocking voltage on one hand and
the total device resistance on the other hand has led to the definition of a Figure-of-
Merit for power semiconductor devices that is usually charted in a (double-loga-
rithmic) RDS,on versus BV plot as shown in Fig. 4.9.

It is evident that, the integration density—being determined by the technology
node—has a diminishing impact on the on-state resistance of LDMOS transistors.
This is particularly true for devices with breakdown voltages beyond 50 V where
the contribution of the channel towards the total device resistance becomes less
prominent. Hence, More-Moore integration plays a minor role for these LDMOS
transistors in smart-power ICs. This is primarily due to the requirement of a drift
region significantly longer than the smallest feature sizes in state-of-the-art process
technologies. The reasons are discussed in more detail in Chap. 5 of this textbook.

The one-dimensional silicon limit describes the correlation between the drift
region resistance and the breakdown voltage for a pin-type structure. Since both
properties depend on the doping concentration and the length of the drift region, an
optimum for the drift region resistance at a given breakdown voltage can be derived.
As will be shown, this optimum condition occurs in punch-through condition.

4.2.1.1 Drift Region Resistance under Non-punch Through Condition

A certain breakdown voltage can be achieved by several different combinations of
doping concentrations and drift region lengths in punch-through condition. Con-
sequently, the drift region resistance varies for different combinations as exempl-
arily depicted for a breakdown voltage of 50 V in Fig. 4.10.
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In order to estimate the minimum drift region resistance of a pin-type drift
region, the non-punch through condition is considered first, i.e. when the electric
field at the end of the drift region (near the drain region) remains zero. From (4.14)
a constant doping concentration of the drift region equal to

Ndrift;NPT

cm�3 ¼ 1:98 � 1018 BV
V

� ��4
3

ð4:15Þ

is required for the shortest possible drift region length in non-punch through con-
dition. In the case of Fig. 4.10 this results in a doping concentration of

Fig. 4.9 RDS,on versus BV plot for different state-of-the-art LDMOS transistors in integrated
circuits with different technology nodes

Fig. 4.10 Drift region resistance depending on doping concentration (and resulting drift region
length in punch-through condition) for a given breakdown voltage of 50 V
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1.12·1016 cm−3, and using (4.13) a drift region length (width of the space-charge
region at breakdown) of 2.42 µm is necessary. If a non-punch through design is
chosen, the trade-off between drift region resistance and breakdown voltage for
silicon is given by

Rdrift;min;NPT � A
Xcm2 ¼ 1:55 � 10�14 � cm

dDrift

� �
� BV

V

� �11
3

: ð4:16Þ

For the 50 V pin-structure in non-punch through condition a minimum drift
region resistance of 0.24 mΩ cm2 is calculated.

4.2.1.2 Drift Region Resistance in Punch-Through Condition

Another approach to reduce the drift region resistance is by shortening the length of
the drift region (which also reduces the total length of the cell). Eventually, the
space charge region will extend to the drain region and a punch-through condition
of the electric field will occur as depicted in Fig. 4.11.

Now, the breakdown voltage that can be absorbed in the space charge region
extending across the full length of the drift region Ldrift is given by

BV ¼ Ecrit þ Edrainð Þ
2

� Ldrift: ð4:17Þ

Fig. 4.11 LDMOS transistor with pin-type drift region in punch through condition—space charge
region and electric field lines are simplified
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Obviously, a further reduction of the drift region length will result in a lower
breakdown voltage of the transistor. The electric field at the junction between drift
region and drain contact can be expressed as

Edrain ¼ Ecrit � qNdrift

e0er
Ldrift; ð4:18Þ

yielding

BV ¼ Ecrit � Ldrift � qNdrift

e0er

L2drift
2

: ð4:19Þ

$ qNdrift;PT ¼ 2 EcritLdrift � BV
� �

e0er
L2drift

: ð4:20Þ

Substituting this charge density along with the area of the device into (4.5) yields
the minimum area-specific drift region concentration in a punch through design

Rdrift;min;PT � A ¼ L4Drift
2 Ecrit � LDrift � BV
� �

lne0erddrift
: ð4:21Þ

For the pin-structure with a breakdown voltage of 50 V as shown in Fig. 4.10, a
minimum drift region resistance of 0.164 mΩ cm2 can be achieved using punch
through condition. This constitutes to a reduction of over 30 % compared to the
non-punch through design.

The optimum drift region length for a constant doping concentration is given by

Ldrift;min;PT ¼ 4
3
BV
Ecrit

; ð4:22Þ

which is 12.5 % longer than for a vertical power device with minimum drift region
resistance [13]. With this drift region length, an electric field of 50 % of the critical
field occurs at the drain-side of the drift region as shown in Fig. 4.12.

Then, the minimum area-specific drift region concentration in a punch through
design becomes

Rdrift;min;PT � A ¼ 128
27

BV3

lne0erddrift � E4
crit

: ð4:23Þ

Using Fulop’s approximation for silicon [12], the relationship between break-
down voltage and critical electrical field is given by
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Ecrit;Si

Vcm�1 ¼ 7:95 � 105 � BV
V

� ��1
6

; ð4:24Þ

and from (4.23) the trade-off between breakdown voltage and drift region resistance
for silicon can be analytically expressed as

Rdrift;min;PT � A
Xcm2 ¼ 3:5 � 10�15 � cm

dDrift

� �
� BV

V

� �11
3

: ð4:25Þ

These 1D silicon limits of the drift region resistance from (4.16) and (4.25) are
compared to LDMOS transistors in commercially available smart-power ICs in
Fig. 4.13.

Fig. 4.12 Electric field distribution for a lateral pin-type drift region achieving the lowest
theoretical drift region resistance for a drift region length of 10 µm

Fig. 4.13 Minimum drift region resistance versus breakdown voltage for punch through (PT)
condition. The depth of the drift region is chosen to 1 µm. Typical drift region resistances of
LDMOS transistors in commercially available Smart-Power ICs are included for comparison
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As previously mentioned, the total device resistance can be approximated by the
sum of the drift region and channel region resistances. There are two extremes
which should be considered in this context. For a very short drift region, the
channel resistance becomes dominant. This is the case for breakdown voltages well
below 50 V as seen in Fig. 4.13. Obviously, reducing the drift region resistance for
these devices will not significantly reduce the total device resistance. Conversely, a
device with a breakdown voltage above 100 V requires a drift region which is much
longer than the smallest feature size. In this case, the channel resistance can be
neglected, and an improvement (reduction) of the drift region resistance will be
beneficial towards the reduction of the total device resistance. It is also apparent
from Fig. 4.13 that modern LDMOS transistors in integrated circuits are capable of
breaking the 1D silicon limits. The RESURF design enabling such low drift region
resistances is described in Chap. 5.

Regarding the minimization of static power losses in a circuit using LDMOS
transistors, (4.25) in combination with (4.2) can be used to deduce the voltage
dependence if the drift region resistance dominates:

Ploss;on ¼ RDS;on

A
� I2on � d ¼ 3:5 � 10�15 � cm

d

� 	
� BV

V

� �11
3

� I
2
on

A
� d: ð4:26Þ

During the on-time ton of each switching cycle, the current in the inductor of a
switch-mode power supply rises to a peak value

Ipeak ¼ Vin

L
� ton: ð4:27Þ

It is then discharged into the output capacitor during the remaining part of the
operation cycle tperiod. For the sake of simplicity, assuming discontinuous operation
of a buck converter, the energy transferred through the inductor is given by

Etrans ¼ 1
2
� L � I2peak ¼

1
2
� Vin � Ipeak � ton: ð4:28Þ

In order to transfer a certain amount of energy at a fixed duty cycle δ in a switch-
mode circuitry also requires a fixed amount of power passing through the inductor.
At a given switching frequency the amount of energy transferred by the inductance
per switching cycle constitutes to

Ptrans ¼ 1
2
� Vin � Ipeak � ton

tperiod
¼ 1

2
� Vin � Ipeak � d: ð4:29Þ

Since power semiconductor devices are operated with safety margin ks of
approx. 30–50 % below the breakdown voltage, the maximum operating voltage of
an LDMOS transistor in a circuit at voltage Vin increases at the same rate as the
breakdown voltage. Under this assumption, it can be inferred that
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Ptrans ¼ ks
2
� BV � Ipeak � d: ð4:30Þ

Solving for the peak current, a relationship between the power losses and the
breakdown voltage of an LDMOS transistor in a switch-mode power supply can be
derived for a given transferable power supply as

Ploss;on / 3:5 � 10�15 � cm
d

� 	
� BV

V

� �11
3

� P2
trans

k2 � BV2 � A � d2 / BV
5
3: ð4:31Þ

Overall, the power losses incurred in a unipolar device with a uniformly doped
(pin-type) drift region increase by a factor of five-thirds when increasing the device
breakdown voltage a fixed amount of transferable energy. Larger device area must
be utilized to counter this effect. In Chap. 5, these considerations will be used to
show that it is favourable to increase breakdown voltage to reduce power losses for
modern state-of-the-art LDMOS transistors.

Another approach for reduction of the total device resistance is the choice of a
smaller technology node to reduce the channel length. Unfortunately, this method is
only feasible for low blocking voltages where the resistance of the drift region is not
dominant compared to the channel resistance. Moreover, care must be taken to
prevent any reach-through condition: The space charge region does not only extend
from the pn-junction into the drift region, but also into the p-well. The design of the
p-well must implement a high enough doping concentration and a channel region
wide enough to prevent the space charge region from reaching through to the source
contact. Otherwise, and in contrast to the punch through condition, device break-
down will occur as electrons from the source are drifting into the space charge
region, i.e. the blocking pn-junction becomes shorted.

It should be noted that power losses during the off-state of the switching cycle
can be neglected as the leakage current through the transistor are several orders of
magnitude lower than during the on-state compared to an increase in voltage by
only one to two orders of magnitude.

A reduction in on-state resistance for a given device layout can be capitalized on
by three different methods in switch mode power supplies which are depicted in
Fig. 4.14.

4.2.2 Dynamic Losses: Device Capacitances and Switching
Frequency

When operating frequencies are increased into the MHz range, charging and dis-
charging device capacitances must be considered when evaluating the performance
of LDMOS transistors. Three different capacitances of the transistor need to be
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charged (turn-on) or discharged (turn-off) during each switching event. Using
Fig. 4.15 these capacitances and their origin are introduced.

The gate-source capacitance Cgs arises from both the capacitance of the gate-
source overlap Cgs,o and the capacitance from the overlap of the gate over the body
region Cgb,o. Note that source and body regions are shorted in most devices to
suppress bipolar effect, e.g. turn-on of parasitic BJT. For a thin inter-metal
dielectric, the input capacitance may increase further due to the coupling of the gate
electrode and any passing source metallization (Cimd). In general, the gate-source
capacitance is given by

Fig. 4.14 Options for switch mode power supply designs based on reduction of on-state resistance
in power transistors

Fig. 4.15 Cross-section of LDMOS transistor with parasitic device capacitances

58 4 Power Semiconductor Devices …



Cgs ¼ Cgs;o þ Cgb;o ¼ 2xp
Lcell

e0er
dgox

� �
: ð4:32Þ

The gate-drain capacitance Cgd occurs due to the overlap between the gate
electrode and the drift region across the gate oxide.

Cgd ¼ Cgd;o ¼ 2Lgd;o
Lcell

Cgox � Cgd;scr

Cgox þ Cgd;scr

� �
: ð4:33Þ

Here, it is assumed that the overlap for the polysilicon on the field oxide is
relatively small compared to the contribution of Cgd,o, and this part of the gate-drain
capacitance is neglected in designs without field plates. The impact of field plates on
the device capacitance will be explained in Chap. 5. The area-specific capacitance
of the field oxide is calculated by

Cgox ¼ e0er
dgox

: ð4:34Þ

Additionally, a space charge region below the field plate will reduce the
capacitance due to the series connection with the space charge region in the
semiconductor according to

Cgd;scr ¼ e0er
wscr;vert

: ð4:35Þ

The output capacitance emerges from the space-charge region between source/
body and drain regions. The width of the space charge region depends on the drain-
source potential, it can be approximated to

wscr;ds ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e0er VDS þ Vpn

� �
qND

s
: ð4:36Þ

Therefore, the drain-source capacitance equals

Cds ¼ Cds;scr ¼ Lp
Lcell

� �
e0er
wscr;ds

: ð4:37Þ

An equivalent circuit for a typical LDMOS transistor including its parasitic
device capacitances is shown in Fig. 4.16a).

For a comparison of transistors regarding switching operation, the total input
capacitance Ciss with drain-source shorted, the reverse capacitance Crss and the
common source output capacitance Coss with gate-source shorted are typically
measured and published:
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Ciss ¼ Cgs þ Cgd ð4:38Þ

Crss ¼ Ggd ð4:39Þ

Coss ¼ Ggd þ Cds ð4:40Þ

Switching the LDMOS transistor from off-state to on-state on an inductive load
includes the following stages as illustrated in Fig. 4.16b):

First, the gate voltage is increased until the transistor starts to conduct (Phase I).
During this process, both the gate-source capacitance Cgs and the transfer capaci-
tance (at off-state) Cgd have to be charged (input capacitance). The speed of this
charging process depends on the available gate current. The transistor starts to
operate in saturation mode and the on-state drain current occurs at a gate voltage
well below the maximum gate voltage (Phase II).

Then, the drain voltage is reduced towards the forward voltage drop in steady
state (Phase III). Now, the gate current is primarily charging the gate-drain
capacitance Cgd and the drain-source capacitance Cds (output capacitance) while
crossing the Miller-Plateau [14]. During this phase, the gate voltage only increases
slightly to compensate the reduction of drain-source voltage in the saturation regime
of the transistor.

As the transistor goes from the saturation region into the triode region, the gate
voltage increases further to the maximum gate voltage by charging the gate-source
capacitance and the transfer capacitance at on-state (Phase IV). At the end of this
operation, the static total device resistance is reached.

Fig. 4.16 a Equivalent circuit of LDMOS transistor showing the parasitic device capacitances;
b current-voltage characteristics of LDMOS during device turn-on under clamped inductive
switching
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4.2.2.1 Dynamic Losses from Switching in Switch Mode Converters

If the switching frequency in a switch mode power supply is high enough (typically
in the 10 to 100 kHz range), the dynamic losses during switching that are primarily
incurred due to the high voltages and currents at the Miller plateau become similar
to the static losses during on-state of the transistor. The product

FOM ¼ RDS;onQgd ð4:41Þ

can be used as a Figure-of-Merit for different LDMOS transistors to judge the
amount of dynamic power losses and the capability of the transistor to efficiently
operate at high frequencies.

4.2.2.2 Dynamic Losses from Charging in Switch Mode Converters

Using a suitable designwith low gate-drain capacitance, higher switching frequencies
can be achieved. At switching frequencies close to the MHz range, charging and
discharging of the input capacitance becomes another major source of power losses.
The dynamic losses at a switching frequency f can then be described by

PSW ¼ CinAcellV
2
GS f ð4:42Þ

The input capacitance is the sum of the gate-source and gate-drain capacitances.
These dynamic power losses increase with device area. That is in contrast to the
static power losses, where an increase in device area leads to a lower total device
resistance. Therefore, for high switching frequencies, a trade-off between static and
dynamic power losses exists. Small devices offer high switching speed with high
static losses, while large devices have low static losses but high dynamic losses [6].
The total power losses also depend on the duty cycle δ and are given by

PT ¼ Pon þ PSW ¼ d � RDS;on

A
� I2on þ Cin � A � V2

GS � f : ð4:43Þ

It can be shown that the total power losses become minimal for an optimum area
Aopt as follows:

Aoptimal ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
RDS;on

Cin

r
Ion
VGS

� � ffiffiffi
d
f

s
: ð4:44Þ

The minimum power losses are then calculated to

Pminimal ¼ 2IonVGS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RDS;onCindf

p
: ð4:45Þ

This trade-off is also illustrated in Fig. 4.17.
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Given that a decent LDMOS design for high frequency operation does not only
require a low on-state resistance but also a low input capacitance, the correlations

FOM ¼ RDS;on

Cin
ð4:46Þ

and

FOM ¼ RDS;onCin: ð4:47Þ

are suitable Figures-of-Merit for comparison of different RF LDMOS transistor
designs regarding area consumption and power losses respectively.

Remember that a higher switching frequency is also desirable from an appli-
cation point of view in energy conversion because smaller reactance can be used in
the periphery of the circuit.

4.2.3 Switching Frequency and Transistor Gain

In power amplifiers, the gate capacitance also has an impact on the current and
power gains at high switching frequencies. The transition frequency of an LDMOS
transistor which is a well-known value characterizing its high-frequency perfor-
mance strongly depends on the gate capacitances. At the transition frequency the
current gain of the transistor equals unity, i.e. it denotes the limit of current
amplification.

At high switching frequencies, the current gain is dominated by charging (and
discharging) the input capacitance. Using small signal analysis, the gate current at a

Fig. 4.17 Static and dynamic power losses in an LDMOS transistor depending on device area
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high switching frequency fsw in a MOS-gated transistor from a small change in gate
voltage ugs can be expressed as

ig ¼ 2pfswCin;app � ugs: ð4:48Þ

Note that the apparent input capacitance of an amplifier is increased by the
Miller effect [14]. The relationship

Cin;app ¼ Cgs þ CgdðugsÞ � 1þ Rloadgmð Þ ð4:49Þ

can be derived for an LDMOS transistor with a resistive load Rload and the trans-
conductance gm. The gate-drain capacitance appears larger due to the feedback of
the amplifier circuit on the input. The output current is related to the change in gate
voltage by the transconductance.

id ¼ gmugs: ð4:50Þ

The current gain of the transistor is then found as

GI ¼ id
ig
¼ gm

2pfsw Cgs þ Cgd ugs
� � � 1þ Rloadgmð Þ� � : ð4:51Þ

Increasing the switching frequency causes a linear increase in gate current. The
transition frequency is denoted at which the gate current becomes equal to the drain
current, i.e. the current gain equals unity (or 0 dB). Under this condition, the
transition frequency is found by combining (4.48), (4.49), (4.50) and (4.51),
yielding

fT ¼ GIfswjGI¼1¼
gm

2p Cgs þ Cgd ugs
� � � 1þ Rloadgmð Þ� � : ð4:52Þ

From this, it is obvious that a reduction of gate-drain capacitance is more
beneficial than a reduction of gate-source capacitance with respect to high fre-
quency performance. Taking it even further, it is feasible to accept more gate-source
capacitance if gate-drain capacitance is reduced. The transition frequency can be
extrapolated from a current gain versus frequency plot using the parameter h21
denoting the current gain into a short-circuited load.

From (4.52) it is also apparent, that the product of current gain and frequency
GIfsw is constant in this first-order approximation for a given device and circuit
topology. It directly translates to the requirements of the gain-bandwidth-product as
defined in Chap. 3, highlighting the relevance of the transition frequency as a
performance indicator.

In order to also account for the impact of device resistances, the maximum
oscillation frequency fmax can be examined. It is defined as the frequency at which
the maximum available gain becomes unity (or 0 dB) which is a fundamental
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requirement for oscillation. The maximum oscillation frequency depends on the
gate-charging, source, gate and output resistances Ri, Rs, Rg, Rds, respectively [15].
It can be calculated according to:

fmax � fT

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RiþRsþRg

Rds
þ 2pfTRgCgd

q : ð4:53Þ

However, extraction of the maximum oscillation frequency is more difficult and
requires measurement of maximum stable and maximum available gain. A more
detailed discussion on maximum oscillation frequency is given by Davis [16].

4.2.4 Switching Frequency and Output Power

Another quantity that determines device performance for operation at radio fre-
quencies is the source impedance. The necessity of a low source inductance LS of an
RF LDMOS transistor can be derived from the analysis of its small-signal equiv-
alent circuit model shown in Fig. 4.18.

The power gain as defined by (3.1) is found for this transistor to be

GP ¼ Rloadg2m

CGS þ CGD 1þ Rloadgmð Þð Þ2þgmLSðCGS þ CGD þ CGDRloadgmÞ
h i

2pfð Þ2
;

ð4:54Þ

at operation frequency f [17]. Hence, a low inductive coupling of the source
electrode to the circuit board (minimizing Ls) yields a higher power gain. The drain
inductance is usually considered to be small compared to the inductance of
the external load so it is neglected. Nevertheless, drain inductance can be consid-
ered, e.g. to construct load-pull power contours [18]. From (4.54) it is also apparent
that the power gain reduces with the square of the operating frequency. An increase

Fig. 4.18 Small-signal equivalent circuit model of LDMOS transistor, adopted from [17]
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of the frequency by a factor of 10 results in a reduction of power gain by a factor of
100 or by −20 dB. The power gain at a given output frequency can be evaluated by
measurement of output power over a wide range of signals with different input
power as depicted in Fig. 4.19.

Considering the power provided by the biasing network, the power added effi-
ciency is calculated. Power gain and PAE are typically examined at the 1 dB
compression point (see Fig. 3.7).

Silicon-based RF transistors are capable of operating in the GHz range with
output power up to some 100 W. In order to achieve higher operating frequencies or
higher output power, a vast number of different solid-state and vacuum devices
have been implemented over the last century. Figure 4.20 summarizes these
developments.

Fig. 4.19 Measurement of output power of an integrated RF LDMOS transistor, data from [19]

Fig. 4.20 Average RF output power versus frequency for various semiconductor and vacuum
devices, adopted from [20] and [21]
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In order to minimize the matching effort at the output of the power amplifier, its
output resistance should be close to 50 Ω. For high output power, increasing
operating voltage is required according to (3.3). The breakdown voltage of a
transistor is closely related to its maximum operating voltage. The capability of an
RF amplifier to provide high output power and gain at high operating frequency can
be estimated from the ratio of breakdown voltage and maximum oscillation
frequency.

4.2.5 Power Densities and Long Term Stability

Even though the volume of a semiconductor chip is not significantly contributing to
the volume or weight of a power electronic system, the chip area is of high
importance regarding system expenditure. This is due to the fabrication costs of
such a sophisticated high-end product. It is therefore desirable to use the smallest
possible chip area for a given product. What constitutes to the smallest size of a
smart-power IC or power semiconductor device is determined by both power
densities and reliability: For a given device design, packaging and circuit topology,
a semiconductor device will generate power losses. This heat has to be dissipated
through the package or module assembly. According to the associated thermal
resistance, the package is capable of dissipating a certain power density. Hence, a
certain chip area is required to prevent the chip from incurring excessive junction
temperatures. The junction temperature in turn is limited by the long term stability
requirements of the application and thus the device. While there are exceptions, e.g.
HVDC transmission, the lifetime of a semiconductor device is expected to match
the specified operating time of the system. This is particularly true, where a
replacement of failed device is not possible as in space applications, aviation, power
conversion or feasible like with consumer electronics.

4.2.6 Design and Development of LDMOS Transistors
in Smart Power ICs

The design of LDMOS transistors usually starts with TCAD-based device simu-
lations in a given process flow. The process flow can either be based on a standard
CMOS process with the goal of developing a high-voltage extension to this tech-
nology or on an existing device design with the goal of further improvement, e.g. by
implementation of optimized technologies introduced in Chap. 5 through Chap. 8.
Hereby, the feasibility of the fundamental device geometry and doping concen-
trations is verified. These simulations can also serve as a starting point for device
modelling (e.g. in SPICE). Moreover, the suitability of the junction termination can
be investigated.

66 4 Power Semiconductor Devices …

http://dx.doi.org/10.1007/978-3-319-00500-3_3
http://dx.doi.org/10.1007/978-3-319-00500-3_5 
http://dx.doi.org/10.1007/978-3-319-00500-3_8


Next, the photo mask layout is extracted from the evaluated geometry. The
layout can include power transistors, the logic (analog/digital) part and memory
cells. It will also contain contact pads and protective devices against electrostatic
discharge. The extent of the design may vary from only a small number of power
devices (in the case of an integrated half-bridge) up to full-fledged microcontrollers
which control several power stages.

Then, the device design is fabricated for a limited number of devices using an
engineering run. Electrical characterization of static and dynamic device properties
is conducted to judge the performance of the fabricated devices. This judgment can
be augmented by a comparison to the TCAD simulation results.

Based on the results and possibly a failure analysis, a redesign is required based
on the steps previously discussed. Once adequate device performance is achieved,
reliability tests are typically conducted to explore the ruggedness and boundary
conditions for operation.

4.3 Fundamental Device Topologies of Lateral Power
Semiconductor Devices

Based on the above mentioned trade-offs two main device topologies for LDMOS
transistors have evolved from the initial design from Sigg et al. [3].

• The lateral power MOSFET is implemented in smart-power ICs for energy
conversion applications.

• The lateral RF MOSFET operates in RF amplifier circuits at high switching
frequencies for wireless information transmission.

Similarities and differences between these two designs will be discussed next.

4.3.1 Lateral Power MOSFETs in Smart-Power ICs

Smart-power ICs enable applications which require power conversion. The power
devices implemented in these circuits have to exhibit low power losses. In contrast
to RF applications, high switching frequency is less important. In Fig. 4.21 a state-
of-the-art LDMOS device for this kind of application is depicted where the drain-
source voltage is blocked laterally.

In this device, the drain, gate and source contacts are all situated on the same
semiconductor surface. Moreover, the backside of the wafer can be electrically
isolated making it a decent choice for integration into smart-power ICs where the
source electrode is not biased to ground potential. Also, the source and drain
metallization of the device have to be intermitted. This reduces the area of metal-
lization compared to a vertical device because design rules dictate that certain

4.2 Trade-Offs and Figures-of-Merit for Power Semiconductor Devices 67



distances between the metallization lines have to be obeyed. In turn, the current
densities are considerably higher than in the VDMOS design and the effect of
electromigration needs to be considered more carefully.

Using advanced techniques like RESURF design and field plates and a reduction
in feature size, the total device resistance of these LDMOS devices has been sig-
nificantly reduced in the past decade. These techniques employed in state-of-the-art
LDMOS transistors for smart-power ICs will be explained in Chap. 5.

4.3.2 LDMOS Transistors Optimized for Radio-Frequency
Applications

For the operation under switching frequencies in the GHz range, a different
LDMOS topology is used. This device is optimized towards small device capaci-
tances. Especially a small transfer capacitance between gate and drain is crucial for
achieving high operating frequencies. Therefore, a ground shield between gate and
drift region is routinely implemented. The cross-section of an RF LDMOS is shown
in Fig. 4.22.

Besides, the source contact can be transferred from the top to the bottom of the
transistor by a p+-sinker to reduce the source inductance. These techniques are
described in Chap. 5 in more detail.

Fig. 4.21 Cross section of an LDMOS transistor for integration into smart-power ICs
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4.4 Aspects of Integration of Power Transistors in ICs

The integration of lateral power transistors into integrated circuits, e.g. as appli-
cation-specific integrated circuits, yields several benefits and disadvantages that are
discussed next.

4.4.1 Advantages of LDMOS Transistors in Integrated
Circuits

Integrating lateral power transistors in integrated circuits offers several distinct
advantages over a discrete assembly, e.g. on a printed copper board.

Reliability and Robustness With respect to electrical connections like wires or
metal routes on a printed copper board, the metallization lines in a semiconductor
chip show lower failure rates. Additionally, less solder and bonding joints are
required when several building blocks are integrated into a System-on-a-Chip
(SoC). Therefore, reliability of integrated circuits is superior to that of a circuit
composed of discrete building blocks.

Similarly, the robustness of a circuit built on a printed copper board to over-
voltage and current surges is low due to parasitic inductances and capacitances from

Fig. 4.22 Cross section of an LDMOS for integration in RF CMOS technology
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the leads, wires and packages. Integrated circuits better withstand extreme electrical
conditions while also being less prone to failure due to high ambient temperatures,
vibration and shock.

Weight and Size While integrated circuits are small and light-weight, these
benefits compared to a discrete component are usually negligible. Nevertheless, a
large reduction in weight and size of a system can be achieved by integrated circuits
as higher operating frequencies can be permissible. In that case, the passive com-
ponents in a switch-mode power supply (link capacitors and inductor) can be
reduced with significance regarding weight and size.

Combination of Power Devices with Logic and Memory Devices By com-
bining the power semiconductor devices with logic and memory circuits on chip,
the manufacturer can offer a “smart” power device to the outside world. This can
include functionality like temperature or current sensors for overcurrent shutdown,
on-chip pulse-width modulation or solutions for three-phase alternating currents
which can directly drive an asynchronous engine. Then, the system designer does
not have to focus on establishing these features first. Also, the building blocks used
in the design of an application specific circuit can be reused for a subsequent design
or a new product release. In addition, the design components of an application
specific integrated circuit are not as easily identified as on a printed copper board.
This includes both the functional building blocks and the interconnection of these
blocks to form the circuit.

4.4.2 Limitations and Drawbacks of LDMOS Transistors
in Integrated Circuits

With the integration of unipolar power devices in integrated circuits a number of
drawbacks are associated.

Consequences of Unipolar Charge Transport in Lateral Devices Due to the
unipolar charge transport, conductivity modulation like in bipolar transistors cannot
be exploited in LDMOS transistors. As vertical power transistors cannot readily be
used in smart-power ICs, the device current has to be passed through the source and
drain metallization on the same side of the semiconductor. This results in the need
for smaller, typically finger-shaped, metallization contacts requiring a larger foot-
print of the cell. In summary, LDMOS transistors incur higher static power losses
than stand-alone VDMOS and UMOS transistors. Also, channel and drift region
resistance increases with temperature in unipolar devices due to the associated
reduction of channel and bulk mobility.

Field Enhancement at the Device Surface When the drain-source voltage is
blocked in a planar transistor with a lateral drift region, additional effort (e.g. a gate
field plate) is necessary to prevent premature avalanche breakdown and oxide
degradation at the device surface. This design requirement results in increased
coupling capacitance between gate and drain of the transistor and hampers
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operation at radio frequencies. For this reason, LDMOS transistors for energy
conversion and for RF applications have taken different design routes.

Combination of Power Devices with Logic and Memory Devices Smart-
power ICs are often tailored towards a particular application. Therefore, system
designers can be faced with a potential solution that does not fit their needs because
some undesired functionality has also been hardwired into the IC independent of the
choice of the power semiconductor devices. Conversely, the available options in
such an IC may not be sufficient for particularly demanding applications. If the
circuit is not properly designed, it cannot even be reused, e.g. when core func-
tionalities in external libraries cannot be amended to the new task at hand.

4.5 Safe Operating Area for Lateral Power Transistors

The maximum currents and voltages that can reliably be applied to lateral power
transistors are limited due to several physical effects. These physical effects are well
understood and have already been described in detail in various textbooks before.
Therefore, a review is omitted in this textbook. Instead, any effects that have not
been introduced in the previous sections are referenced by suitable references
dealing with these effects. Operating conditions of lateral power transistors are
primarily limited by the following conditions and effects:

A maximum drain-source voltage may not be exceeded to prevent avalanche
breakdown due to impact ionisation. This limitation has been described in this
chapter in great detail.

The static power losses must be limited allowing for continuous dissipation of
the generated heat without thermally overheating the transistor. Drain current
reduces with increasing temperature in a unipolar device [22]. Hence, the thermal
runaway phenomenon known from bipolar transistors due to an increase in gain
over temperature does not occur [23]. Nevertheless, the junction temperature
Tjunction in relation to the ambient temperature Tambient must be kept in check to
prevent melting of the solder or the bond wires which would disconnect the silicon
devices from its surrounding.

Ploss ¼ Tjunction � Tambient
RTh;DC

: ð4:55Þ

The static power losses in the semiconductor can be increased when the static
thermal resistance RTh,DC is reduced. Under pulsed operation, which is typically
occurring in switch-mode circuits, less power losses are incurred. For an accurate
calculation, the dynamic thermal resistance has to be considered. Often, the dynamic
thermal coefficient RK of the chip package is listed in datasheets. The safe operating
area of a typical LDMOS transistor in a chip package is shown in Fig. 4.23.

The shaded region (high currents at low drain-source voltages) represents an
inaccessible region given by the on-state resistance of the LDMOS transistor.
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The maximum rated device current is limited by the current handling capability of
the bond wires.

Moreover, the maximum gate voltage is limited by time-dependant dielectric
breakdown [24]. Activation energies of dielectric breakdown can be determined
from constant current and constant voltage stress (depending on the thickness of the
dielectric). In order to ensure sufficient lifetime of the gate dielectric, mission
profiles based on these activation energies are routinely employed.

For power devices in general and integrated LDMOS transistors in particular,
hardness to electro-migration must be considered. In lateral power transistors, the
drain and source contacts are located at the same side of the semiconductor, effec-
tively doubling the current density compared to a vertical power device. Often,
multiple metal layers in an integrated process flow are paralleled to cope with the high
current densities passing through the source and drain metallization layers [25].

Finally, immunity to hot carrier injection (HCI) should be mentioned. Due to the
high electric fields in the drift region adjacent to the drain side of the gate electrode,
an unfavourable design may give rise to the injection of hot carriers into the gate
dielectrics. In the case of an n-channel LDMOS transistor, these electrons can cause
an increase in threshold voltage and even damage the gate dielectric over time
resulting in premature breakdown [26, 27].

4.6 More-Moore and More-than-Moore Integration
Methodology in Smart-Power ICs and RF Amplifier
Technologies

Due to the significant impact of the drift region length on breakdown voltage, smart
power ICs for high operating voltages barely benefit from a reduction of smallest
feature size (More-More integration). Here, different concepts like the

Fig. 4.23 Safe operating area of a packaged LDMOS transistor
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implementation of field plates and the RESURF principle have already driven
performance improvements over the last decades. Smart-power ICs operating above
20–30 V clearly benefit from the shrinkage of power semiconductor devices
associated from these developments following More-than-Moore integration.

At the same time, smart-power ICs are also affected by the reduction of smallest
feature size (More-Moore approach) because the logic circuitry becomes smaller.
Then, however, the area demand of the power semiconductor devices in relation to
the logic part increases and more area per wafer has to be sacrificed for “bulky
power devices” using an expensive high resolution technology. This increases the
demand for highly integrated LDMOS transistors with every new technology node.

For RF power amplifiers and low voltage smart-power ICs, the situation is
somewhat different. Minimization of parasitic capacitances is required, and high
resolution lithography is a convenient way to achieve this. In relation to the logic
building blocks, LDMOS transistors for low operating voltages still benefit from the
device shrinkage to some extent. In this case, the call for an implementation of
More-than-Moore approaches for further device shrinkage is not so imminent.
However, a reduction in gate length gives rise to short channel effects that can
deteriorate the performance of RF transistors. In order to prevent performance
degradation, additional process steps like lightly doped drain implantation have
been implemented in CMOS technology and carried over to the development of RF
LDMOS transistors [28]. It should also be noted, that there is also a theoretical limit
to device current, independent of channel length and mobility due to channel back-
scattering in highly integrated transistors [29].
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Chapter 5
Modern MOS-Based Power Device
Technologies in Integrated Circuits

The state-of-the-art of semiconductor device technology for LDMOS transistors in
integrated circuits is introduced in this chapter. First, a review on the history of
lateral power transistor development is presented. The evolution of the lateral power
MOSFET is depicted and compared to the bipolar junction transistor. The operation
principle of lateral power MOSFETs is reviewed including forward, reverse and
switching operation. Then, different design concepts that have enabled the break-
through for lateral power MOSFETs are presented: A key element of modern lateral
power MOSFETs is the implementation of the reduced surface field concept in
addition to field plates allowing for a decent trade-off between operation voltage and
power losses. These concepts can be readily implemented in CMOS-based inte-
grated circuits with little additional fabrication effort. Nevertheless, the design has to
be carefully optimized to yield best-in-class performance. In particular, multi-acting
RESURF designs appeal due to lower device losses but fabrication is more difficult.
And the field plate concept offers an additional degree of freedom in the design.
Depending on the circuit topology in which the power transistor is used, high-side
switching capability can be designed in. Finally, stability against avalanche break-
down can be achieved by suitable device design. Similar considerations also hold
true for lateral RF MOSFETs in integrated circuits, where RESURF designs are
combined with ground shields and source sinkers to minimize device resistance and
capacitance. Here, immunity to hot carrier injection and electromigration effects
need to be considered as well. The Figures-of-Merit defined in Chap. 4 will be
reviewed with respect to their applicability to RESURF-based LDMOS transistors.
A comparison of different device technologies establishes an overview regarding the
development of LDMOS transistors in integrated circuits.

5.1 History of Lateral Power Transistor Development

Concerning power semiconductor devices there are two distinct traits based on the
carriers responsible for charge transport that have to be contemplated: On one hand
bipolar devices like bipolar junction transistors and thyristors emerged in the 1950s,
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and on the other hand unipolar devices like lateral and vertical DMOS were
introduced in the 1970s. A timeline related to the milestones in development of
lateral power transistors is given in Fig. 5.1.

Chronologically, the bipolar junction transistors spearheaded the development
of semiconductor industry offering a prospective replacement for vacuum tubes. In
1948, Brattain and Bardeen demonstrated the first solid state amplifier, a point-
contact bipolar transistor on germanium [1] and Shockley provided the theory
behind it [2]. The first silicon transistor on polycrystalline silicon was demonstrated
by Pietenpol and Ohl in 1950 [3]. However, amplification was still poor due to the
high defect density of the available semiconductor material. This started to change
when in 1952 Teal and Buehler grew the first monocrystalline silicon substrate
which exhibited significantly lower defect densities than polysilicon material [4].
So finally, silicon transistors based on monocrystalline silicon came into production
around 1954. The success of silicon technology was also related to the manufac-
turability of stable silicon dioxide layers with low defect densities.

Fig. 5.1 Timeline of important developments towards bipolar and unipolar lateral power
transistors
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In 1959, the work of Hoerni, realizing the first transistor in planar technology,
paved the way for integrated circuit technology as we know it today [5]. Noyce
built his monolithic integrated circuit concept on Hoerni’s planar technology which
he filed as a patent on “Semiconductor device-and-lead structure” the same year [6].

By the inclusion of a lightly doped collector region, bipolar junction transistors
with high operating voltages could be manufactured. In this topology, charge
modulation of the BJT in on-state occurs, effectively flooding the lightly doped
region with a large amount of electrons and holes. This allows for high current
densities at low power losses.

However, the bipolar junction transistor suffers from several drawbacks for
power electronic applications: First of all, charge modulation limits the switching
frequency of BJTs for power electronic applications because during device turn-off
the excess carriers need to be removed (by diffusion or recombination) before a
space-charge region can extend in the device to block the collector–emitter voltage.
Additionally, the charge modulation has to build up when turning on the device by
diffusion of minority charge carriers in the drift region. Both effects result in sig-
nificant dynamic switching losses compared to power devices that rely on unipolar,
i.e. majority carrier based, charge transport.

Next, the BJT is a current controlled device necessitating a rather complex drive
circuit for the base with high continuous drive power compared to MOS gated
devices. This demand results in significant input power losses incurring in ampli-
fying circuits.

Also, the BJT exhibits a negative temperature coefficient of the electrical device
resistance. When the junction temperature of a BJT increases, it will start con-
ducting more current. This in turn, increases the heat dissipation, further increasing
the temperature of the device. If this condition is not well controlled by adequate
cooling, the device gets destroyed by thermal runaway. This effect hampers par-
allelization of multiple BJTs to increase the output power of a power electronic
circuit.

After bipolar transistors were successfully introduced by semiconductor indus-
try, the unipolar transistor launched another wave of innovation for semiconductor
based solutions. The operation principle of a transistor based on the field effect was
discovered by Lilienfeld in 1926 [7], well before theory on BJTs was released.
Based on that, the function of a field effect transistor was described by Heil in 1934
[8]. But at that time, fabrication of such field effect transistors failed due to
insufficient pureness of semiconductor materials. For operation of a surface channel
based device, the interface state density of the semiconductor–oxide interface could
not be properly controlled. Additionally, the gate dielectric did not exhibit sufficient
strength against electric fields due to defects and impurities.

This started to change with advances in silicon growth as previously described
on one hand, and with the thermal oxidation of silicon introduced by Atalla et al. in
1959 on the other hand [9]. So in 1960, Atalla and Kahng succeeded in manu-
facturing the first operating silicon MOSFET [10]. But again, due to the lack of
control over impurities, it took another 15 years until MOSFETs could be routinely
used for electronics [11].
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For power semiconductor devices, further milestones have to be considered. The
first work on DMOS transistors for microwave applications was published by Sigg
in 1972 [12]. And in 1979, the performance of these DMOS transistors towards
power electronic applications were enhanced by the discovery and understanding of
the RESURF-principle by Appels and Vaes using thin epitaxial layers [13]. They
discovered that shallow pn-junctions can exhibit higher lateral breakdown voltages
than deeper junctions with otherwise similar properties. The effects of RESURF-
based drift region parameters on the static properties of LDMOS transistors were
then presented by Colak just 2 years later [14]. The RESURF design uses charge
balancing to locally increase the effective doping concentration, lowering the drift
region resistance without diminishing the breakdown voltage. This technology was
also amended in a junction termination technique called junction termination
extension by Temple in 1977 [15].

The ground shield that leads to a tremendous reduction of transfer capacitance in
LDMOS transistors was first presented by Ishikawa and Esaki in 1987 for VDMOS
transistors operating at 900 MHz [16]. This development was carried over to
manufacture RF LDMOS transistors for operation beyond 1 GHz by Wood et al.
almost 1 decade later [17].

Later on, another leap in device performance was achieved by the introduction of
the superjunction MOSFET by Tihany and Lorenz in 1995 [18] for vertical power
devices. Basically, it resembles a segmented RESURF design with alternating p-
doped and n-doped “pillar” regions. The concept will be discussed in Chap. 6 with
respect to its application in lateral power transistors for its capability of further
reducing drift region resistance.

5.2 LDMOS Transistors for Smart Power ICs

Compared to bipolar transistors, unipolar MOS-based power semiconductor devices
offer the advantage of fast switching and a voltage controlled gate, i.e. the gate drive
circuit is only required to provide enough current to charge and discharge the device
capacitances during switching. Moreover, owing to the positive temperature coef-
ficient of the drift region resistance, parallelization of unipolar power semicon-
ductor devices is possible. A local increase in device temperature results in reduced
local currents, which in turn reduced the local heat dissipation. Consequently,
thermal runaway in MOS transistors does not occur in contrast to BJTs.

With respect to high frequency operation, high switching speeds can be achieved
in smart power ICs, reducing the size of the passive devices of the circuit. The
switching frequency is limited by the parasitic capacitances. These properties come
at a cost. Compared to bipolar devices, higher static power losses occur due to the
limited unipolar current conduction and the lack of charge modulation in the ohmic
drift region [19]. Therefore, improvement of LDMOS transistors in smart-power
ICs is dominated by the reduction of on-state device resistance.
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5.2.1 Low Drift Region Resistance with “Reduced Surface
Field”

Early power semiconductor devices, mainly bipolar junction transistors and diodes,
were fabricated using a lightly doped drift region constituting to a pin-type device.
The requirement of using low doping concentrations (compared to typical drain
doping concentrations) in order to achieve high blocking voltages brought the
drawback of high on-state resistance in unipolar devices. Therefore, device tech-
nologists have been striving to increase the doping concentration of this drift region
without degrading breakdown characteristics. It is for these considerations that the
Reduced Surface Field effect was discovered.

5.2.1.1 Single Acting RESURF Topology

When the first integrated DMOS transistor for microwave applications was repor-
ted, its unexpectedly high breakdown voltage of 300 V could not be explained [12].
Another 7 years later, the principle of vertical charge compensation in lateral power
devices which was named after reduced surface field (RESURF) was experimen-
tally determined and described [13]. Considering the lateral pin-diode structure
shown in Fig. 5.2 which consists of a deep n-well on a lightly p-doped substrate, the
RESURF principle is illustrated.

When a positive potential to the n-contact is applied, a space-charge region
extends from the pn-junction into the n-well. This resembles the blocking operation
of the pin-diode. The electric field distributions at the surface of the device and at

Fig. 5.2 Lateral pin-diode with deep n-well: structure and electric fields at avalanche breakdown
—space charge region and electric field lines are simplified
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the lateral n-well/p-substrate junction are also schematically depicted in Fig. 5.2.
Due to the higher doping concentration of the n-well compared to the p-substrate,
the space charge regions extends further in the p-substrate than in the n-well. The
highest electric field develops at the vertical p+/n-well junction. Only a low
breakdown voltage—based on the doping concentration of the n-well can be
applied to this pin-structure, and avalanche breakdown initiates near the surface of
the device. This effect is particularly enhanced because surface states (interface
states, fixed oxide charges) may locally increase the electric field at the device
surface [20].

Note that the lateral n-well/p-substrate junction by itself can provide a higher
breakdown voltage than the vertical p+/n-well junction due to the lower doping
concentration of the p-substrate. By reducing the thickness of the n-well sufficiently
(see Fig. 5.3), an influence of this shallow lateral n-well/p-substrate junction on
breakdown voltage becomes imminent.

Now, the n-well is fully depleted of free charge carriers by the lateral n-well/p-
substrate junction before the critical electric field develops across the vertical p+/n-
well junction. In fact, a more or less constant lateral electric field develops at the
device surface which is much lower than for the thick n-well (hence the name
RESURF). Now, the breakdown voltage is entirely determined by the lateral
junction within the semiconductor material away from its surface. Avalanche
breakdown will be initiated at the cylindrical corner of this junction where electric
field crowding occurs. The inevitable peaks in the lateral electric field depicted in
Fig. 5.3 originate from the presence of the n+- and p+-regions that result in a
localized lateral charge removal at the edges of the drift region [21].

Fig. 5.3 Lateral pin-diode with shallow n-well and similar doping concentration as in Fig. 5.2:
structure and electric fields at avalanche breakdown—space charge region and electric field lines
are simplified
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In summary, the RESURF principle relies on the removal of all free charge
carriers by the extension of the lateral pn-junction before the vertical pn-junction
goes into avalanche conditions. The doping concentration of the n-well can be
increased independent of the breakdown voltage as long as all charges can be
removed by the lateral junction. Since a high doping concentration results in a
smaller space-charge region at a given voltage, a higher doping concentration
necessitates the fabrication of a thinner layer. In order to investigate the impact of
the RESURF design on on-state resistance, the dependence on the design param-
eters are reviewed next. For an n-doped RESURF region with homogeneous doping
concentration Nn-well with depth dn-well, any space charge extending across a pn-
junction gives rise to an electric field according to Poisson’s equation:

Q ¼ e0erEmax �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Np�sub

Np�sub þ Nn�well

s
¼ qNn�welldn�well: ð5:1Þ

This equation yields a value for the product of doping concentration of the n-
well and its depth (the RESURF dose) that must be present in the n-well region [21]:

Nn�welldn�well ¼ e0erEmax

q
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Np�sub

Np�sub þ Nn�well
:

s
ð5:2Þ

To prevent the electric field from reaching the critical value for avalanche
breakdown at the pn-junction, this charge must be limited. Using silicon processing
technology, i.e. ion implantation, the n-well region will be at least equal if not more
highly doped than the p-substrate for reliable device fabrication. That dictates that
the RESURF dose must be below

Nn�welldn�well � e0erEmax

q
� 1
2

ffiffiffi
2

p
ð5:3Þ

in order to prevent premature device breakdown [22]. As a rule of thumb for silicon,
the RESURF dose is typically in the range of 1 × 1012/cm2 [21]. Regarding the
application of this dose, a Gaussian distribution of this charge within the vertical
direction of the n-well as it is achieved by ion implantation and subsequent dif-
fusion yields a good approximation of a uniformly doped region. Therefore, this
value constitutes to an implantation dose typically used in silicon devices to fab-
ricate RESURF regions and junction termination extensions. Depending on the
interface state density and fixed oxide charges at the surface of the semiconductor,
the value may differ between different fabrication technologies. Basically, a wide
range of doping concentrations and n-well depths would be possible. Following the
relation in (5.3), this is shown in Fig. 5.4 along with a technologically relevant
process window.

Significant deviation from this dose will result in significant reduction of the
breakdown voltage. This is true, in particular, if the RESURF dose is too high.
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Then, the n-well cannot be fully depleted vertically before the lateral electric field
reaches the critical value for avalanche breakdown. Consequently, the RESURF
region acts as a drain extension at the surface of the semiconductor with a small
curvature at the channel side. For too low a dose, the vertical electric field becomes
limited by the smaller amount of charges in the n-well. Moreover, a pronounced
electric field peak arises at the n+-contact region [13]. Finally, the p-substrate/n-well
junction can be subject of a premature breakdown if the substrate doping con-
centration is too low. These effects also limit the breakdown voltage. When
modelling the effect of the RESURF region, the gate field plate and the cylindrical
curvature of the p-body have to be considered. O’Neil and Alonas [23] derived an
analytical model to account for these effects in LDMOS transistors without RE-
SURF design. Based on that work, an analytical approach to the optimization of
RESURF LDMOS transistors has been presented by Parpia and Salama [24] in
1990. The impact of the RESURF dose on the breakdown voltage of the RESURF
design can be estimated without 2D TCAD simulations as presented in Fig. 5.5.

From Fig. 5.6 it is apparent that this lateral pin-structure is the fundamental
structure of planar LDMOS devices where the n-well of the underlying pin-diode
acts as the drift region.

Therefore, RESURF designs can be directly applied to these devices. In turn, this
allows for a significant reduction of the drift region resistance because a higher
doping concentration for the drift region can be used. From the approximation of
drift region resistance

Fig. 5.4 Doping concentration and depth of the RESURF region satisfying the RESURF
condition
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Rdrift;RESURF ¼ 1
qln;driftNdrift;RESURF

� Ldrift
ddrift �WDrift

; ð5:4Þ

Fig. 5.5 Breakdown voltage depending on thickness of the RESURF region

Fig. 5.6 Junction-isolated LDMOS device with RESURF design and gate field plate
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and using (5.1) and (5.3) for a manufacturable RESURF design in modern CMOS
technology results in an expression which only depends on design properties of the
device and material constants of the semiconductor material.

Rdrift;RESURF � 1
ln;drifte0erEcrit

�
ffiffiffi
2

p
� Ldrift
WDrift

ð5:5Þ

The depth of the RESURF-based drift region is determined by the doping
concentration and the material dependent physical parameters. Calculating the area
independent drift region resistance from (5.5) expanding by

A ¼ LDrift �WDrift; ð5:6Þ

and including the approximation of a constant lateral electric field in the drift region.

Ldrift ¼ BV
Ecrit

; ð5:7Þ

yields a purely material dependent relationship between the drift region resistance
and the breakdown voltage:

Rdrift;RESURF � A� 1
ln;drifte0erE

3
crit

�
ffiffiffi
2

p
� BV2: ð5:8Þ

Using Fulop’s approximation for avalanche breakdown in silicon [25], the
relationship between breakdown voltage and critical electrical field is given by

Ecrit;Si

Vcm�1 ¼ 7:95 � 105 � BV
V

� ��1
6

: ð5:9Þ

Hence, the area-specific drift region resistance limit of a RESURF-LDMOS
transistor in CMOS technology yields

Rdrift;RESURF � A
X cm2 � 2:03 � 10�9 � BV

V

� �2:5

: ð5:10Þ

The theoretical limit of drift region resistance versus breakdown voltage from
(5.10), (4.16) and (4.25) are depicted in Fig. 5.7.

With an optimum choice of the doping concentrations and for breakdown
voltages above 50 V, this constitutes to a significant improvement over the RDS,on

versus BV Figure-of-Merit for the pin-type drift region as presented in Chap. 4.
Conversely, a RESURF design for a targeted breakdown voltage below 30 V will
result in a higher drift region resistance than for an extended-drain LDMOS.

Here, drift region resistance does not depend on the depth of the RESURF region
which is inherently linked to the doping concentration by (5.1). This is also in
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contrast to the lateral 1D silicon limit as deduced in Chap. 4, endowing the Figure-
of-Merit for RESURF-based LDMOS transistors with a universal validity across all
single RESURF designs that only depends on the desired blocking voltage.

Regarding the considerations of static power losses discussed in Chap. 4 for
LDMOS transistors utilizing pin-type drift region designs in switch-mode power
supplies, a relationship between power losses and breakdown voltage can be
derived similar to (4.31). For the RESURF-based LDMOS transistors, it holds that

Ploss;on ¼ 2:03 � 10�9 � BV
V

� �2:5

� P2
trans

k2s � BV2 � A � d2 �BV
1
2: ð5:11Þ

Therefore, it is desirable to increase the breakdown voltage to reduce static
power losses for a given power density. The benefit of reducing the current density
in the transistor is more beneficial than the increase in device resistance due to a
high operating voltage.

5.2.1.2 Multi-acting RESURF Designs

To further improve the RDS,on versus BV Figure-of-Merit, multi-acting RESURF
designs have been introduced. Such designs facilitate additional p-doped regions
within the semiconductor to deplete the drift region from different areas. A decent
summary of different RESURF topologies is given by Ludikhuize [21]. The
topology of a double-acting RESURF design is presented in Fig. 5.8.

Here, the drift region is not only depleted from the substrate, but an additional p-
region situated directly below the field oxide also depletes the drift region from
above. Again, careful choice of the doping concentrations allows for an effective

Fig. 5.7 Trade-off between drift region resistance and breakdown voltage in single-acting
RESURF-based LDMOS transistor
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doubling of the RESURF dose in the drift region according to the relationship of the
RESURF dose of the double-acting RESURF [22].

Ndriftddrift ¼ e0erEmax

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nn�well

Np�top þ Nn�well

s
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Np�sub � Nn�well

Np�top � Np�sub þ Nn�well

� �
s !

:

ð5:12Þ

Again, setting an upper boundary for the RESURF dose from a process technology
point of view dictates that

Np�top �Nn�well �Np�sub ð5:13Þ

Consequently, the relationship between drift region resistance and breakdown
voltage that can be achieved using a double-acting RESURF becomes

Rdrift;D�RESURF � A
X cm2 � 1

qln;drifte0erE
3
crit

�
ffiffiffi
2

p

2
� BV2 ¼ 1:02 � 10�9 � BV

V

� �2:5

: ð5:14Þ

Basically, this topology can be extended to an even larger degree of multi-level
RESURF integration (e.g. [26]), but device processing becomes more complex and
expensive. In the context of LDMOS devices in integrated circuits for operation

Fig. 5.8 LDMOS device with double-acting RESURF design, adopted from [26]
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voltages below 100 V, this is typically not feasible. The reason can be deduced
from Fig. 5.9 which represents the trade-off between total device resistance and
breakdown voltage for different CMOS-compatible LDMOS device designs, and
considers standard non-isolated LDMOS transistors from the foundry processes
listed in Table 5.1.

Again, it is evident from the strong deviation of the RESURF limit line that the
drift region resistance does not significantly contribute to the total device resistance
for devices with breakdown voltages well below 100 V. Here, the channel resis-
tance becomes the dominating resistance distribution. The impact of channel

Fig. 5.9 Comparison between total device resistance and breakdown voltage for different
LDMOS transistor technologies in commercially available smart-power ICs—theoretical 1D and
RESURF limits for drift region resistance in silicon are given for comparison, data from sources
given in Table 5.1

Table 5.1 Standard CMOS- and BiCMOS-based foundry processes with integrated LDMOS
transistors reported in literature

Company Type Technology node in nm Source

TSMC BCD 250 [27]

Texas Instruments BCD 250 [28]

ST Micro BCD 180 [32]

Infineon BCD 130 [34]

MagnaChip BCD 180 [35]

Toshiba BCD /HV-CMOS 130 [33]

DongBu BCD /HV-CMOS 180 [36, 37, 38]

X-FAB HV-CMOS 180/350 [29, 30]

IBM/AMS HV-CMOS 180 [31]

ON Semi (AMI Semi) HV-CMOS 350 [39]

Jazz Semi HV-CMOS 180 [40]

Motorola HV-CMOS 250 [41]
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resistance will be reviewed in Chap. 7 in detail. Additionally, current crowding at
the individual current paths through the drift region becomes more severe with each
additional p-region situated in the drift region. The data shown in Fig. 5.9 will be
used through the textbook to compare the research results on novel device concepts
to the state-of-the-art RESURF LDMOS transistors.

5.2.2 Quasi-vertical Power Devices and Deep Trench
Isolation in Integrated Circuits

A higher current density in integrated power transistors can also be achieved using
quasi-vertical device structures, i.e. the application of a vertical drift region and
collection of the drain current at the bottom of the device in a highly doped
redistribution layer from where it can flow along a n+-sinker back to the surface of
the semiconductor. These sinkers are fabricated using deep trench technology [39].
This concept is also widely used for bipolar power transistors in bipolar and
BiCMOS technologies. For quasi-vertical LDMOS devices trench pattern tech-
nologies are enabling new designs, and the combination of trench gates and quasi-
vertical transistors will be discussed in Chap. 7. Deep trench technology is also
combined with planar LDMOS topology as an isolation technology to increase
capability under high side operation and to reduce leakage currents [42].

5.2.3 Field Plates

Another technique that is necessary for formidable device performance of LDMOS
transistors (particularly at operating voltages beyond 30 V when the device is
operated in the linear region) is the incorporation of field plates. Looking at a
LDMOS design without field plate as shown in Fig. 5.10, a high electric field at the
drain side of the channel is observed.

Fig. 5.10 Electric field
distribution in a simplified
LDMOS transistor cell
without field plate
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Operating this transistor can result in hot carrier injection (electrons) into the
drain sided portion of the gate dielectric, causing threshold voltage shift and local
degradation of the dielectric over time [43]. In the worst case, the transistor deviates
from its initial parameters beyond the scope of the specification. In order to limit the
electric field at the drain side of the channel region, a field plate can be introduced
above the field oxide of the drift region adjacent to the channel region (see
Fig. 5.11).

Depending on the bias of the field plate, the electric field at the drain-side of the
channel region can be intensified or repelled. In order to protect the channel region
from high electric fields, a bias negative compared to the bias at the drain side of the
channel region must be imposed.

Moreover, the field plate is also capable of shielding the RESURF region from
the overlying dielectric layers, passivation layers and mold compounds [43]. All
these layers are potential sources of additional charges which could deteriorate the
RESURF design [44, 45].

Conveniently, a gate voltage of 0 V is usually applied to LDMOS transistors in
off-state. If switching for RF applications is not required, an established method of
applying said bias to the field plate is to connect the field plate with the gate
electrode to form a gate field plate as depicted in Fig. 5.12.

The gate field plate can be easily realized by extending the polysilicon of the
gate electrode itself to the desired length of the field plate, which also does not
require additional fabrication effort. The bias on the field plate is then linked to the
semiconductor region below the field oxide and injection of channel electrons as hot
carriers into the dielectric is minimized. However, the gate field plate leads to an
increase in gate–drain capacitance due to the large gate–drain overlap across the
field oxide:

Fig. 5.11 Electrostatic potential distribution near channel region of a simplified LDMOS
transistor cell with a field plate located on the field oxide next to the channel region with field plate
potential tied to a substrate (i.e. drain potential of LDMOS) and b body region (i.e. source
potential of LDMOS)
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Cgd;fp ¼ 2Lfp
Lcell

CfoxCSub;drift

Cfox þ CSub;drift

� �
ð5:15Þ

with

Cfox ¼ e0er
dfox

ð5:16Þ

With the definitions of LDMOS device capacitances introduced in Chap. 4, the
gate–source, gate–drain and drain–source capacitances for an LDMOS transistor
with a gate field plate are as follows:

Cgs ¼ Cgs;o þ Cgb;o ð5:17Þ

Cgd ¼ Cgd;o þ Cgd;fp ð5:18Þ

Cds ¼ Cds;scr ð5:19Þ

Note that injection of hot carriers is typically not severe in LDMOS transistors
for power electronics because these transistors are operated in linear operation
mode at low drain–source voltages. Under this condition, the carriers cannot obtain
enough energy to become “hot”. During switching operation, however, high
drain–source voltages occur, and HCI cannot be neglected in general.

5.2.4 High-Side Switching Capability

In order to fabricate LDMOS transistors in integrated circuits for switch-mode cir-
cuits using half- or full-bridge topologies, some of the transistors must be isolated
from the substrate. The p-doped substrate usually comprises the most negative
operating potential of the circuit. The design shown in Fig. 5.12 includes a junction

Fig. 5.12 Electric field distribution in a junction isolated LDMOS transistor with a field plate that
is tied to the gate electrode under blocking condition
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isolation of the substrate by implementing a pn-junction between the drain and the
substrate, i.e. isolating the n-drift region. When a high drain voltage is applied, a
space-charge region extends from substrate to the n-well as depicted in Fig. 5.13.

Here, the drain electrode can be safely biased to the supply voltage of the circuit
while the source potential can float anywhere between the supply voltage and the
voltage of the substrate.

5.2.5 Implementation of RESURF-Based Technologies
in Smart Power IC Processing Technologies

Several device concepts based on multiple RESURF and optimization of the gate
field plate design has been reported over the last decades. The electrical properties
from these works relevant for power electronic applications are given in Table 5.2
for fabricated devices and in Table 5.3 for simulation studies.

This data represents some of the major work that has been carried out on the
development of RESURF-based LDMOS transistors over the last 2 decades. A direct
comparison between different designs is difficult because there are no standardized
operating voltages across different foundries. Each company provides an individual
maximum voltage rating for its LDMOS transistors. In an effort to compare different
transistor designs, the breakdown voltage has to be considered. However, it should be
noted that the breakdown voltages of different LDMOS transistors rated for the same
maximum operating voltage may be different due to restrictions arising from other
reliability limiting effects, e.g. hot carrier injection or Kirk effects.

These RESURF-based technologies have been widely augmented in commercial
smart power IC technologies as is conceivable from Fig. 5.14.

Fig. 5.13 Electric field distribution and space charge region in LDMOS transistor with junction
isolation to substrate at on-state when operated as a high-side switch; simplified drawing where p-
substrate/n-well junction is highlighted
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5.3 LDMOS Transistors for Radio-Frequency Applications

For RF amplifiers, high operating frequencies, gain and linearity are desired. The
RF LDMOS transistors discussed in this chapter excel over silicon bipolar tran-
sistors in monolithic microwave integrated circuits (MMICs) for RF applications.

Table 5.2 Breakdown voltage, on-state resistance and gate charge measured from fabricated
LDMOS transistors using RESURF design reported in literature

BV (V) RDS,on (Ω mm2) Qgd (nC/mm2) Device type Substrate Source

740 20 – Double-RESURF Silicon [43]

750 19 – Double-RESURF Silicon [46]

800 16 – Triple-RESURF Silicon [47]

400 4 – Triple-RESURF Silicon [47]

190 0.5 – Double-RESURF SIO [48]

35 0.27 – Single-RESURF Silicon [49]

700 20 – Single-RESURF Silicon [49]

1100 48 – Single-RESURF Silicon [49]

28 0.0177 – Single RESURF Silicon [50]

28 0.0187 – EDMOS Silicon [50]

35.2 0.0429 40 EDMOS Silicon [51]

47 0.028 – FRESURF Silicon [52]

62 0.038 – FRESURF Silicon [52]

93 0.082 – FRESURF Silicon [52]

33 0.025 – EDMOS Silicon [53]

38 0.0225 – EDMOS Silicon [40]

25 0.025 – ISO EDMOS Silicon [40]

22 0.0396 0.308 RESURF + Sinker Silicon [54]

36 0.077 0.174 RESURF + Sinker Silicon [54]

100 0.18 – RESURF Silicon [55]

55 0.05 – RESURF Silicon [56]

97 0.2 – RESURF Silicon [57]

28 0.024 – RESURF Silicon [58]

Table 5.3 Breakdown voltage, on-state resistance and gate charge from simulated LDMOS
transistors implementing RESURF topology reported in literature

BV (V) RDS,on (Ω mm2) Qgd (nC/mm2) Device type Substrate Source

800 28 – Double-RESURF Silicon [59]

83 0.21 – Single-RESURF SOI [60]

91 0.145 0.882 Double-RESURF Silicon [61]

153 0.45 1.51 RESURF SOI [62]

48.1 0.08 0.377 Multi-Gate SOI [63]

29.6 0.13 1.006 Single-Gate SOI [63]
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Switching frequency in LDMOS transistors is limited by device capacitances, and
the key effort in improving RF performance is to minimize these capacitances.
Additionally, a reduction of device resistance increases the efficiency of these
devices. Beside the reduction in feature size following More-Moore integration,
additional concepts have been implemented to increase device performance.

5.3.1 Source Sinker

In order to minimize the source impedance for high frequency operation—see
(4.54)—a low ohmic source sinker has been introduced for stand-alone RF
LDMOS transistors and those integrated into MMICs. The cross-section of an RF
LDMOS transistor with a p+-sinker is illustrated in Fig. 5.15.

Hereby, the source at the surface of the planar LDMOS device can be connected
to the backside of the semiconductor. This offers the advantage of mounting the
device backside to the circuit board eliminating the source impedance typically
encountered when bond wiring is used to assemble lateral devices. Fabrication of
the p+-sinker is routinely performed by ion implantation and a long diffusion
process. Due to the high thermal budget, this process step is usually performed
before any other doping processes [17].

5.3.2 Ground Shield

Performance of LDMOS transistors for radio-frequency operation can be enhanced
by the minimization of the gate–drain capacitance as demonstrated in Chap. 4. The

Fig. 5.14 Comparison of LDMOS developments based on multiple RESURF, drain-extension and
gate field plate optimizations with state-of-the-art device properties, data from Tables 5.2 and 5.3
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impact of capacitances in (4.52) dictates that the transition frequency (and the gain-
bandwidth product of the amplifier circuit) can be increased, when part of the
gate–drain capacitance is “converted” to a gate–source capacitance. This can be
achieved by amending the field plate technique from Fig. 5.12. Instead of tying the
field plate to gate potential, where it contributes to the gate–drain capacitance, the
field plate is tied to source potential as illustrated in Fig. 5.16 forming a source field
plate, faraday shield or ground shield.

Under this stipulation, the capacitance between the field plate and the drift region
is charged by the drain and source electrodes and the gate is shielded (hence the
name ground shield). Also, considering the gate–field plate capacitance Cgfp and the
drain–field plate capacitance Cdfp, the device capacitances can be estimated using
the considerations from Chap. 4.

Cgs ¼ Cgs0 þ Cgb0 þ Cgfp: ð5:20Þ

Cgd ¼ Cgd0 þ Cgfp � Cdfp

Cgfp þ Cdfp
: ð5:21Þ

Cds ¼ Cds0 þ Cdfp: ð5:22Þ

While the gate–source and drain–source capacitances increase due to the pres-
ence of the source field plate, the gate–drain capacitance can be minimized. Here,
the largest portion of the drain voltage is coupled to the gate across the series
combination of Cgfp and Cdfp, i.e. across the source field plate.

Fig. 5.15 RF LDMOS transistor with source field plate and p+-sinker
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Given that the field plate remains negatively biased compared to the drain
voltage, the channel region remains shielded from the high electric fields in the drift
region. Therefore, injection of hot carriers into the gate dielectric can also be
minimized. This is of particular interest for RF LDMOS transistors where operating
in saturation (at high drain–source voltages) is common-place, and a significant
reduction of gate–drain capacitance by tying the field plate to source potential was
demonstrated [64]. In contrast to the polysilicon field plate, fabrication of the
ground shield requires additional processing effort in the interconnection layers.

5.3.3 Design Considerations for RF Transistors in Integrated
Circuits

With continuous reduction of feature size in highly integrated BiCMOS and CMOS
technologies, the device capacitances have become very small. This has led to
integration of RF LDMOS transistors into application specific ICs. With the
gate–drain-capacitance being the most limiting parasitic, the concept of the ground
field plate has been incorporated into these designs. The source sinker, however, is
not requires as the source of the RF transistors is directly connected to the adjacent
circuitry on-chip, and inductance for RF applications can be neglected. The per-
formance of different RF LDMOS transistors integrated into CMOS and BiCMOS
processes are summarized in Table 5.4 and maximum oscillation frequency for
different breakdown voltages are displayed in Fig. 5.17.

Fig. 5.16 Parasitic device capacitances in an LDMOS transistor with a field plate that is tied to
source potential
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These results will be used as a benchmark for RF LDMOS transistors imple-
mented using the novel device concepts described throughout the rest of this
textbook.

Table 5.4 Breakdown voltage, cut-off and maximum oscillation frequencies for RF transistors
using extended drain (EDMOS) or RESURF (LDMOS) topologies reported in literature

BV (V) fT (GHz) fmax (GHz) Device type Substrate Source

18 – 30 RF EDMOS Silicon [40]

25 – 18 RF EDMOS Silicon [40]

65 – 1.2 RF LDMOS Silicon [65]

27 21 55 RF EDMOS Silicon [66]

14.8 15.2 25.1 RF EDMOS SOI [67]

20 25 55 RF EDMOS Silicon [68]

24 24 53 RF EDMOS Silicon [69]

16.5 22 29 RF EDMOS Silicon [70]

16.5 25 40 RF EDMOS Silicon [71]

13.5 21.2 39.3 RF EDMOS Silicon [72]

15.5 31 47 RF LDMOS Silicon [73]

15 30 52 RF EDMOS Silicon [74]

26.5 17 43 RF EDMOS Silicon [74]

60 15 38 RF LDMOS Silicon [75]

Fig. 5.17 Breakdown voltage versus maximum oscillation frequency for RF LDMOS transistors
integrated into (Bi)CMOS technology, data from Table 5.4
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5.3.4 LDMOS Transistors in Silicon-on-Insulator
Technology

In order to improve device performance of CMOS circuits for low voltage, low
power and high frequency applications, silicon-on-insulator (SOI) technology has
been introduced [76]. An extensive summary dedicated to fabrication technologies
for SOI wafers is given by Celler [77]. Dielectric isolation for integrated circuits is
employed instead of junction isolation. Thereby, the capacitances between the
individual devices and the substrate and leakage currents can be reduced. Moreover,
parasitic bipolar transistors are avoided and latch-up effects which can limit
switching operating are prevented. The dielectric isolation also incurs less leakage
current than junction isolation.

In dielectric isolated SOI devices, the bottom oxide acts as a lightly doped p-
substrate for the n-doped drift region. It has been described by Merchant et al. [78]
that very thin silicon layers on insulating substrates can be used to achieve very
high breakdown voltages similar to the RESURF concept in junction-isolated
LDMOS transistors. LDMOS transistors with breakdown voltage of 860 V were
readily demonstrated [79]. These investigations were augmented by the develop-
ment of analytical models to predict breakdown voltage of SOI-based power
devices towards thinner silicon layers [80].

Subsequently, the field-plate and the RESURF concepts developed on junction-
isolated LDMOS transistors were also carried over to SOI LDMOS transistors. In
Fig. 5.18 the cross-section of a state-of-the-art LDMOS transistor is illustrated.

RF transistors fabricated on SOI using a 0.5 µm CMOS process were reported
achieving maximum oscillation frequency of 25.1 GHz at a breakdown voltage of
14.8 V [67].

Fig. 5.18 Implementation of dielectrically isolated RF LDMOS with deep trench isolation (DTI)
and shallow trench isolation (STI)
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5.4 State-of-the-Art in Smart-Power IC and RF Amplifier
Technologies

The invention of the DMOS transistor has led to a deployment of CMOS-based
technology towards devices for high power applications. The introduction of the
RESURF design constituted to a significant improvement in device performance
over transistor designs with homogeneously doped drift regions. From there, silicon
power devices were developed along two separate roads. High voltage devices are
particularly desirable for energy conversion circuits, and the incorporation of gate
field plates and the RESURF design were cornerstones for their success. High
linearity and low device capacitances are imperative requirements for RF amplifiers
in wireless broadcast applications with high data rates, and the implementation of
source field plates enabled this. The RF LDMOS paved the way to high power RF
solutions on silicon. The evolution of these two distinct device technologies (HV
LDMOS and RF LDMOS paved the way to high power RF solutions on silicon.
The evolution of these two distinct device technologies (HV LDMOS and RF
LDMOS) is depicted in Fig. 5.19.

Smart-power ICs have evolved for high power densities at lower switching
frequencies, whereas integrated RF amplifiers are characterized by high switching
frequencies and lower power densities. Figure 5.19 will be used as a reference in
Chap. 10 to depict the potential development of smart-power ICs and RF amplifiers
based on the technologies and topologies reviewed in Chaps. 6–9.

Fig. 5.19 Development of CMOS-based devices for smart-power and integrated RF amplifiers
representing the state-of-the-art in silicon
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Chapter 6
Lateral Power Transistors with Charge
Compensation Patterns

Among the promising candidates for future LDMOS devices is the charge com-
pensated LDMOS transistor which is focused on in this chapter. Charge compen-
sation patterns have been successfully introduced in vertical superjunction
MOSFETs [1]. A transfer of this topology to lateral power MOSFETs appears
intriguing due to the reduction of drift resistance further beyond the one-dimen-
sional silicon limit. Using a unit cell for lateral power MOSFETs, the charge
compensation patterns are presented and their operation principle is explained.
Then, different device designs for LDMOS transistors employing these charge-
compensated drift regions are presented. The evaluation of electrical properties for
these charge compensated LDMOS transistors yields low static power losses and
reduced switching losses. The feasibility of integration of charge compensation
patterns into smart-power ICs is evaluated considering the process technology
required for formation of these patterns.

6.1 Concept of Charge Compensation Patterns
for Superjunction Devices

In order to overcome the limitation of drift region resistance in lateral power
transistors with a uniform doping concentration, the RESURF design has been
successfully introduced as discussed in Chap. 5. The RESURF is based on the full
depletion of the charge carriers in the n-doped drift region.

A further reduction of the drift region resistance in lateral power transistors has
been previously demonstrated by the application of charge compensation patterns
which are also referred to as superjunction or 3D-RESURF [2]. The fundamental
unit cell design for a lateral charge compensation pattern which is suitable for
integration into LDMOS transistors is depicted in Fig. 6.1.

Using a lateral charge compensation pattern, the conventional n-doped drift
region is intersected by p-doped regions. Due to the similarity to vertical super-
junction transistors, the active regions of the charge compensation patterns are also
referred to as p- and n-pillars. By the incorporation of these pillars, the charges in
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the drift region are not only compensated by the charges below the drift region as in
a conventional RESURF design, but mainly laterally between the neighboring p-
and n-pillars. This allows for the incorporation of a higher doping concentration in
the n-drift region and further reduces the drift region resistance. This concept relies
on the compensation of all charges in the n-drift pillars by the charges in the
adjacent p-pillars at a blocking voltage well below the breakdown voltage. The
voltage where the pillars are fully depleted is referred to as pinch-off voltage.
Subsequently, a space charge region is formed across the full length of the drift
region before a critical electric field develops from drain to source as shown in
Fig. 6.2.

Fig. 6.1 Unit cell of a charge compensation pattern for lateral power devices (for simplicity only
the semiconductor region is shown)

Fig. 6.2 Extension of space charge regions and electric field distribution in a unit cell of a charge
compensation pattern below (left side) and above (right side) pinch-off voltage
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The electric field distributions for a sound charge compensation pattern indicates
that the electric field between the neighboring p- and n-pillars increases and
decreases linearly (for a constant doping concentration) because the compensation
takes place at low blocking voltages. As the pinch-off voltage is reached, all the
mobile charges in the space charge region have been removed and a continuous
space charge region has developed. A further increase of the drain-source voltage
will result in the increase of the space charge region into the p+ and n+-regions at
the boundaries to the charge compensation patterns. Since no more corresponding
charges are available within the drift region, the electric field lines are not affected
in the drift region due to the lack of counter-charges and a nearly constant electric
field between drain and source develops. In a uniformly doped drift region, in
contrast, an electric field in excess of the critical value would have developed for
such a high doping concentration resulting in avalanche breakdown. Using a charge
compensation pattern, the electric field between drain and source will remain below
its critical value despite a high doping concentration in the drift region for voltages
well above the breakdown voltage of a plane-parallel pn-junction. Note that the
vertical electric field is kept below a critical value by using a lightly doped p-doped
substrate or n-buffer layer—depending on the device design [3]. More sophisticated
designs even rely on a dielectric layer (silicon-on-insulator material) or an insu-
lating semiconductor like sapphire for electric insulation in vertical direction [2, 4].

The charge compensation patterns only act on the drift region resistance making
this approach particularly feasible for devices designed for operation voltages
beyond 50 V. The benefit of these superjunction cells on the on-state resistance is
discussed next. Particularly, the impact of breakdown voltage is reviewed.

Regarding the benefits of charge compensation patterns in power semiconductor
devices, the minimum area-specific drift region resistance of vertical superjunction
MOSFETs, which has been previously derived [5], should be considered first for
further discussion:

Rdrift;SJ�VDMOS � A
Xcm2 ¼ 1:98� 10�1 � d=cmð Þ5=4� BV

V

� �
: ð6:1Þ

In vertical devices, the dependence of the drift region resistance on breakdown
voltage is less pronounced than for homogeneously doped drift regions or com-
pared to lateral power transistors with RESURF design. This incorporation of
vertical charge compensation patterns allows for a significant reduction of drift
region resistance compared to a homogeneously doped drift region in vertical
power transistors for 600 and 900 V applications.

Following a similar approach, the optimum drift region resistance of lateral charge
compensation patterns can be estimated analytically for a design with equidistant p-
and n-pillars of width Wn and Wp (equal to half-cell width WSJ) of identical doping
concentrations Ndrift and NA, respectively. The resistance of the charge compensation
patterns in the drift region shown in Fig. 6.1 can be expressed as
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Rdrift;CCP ¼ 2
qln;driftNdrift;CCP

� Ldrift
ddrift � ðWn þWpÞ ; ð6:2Þ

which is twice as high as in the case of a (continuous) RESURF-based drift region
given by (5.4). This is due to the p-pillars in the charge compensation patterns
which cannot conduct the electron current in on-state condition. The impact of the
space-charge region at the junction of adjacent p- and n-pillars on the drift region
resistance in (6.2) has been neglected. This is valid as long as the high doping
concentrations of the p- and n-pillars at low voltages in forward conduction results
in a small space-charge region compared to the width of the pillars. Taking the area
of the drift region into account, the area-specific drift region resistance is

Rdrift;CCP � A ¼ 2
qln;driftNdrift;CCP

� L
2
drift

ddrift
: ð6:3Þ

The vector of the electric field inside these charge compensation patterns con-
sists of a component perpendicular to the p- and n-pillars Ex—where the electric
field increases and decreases—and a component parallel to these pillars Ey—where
a nearly constant electric field occurs between drain and source. Neglecting the
vertical electric field, the absolute value of the critical electric field Ecrit across the
charge compensation pattern at the onset of avalanche breakdown is determined by

Ecrit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
x;max þ E2

y;bd

q
: ð6:4Þ

Avalanche breakdown is triggered by the increase of the parallel electric field
component Ey,bd at a corresponding perpendicular electric field Ex,max at the pn-
junctions of the charge compensation patterns. The orthogonal electric field com-
ponent is governed by the formula for a pn-junction with a maximum value of

Ex;max ¼ qNoptWSJ

2e0er
¼ aEcrit: ð6:5Þ

Introducing the scalar α as the portion of the electric field perpendicular to the pillars
as defined in (6.5) leads to the electric field parallel to the pn-junctions at breakdown

Ey;bd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� a2

p
Ecrit: ð6:6Þ

For a feasible charge compensation design, the breakdown voltage can be
approximates as

BV � Ey;bdL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� a2

p
EcritL: ð6:7Þ
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Combination of the previously derived equations yields an area-specific drift
region resistance of

Rdrift;CCP � A ¼ 1
ln;drifte0eSiaEcrit

� L
2
drift �WSJ

ddrift

¼ 1
ln;drifte0era 1� a2ð ÞE3

crit
� WSJ

ddrift
� BV2

: ð6:8Þ

For an optimized charge compensation pattern which is much longer than deep,
(6.8) becomes minimal at

a ¼ Ex;max

Ecrit
¼ 1

3

ffiffiffi
3

p
� 0:577: ð6:9Þ

Using Fulop’s approximation for the avalanche breakdown in silicon, the fol-
lowing relationship between the critical electric field and the breakdown voltage can
be established for the optimum doping concentration (6.5):

Ecrit;Si

Vcm�1 ¼ 7:95 � 105 � BV
V

� ��1
6

: ð6:10Þ

For silicon, the area-specific drift region resistance of a charge compensation
pattern can thus be approximated to be

Rdrift;CCP;Si � A
Xcm2 ¼ 4:52 � 10�9 � WSJ

ddrift
� BV

V

� �2:5

� ð6:11Þ

Note that an exact analytical calculation of the optimum drift region resistance of
the charge compensation patterns is neither feasible nor necessary for the discussion
in the scope of this textbook due to depletion effects and current spreading from the
channel into the drift region. Instead, this drift region resistance should be under-
stood as a measure to compare this concept to state-of-the-art solutions. In Fig. 6.3,
the further reduction of drift region resistance compared to the homogeneous
doping discussed in Chap. 4 using (4.16) and (4.25) and the RESURF designs
introduced in Chap. 5 using (5.10) are depicted.

The superjunction design does not yield an intrinsic advantage over the RE-
SURF design in lateral power transistors. In fact, the dependence of the drift region
resistance on the breakdown voltage to the power of 2.5 is similar for both designs.
In contrast to the RESURF design, the drift region resistance of the charge com-
pensation patterns can be affected by additional geometric parameters, namely the
depth and the width of the charge compensation regions. For drift region resistance
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of superjunction patterns to become significantly lower compared to the RESURF
design, a ratio between the width of the pillars and their depths of less than 0.2 is
desirable, i.e. the pillars should be 5 times deeper than wide. For very densely
packed pillar structures, a high doping concentration can be used. An empirical
relation between the optimum doping concentration and the pillar width has been
deduced for vertical superjunction MOSFETs.

Nopt;theo

cm�3 ¼ 1:2 � 1012 WSJ

cm

� ��8
7

: ð6:12Þ

This relationship is also valid for lateral charge compensation patterns. It implies
that the drift region resistance achieved by charge compensation patterns depends
on the capability and limitations of the available processing technology.

6.2 Processing Technology for Charge Compensation
Patterns

As indicated by (6.5), the doping concentration and width of the pillars are cor-
related to physical properties of the semiconductor material, i.e. the dielectric
constant and the critical electric field (which depends on the impact ionisation rate).
The relationship between the width of the n-doped and p-doped regions and the
drift region resistance in silicon technology is shown in Fig. 6.4.

Similar to a RESURF design, fabrication of charge compensation patterns
requires precise control of the doping concentrations. On a production scale, this
precision can be achieved by means of ion implantation. In contrast to the RESURF

Fig. 6.3 Theoretical limits of drift region resistances for different breakdown voltages using
homogeneous doping (1D limit) with 1 µm depth, RESURF design and charge compensation
patterns with width to depth ratios ranging from 0.4 down to 0.1
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design—compare (5.3)—there is no universal optimum implantation dose for
achieving charge balance in superjunction LDMOS transistors. Instead, the width of
the charge compensation patterns needs to be carefully considered. This includes
effects like lateral struggle, diffusion and overlay accuracy for the photo lithogra-
phy. An unintentional charge imbalance, i.e. a deviation between the charges
present in the p- and n-regions, will cause a significant reduction in breakdown
voltage of the charge compensation patterns [6, 7].

Generally, two limitations of the fabrication of charge compensation patterns
using ion implantation should be considered.

• Firstly, the depth of wells created by ion implantation is limited by the
implantation energy. While this is an even more severe constraint for the fab-
rication of vertical superjunction devices, the requirements regarding the depth
of the wells are also high for lateral superjunction devices. As shown in the
previous section, deep charge compensation patterns allow for a lower drift
region resistance. But it should also be noted that the reduction of drift region
resistance for deeper patterns will be diminished by the increasing current
spreading from the planar channel (at the gate) into the drift region and, from
there, to the drain electrode.

• Secondly, the activation of dopants and the fabrication of deep wells by diffusion
at elevated temperatures (e.g. 900 °C and above in silicon) results in interdiffusion
of dopants between the charge compensation regions, effectively reducing the
local doping concentration. Since p- and n-dopants exhibit different diffusion
rates, a local charge imbalance is created at the pn-junctions of the charge com-
pensation regions. This effect was previously studied for vertical superjunction
devices in detail [8]. The findings can be carried over to superjunction patterns for
lateral power devices. The interdiffusion of boron and phosphorous in charge
compensation patterns is depicted in Fig. 6.5 for various annealing conditions
using the complementary error function for the diffusion process [9].

Fig. 6.4 Drift region resistance for different widths of equidistant lateral charge compensation
patterns in silicon without interdiffusion for different breakdown voltages
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Here, the lateral struggle of the ion implantation was neglected. For a given
thermal budget, the optimum doping concentration in charge compensation patterns
which takes diffusion into account has been extracted for a given fabrication pro-
cess (including gate oxide growth, p-body drive-in and source/drain annealing) [8]
as shown in Fig. 6.6.

The approximations in the underlying model result in some limitations towards
very small pillar widths. Nevertheless, it is illustrated that the interdiffusion
becomes particularly critical for small widths of the charge compensation regions
across all desired blocking voltages and when the fabricated charge compensation
patterns are subject to high thermal budgets. It is also evident, that lateral super-
junction devices in silicon could be implemented with pillar widths in the sub-
micron range allowing for significantly higher doping concentrations than a

Fig. 6.5 Doping profiles for equidistant lateral charge compensation patterns in silicon for several
annealing conditions; boron and phosphorous are considered as acceptor and donor atoms

Fig. 6.6 Drift region resistance for different widths of equidistant lateral charge compensation
patterns in silicon without and with interdiffusion for a given fabrication process [8]
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RESURF-design facilitates. However, the thermal budget of the chosen fabrication
technology has to be considered. Additionally, neglecting the space charge region
width in the pillars in forward conduction is not valid for very narrow pillars in the
sub-micron range. TCAD simulations using ideal pillar shapes indicate that the
extension of space-charge regions at the built-in potential becomes significant for
pillar widths of approximately 600 nm [6]. In fact, a reduction of pillar width below
350 nm results in an increase of drift region resistance even for higher doping
concentrations.

6.3 Device Designs with Charge Compensation

6.3.1 Fundamental Device Design

The fundamental layout of a superjunction LDMOS transistor with symmetric
charge compensation patterns is presented in Fig. 6.7.

It is based on the equidistant charge compensation patterns described in Fig. 6.1.
The key benefit is a further reduction of drift region resistance compared to
RESURF-based LDMOS transistors for significantly deep pillars. From this fun-
damental design a wide range of prospective superjunction LDMOS transistors has
been proposed. To foster the understanding of prospects and limitations of charge
compensation patterns in LDMOS transistors, these design considerations are
reviewed.

Another benefit of the SJ LDMOS transistor is the reduction of the electric field
at the surface of the drift region [10, 11]. In the SJ LDMOS transistor, the electric
field peak can be situated in the bulk near the drain electrode, making the transistor
more reliable, especially with respect to avalanche ruggedness and hot carrier
injection effects compared to conventional designs.

Fig. 6.7 Superjunction LDMOS transistor with balanced charge compensation patterns
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6.3.2 Substrate-Assisted Depletion Effects

A major limitation of the design shown in Fig. 6.7 is the unintentional charge
imbalance that is introduced by the p-doped substrate. This so-called substrate-
assisted depletion effect [12] is depicted in Fig. 6.8.

Due to the presence of the acceptor atoms of the p-doped substrate, additional
negative charges are present in the charge compensation patterns which compensate
a portion of the positively charged donor atoms. Thereby, charge imbalance in the
charge compensation patterns occurs, and a vertical electric field is generated.
Moreover, the highly doped drain contact and the p-body of the gate region in the
superjunction LDMOS transistor also create imbalance by supplying additional
donor and acceptor charges, respectively. Hence, care must be taken to minimize
charge imbalance when designing the charge compensation patterns and the
LDMOS device.

Charge imbalance in charge compensation patterns has been extensively studied
in vertical superjunction devices. Breakdown voltage is strongly deteriorated when
the doping concentrations of the p- and n-pillar in the charge compensation
structure mismatch [13]. An analytical model has been developed by Napoli, Wang
and Udrea [14] for prediction of the impact of charge imbalance on breakdown
voltage. For this purpose, an imbalanced charge compensation pattern can be
modelled by superimposing a balanced charge compensation pattern with a pin-
diode as illustrated in Fig. 6.9.

An imbalanced equidistant charge compensation pattern is assumed with pillar
width WSJ and doping concentrations NA and ND for the p- and n-doped pillars,

Fig. 6.8 Substrate depletion effect in superjunction LDMOS transistors: charge imbalance caused
by substrate acceptor charges; electric field distribution along pillar depth; reduction of breakdown
voltage due to charge imbalance
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respectively. Additionally, the charge compensation pattern is operated in punch
through condition. Then, the electric field distribution in this structure is found to be
equal to the superimposed electric fields that are present in a balanced charge
compensation pattern with doping concentration

NSJ ¼ ND þ NA

2
; ð6:13Þ

and a pin-diode with a homogeneous doping concentration in its drift region of

Npin ¼ ND � NA

2

����
����; ð6:14Þ

respectively. A more complex model has also been derived which is also valid in
the case of non-punch through conditions [15]. For practical use in LDMOS
devices, however, a design with a breakdown voltage which corresponds to a non-
punch through condition is not feasible with respect to minimum cell geometry.

In order to judge the mismatch between doping concentrations in adjacent pil-
lars, a value for the charge imbalance CI is introduced, which is given by

Fig. 6.9 Modelling of charge imbalance by superimposing a balanced superjunction with a pin-
diode, adopted from [14]
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CI ¼ NA � NDð Þ
Nnominal

: ð6:15Þ

A positive value of CI represents a surplus of negative space charges from an
excessive p-doping [13]. A deficiency of positive space charges from insufficient n-
doping is equivalently indicated by a negative CI value. Using the above analytical
model, the breakdown voltage for charge compensation pattern with various
degrees of charge imbalance can be deduced from Fig. 6.10.

The degradation of breakdown voltage for a given charge imbalance is inten-
sified when narrower pillars with higher doping concentration are used. The sub-
strate-assisted depletion effect causes similar deterioration in superjunction
LDMOS transistors for a balanced charge compensation pattern on a p-doped
substrate. The breakdown voltage in investigated superjunction LDMOS transistors
with a balanced charge compensation pattern directly on a p-doped substrate is well
below theoretical limits [3].

6.3.3 Charge-Balancing Technologies in Junction Isolated
Devices

Based on the origin of the charge imbalance, several technologies have been
published to overcome substrate-assisted depletion effects in SJ LDMOS
transistors.

Fig. 6.10 Deterioration of breakdown voltage due to charge imbalance between n- and p-pillars in
lateral charge compensation patterns for different drift lengths and p-pillar doping concentrations;
transition from punch through (PT) to non-punch through (NPT) condition is marked by grey stars
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6.3.3.1 Buffer Layer Between Charge Compensation Patterns
and Substrate

An introduction of a homogeneously doped n-buffer layer has been proposed to
compensate the electric field originating from the p-doped substrate [7, 16]. The
idea is to provide an additional vertical compensation structure to shield the sub-
strate from the charge compensation patterns by providing an adequate number of
positive donor charges. A feasible topology using an n-doped buffer layer is pre-
sented in Fig. 6.11.

In forward conduction, the n-buffer layer is also capable of conducting electron
current and can result in a further reduction of the drift region resistance. However,
this effect is not significant due to the low doping concentration in comparison to
the n-pillars in the charge compensation patterns. Still, LDMOS transistors with
total device resistance of 266 mΩ mm2 and a breakdown voltage of 87.5 V were
experimentally demonstrated using this topology [7].

Given that epitaxial processes in silicon are readily available and that ion
implantation technology could also be used, the incorporation of an n-buffer layer
for compensation of the charges from the p-doped substrate requires little additional
fabrication effort beyond the fabrication of the charge compensation patterns
themselves. The design is also robust to up to ±5 % of charge imbalance, providing
a decent process window. Moreover, the n-buffer layer enables high-side operation
of this device because the drain-to-substrate voltage can be blocked across the
p-substrate/n-buffer junction when a proper device design is used.

Fig. 6.11 Implementation concept of n-buffer with positive charge surplus to compensate
substrate-assisted depletion in lateral charge compensation patterns, as introduced by [7]
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6.3.3.2 Non-uniformly Doped Buried Layer

Instead of a homogeneously doped buffer layer, a non-uniformly doped buried layer as
depicted in Fig. 6.12 can also be used to promote adequate charge compensation [17].

The spacing of the n-doped islands composing the buried layer is designed to
achieve compensation of the substrate-assisted depletion effect near the drain elec-
trode. In this manner, the electric field at the interface between the p-doped substrate
and the pillars is adjusted. Instead of a purely vertical component, the vector of the
electric field is shifted towards the drain region. Therefore, the breakdown voltage
will be higher when the critical electric field is reached. From numerical simulation,
total drift region resistances of 4.4 Ωmm2 and 19 Ωmm2 were estimated for LDMOS
transistors with breakdown voltages of 774 and 1,304 V, respectively.

6.3.3.3 Imbalanced Charge Compensation

Similarly, the surplus of negative acceptor charges arising from the substrate can
also be compensated by control of the width of the p-doped and n-doped pillars in
the charge compensation patterns [11]. Providing an excess of positive donor
charges can be implemented to restore charge balance. Compared to a balanced
charge compensation pattern, this intentional imbalance patterns can be achieved by
any of the following design modifications:

• Increasing the width of the n-regions
• Reducing the width of the p-regions
• A higher doping concentration of the n-regions
• A lower the doping concentration of the p-regions.

Fig. 6.12 Implementation concept of a non-uniformly doped buffer layer to compensate substrate-
assisted depletion in lateral charge compensation patterns, as described by [17]
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Note that these approaches may require further modifications of the pillar
topology to ensure pinch-off and high breakdown voltage. An example for an
intentionally imbalanced charge compensation pattern employing smaller p-regions
is provided in Fig. 6.13.

Fabricated devices with this adjustment to pillar widths yielded a reported total
device resistance of 3.53 Ω mm2 at a breakdown voltage of 335 V. A similar
methodology can be applied to compensate the charge imbalance created by the
p-body and drain regions.

6.3.3.4 Combination of Buffer Layer and Imbalanced Charge
Compensation

By combining the homogeneously doped n-buffer layer and imbalanced charge
compensation patterns, breakdown voltages close to the theoretical limit can be
achieved [3]. Using TCAD simulations, a suitable charge compensation design was
derived which takes vertical and lateral electric fields into consideration. This
integration concept is depicted in Fig. 6.14.

This concept also offers straight-forward integration capability into Smart-Power
ICs. The shape of the p- and n-pillars can be determined by device geometry.
Hence, tapering the shape is a feasible method to increase breakdown voltage.

Fig. 6.13 Implementation concept of p-regions with negative charge deficiency to compensate
substrate-assisted depletion in lateral charge compensation patterns
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6.3.3.5 Combination of Charge Compensation Patterns with RESURF
Topology

Another approach towards the suppression of substrate-assisted depletion effects is
the combination of superjunction and RESURF structures [6]. The corresponding
device topology is indicated in Fig. 6.15.

Fig. 6.14 Implementation concept of n-buffer layer and imbalanced charge distribution to
overcome substrate-assisted depletion in lateral charge compensation patterns, adopted from [3]

Fig. 6.15 Implementation concept of a combination of superjunction and RESURF topologies to
overcome substrate-assisted depletion in lateral charge compensation patterns, as described in [6]
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In this design, the charge compensation patterns are terminated by a narrow
RESURF region near the drain contact. The RESURF region exhibits a distinct
length necessary to compensate the substrate-assisted depletion effect. If the
RESURF region is too short, this compensation is incomplete and the breakdown
voltage is deteriorated. Whereas, a long RESURF region results in an increased
drift region resistance. By proper selection of design parameters, total device
resistances of 0.342 and 4.88 Ω mm2 have been calculated for LDMOS transistors
with breakdown voltages of 121 and 718 V, respectively.

Similar considerations have led to the approach of integrating a charge com-
pensation pattern in the top n-drift region of a multi-acting RESURF design as
described in Fig. 6.16.

This device design exploits the validity of the RESURF design even if the part of
the drift region is replaced by an adequately doped charge compensation pattern.
Thereby, a higher doped drift region with a larger cross-section becomes available
for current conduction. This design using a state-of-the-art double-acting RESURF
design offers an on-state device resistance of 54 mΩ mm2 for an n-channel LDMOS
transistor with a breakdown voltage of 61.1 V. TCAD simulations indicate that the
total device resistance can be further reduced to 36.2 mΩ mm2 for a device with
60 V breakdown voltage when the charge compensation pattern is incorporated into
a multi-acting RESURF [18]. Of course, this also requires additional fabrication
effort.

Fig. 6.16 Combination of superjunction and RESURF topologies to minimize drift region
resistance, adopted from [18]
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6.3.4 Charge-Balancing Technologies in Dielectric-Isolated
Devices

Even though the reduction of drift region resistance is particularly powerful for high
voltage devices, superjunction technology has also been investigated in LDMOS
transistors for fast switching applications on silicon-on-insulator substrates. The
fundamental device geometry for this technology as depicted in Fig. 6.17 has been
previously proposed [19].

Since the electric field between drain and source also develops across the buried
oxide, substrate charges will be influenced. In particular, it has been shown in
Chap. 5 that the buried layer can be treated as a lightly doped substrate even
enabling a RESURF effect when the top silicon layer is thin enough [20]. Therefore,
charge compensation patterns on SOI are subject to substrate-assisted depletion
effects similar to those fabricated using junction-isolation. Equivalent consider-
ations hold true, when the substrate is imagined as a field plate that acts across the
buried oxide onto the charge compensation patterns.

A charge-imbalance technology for superjunction LDMOS transistors using SOI
technology has been proposed [2]. The integration concept shown in Fig. 6.18
resembles the imbalanced charge compensation design introduced in Fig. 6.14.

In this design, the n-pillar on the insulator is tapered to increase towards the
n+-drain region. Thereby, the field effect of the substrate on the charge compen-
sation patterns can be affected. By intentionally misbalancing the charge com-
pensation patterns towards more positively charged donors in the n-pillar, negative
charges are influences in the substrate. Here, the net charge balance equals to the
positive donor charges of the n-pillar which is equal to the negative acceptor

Fig. 6.17 Fundamental charge compensation patterns for superjunction LDMOS transistors in
silicon-on-insulator technology, adopted from [19]
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charges in the smaller p-pillar plus the negative charges in the substrate. As this
constitutes to a RESURF like behavior of the substrate, an almost constant lateral
electric field and a high breakdown voltage close to the theoretical limit can be
achieved [21].

6.3.5 Charge Compensation Patterns Beyond CMOS
Technology

To conclude the incorporation of charge compensation patterns in lateral power
transistors, technology developments beyond standard CMOS technology are
briefly presented.

In order to prevent substrate depletion effects in SOI, the local removal of the
substrate under the charge compensation patterns by wet or dry chemical etching is
an effective method [22]. In addition, the drain-to-substrate capacitance across the
insulating layer is completely removed. Without the presence of a substrate, charges
cannot be influenced. The blocking voltage is therefore completely absorbed in the
charge compensation patterns and the insulator. Unfortunately, the local removal of
the substrate requires processing steps that are not routinely available in standard
CMOS processes.

Instead of using an SOI substrate, the implementation of lateral power semi-
conductor devices on thick insulating substrates was proposed [23]. Given that the
monocrystalline silicon layer must be epitaxially grown, the substrate also needs to
exhibit a monocrystalline lattice structure. The material system of choice for this
purpose is silicon-on-sapphire (SOS). Basically, the thick insulator provides the

Fig. 6.18 Implementation concept of intentionally imbalanced charge distribution using silicon-
on-insulator technology and net charge optimization [21]
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same benefits as the back etched SOI material regarding the implementation of
charge compensation patterns [24, 25]. This means that a high constant electric field
can be achieved using SOS-based superjunction LDMOS transistors, which exhibit
low drift region resistance and low gate charge. Silicon-on-sapphire substrate can
also be processed in standard CMOS technology. However, fabrication costs for
silicon-on-sapphire substrates are significantly higher than for silicon-on-insulator
substrates [22]. Additionally, heat dissipation through the sapphire substrate is
hampered due to the lower thermal conductivity compared to silicon.

A significant reduction of device resistance has also been reported by combining
charge compensation patterns and FinFET technology [24, 25]. These technologies
target LDMOS transistors with voltage ratings of 100 V and below. As discussed,
the incorporation of the charge compensation patterns minimizes drift region
resistance. Additionally, the FinFETs achieve larger equivalent channel width per
unit cell, and the channel resistance is also reduced. The concept of reducing
channel resistance using trenches and FinFET technology will be reviewed in
Chaps. 7 and 8 in detail. The fabrication process for the SJ-FinFET devices itself is
compatible with advanced CMOS technology. However, device fabrication requires
deep trench isolation and a gate trench formation which are not readily available in
foundry-based processes because smart-power IC fabrication lacks behind state-of-
the-art CMOS technology in terms of technology nodes, and FinFETs have just
recently been introduced for fabrication of highly integrated CMOS circuits. Still,
this technology makes up for a promising approach to reduce total device resistance
when FinFET technology becomes available in smart-power IC fabrication.

6.3.6 Comparison of Superjunction LDMOS Transistor
Designs

Breakdown voltage, on-state resistance and gate charge (if disclosed) for different
superjunction LDMOS devices are displayed for fabricated devices in Table 6.1 and
for TCAD simulations in Table 6.2.

6.4 Electrical Properties of Charge Compensated Lateral
Power Transistors

As previously discussed, the advantages of superjunction LDMOS transistors are
the reduction of total device resistance in on-state and the reduction of device
capacitances. These benefits are discussed in this section.
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Table 6.1 Breakdown voltage, on-state resistance and gate charge measured from fabricated
LDMOS transistors using charge compensation patterns reported in literature

BV (V) RDS,on (Ω mm2) Qgd (nC/mm2) Device type Substrate Source

335 3.53 – SJ-LDMOS Bulk Si [11]

87.5 0.266 – SJ-LDMOS Bulk Si [7]

605 8.7 – SJ-LDMOS Bulk Si [26]

718 21.56 – SJ-LDMOS Bulk Si [10]

61.1 0.054 – SJ-LDMOS w/2D-
RESURF

Bulk Si [18]

520 82 – SJ-LDMOS SOS [23]

170 8.7 – SJ-LDMOS SOS [27]

250 11.4 – SJ-LDMOS SOS [28]

100 0.12 – SJ-LDMOS SOI [24]

54 0.056 – SJ-LDMOS SOI [24]

98 0.082 – SJ-FinFET SOI [24]

51 0.035 – SJ-FinFET SOI [24]

Table 6.2 Breakdown voltage, on-state resistance and gate charge from simulated LDMOS
transistors using superjunction patterns reported in literature

BV (V) RDS,on

(Ω mm2)
Qgd

(nC/mm2)
Device type Substrate Source

703 11.52 – SJ-LDMOS Si [10]

718 4.88 – SJ-LDMOS w/RESURF Si [6]

121 0.342 – SJ-LDMOS w/RESURF Si [6]

1,244 21.7 – SJ-LDMOS w/RESURF Si [6]

774 4.4 – SJ-LDMOS Si [17]

188 0.32 – SJ-LDMOS Si [17]

1,304 19 – SJ-LDMOS Si [17]

60 0.0362 – SJ-LDMOS
w/multi-RESURF

Si [18]

1,330 26 – SJ-LDMOS SOS [23]

630 6.1 – SJ-LDMOS SOI [2]

160 0.9 – SJ-LDMOS SOI [2]

87 0.223 – SJ-LDMOS SOI [25]

317 4.83 – SJ-LDMOS Si membrane [22]

300 0.86 – SJ-LDMOS Si membrane [22]

154 0.165 1.39 SJ-LDMOS SOI [29]
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6.4.1 Reduction of On-State Resistance

In Fig. 6.19, the comparison of superjunctionLDMOS transistor designs regarding their
on-state resistance performance using the trade-off with breakdown voltage is shown.

The total devices resistance of LDMOS transistors for integrated circuits
approaches the theoretical superjunction limit for breakdown voltages beyond
100 V due to dominant contribution of drift region resistance, and the one-
dimensional silicon limit is easily surpassed. Regarding the application for medium
and low voltage devices below 100 V, the superjunction limit cannot be exploited
due to the dominating contribution of channel resistance. This circumstance is
further investigated in Chap. 7.

Figure 6.19 also indicates that the implementation of superjunction device
topologies for LDMOS transistors do not generally represent significant progress
beyond state-of-the-art double-acting RESURF transistors with respect to total
device resistance. Simulation results predict lower total device resistances espe-
cially for high voltage devices, but electrical characterization of fabricated super-
junction LDMOS transistors falls short of these expectations. Reasons can be found
in both the charge imbalance and the diminishing returns from deep superjunction
patterns with low drift region resistance due to limited current spreading from the
channel region. Nevertheless, the incorporation of charge compensation patterns
yields other benefits making this topology feasible to implement.

6.4.2 Impact on Device Capacitances

Switching losses in LDMOS transistors for energy conversion can be reduced by
minimizing the output capacitance. At low blocking voltages, the pillars are not

Fig. 6.19 Trade-off between breakdown voltage and on-state resistance in superjunction LDMOS
transistors, data from Tables 6.1 and 6.2
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fully depleted resulting in a higher effective pn-junction area in comparison to
RESURF-based LDMOS transistors as depicted in Fig. 6.20a.

In order to judge the impact of this pinch-off on switching performance, the
output capacitance of a superjunction cell is investigated and compared to a
RESURF-based drift region design. For a mainly lateral extension of the space-
charge region with width

WSCR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8e0er VDS � Vbið Þ

qND

s
; ð6:16Þ

the area-specific device capacitance of the charge compensation patterns is derived
to

CDS;low

A
¼ e0er

WSCR
� dcell
2Wn

; ð6:17Þ

Here, the built-in potential for the pn-junction of the pillars obeys

Vbi ¼ KT
q

ln
NAND

n2i

� �
: ð6:18Þ

Neglecting the vertical electric field at low blocking voltages, the external
voltage across the charge compensation pattern shown in Fig. 6.20 at which pinch-
off in the pillars occurs is given by

Vpinch ¼ qNDW2
N

8e0er
� Vbi: ð6:19Þ

Fig. 6.20 Extension of space charge regions and output capacitances in a cells of a charge
compensation pattern a Below and b Above pinch-off voltage
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When the blocking voltage is increased—fully depleting the pillar from free
carriers—the output capacitance rapidly drops to a significantly lower value [30].
Beyond this voltage, additional charges are now influenced between p-body and
n+-drain regions across the full length of the charge compensation patterns (see
right side of Fig. 6.20). This leads to a significant and steep reduction of output
capacitance for high blocking voltages which does not depend on the pillar width
and doping concentrations. For very high voltages, the area-specific drain-source
capacitance approaches

CDS;high

A
¼ e0er

2L2cell
dcell: ð6:20Þ

Due to the interaction between lateral and vertical electric fields, this reduction
does not occur instantaneously when the pinch-off voltage is exceeded. The voltage
dependence of the area-specific capacitance can be estimated by

CDS

A
VDSð Þ

� ��1

¼ CDS;low

A

� ��1

þ CDS;trans

A
VDSð Þ

� ��1

: ð6:21Þ

The last term of (6.21) was arbitrarily introduced to model the reduction of
output capacitance in fabricated superjunction transistors similar to the model
proposed in [31]. It is defined as

CDS;trans

A
VDSð Þ ¼ CDS;low � CDS;high

A CDS;low þ CDS;high
� �

þ ðCDS;low � CDS;highÞ � exp Lcell
2Wn

VDS � Vpinch

Vpinch

� �� � ð6:22Þ

Note that the term has been modified to achieve a more precise fit of the area-
specific capacitance for high voltages. In Fig. 6.21, the reduction of output
capacitance using superjunction patterns is depicted using an analytical fitting
model which was modified to account for the transition near the pinch-off [31].

From the steep reduction of output capacitance depicted in Fig. 6.21 and keeping
in mind that the energy stored in a capacitor increases with the square of the
capacitor voltage, a significant reduction of switching losses can be achieved in
superjunction LDMOS transistors. This benefit increases for longer drift regions
(increasing breakdown voltages) and smaller pillar widths and thus higher doping
concentrations.

For high frequency operation, a minimization of gate-drain capacitances is
desired to minimize the gate charge. As shown in Chap. 4, a source field plate is
applied to conventional RF LDMOS transistors. However, facilitating this field
plate in a superjunction device introduces a charge imbalance at the source-side of
the charge compensation patterns due to the influence of additional charges in the
p- and n-pillars, and breakdown voltage is deteriorated [25]. Consequently, a
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superjunction RF LDMOS without this source field plate will introduce higher gate-
drain capacitance and the transition frequency is reduced.

The introduction of a buffer-layer to compensate substrate-assisted depletion
effects does not have a noticeable impact on gate charge [7]. It must be noted that
the influence of superjunction patterns on the parasitic device capacitances in lateral
power transistors—in general and for RF applications in particular—has received
little attention so far.

6.5 Feasibility of Integration into Smart-Power ICs and RF
Circuits

The reduction of drift region resistance together with the lower output capacitance
make superjunction LDMOS transistors with breakdown voltages beyond 200 V an
option for future high-voltage smart-power ICs. However, fabrication of suitable
superjunction patterns with deep and narrowly spaced pillars imposes a severe
burden towards straight forward integration. It is the realization of high aspect ratios
that boosts the superjunction concept beyond RESURF-based LDMOS transistors,
but CMOS-based fabrication processes do not bring alone suitable fabrication
technologies. For transistors with lower breakdown voltages, the incorporation of
charge compensation patterns does not help in surpassing RESURF-based LDMOS
transistors for device resistance alone. In order to judge the feasibility for a specific
application, additional benefits like a lower overall output capacitance need to be
considered in more detail.

The incorporation of charge compensation patterns in RF LDMOS transistors
using SOI technology for reduction of power losses does not appear to be feasible at
the current state of technology for several reasons. Firstly, the reduction of drift
region resistance compared to state-of-the-art RESURF-based RF LDMOS

Fig. 6.21 Approximation of area-specific output capacitance of charge compensation patterns and
contributions to capacitance below and above pinch-off voltage
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transistors is negligible for technologically reasonable pillar heights as concluded
from Fig. 6.19 because the channel resistance of the RF LDMOS transistor is not
reduced. Next, the fabrication of narrowly spaced pillar—which can be achieved in
RF LDMOS technology nodes—is hampered by the interdiffusion of dopants
during annealing which significantly increases drift region resistance due to the
reduction of net doping in the n-pillars, and a benefit compared to RESURF-based
devices could not be achieved in fabricated devices [32]. Finally, the transition
frequency of superjunction RF LDMOS transistors will be lower as long as a source
field plate cannot be employed. Possibly, a combination of charge compensation
patterns and a RESURF region at the gate side of the drift region which allows for a
source field plate could alleviate the constraints on RF performance if RF LDMOS
transistors with higher blocking voltages are desired. It is for these reasons that RF
LDMOS transistors with superjunction patterns have not yet been investigated.
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Chapter 7
Lateral Power Transistors with Trench
Patterns

Another emerging technology which constitutes to progress beyond modern
RESURF-based LDMOS transistors utilizes trench patterns. In this chapter the
trench-based technology in LDMOS transistors is reviewed. First, the applicability
of trench gates is motivated by a discussion on channel resistance. The impact of
FinFET technology on lateral power transistors is investigated. To evaluate the
feasibility of trench gates, device designs employing trench gates and their electrical
properties under static and dynamic device operation are presented and discussed.
Typical Figures-of-Merit obtained from these trench devices are compared to state-
of-the-art LDMOS transistors. Considering the process technology, limitations for
integration into smart-power ICs and RF amplifiers are also investigated.

7.1 Contribution of Channel Resistance to Total Device
Resistance in Lateral Power Transistors

In Chap. 5 on RESURF-based LDMOS transistors and Chap. 6 on superjunction
LDMOS transistors, the diminishing contribution of the drift region resistance to
total device resistance in LDMOS transistors with breakdown voltages below 100 V
became apparent. For these devices, the contribution of channel resistance to the
total device resistance described by (4.7) needs to be considered in more detail. In
particular, the reduction of channel resistance is a motivation to employ trench gate
devices following the concepts developed for vertical power transistors.

In order to judge the benefits of trench gate integration, a minimum channel
resistance depending on breakdown voltage and technology node is derived next.
Also, channel resistance is a function of the area of the cell geometry which
constitutes to the density of channel regions in the device. Assuming a standard
MOSFET in silicon technology, the maximum drain current in the linear region can
be approximated by
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ID ¼ WCh

LCh
ln;chCox VGS;max � VTh

� �
UDS: ð7:1Þ

This relationship for the channel current ICh also holds true in LDMOS transistors
when the drain-source voltage is replaced by the voltage drop VCh across the
channel region. Similar to (4.4), the minimum channel resistance for an LDMOS
transistor at maximum gate voltage VGS,max is then given by

RCh;min ¼ VCh

ICh
¼ LCh

WChln;chCoxðVGS;max � VThÞ : ð7:2Þ

Considering a standard LDMOS design with half-cell length Lcell (which contains
exactly one channel region) and a cell width Wcell which equals to the channel
width, an ideal area-specific channel resistance can be deduced.

RCh;min � A ¼ LChLcell
ln;chCoxðVGS;max � VThÞ : ð7:3Þ

The length of the half-cell in an LDMOS transistor includes body, source and
channel, drift and drain regions. Investigating state-of-the-art LDMOS transistor
designs, this half-cell length can be approximated as the sum of drift region length—
which depends on breakdown voltage—and 11 times the smallest feature size F, i.e.

Lcell = Ldrift þ 11F = BV
Ecrit

þ 11F: ð7:4Þ

For (7.4) a RESURF design with a constant lateral electrical field was assumed
according to (5.7). The channel length depends on the technology node used for
fabrication of the transistor and is typically close to the smallest feature size F for a
self-aligned gate process in silicon technology [1].

For the gate oxide capacitance, a correlation to maximum gate voltage can be
found. In order to prevent oxide degradation over the lifetime of the LDMOS
transistor, the electric field across the gate oxide Eox,max has to be limited to
approximately 3 MV/cm [2]. This electric field in the oxide causes an electric field
in the silicon of 1 MV/cm at the silicon/silicon dioxide interface which is well
above the critical electric field for silicon. However, impact ionisation will not
occur because the field is quickly reduced due to the inversion layer charge within
the first 3–5 nm below the interface, and subsequently the free mean path for
carriers in the inversion layer is too short to acquire enough kinetic energy required
for impact ionisation. The gate oxide thickness dox is then directly determined by
the maximum rated gate voltage and the electric oxide field. This gate voltage is
also applied to LDMOS transistors in integrated circuits for energy conversion to
minimize channel resistance. Under these considerations, the area-specific channel
resistance can be rewritten as
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RCh;min � A ¼
F BV

Ecrit
þ 11F

� �
dox

ln;cheoeox VGS;max � VTh
� � ¼ F BV

Ecrit
þ 11F

� �
VGS;max

ln;cheoeox VGS;max � VTh
� �

Eox;max
; ð7:5Þ

with the specific dielectric constant of the gate dielectric εox. The channel resistance
exhibits a linear dependence with breakdown voltage. Neglecting the threshold
voltage, which is small compared to the gate voltage, yields a channel resistance
independent of the gate voltage according to

RCh;min � A ¼
F BV

Ecrit
þ 11F

� �
ln;cheoeoxEox;max

: ð7:6Þ

This consideration includes that a higher gate voltage generates more inversion
layer charges but a higher gate oxide thickness has to be used to withstand this gate
voltage. Moreover, using the dependence of the critical electric field on breakdown
voltage from (4.24), channel resistance is solely determined by material parameters
and the smallest feature size:

RCh;min � A ¼ 3861 � F BV
7
6

7:95 � 105 þ 11 � F
 !

; ð7:7Þ

Note that the inversion layer mobility like the bulk mobility depends on the
doping concentration. Additionally, under high vertical electric fields, the inversion
layer mobility is significantly reduced. Models for calculation of the inversion layer
mobility under high vertical electric fields have been previously reported [3, 4].
Regarding the investigation on ideal channel resistance in LDMOS transistors, an
inversion layer mobility of approximately 250 cm2/Vs is predicted according to
these models when a local electric field of 1 MV/cm is assumed.

Based on the above stipulations, the ideal channel resistance limit for a planar
LDMOS device for different technology nodes has been summarized and compared
to the drift region resistances for the 1D punch-through case and a RESURF design
in Fig. 7.1.

It is evident that a reduction of total device resistance of integrated power
semiconductor devices in the voltage below 100 V can be achieved by a further
reduction of channel resistance. The benefit of using fabrication technologies with
smaller feature sizes is clearly visible for breakdown voltages below 50 V. For
higher voltages, the drift region resistance becomes dominant as discussed in
Chaps. 4–6.

The breakdown voltage at which the transition from channel region to drift
region limited current conduction takes place in RESURF-based LDMOS transis-
tors is decreasing for devices fabricated with smaller feature sizes. However, the
reduction of channel length for LDMOS transistors in integrated circuits by pro-
gressive scaling of smallest feature size (More-Moore approach) is not readily
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available because processing technologies for smart-power ICs are lagging behind
and depend on future advances in CMOS processing. Therefore, other means of
reducing channel resistance following the More-than-Moore approach have been
exploited.

7.2 LDMOS Device Designs for Smart-Power ICs Utilizing
Trench Patterns

Several concepts based on trench gates have been investigated in order to achieve a
significant reduction of channel resistance in lateral power transistors for integrated
circuits:

• Utilizing semiconductor fins increases the effective channel width by providing
lateral channel regions along sidewalls of the etched semiconductor device.

• Implementation of trench gates while maintaining a lateral drift region provides
channel regions with a vertical gate current into the semiconductor device. This
allows for a higher integration density similar to the trench design used in
vertical power transistors (e.g. UMOS) [5].

• Incorporation of trench gates with a vertical drift region achieves highest inte-
gration density. Additional processing steps are required to realize a lateral
device design by collecting the current of these quasi-vertical transistors and
routing it back to the semiconductor surface.

These topologies are reviewed in the following paragraphs.

Fig. 7.1 Ideal channel resistance in different technology nodes and drift region limits for planar
LDMOS transistors
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7.2.1 Increased Channel Width Using FinFET Topology

An increase in effective channel width has been successfully demonstrated for logic
level MOSFETs by extending the channel regions into the third dimension, i.e.
perpendicular to the semiconductor surface [6]. Fin-shaped MOSFET transistors
(FinFETs) that are based on this concept have received significant attention in
highly integrated CMOS processes [7]. By transferring this idea to LDMOS tran-
sistors, FinFET-type device structures as illustrated in Fig. 7.2 have been
developed.

This FinFET topology provides additional inversion channels at the sidewalls of
each silicon fin, and effective channel resistance is lowered. For LDMOS transistors
using these lateral FinFET gate structures a breakdown voltage of 27.4 V at an area-
specific device resistance of 46 mΩ mm2 was predicted by TCAD simulations—
exceeding the 1D channel limit for a 350 nm technology.

Implementation of FinFET patterns into LDMOS transistors using 400 nm wide
silicon trenches with 1 µm depth was experimentally verified in a geometry given in
Fig. 7.3.

While trench etching requires some additional effort, the drift region layout of a
typical LDMOS transistor can be maintained. Electrical measurements on these
devices revealed a breakdown voltage of 25 V at a device resistance of 130 m
Ω mm2, which is close to the 1D channel limit for an 180 nm technology and
demonstrates the capability of this approach.

Fig. 7.2 FinFET-type LDMOS transistor concept using lateral finned gates, adopted from [8]
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7.2.2 Shallow Trench Isolation for Trench Gate Transistors

Availability of three-dimensional gate geometries enabled a broad range of novel
device designs. Incorporation of this technology into smart-power IC processes was
demonstrated for LDMOS transistors using standard shallow trench isolation (STI).
A device concept which does not require additional trench etching effort is pre-
sented in Fig. 7.4.

This transistor design uses the STI trench to implement a vertical channel por-
tion. By doing so, the distance between the n+-source and the drift region is larger
than in a planar device. The space-charge region from the drift region does not
extend as far across the p-body. Therefore, a shorter gate length can be imple-
mented. Even though the total length of the inversion channel is not reduced, a
smaller cell length can be realized. Moreover, the gate electrode also creates a local
accumulation channel in the drift region. Hence, on-state device resistance can be
reduced compared to a planar LDMOS transistor. Devices with a breakdown
voltage of 35.2 V and a drift region resistance of 32.4 mΩ mm2 have been dem-
onstrated [10]. In addition, the gate overlap across the drift region is significantly
reduced, resulting in a lower gate-to-drain capacitance of 25 nC/mm2 compared to a
value of 40 nC/mm2 for the planar reference.

Using a similar design which extends the planar gate electrode into an STI-
shaped trench in the drift region predicted a drift region resistance of 70 V at an on-
state resistance of 70 mΩ mm2 [11].

Fig. 7.3 Topology of fabricated FinFET-type LDMOS transistor using lateral finned gates,
adopted from [9]
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7.2.3 Vertical Channels Using Trench Gates

In vertical power semiconductor devices, vertical trench gates were introduced as a
method for increasing the number of channels per area. Similar to the FinFET
concept, vertical trench gates have also been investigated with respect to LDMOS
transistors. A straight-forward approach offering high integration density is pre-
sented in Fig. 7.5.

The footprint for the gate electrode is significantly reduced. At the same time, a
standard RESURF-based drift region design of conventional LDMOS technology
can be retained. The presented design also provides a full depletion of the drift
region between substrate and p-well at low voltages, shielding the gate electrode
from high drain voltages and suppressing hot carrier injection [12]. This vertical
depletion effect also reduces transfer and output capacitances compared to planar
LDMOS transistors. Fabricated lateral trench gate power transistors with a break-
down voltage of 36 V exhibit a low on-state resistance of 90 mΩ mm2.

A similar trench gate transistor design shown in Fig. 7.6 emphasizes the idea of
reducing channel resistance by trench gate integration in order to construct devices
with on-state resistance close to the drift region limit even for breakdown voltages
below 100 V.

Here, a double-acting RESURF was combined with both trench gate and trench
drain topologies. Thereby, the current injected through the channel into the drift
region below the silicon surface is enhanced by a low-ohmic drain contact, i.e. the

Fig. 7.4 LDMOS transistor concept with a gate trench formed in the STI, adopted from [10]
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current through the drift region is parallel to the silicon surface and the effective
drift distance for the electrons is minimized. TCAD simulations indicate that on-
state device resistances of 41.4 and 130 mΩ mm2 could be achieved in such an
LDMOS transistor with breakdown voltages of 56.4 and 104 V, respectively. Of
course, incorporation of the drain trench electrode requires additional fabrication
effort.

Fig. 7.5 Trench-gate LDMOS transistor concept with planar drain, adopted from [12]

Fig. 7.6 Trench-gate LDMOS transistor concept with drain trench, adopted from [13]
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7.2.4 Quasi-vertical Transistors Using Trench Gates

Taking the integration of trench gates one step further, quasi-lateral power transistors
with a vertical drift region allow for even lower drift region resistances [14]. Despite
the additional fabrication effort, the device concept presented in Fig. 7.7 is applicable
to smart-power IC processing for devices with breakdown voltages up to 150 V.

This geometry requires a highly n-doped buried layer and sinkers at the
boundaries of the transistor cells to minimize series resistance of the drain contact.
The trench gate is located close to the surface of the transistor. Beneath, the drift
region is implemented by a superjunction-like geometry of n-pillars and the deep
trenches filled with oxide and polysilicon. This capacitor acts like a highly doped
p-layer in forward blocking operation, fully depleting the n-pillars at a low voltage.
Due to the tight spacing, a high n-pillar doping concentration can be used (see
Chap. 6). The combination of high integration density of channels and highly doped
drift regions allows for an impressive reduction of drift region resistance. An
experimentally verified device resistance of 30 mΩ mm2 for such a quasi-vertical
LDMOS transistor with a breakdown voltage of 94 V fabricated in a 0.35 µm
CMOS technology is close to the theoretical RESURF-based drift region limit [15].
However, the large gate-drain overlaps along the pillars and the high integration
density results in high gate charge during switching operation of 4.8 nC/mm2.

7.2.5 Trench Gate Designs Beyond CMOS Technology

When the use of standard CMOS technology is not a constraint, more complex
trench gate patterns can be employed to further improve device performance. For

Fig. 7.7 Quasi-vertical trench-gate LDMOS transistor concept, adopted from [14]
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example, a trench gate LDMOS transistor with an additional buried gate has been
proposed as shown in Fig. 7.8.

This device is tailored to minimize device resistance by implementation of two
conductive paths at the trench gate and at the buried gate. Measured devices exhibit
a breakdown voltage of 49.5 V and an on-state resistance of 42 mΩ mm2. However,
fabrication requires epitaxial overgrowth and subsequent thinning which are both
not readily available in current commercial semiconductor processing technologies.

Another highly integrated LDMOS device concept with buried-source which
also aims at low coupling capacitances is shown in Fig. 7.9.

Fig. 7.8 Trench-gate LDMOS transistor concept with buried gate, adopted from [16]

Fig. 7.9 Quasi-vertical trench-gate LDMOS transistor concept, adopted from [17]
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Here, the drain contact is placed at the bottom of the trench which also houses
the vertical gate electrodes. A significant reduction of device resistance can be
realized due to the high integration density. Investigated samples provided an
on-state resistance of 69.2 mΩ mm2 at a breakdown voltage of 96 V. However, a
gate charge during switching of 10 nC/mm2 is incurred due to the high integration
density.

7.2.6 Comparison of Trench Pattern Designs for Power
Electronic Applications

A summary of relevant device parameters for different LDMOS transistors based on
trench gates presented in literature is listed in Tables 7.1 and 7.2.

The data presented here will be used to compare the different trench gate designs
with state-of-the-art LDMOS transistors in Sect. 7.4.

7.3 RF LDMOS Device Designs Utilizing Trench Patterns

Integration of trench gates has also received attention for integrated RF LDMOS
transistors. For LDMOS transistors with breakdown voltages below 60 V that are
used in state-of-the-art RF applications, the drift region resistance is negligible in
present CMOS technologies. This allows for a certain degree of freedom in the
transistor design. A trench LDMOS design which can be implemented into standard
CMOS technology with manageable effort is shown in Fig. 7.10 [23].

Table 7.1 Breakdown voltage, on-state resistance and gate charge measured from fabricated
LDMOS transistors using trench gates reported in literature

BV (V) RDS,on (Ω mm2) Qgd (nC/mm2) Device type Substrate Source

25 0.013 – FinFET LDMOS Bulk Si [9]

35.2 0.0324 25 TG-LDMOS Bulk Si [10]

37 0.09 – TG-LDMOS Bulk Si [12]

94 0.03 4.8 QV TG-LDMOS Bulk Si [15]

72 0.06 – TG-LDMOS Bulk Si [17]

96 0.0692 10 TG-LDMOS Bulk Si [17]

11.6 0.0106 – TG-RF LDMOS Bulk Si [18]

49.5 0.042 – TG-LDMOS Bulk Si [16]

80 0.08 – TG-LDMOS Bulk Si [19]

26 0.01 1.5 TG-LDMOS Bulk Si [20]
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Moving the channel region into the silicon substrate by such a device design
allows reducing the electric field on the semiconductor surface in the drift region.
Then, the gate field plate which is present to repel the electric field from the surface
of the drift region in planar power transistors can be omitted, and the gate-to-drain
capacitance is reduced. As this capacitance significantly impacts RF performance,
trench gate integration provides a promising means to implement RF LDMOS
devices. To further minimize gate-to-drain capacitance, the trench gate can be
implemented asymmetrically. Here, a thin gate oxide at the channel region and a
thicker dielectric towards the drift layer is used. Besides providing less coupling

Table 7.2 Breakdown voltage, on-state resistance and gate charge from simulations on LDMOS
transistors using trench gate topology reported in literature

BV (V) RDS,on (Ω mm2) Qgd (nC/mm2) Device type Substrate Source

27.4 0.0046 – FinFET LDMOS Bulk Si [8]

25 0.0078 – FinFET LDMOS Bulk Si [9]

70 0.07 – STI LDMOS Bulk Si [11]

56.4 0.0414 – TG LDMOS Bulk Si [13]

104 0.13 – TG LDMOS Bulk Si [13]

91.5 0.117 1.133 CTGI LDMOS Bulk Si [21]

90.6 0.094 1.81 ITGI LDMOS Bulk Si [21]

84 1.66 – TG-SJ LDMOS SOI [22]

Fig. 7.10 Trench gate LDMOS transistor design for RF applications, adopted from [23]
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capacitance, the latter also achieves sufficient voltage stability between the gate
dielectric and the drift region. Overall, this technology could enable the integration
of RF LDMOS transistors with a transition frequency of 6 GHz at a breakdown
voltage of 96 V [23].

7.3.1 Shallow Trench Isolation

Aside from using trench gates, RF LDMOS transistors with other trench structures
have been demonstrated. Performance of RF LDMOS devices can be improved by
employing the shallow trench isolation pattern of CMOS technology between gate
and drain [18]. Figure 7.11 depicts such a device structure with an operation voltage
of 11.6 V.

By carefully selecting the width, depth and offset distance from the gate, an on-
state resistance of 3.8 Ω mm was achieved. Due to the placement of the drift region
below the semiconductor surface, the electric field at the surface is limited to
acceptable values even without a gate field plate. This allows for a low gate-to-drain
capacitance and enables decent RF operation. A transition frequency of 30 GHz and
a power added efficiency measured under class AB operation at 2.45 GHz of 55 %
were reported.

Fig. 7.11 RF LDMOS with shallow trench isolation in the drift region, concept adopted from [18]
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7.3.2 Trench Sinker for Cell Length Reduction

In conventional RF LDMOS transistors, the substrate is biased to source potential
by a p+-sinker (see Chap. 4). Ordinarily, this sinker is fabricated by a deep diffusion
process which also causes lateral extension of the sinker similar to its depth.
Especially for RF transistors, where the drift region length is small (breakdown
voltages below 60 V), this diffused sinker causes a major contribution to cell pitch.
By implementing a trench-based sinker which can be filled by highly doped
polysilicon as illustrated in Fig. 7.12, a low-ohmic connection between the substrate
and the source electrode can be fabricated.

Fabricated transistors using this technology achieved a breakdown voltage of
70 V at an on-state resistance of 3.7 Ω mm and a transition frequency of 9 GHz. A
maximum output power of 30 dBm with a power gain of 15.8 dB was measured at a
frequency of 2 GHz on wafer level.

7.3.3 Comparison of Trench Pattern Designs for RF
Applications

Table 7.3 contains a summary of device properties of proposed RF LDMOS
transistors employing trench gate technology.

Fig. 7.12 RF LDMOS with trench sinker, concept adopted from [24]
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7.4 Electrical Properties Under Static and Dynamic Device
Operation

For smart-power ICs, a reduction of area-specific device resistance is often desired
when implementing devices with trench patterns. This allows for a reduction in chip
size for a given power demand in an existing IC layout or the evolution of ICs with
high power density. The efficiency of integrating trench gates is summarizes in
Fig. 7.13 as a comparison of breakdown voltage and on-state resistance to state-of-
the-art RESURF-based LDMOS transistors.

Some of the introduced designs with trench patterns achieve a significant
reduction of device resistance. This is especially true in the voltage range between
60 and 100 V where the transition from channel to drift region dominated device
resistance occurs. Despite the potential of low-loss trench-based LDMOS transis-
tors at voltages below 50 V indicated by simulations, such devices have not yet

Table 7.3 Breakdown voltage, cut-off and maximum oscillation frequencies for RF LDMOS
transistors using trench gates reported in literature

BV (V) fT (GHz) fmax (GHz) Device type Substrate Source

11.6 18 30 STI RF LDMOS Bulk Si [18]

11.6 18 30 STI RF LDMOS Bulk Si [18]

98 – 6 TG RF LDMOS Bulk Si [23]

70 – 9 TS RF LDMOS Bulk Si [24]

70 – 9 TS RF LDMOS Bulk Si [24]

15 18 27 STI RF LDMOS Bulk Si [25]

Fig. 7.13 Total device resistance versus breakdown voltage for trench-gate LDMOS transistors
compared to standard LDMOS transistors, data from Tables 7.1 and 7.2
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been fabricated in a technology that could be implemented in CMOS technology. In
fact, at such voltages, the 1D channel limit is yet to be overcome.

With respect to higher operating frequencies in smart-power ICs, a reduction of
gate charge as a measure for dynamic losses has been achieved by trench gate
integration. Figure 7.14 illustrates the comparison between trench-based and
RESURF-based LDMOS transistors for different breakdown voltages.

A key concept in trench based LDMOS transistors is the ability to omit the gate
field plate which significantly contributes to gate-to-drain capacitance and increases
dynamic switching losses in smart-power ICs. Concerning RF LDMOS transistors
in integrated circuits, a comparison of transition frequencies for different device
designs is illustrated in Fig. 7.15.

An increase in transition frequencies was demonstrated for CMOS-compatible
trench-based LDMOS transistors compared to planar devices. While the benefit
appears negligible for voltages below 50 V, transistors with significantly higher
transition frequency were demonstrated at voltages close to 100 V. It should be
emphasized that the omission of the gate field plate by trench integration reduces
coupling capacitances.

7.5 Limitations and Feasibility of Integration
into Smart-Power ICs and RF Circuits

As with every integration concept that relies on a modification of the process flow,
most trench gate integration designs require additional process steps and mask
layers—at least for patterning the trench. On one hand, trench gate LDMOS
transistors exhibit lower on-state resistance at a given breakdown voltage due to the

Fig. 7.14 Gate charge versus breakdown voltage for trench-gate LDMOS transistors compared to
standard LDMOS transistors, data from Tables 7.1 and 7.2
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higher integration density of channels. On the other hand, this high channel density
also gives rise to higher gate charge values. This limits their applicability to low
switching frequencies in general and care must be taken to provide the precise
amount of channel density for a device designed for a given voltage rating. For
superior RF performance and low dynamic losses, more sophisticated geometries
need to be implemented. This also increases the fabrication effort and requires
outstanding performance for applications with enough market volume to be
implemented. As efficient planar RF LDMOS transistors are available for amplifiers
in mobile communication (up to 5 GHz), trench gate integration may not offer
significant benefits to warrant its implementation in volume production. Never-
theless, trench based RF LDMOS transistors could be an enabling technology to
realize RF amplifiers with high output power due to application of operating
voltages of 50 V and beyond. To this end, sufficient investigations of RF LDMOS
technology based on trench gates have not yet been published.
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Chapter 8
Lateral Power Transistors Combining
Planar and Trench Gate Topologies

Progress in the development of novel LDMOS transistors in integrated circuits has also
beenmade by combination of planar and trench gate topologies. This effort is discussed
as an example of novel device technologies in more details. Based on the trench gate
topologies described in Chap. 7, the combination of existing planar LDMOS designs
with trench gate topology appeals from its ease of integration into commercially
available smart-power IC fabrication processes. In this light, the electrical character-
istics under static and dynamic device operation are discussed. Due to the device
design, avalanche ruggedness and limitations under operation as high-side switches are
especially considered. The resulting FOMs are analysed with respect to implementa-
tion of these devices for high output power and high frequency operation.

8.1 Device Concepts for Combination of Planar
and Trench Gates

Given that there are already a large number of industrialized smart-power IC fabri-
cation technologies available, integration concepts allowing for the utilization of
established topologies like RESURF designs and field plates are especially desirable.
The trench gate integration concepts shown in Chap. 7 promise a significant reduction
of device resistance. However, the device topologies cannot be readily implemented
due to differentwells and geometries especially required for the trench gate integration
approach [1]. At least, a redesign of cell geometries is necessary in the case of the
superjunction technology to utilize the advantages of a higher drift region doping [2].

8.1.1 Continuous Trench Gate Integrated LDMOS

Hence, integration of trench gates into existing planar LDMOS topology offers
promising perspectives by inheriting the advantages of both trench gate and
RESURF concepts [3] while providing ease of integration into existing process
flows. This concept represents a true “More-than-Moore” integration approach.
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The cross-section of such a trench gate integrated LDMOS device with extended
half-cell length is schematically depicted in Fig. 8.1.

The Trench Gate Integrated LDMOS (TGI-LDMOS) consists of a standard
planar LDMOS cell with RESURF design and a field plate. In addition, a trench
gate module has been added at the source side of the LDMOS intersecting the
n+-source regions. Hereby, the trench gate vertically penetrates through the p-well
(body of the LDMOS transistor), making the n-well region accessible for current
conduction by two vertical channel regions per trench. In the planar LDMOS
design, this trench drift region is merely used to block the drain voltage against the
substrate. As such it is already designed to support the full drain-source blocking
voltage featuring a double acting RESURF. Consequently, the double-diffused
regions of the underlying LDMOS transistor can remain unchanged for sound
operation of the TGI-LDMOS. This minimized the number of additional process
steps required for its fabrication, ensuring straight-forward integration into foundry
processes, where the well design is already determined by the CMOS and planar
LDMOS processes [4]. This also provides the opportunity to manufacture planar
LDMOS devices and TGI-LDMOS transistors on the same chip.

Even though it is not the preferred method of operation in Smart-Power ICs, it
should be noted that the conduction of planar and trench gate currents through this type
of devices can be independently controlled by the planar and trench gates. This gives
rise to the application of the TGI-LDMOS as a highly integrated trinary switch [5].

The extension of the planar LDMOS by the trench gate module partially
diminishes the benefit of a higher drain current at the expense of a larger cell
footprint. To further increase integration density and reduce the area-specific device

Fig. 8.1 Trench gate integrated LDMOS transistor (with extended half-cell length) exhibiting two
different current paths from source to drain—additional trench gate module is indicated by dashed
lines
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resistance, an area-neutral TGI-LDMOS concept can be applied. The corresponding
cross-section is presented in Fig. 8.2.

There, the p-contact region is replaced by the trench gate module which results
in a significantly lower cell length. In turn, the on-state resistance can be minimized
by placing more cells on the chip. However, the contacts to the body region cannot
be fully omitted and need to be placed at the boundaries of the p-wells between
adjacent cells in order to prevent parasitic bipolar effects [6]. Therefore, this peri-
odic placement of the body contacts along the width of the device imposes a limit
on the cell width with respect to switching frequency and parasitic bipolar turn-on.
Note that this approach is also not ideally suited for low-standby power applications
where body switching is employed to minimize leakage currents [7].

8.1.2 Intermitted Trench Gate Integrated LDMOS

Further reduction of drift resistance can be achieved by implementation of inter-
mitted trench gates rather than continuous trench gates [8]. The intermitted trench
gate integrated device concept is illustrated in Fig. 8.3.

The key advantage compared to a continuous trench gate is a reduction of cell
length while maintaining the body contact region. This is achieved by sharing one
source contact for both trench and planar gates. Then, the source current for the
planar gate can pass between the intermitted trench gates. This is also depicted in
the schematic top view of Fig. 8.4 for the intermitted trench gate integrated
LDMOS transistor.

Fig. 8.2 Trench gate integrated LDMOS transistor (half-cell) employing an area neutral
integration concept—additional trench gate module is indicated by dashed lines
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This is in contrast to the designs with continuous trench gates where the trench
completely intersects the source region. That requires the use of vias to both sides
of the trench in order to bias the separated source islands. In the intermitted trench
gate design, the source regions below the trench gate electrode cannot easily be
doped by ion implantation due to the presence of a continuous polysilicon layer
which is used for the self-alignment of the gate when forming the source and drain
regions. The doping concentration in the n-well is significantly lower than the

Fig. 8.3 Intermitted trench gate integrated LDMOS transistor (half-cell)—additional trench gate
module is indicated by dashed lines

Fig. 8.4 Top view of intermitted trench gate integrated LDMOS transistor (half-cell)—additional
trench gate module is indicated by dashed lines
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source contact region, and this would result in an undesirably high source resis-
tance. But, the formation of an accumulation channel during the on-state of
the trench gate region—similar to the accumulation region in VDMOS transistors
[9]—leads to a negligible source resistance compared to the resistances of the drift
regions. The increase in gate-source capacitance is considerably small.

Moreover, the availability of intermitted trench gates offers the option to adopt
the ratio of trench gate to source regions (l-s ratio) within the trench gate area in
correlation to the drift resistance of the LDMOS device. As discussed in Chap. 7,
the channel resistance of LDMOS devices becomes smaller compared to the drift
resistance with increasing blocking voltage. Hence, the implementation of a gate
with full channel width (identical to the width of the cell) is no longer mandatory.
Depending on the trench gate-to-source ratio, this opens up possibilities like
placement of the source contacts in line with the intermitted trench gates. Note that
for an s-l ratio of 1:1, the effective channel width of the intermitted trench gate
concept equals to the width of a continuous trench gate, because the channel regions
that are perpendicular to the width of the device are also electrically active. A
comparison of the contact layout of this intermitted trench gate integrated LDMOS
transistor compared to an LDMOS transistor with continuous trench gate is
depicted in Fig. 8.5.

Fig. 8.5 Comparison of contact layout of a Continuous, b and c Intermitted trench gate integrated
LDMOS transistor
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8.1.3 Verification of Manufacturability

To verify that the trench gate integration concept can be implemented using stan-
dard CMOS technology, LDMOS devices without RESURF design have been
fabricated using a 2 µm CMOS technology as a proof-of-concept. A cross-section
SEM image of a 100 V continuous trench gate integrated LDMOS transistors is
presented in Fig. 8.6.

Both planar and trench gate devices were fabricated using the same fabrication
process with an additional trench gate module for the latter devices. The gate oxide
was 50 nm thick to allow for a gate voltage of 20 V. Doping of the polysilicon gates
was performed by diffusion of phosphorous. Therefore, the trench gate width has
been increased to allow for conformal deposition of a phosphorus silicate glass on
the polysilicon inside the trench. This gate formation technology can be imple-
mented when in situ doping of polysilicon during trench refill is not available. The
output characteristics of this continuous trench gate integrated LDMOS transistor
are displayed in Fig. 8.7.

It is evident that the drain current through the trench gate and the planar gate can
be independently controlled. Also note that operation of both gates simultaneously
does not yield the sum of the individual drain currents because they share a
common drift region in this simple design.

In order to further investigate the feasibility and limitations of these integration
concepts in commercially available technologies, both a high frequency LDMOS
device and a high voltage LDMOS device are analysed in a 350 nm smart-power IC
process environment. The group of switches for high frequency operation is rep-
resented by a 20 V LDMOS with extended drain but without a RESURF topology.
Whereas a 50 V LDMOS with RESURF design acts as the demonstrator towards
the group of high voltage switches.

Fig. 8.6 Scanning spreading resistance measurement of trench gate integrated LDMOS transistor
in 2 µm technology (gate region is shown)
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8.2 Electrical Properties Under Static and Dynamic Device
Operation

To judge the impact of trench gate integration on the electrical properties, the
on-state characteristics of both continuous trench gate integrated (CTGI-) LDMOS
transistors and intermitted trench gate integrated (ITGI-) LDMOS transistors are
investigated first. The following results are extracted from two-dimensional TCAD
simulations based on a commercially available Smart-Power IC fabrication process
in 350 nm technology.

8.2.1 On-State Resistance

In order to evaluate the reduction of on-state resistance for the CTGI- and ITGI-
LDMOS transistors in various design variations with device widths of 100 µm, their
transfer characteristics were extracted at a low drain-source voltage of 0.2 V. First,
20 and 50 V CTGI-LDMOS transistors with a gate oxide module of 3.3 V are
investigated, which represents the standard gate oxide of the CMOS devices in this
technology. This means that a maximum voltage of 3.3 V can be reliably applied to
the gate electrode. Unless otherwise noted, a trench depth of 2 µm reaching through
the 1.3 µm deep p-well is implemented. The corresponding transfer characteristics
are given in Fig. 8.8.

The feasibility of trench gate integration into a planar LDMOS process becomes
clearly evident from this figure. In addition to the current through the planar gate, the
current through the trench gate contributes significantly to the overall drain current.
Especially, the RESURF-based 50 V devices benefit from the trench gate integration
where a current increase of almost 100 % is predicted. The RDS,on can be lowered

Fig. 8.7 Output characteristics of 140 V CTGI LDMOS device in 2 µm CMOS technology
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from 217 mΩ mm2 for the underlying LDMOS to 110 mΩ mm2 for the area-neutral
CTGI LDMOS with a half-cell length of 8 µm. This represents an RDS,on reduction of
49 %, and demonstrates the advantage of using the n-well of an LDMOS transistor
for current conduction. Considering that both the planar drift region and the n-well
are capable of blocking the full drain-source voltage by design, the amount of charge
in these regions are similar due to the requirements of a working RESURF design. Of
course, making use of the whole trench drift region results in significant current
spreading and raises its effective length. For the larger half-cell length of the con-
ventional CTGI LDMOS design an RDS,on value of 153 mΩmm2 is calculated using a
similar approach, which still constitutes to a reduction of 29 %.

The same observations hold true for the 20 V devices (no RESURF) where a
reduction from 62 to 51 mΩ mm2 is observed for the area-neutral design with
continuous trench gates (see Fig. 8.2) and a half-cell length of 6.8 µm. However,
when the conventional CTGI LDMOS design from Fig. 8.1 is considered, an
increase in RDS,on by 3 % to 64 mΩ mm2 is observed. This means that for this 20 V
device, the increase in drain current is less prominent than the increase in length of
the half-cell due to integration of the trench gate.

Taking a closer look at Fig. 8.8, it is evident that the threshold voltages between
planar and trench gate are asymmetric. The difference between the threshold
voltages is due to the graded concentration profile of the p-well along the vertical
trench gate in comparison to the constant profile along the device surface for the
lateral planar gate. The p-well is fabricated by ion implantation and diffusion, and
the doping concentration reduces from the surface towards the junction with the
n-well. In addition, the doping concentration is more severely affected by boron
segregation during thermal oxidation of the gate oxide formation due to the lower
initial doping concentration in the trench region. Consequently, the threshold
voltage shifts towards more negative values for the trench gate. This effect further

Fig. 8.8 Transfer characteristics of area-neutral continuous trench gate integrated LDMOS
transistors for 20 and 50 V operating voltage with a 3.3 V gate oxide module
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increases when thicker gate oxides are used, which is confirmed from the transfer
characteristics of a 50 V LDMOS device with a 20 V gate oxide module shown in
Fig. 8.9.

Here, the threshold voltage difference between the planar and trench gate is more
than 1 V. In RF LDMOS transistors, this could cause a strong non-linearity when
operating in class AB, B or C amplifiers. Nevertheless, this is acceptable for Smart-
Power ICs where the LDMOS is primarily used as a digital switch. Here, the
leakage current through the trench gate at 0 V gate bias is less than 10 nA.
Moreover, a subthreshold swing similar to the planar device is observed.

Figure 8.9 also reveals that the on-state resistance of the LDMOS devices with a
20 V gate oxide module can be reduced. The underlying 50 V LDMOS device
exhibits an RDS,on value of 145 mΩ mm2. Neglecting source, drain and contact
resistances, the trench gate constitutes to a parallel conduction path with an RDS,on

value of 267 mΩ mm2. These two parallel resistances result in a combined on-state
resistance of 94 mΩ mm2 which is 36 % lower than operating the planar gate alone.
For comparison, the conventional CTGI LDMOS transistor with an increased
footprint achieves an RDS,on value of 117 mΩ mm2.

It can also be deduced that increasing the depth of the gate trench from 2 to 6 µm
for the 1.3 µm deep p-well slightly increases the drain current. This observation
represents the current spreading effect along the trench. It occurs due to the for-
mation of an accumulation channel in the n-well at the oxide/semiconductor
interface at the trench gate and represents an extension of the trench channel similar
to the accumulation channel in VDMOS power transistors. The trench current can
then pass through the drift region at a lower local current density, i.e. a deeper
region of the 6.2 µm deep n-well can be efficiently used for current conduction.
However, using a deep trench is strongly discouraged because the benefit is
insignificant compared to the vast increase in transfer capacitances contributing to
dynamic switching losses (compare Fig. 8.14).

Fig. 8.9 Transfer characteristics of 50 V area-neutral continuous trench gate integrated LDMOS
transistors with 20 V gate oxide module for different trench depths
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To further reduce the footprint of the LDMOS transistor while maintaining a
separate p+-contact, the intermitted trench gate integration concept was developed.
Its advantages are evident from the transfer characteristics shown in Fig. 8.10.

The drain current through the trench gate of the ITGI device with a separate
p+-contact and a half-cell length of 8.7 µm is even higher than for the corresponding
CTGI device with a half-cell length of 9.5 µm. The omission of the source contact
between the trench and planar gates leads to a reduction of the trench drift region
length and thus to a lower drift resistance in the trench drift region. Moreover, the
reduction of the device footprint (half-cell length) further lowers the on-state
resistance. For the present case, an RDS,on value of 94 mΩ mm2 is obtained [8]. This
value is similar to the on-state resistance of the area-neutral 50 V CTGI LDMOS
transistor, but the body of the transistor can be biased separately, e.g. for ultra-low
standby power application.

A summary of on-state resistance for different CTGI (area neutral and extended
half-cell) devices with an operation voltage of 20 V is given in Table 8.1. Due to the
significance of the channel resistance and the prospect of high frequency operation,
the ITGI devices are not discussed for this voltage class.

Fig. 8.10 Transfer characteristics of intermitted and continuous trench gate integrated LDMOS
transistors with 50 V operating voltage

Table 8.1 On-state resistances of 20 V CTGI LDMOS transistors for different gate oxide modules

20 V devices Gate oxide module

3.3 V 5 V 20 V

Standard LDMOS 62 mΩmm2 63 mΩmm2 58 mΩmm2

Extended CTGI-LDMOS 64 mΩmm2 (+3 %) 66 mΩmm2 (+5 %) 59 mΩmm2 (+2 %)

Area-neutral CTGI-
LDMOS

51 mΩmm2

(−21 %)
53 mΩmm2

(−16 %)
48 mΩmm2

(−17 %)
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For all gate oxide modules, the increase of the drain current through the additional
conduction path along the trench does not make up for the increased cell length of the
extended CTGI-LDMOS design. This confirms the assumption that for short drift
regions (low blocking voltages) an extended device design is not feasible.

For LDMOS devices with higher operating voltages, the effort of trench gate
integration becomes more promising. In Table 8.2 the on-state resistances of 50 V
CTGI and ITGI LDMOS transistors are presented.

In summary, for the LDMOS devices with 50 V operating voltage, trench gate
integration provides significant RDS,on reduction across all gate oxide modules. The
ITGI concept offers values of on-state resistance as low as the area-neutral CTGI
concept with the advantage of a separate p-body contact.

8.2.2 Breakdown Voltage

To evaluate the benefit of on-state resistance reduction by integration of trench
gates, the breakdown voltages of the 20 and 50 V devices are also investigated.
Device failure at excess forward blocking voltages occurs due to avalanche
breakdown. As a first order approximation, the breakdown voltage can be evaluated
from TCAD simulations where the impact ionization integral equals to unity [10].

Given that no modifications to the wells were performed for trench gate inte-
gration (other than etching the trenches), blocking operation is expected to yield
similar results for devices with and without trench gate integration. This assumption
is confirmed by the forward blocking characteristics presented in Fig. 8.11.

For the 20 V devices, the trench gate higher blocking voltages than the under-
lying LDMOS device provides. The 20 V devices without RESURF regions sig-
nificantly benefit from the trench region which acts as a vertical field plate.

In contrast, such a significant increase of breakdown voltage is not observed for
the 50 V CTGI and ITGI devices because these devices already feature a RESURF
design. The trench gate still acts as a vertical field plate as demonstrated in
Fig. 8.12.

For both trench depths, the voltage at the drain voltage is repelled from the
surface, limiting the electric field in the trenches to values below 3 MV/cm. This
effect is more prominent for the trench with 4 µm depth which extends further into

Table 8.2 On-state resistances of 50 V CTGI and ITGI LDMOS transistors for different gate
oxide modules

50 V devices Gate oxide module

3.3 V 5 V 20 V

Standard LDMOS 217 mΩmm2 209 mΩmm2 145 mΩmm2

Extended CTGI-LDMOS 153 mΩmm2 (−29 %) 151 mΩmm2 (−28 %) 117 mΩmm2 (−18 %)

Area-neutral CTGI-LDMOS 110 mΩmm2 (−49 %) 110 mΩmm2 (−47 %) 94 mΩmm2 (−35 %)

Extended ITGI-LDMOS 114 mΩmm2 (−47 %) 114 mΩmm2 (−45 %) 94 mΩmm2 (−35 %)
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Fig. 8.11 Forward blocking characteristics of continuous trench gate integrated LDMOS
transistors with 20 V operating voltage

Fig. 8.12 Distribution of electrostatic potential beneath the source regions of 50 V CTGI LDMOS
device for 2 and 4 µm deep gate trenches illustrating the vertical field plate effect
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the n-well. But it is also visible for the 2 µm deep trench. The forward blocking
characteristics of the 50 V devices are shown in Fig. 8.13.

In this case, the additional charges in the trench gate region constitute to a charge
misbalance reducing breakdown voltage compared to the standard LDMOS design.
However, the amount of charges is small compared to the overall balancing charge
of the RESURF region, and it is confined to the gate region. Hence, the effect is not
very prominent. Nevertheless, care should be taken to verify the impact of the
charge imbalance when integrating trench gate into an existing LDMOS design.

For both 20 and 50 V devices, an increase in breakdown voltage is more pro-
nounced for thicker gate oxides (higher gate oxide module). This effect can be
explained by a larger voltage drop across the oxide below the field plate for a
thicker gate dielectric.

The breakdown voltage of the 50Vdevices can be extracted fromFigs. 8.11 and 8.13
by taking the onset of avalanche coinciding with the asymptotical increase in drain
current and the point where the impact ionisation integral becomes unity. These
breakdown voltages are presented in Table 8.3. From the previous results, the com-
parison of on-state resistance versus breakdown voltage can be deducted as summarized
in Fig. 8.14.

The fully isolated trench gate integrated LDMOS transistors exhibit on-state
resistance similar to non-insulated state-of-the-art RESURF transistors. Due to the

Fig. 8.13 Forward blocking characteristics of intermitted and continuous trench gate integrated
LDMOS transistors with 50 V operating voltage and different gate oxide modules

Table 8.3 Breakdown
voltage of 50 V integrated
trench gate LDMOS
transistors for different
gate oxide modules

50 V devices Gate oxide module

3.3 V 5 V 20 V

Standard LDMOS (V) 86.3 87.8 91.0

Extended CTGI-LDMOS (V) 85.7 87.5 91.5

Extended ITGI-LDMOS (V) 84.5 86.1 90.6
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reduction of the on-state resistance, trench gate integrated LDMOS devices exhibit
lower static power losses for a given chip area than the planar LDMOS devices.
This gives rise to either a more efficient switching circuit or a reduction of overall
chip size.

Compared to the superjunction LDMOS transistors introduced in Chap. 6 the
trench gate integrated LDMOS devices exhibit lower device resistances for 20 and
50 V devices. This is particularly noteworthy due to the ease of integration of the
trench gate integrated LDMOS devices that goes—in the present case—without the
necessity to alter any implantations.

8.2.3 Avalanche Ruggedness

Besides the ability of blocking a drain-source voltage in the off-state of the device,
another important property is avalanche ruggedness. During switching operation of
the LDMOS, both the full blocking voltage is present and a significant forward
current occurs at the onset of the Miller-Plateau. Under these dynamic conditions,
the high electron density constituting to the drain current represents additional
charges in the drift region, and the effective doping concentration is increased.
Moreover, these charges also cause a charge imbalance deteriorating the RESURF
design [11]. Both effects alter the electric field distribution away from the optimum
design resulting in a reduced breakdown voltage. To estimate the immunity against
this Kirk effect [12] on the trench gate integrated LDMOS devices, the worst case
condition is applied. Due to the saturation in LDMOS devices, the highest drain
current occurs for high drain-source voltages at maximum gate voltage. The
breakdown voltage at maximum gate voltage is therefore a good estimation for the
avalanche ruggedness of the devices. Because additional displacement charge can

Fig. 8.14 Figure-of-merit for static power dissipation: Trade-off between on-state resistance and
breakdown voltage for different 50 V LDMOS devices with respect to the silicon limit
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originate from steep voltage ramps in the LDMOS device, the dynamic avalanche
should occur well above the maximum rated drain-source voltage.

For the CTGI design, dynamic avalanche was investigated and the corre-
sponding output characteristics are shown in Fig. 8.15 [13].

A significant reduction of breakdown voltage compared to the static off-state
cases shown in Figs. 8.11 and 8.13 is evident. The current saturation of the 20 V
CTGI devices is overlapped by the onset of impact ionization at drain voltages
above 20 V. Generally, the CTGI devices which achieve higher on-state currents
show a reduced breakdown voltage for dynamic avalanche as more carriers are
available for impact ionization. Nevertheless, the 20 V devices without RESURF
design are quite stable with respect to dynamic avalanche effects. These devices
exhibit relatively high doping concentrations that would require higher device
currents for deterioration to occur.

For the 50 V devices, a significant reduction of breakdown voltage close to 50 V
is observed. Here, the additional charge carriers significantly alter the charge dis-
tribution in the drift region, reducing the effectiveness of the RESURF design.
Again, a higher current density results in a more severe deterioration. This can also
be concluded from the dependence of the trench depth on the output characteristics.
The breakdown voltage decreases with higher trench depth, even though the
increase in drain current for deeper gate trenches is small compared to the total
current. In order to account for process fluctuations, it may be necessary to increase
the drift region length for the 50 V CTGI LDMOS devices. This would reduce the
electric field across the RESURF region and increase the breakdown voltage. Also,
it will not have an impact on other devices on the chip because the change only
affects the layout of the trench gate integrated devices. The minimum breakdown
voltages due to dynamic avalanche for the CTGI LDMOS devices in comparison to
the standard LDMOS transistors are summarized in Table 8.4.

Fig. 8.15 Output characteristics of continuous trench gate integrated LDMOS transistors (20 and
50 V) at maximum gate voltage for avalanche ruggedness analysis
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8.2.4 Drawbacks Under Operation as High-Side Switches

The trench gate integration concepts were introduced based on fully-isolated
LDMOS transistor cells which are capable of blocking the drain voltage against the
wafer backside. This is enabled by a junction isolation featuring a RESURF design
for the n-well as previously shown, e.g. in Fig. 8.1. The isolation to the substrate is
a prerequisite for the implementation of these LDMOS transistors in monolithic
integrated buck converters or in half and full bridge configurations. Here, the
transistor highlighted in Fig. 8.16 acts as a high-side switch with its source potential
ranging from 0 V to supply voltage level and the drain potential being fixed to
supply voltage level.

Without a suitable isolation of the high-side switch, a short circuit condition
would occur during operation of this circuitry. In order to prevent this, the substrate
is continuously biased to 0 V and the elevated source potential is isolated by an
additional n-well which forms a blocking pn-junction to the p-doped substrate [4].

For trench gate integrated LDMOS devices which make use of the n-well for
current conduction, this can cause an increase in on-state resistance when operating
as a high-side switch. The reason is the extension of the space-charge region

Fig. 8.16 Half bridge circuit topology including an LDMOS transistor as a high-side switch

Table 8.4 Minimum break-
down voltage due to dynamic
avalanche for different CTGI
LDMOS devices

20 V devices Gate oxide module

3.3 V 5 V 20 V

Standard LDMOS (V) 24.9 32.2 27.4

Extended CTGI-LDMOS (V) 28.1 >35 34.9

Area-neutral CTGI-LDMOS (V) 29.5 >35 34.0

50 V devices Gate oxide module

3.3 V 5 V 20 V

Standard LDMOS (V) 53.2 53.2 52.8

Extended CTGI-LDMOS (V) 50.8 52.3 50.8

Extended ITGI-LDMOS (V) 50.7 52.8 50.8
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occurring across the substrate/n-well junction. This effect is depicted in Fig. 8.17
for the CTGI LDMOS design from Fig. 8.1, and it holds true for the other TGI
designs as well.

Subsequently, the effective depth of the trench drift region available for current
conduction is reduced. The resulting transfer characteristics of a 50 V CTGI
LDMOS device in forward conduction when operated as a high-side switch in
comparison to a low-side switch can be deduced from Fig. 8.18.

The results confirm that the resistance of the trench drift region is increased.
For the area-neutral CTGI device, the on-state resistance increases from 94 to
108 mΩ mm2. This value is still 25 % lower than the RDS,on value of the standard
LDMOS device. As the high-side switch of the half-bridge depicted in Fig. 8.16

Fig. 8.18 Transfer characteristics of 50 V area-neutral CTGI LDMOS transistor (20 V gate oxide
module) operating as a high-side switch compared to characteristics for low-side operation

Fig. 8.17 Reduction of trench gate drift region width by presence of a space-charge region in a
CTGI LDMOS transistor operated as a high-side switch
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will not conduct current in steady-state when the source potential is zero (switch 1
open and switch 2 closed), the difference in drift region resistance will not be of
significance for most applications. Nonetheless, care should be taken during circuit
design to account for the increase of RDS,on under high-side operating conditions.
Also note that the impact of trench depth is insignificant for the operation as a high-
side switch. Similar considerations hold true for the extended CTGI and ITGT
concepts. Their transfer characteristics under high-side and low-side operation are
presented in Fig. 8.19 for comparison.

Again, the ITGI device experiences an increase of RDS,on from 94 to 107 mΩmm2.
However, the on-state resistance of the extended CTGI device becomes 138 mΩ
mm2. This is close to the value of the standard LDMOS (145 mΩ mm2) with the
smaller cell footprint. Therefore, the extended CTGI device is not an attractive choice
for implementation as a high-side switch.

8.2.5 Switching Losses Under High Power Operation

A key factor for energy conversion circuits in smart-power ICs is energy efficiency.
Typically, it determines the device area of the LDMOS transistors, i.e. the number
of cells that constitute to one device. Naturally, the device area should be as small
as possible to allow for a small overall chip size. However, running high current
densities across small areas causes a large amount of power dissipation. Therefore,
a trade-off must be considered when designing the device area for an LDMOS
transistor. Static power dissipation can be easily determined by the on-state resis-
tance. However, dynamic power dissipation, which occurs during device switching,
also needs to be considered. This is particularly true for high switching frequencies

Fig. 8.19 Transfer characteristics of 50 V extended CTGI and ITGI LDMOS transistors (20 V
gate oxide module) operating as a high-side switch compared to characteristics for low-side
operation

170 8 Lateral Power Transistors Combining Planar …



encountered in smart-power ICs and/or small duty cycles at low load conditions
where low static losses with respect to dynamic losses incur.

Given that the integration of trench gates introduces further gate capacitances,
the impact on dynamic power dissipation needs to be considered. A typical turn-on
event for an LDMOS device assuming a constant gate charge current and an
inductive load was introduced in Chap. 4. The main portion of dynamic power
dissipation arises from the charging of the transfer capacitance during phase III
(Miller plateau [14]) when the device is on the verge of turning on and a high drain
current is already flowing through the device. At the same time, the drain-source
voltage is still high and gradually reduces while the transfer capacitance is charged.
The amount of this gate-drain charge Qgd required is indicative to the amount of
power losses during this dynamic switching event as it determines the duration of
the Miller plateau. Moreover, it is independent of the gate current [9].

Integrating the transfer-capacitance from supply voltage down to the drain-
source voltage for a given current density yields a decent approximation of the gate-
drain charge Qgd for investigation of the different trench gate integration concepts.
For this purpose, a supply voltage of 50 V and a drain current at which the Miller
voltage equals to 3 V were selected. The calculated gate charges for the different
integration concepts are presented in Table 8.5.

As expected, the device concepts employing additional trench gates are char-
acterized by a higher gate charge, i.e. more charge is required to turn the devices on
and off. Conversely, for a given gate resistance, a higher gate charge means that
switching takes longer and higher dynamic power dissipation takes place.

Still, it should be considered that the trench and planar gates act on the same
p-well. The contribution of the planar gate to the gate charge from Table 8.5 (values
shown in brackets) implies that this vertical field plate effect also reduces the
gate-drain capacitance of the planar gate. The feasibility of trench gate integration
into planar LDMOS topology with respect to dynamic switching losses is judged
using the RDS,on ∙ QGD Figure-of-Merit shown in Fig. 8.20.

The results show that the increased gate charge is well compensated by the lower
on-state resistance, making the CTGI and ITGI devices promising candidates for
energy efficient power devices on a reduced chip area.

Table 8.5 Comparison of
gate charges during switching
of CTGI and ITGI LDMOS
devices for different gate
oxide modules; values in
brackets indicate the contri-
bution of the planar gate

50 V devices Gate oxide module

3.3 V 5 V 20 V

Standard LDMOS
(pC/mm2)

584 624 882

Extended CTGI-LDMOS
(pC/mm2)

729
(417)

747
(422)

1,133
(732)

Extended ITGI-LDMOS
(pC/mm2)

877
(439)

842
(445)

1,810
(805)
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8.2.6 Switching Losses Under High Frequency Operation

The evaluation of the gate charge is a first indication that high frequency operation
using the CTGI or ITGI LDMOS devices is restricted due to the increased device
capacitances. To further analyse the suitability of these devices regarding radio fre-
quency operation, the input capacitances (gate-source capacitance) are extracted from
small-signal simulations. Based on the gate-source voltage, the input capacitance
determines the amount of charge that is consumed during each device turn-on cycle
(and dissipated during each turn-off cycle). For high switching frequencies, charging
of the input capacitance resembles a major source of power losses. Moreover, a high
input capacitance limits the switching frequency simply by demanding very large
gate currents, and consequently large gate drivers. The input capacitances for the
different 50 V ITG LDMOS devices are summarized in Table 8.6.

All trench gate integrated device design exhibit a significantly higher input
capacitance for a 2 µm deep trench. While there is still some room for improvement
by reducing the trench depth (straight-forward) and the depth of the channel and
source wells (requires LDMOS redesign), it is apparent that the trench gate induces
high values of input capacitance because it acts between gate and source. This is
illustrated in Fig. 8.21.

Table 8.6 Comparison of
input capacitances of CTGI
and ITGI LDMOS devices for
different gate oxide modules

50 V devices Gate oxide module

3.3 V 5 V 20 V

Standard LDMOS (pF/mm2) 830 400 130

Extended CTGI-LDMOS
(pF/mm2)

1,780 750 160

Extended ITGI-LDMOS
(pF/mm2)

3,480 1,540 390

Fig. 8.20 Figure-of-Merit RDS,on ∙ QGD for dynamic power dissipation for CTGI and ITGI
LDMOS devices
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Since the p-body has to be fully intersected by the trench gate to ensure an
inversion channel through the p-well, a shallower trench will reduce the transfer
capacitance but not the input capacitance. Still, for the ITGI design a less pronounced
increase in input capacitance may be achieved when reducing the trench gate-to-
source region ratio. Moreover, the increase in input capacitance is smaller for thicker
gate oxides. This is due to the smaller gate oxide capacitance which is connected in
series to the substrate capacitances in the source and p-body regions next to the trench
gate. Additionally, the vertical doping of the p-well is also reducing towards the
bottom of the well, locally reducing the substrate capacitance as well.

To estimate the impact of trench gate integration on the power losses for high
frequency operation, the RDS,on ∙ Cin Figure-of-Merit can be used [9]. The results for
extended ITGI and CTGI devices are displayed in Fig. 8.22.

Fig. 8.21 Contributions to input capacitance in extended CTGI LDMOS device from Fig. 8.1

Fig. 8.22 Figure-of-Merit RDS,on ∙ Cin for power dissipation at high operating frequencies for
CTGI and ITGI LDMOS devices
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This Figure-of-Merit is a direct indication of the minimum power losses that can
be achieved in the device. It can be concluded that the combination of planar and
trench gate topologies cannot readily be used for high frequency operation in the
upper MHz range. A similar result has been previously published for lateral trench
gate integrated superjunction LDMOS transistors regarding their applicability in RF
LDMOS devices [15].

8.3 Integration Consideration for Smart-Power ICs

In contrast to the trench LDMOS device concepts shown in Chap. 7, this device
topology allows for simultaneous fabrication of standard planar LDMOS and TGI-
LDMOS devices. For example, the trench gate integration concept can be applied
for the 50 V LDMOS devices while using the standard 20 V LDMOS devices for a
different voltage level converter on the same chip.

After implantation of wells, trench gates are patterned by reactive ion etching as
shown in Chap. 7. The trench gates are oxidized and doped polysilicon is deposited
which allows for a simultaneous gate stack formation of the trench and planar
channel region. Note that the deposition of in situ doped polysilicon and completely
refilling the trenches yields the easiest integration approach. In the case that ex situ
doping of the polysilicon by low pressure chemical vapour deposition (LPCVD)
using POCl3 and a drive-in or by subsequent ion implantation is required, additional
effort is necessary to form the trench gates. One option is to increase the trench
width to prevent a refill of the trench by the polysilicon deposition. Then, the
polysilicon can be doped by tilted implants or by a LPCVD process. Given that
polysilicon thickness is typically in the range of 250–500 nm (e.g. [16]), this does
not constitute to a significant increase in cell pitch. In this case, the trenches will be
refilled by the oxide passivation.

A significant reduction of on-state resistance by up to 49 % has been predicted in
50 V LDMOS transistors using intermitted trench gates. For this commercially
available 350 nm smart-power IC technology, the wells of the underlying LDMOS
devices are suited for a “More-than-Moore” integration approach. Sufficient rug-
gedness against dynamic avalanche conditions occurring during switching events
has been demonstrated in general. Due to the increased forward current densities,
care must be taken to avoid occurrence of avalanche under all dynamic switching
conditions. When operated as high-side device, the trench gate integrated LDMOS
suffers from the extension of the space-charge region from the p-substrate into the
n-well, but the increase in RDS,on is still well below that of the standard 50 V
LDMOS. When operating at high frequencies, the high input capacitance of the
additional trench gate negatively impacts device performance. For operating fre-
quencies typically encountered in integrated switch mode converters, a clear
reduction of static and dynamic power dissipation can be expected from integration
of trench gates into the planar LDMOS topology.
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Chapter 9
Lateral Power Transistors on Wide
Bandgap Semiconductors

For radio frequency applications, lateral GaAs heterojunction bipolar transistors
(HBT) are routinely employed in the RF amplifier of mobile phones, and silicon RF
LDMOS transistors are used in the corresponding base station equipment. Due to the
bandgap engineering performed on the GaAs transistors, they offer a significantly
higher transition frequency than silicon transistors. However, output power density in
GaAs based RF amplifiers is limited due to low breakdown voltage in spite of very
high electron mobility [1]. Over the last few decades, a different class of lateral power
transistors has evolved using wide bandgap semiconductors on silicon carbide and
gallium nitride which will be discussed in the course of this chapter. An overview on
physical and electrical properties of silicon and 4H-silicon carbide with importance
regarding RF and power electronic applications is shown in Fig. 9.1.

The high critical breakdown field has driven the development of power semi-
conductor devices on silicon carbide and gallium nitride for power electronic
applications. Motivation for using wide bandgap semiconductors stems from the
benefit of high operating voltages for high output power which allows for an output
impedance close to 50 Ω according to (3.3). This minimizes the effort for matching
networks [2, 3].

In this chapter, the state-of-the-art and progress on lateral silicon carbide power
transistors of the 4H polytype is introduced. The impact of the physical properties
on electrical characteristics is explained and the benefits regarding power electronic
and radio-frequency applications are discussed. Technological limitations like
limited channel mobility due to high interface state densities will be considered.
Both work towards high frequency and high voltage operation are considered.
Aspects regarding the introduction of smart power ICs on silicon carbide like the
state-of-the-art in high temperature SiC logic will be investigated.

Moreover, the high electron mobility transistor (HEMT) on gallium nitride is in
the focus of this chapter. Due to the formation of a two dimensional electron gas it
is highly suitable for high frequency operation. The performance of GaN-based
HEMTs in its current state is described. Then, reliability issues like dynamic on-
resistance and current collapse which hamper introduction of these devices in
power electronic circuits are explained. Requirements regarding the epitaxial layers
for fabrication of HEMTs and the available quality for GaN-on-Silicon devices are
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discussed. Using this technology, considerations regarding the implementation of
GaN HEMTs on local GaN islands on silicon-based CMOS circuits for imple-
mentation of smart-power ICs and RF power amplifiers are presented.

9.1 Lateral Silicon Carbide Transistors on 4H Polytype

Over the last decade significant development towards silicon carbide power semi-
conductor devices was conducted. Device technology for vertical power transistors
on the 4H-polytype of silicon carbide has arrived at the production stage [4]. A
stable and reliable processing technology is vital to the development of devices for
power electronic and RF applications. Therefore, in the course of this textbook only
the 4H polytype of silicon carbide is considered.

9.1.1 Material Properties of 4H Silicon Carbide

However, developments on lateral silicon carbide transistors are scarce despite
several material properties making 4H-SiC superior to silicon devices—at least on
the paper.

Fig. 9.1 Physical and electrical properties of silicon, and silicon carbide (4H polytype) relevant
for power semiconductor devices
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9.1.1.1 Critical Electric Field and Drift Region Resistance

The bandgap of 3.2 eV for 4H-SiC requires higher electric fields for impact ioni-
sation of free charge carriers to occur. The impact ionisation coefficient for electron
and holes in 4H-SiC is significantly higher than in silicon. For analytical evaluation,
approximations for the impact ionisation coefficients have been derived by Fulop
[5] for silicon and by Baliga [6] for 4H-SiC. Using these approximations and
solving the ionisation integral, the critical electric field for 4H-SiC is in the range of
2–4 MV/cm depending on the doping concentration. As depicted in Fig. 9.2, it is
almost one decade larger than the critical electric field for silicon.

Considering the larger extension of the space-charge region (due to the higher
voltage), the breakdown voltage of a 4H-SiC pn-junction is up to 56 times higher
than a silicon pn-junction with similar doping concentration.

Consequently, the drift region resistance of power semiconductor devices for a
given breakdown voltage is also vastly reduced. This is the key driver for the
development of SiC technology as of today. Recalling (5.8), the drift region
resistance of a RESURF based LDMOS transistor is given by

Rdrift;RESURF � A� 1
ln;drifte0erE

3
crit

�
ffiffiffi
2

p
� BV2: ð9:1Þ

The breakdown voltage depends on the critical electric field, and the following
relationship is derived using Baliga’s approximation for 4H-SiC [6]:

Fig. 9.2 Critical electric fields for silicon and 4H-SiC and breakdown voltages under non punch-
through conditions based on the approximations for impact ionisation coefficients after Fulop [5]
and Baliga [6]
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Ecrit;Si

V cm�1 ¼ 1:25 � 107 � BV
V

� ��1
6

: ð9:2Þ

Then, the area-specific drift region resistance limit of a RESURF-LDMOS
transistor on 4H-SiC is given by

Rdrift;RESURF � A
X cm2 � 1:31 � 10�12 � BV

V

� �2:5

; ð9:3Þ

which is over 1,500 times smaller than the value for silicon RESURF-LDMOS
transistors from (5.10). Regarding drift region resistance, the smaller bulk mobility
of 4H-SiC is compensated by the high critical electric field.

9.1.1.2 Electron Drift Velocity and Electron Mobility

Regarding high frequency operation, the saturated electron drift velocity has to be
considered. As with silicon, drift velocity in 4H-SiC can be approximated by the
field dependent equation of a group IV semiconductor.

vIV�IV ðEÞ ¼ lE

1þ lE
vs

� �ah i1
a

; ð9:4Þ

with the electric field E, the saturation drift velocity vs and the fitting parameter α
[7]. For III–V semiconductors like GaAs and GaN, a more complex approximation
formula is required to account for the mobility peak before saturation of drift
velocity occurs:

vIII�V ðEÞ ¼
lE þ vs E

n1�1ð Þ
E
n1
c

E

1þ a lE
vs

� �n2þ lE
vs

� �n1 ; ð9:5Þ

with the fitting parameters given in [8]. Temperature dependence of the electron
velocity on the electric field was also modelled using Monte-Carlo simulations [9].
A comparison of drift velocities for (100) silicon, GaN and (0001) 4H-SiC is shown
in Fig. 9.3. The drift velocities were measured using the conductance technique
[11]. Silicon carbide offers a significantly higher saturated electron drift velocity
than silicon. This is particularly true for high temperatures where the reduction of
the saturated electron drift velocity in silicon carbide is less pronounced than in
silicon.

It should also be noted that the electron drift velocity in 4H-SiC is lower
compared to silicon in the linear regime before saturation occurs. This also results
in lower inversion layer mobility in a MOSFET under high vertical electric fields
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compared to silicon. At an electric field of 1 MV/cm which typically results from
the gate voltage applied to a MOSFET, the inversion layer mobility in silicon is in
the range of 200–300 cm2/Vs [12]. In contrast, inversion channel mobility in
4H-SiC MOSFETs is significantly lower and strongly depends on the fabrication
processes [13]. Currently, it is technologically possible to fabricate stable
MOSFETs with inversion layer mobility of approximately 25 cm2/Vs on 4H-SiC.
The physical reasons and the technological obstacles are discussed in more detail in
the course of this chapter.

Considering the discussion on the channel resistance in Chap. 7 and including
the critical electric field dependence from (9.3), a minimum area-specific channel
resistance for 4H-SiC devices can be estimated similar to (7.7) for silicon LDMOS
transistors:

RCh;min � A ¼ 38610 � F
cm

BV
V

� �7
6

1:25 � 107 þ 11 � F
cm

 !
: ð9:6Þ

In Fig. 9.4 theoretical limits for the drift and channel regions of silicon and
4H-SiC LDMOS transistors are summarized. The effect of lower mobility on drift
region and channel resistance has to be considered together with the benefits from
the increased critical electric field. But clearly, it constitutes to a technological
limitation that is yet to be overcome.

Comparing these drift region and channel limits, the voltage region where silicon
carbide exhibits significant advantages becomes apparent. The drift region resistance
of 4H-SiC LDMOS transistors plays a significant role for devices with breakdown
voltages in excess of 1,000 V when an inversion channel mobility of 250 cm2/Vs
similar to silicon is assumed. For the current state-of-the-art technology (25 cm2/Vs),
the drift region resistance will be negligible for breakdown voltages up to

Fig. 9.3 Modelled drift velocities for electrons in silicon, silicon carbide and gallium nitride for
different temperatures, fit parameters from [7, 10]
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approximately 3 kV. This value is significantly higher than for vertical SiC devices
where a higher channel density can be achieved, e.g. by VDMOS or trench designs.
Below these voltages, the resistance of 4H-SiC devices is governed by the channel
resistance which exhibits a weak dependence on breakdown voltage. Therefore, for
breakdown voltages over 200 V, these devices can achieve lower total device
resistance than their silicon counterparts. The research efforts regarding the fabri-
cation of 4H-SiC LDMOS transistors and combination of 4H-SiC LDMOS transis-
tors with logic functionality are discussed in Sects. 9.1.2 and 9.1.4, respectively.

9.1.1.3 Intrinsic Carrier Concentration

Another implication of the wide bandgap is the lower intrinsic carrier concentration
compared to silicon. It stems directly from the wide energy bandgap of the semi-
conductor. The low probability of thermal generation of electron-hole pairs mani-
fests in a negligible amount of minority charge carriers at room temperature for
doping concentrations typically encountered in semiconductor devices. For silicon,
an intrinsic carrier concentration at room temperature of 1.08 · 1010 cm−3 has been
widely accepted [14]. The intrinsic doping concentration for 4H-SiC at room
temperature was theoretically determined to be approximately 5 · 10−9 cm−3, which
is over 18 decades smaller than in silicon [15]. Considering the temperature
dependence of the density of states and the bandgap, the calculated intrinsic carrier
concentration for 4H-SiC are compared to values for silicon and GaN in Fig. 9.5.

This strong difference in intrinsic carrier concentration compared to silicon has
severe implications on high temperature operation for both wide bandgap materials.
The intrinsic carrier concentration of silicon approaches values of doping concen-
trations typically encountered in power semiconductor devices at about 500 K.

Fig. 9.4 Drift region resistance (RESURF-based) and channel resistance limits for LDMOS
transistors fabricated on silicon and 4H-SiC; several values of inversion channel mobility for 4H-
SiC are depicted
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Therefore, device performance will be deteriorated due to the intrinsic conduction
for temperatures over 200 °C and barely any silicon device technology can address
these harsh operating conditions [17]. Additionally, the generation current of pn-
junctions under reverse bias is directly proportional to the intrinsic carrier con-
centration [18]. Leakage current in power semiconductor devices and CMOS cir-
cuitry increases exponentially with temperature and current consumption may
already exceed specifications well below 200 °C.

Silicon carbide and gallium nitride devices offer much higher operating tem-
peratures because of the lower intrinsic barrier concentration. Of course, this
requires adequate contact metallization and assembly technologies to exploit this
benefit. Moreover, leakage currents in pn-junctions on SiC are also significantly
lower compared to silicon devices, allowing for high temperature, low leakage
applications to be served. Operation of SiC MOSFETs at up to 923 K has been
reported [19].

9.1.1.4 Thermal Conductivity

Finally, the high thermal conductivity of silicon carbide substrates should also be
emphasized. While there has not been much work performed to this regard, mea-
surements indicate that the thermal conductivity of 4H-SiC at 300 K is approxi-
mately 3.7 W/cmK [20]. This is over two times higher than the room temperature
value of 1.5 W/cmK for silicon [21].

Considering Fourier’s Law of heat conduction, this implies that a higher power
density can be used in an assembly (e.g. with a package and a heat sink) than for a
silicon device. A detailed analysis of thermal resistance in MOSFETs depending on
bias conditions was given by Wang et al [22]. A simplified thermal circuit of a
power semiconductor device mounted on a heat sink is given in Fig. 9.6.

Fig. 9.5 Intrinsic carrier concentration from 165 to 500 K for silicon, 4H-SiC and GaN calculated
from [6, 14, 16], respectively
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The thermal resistance of the silicon or silicon carbide material is modelled using
RTH, JP. This value is—in a first order approximation—directly proportional to the
thermal conductivity of the semiconductor substrate. Silicon carbide devices can be
operated at higher power densities without increasing junction temperature. The
achievable increase in power density strongly depends on the thermal conductivity
of the package, the heat sink and the coolant. Combining this observation with the
capability of 4H-SiC to operate at higher junction temperatures than silicon for the
reasons mentioned in the previous section, higher power densities and elevated
ambient temperatures can be used than in silicon.

9.1.2 Progress on Silicon Carbide MeSFETs and MOSFETs

With the aforementioned properties, silicon carbide is an attractive material both for
power electronic and radio-frequency applications. Similar to silicon technology,
different device topologies have evolved to address the demands of these two
markets. Even more, different device concepts like MeSFETs, JFETs and MOSFET
based power transistors are still competing to find both an entrance into existing
silicon-dominated domains and to enable new systems with better-than-ever
performance.

9.1.2.1 Devices Tailored Towards Radio Frequency Applications

Due to the high saturation velocity and the high breakdown voltage, 4H-SiC
transistors for RF applications have been investigated to great extent. This devel-
opment has been spearheaded by designs of metal-semiconductor field effect
transistors (MeSFETs), i.e. metal electrodes without a gate dielectric in direct
contact to the semiconductor forming a Schottky barrier. A typical MeSFET design
on a semi-insulating substrate is illustrated in Fig. 9.7.

Fig. 9.6 Thermal equivalent circuit for a packaged semiconductor device mounted to a heat sink
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The device current is controlled by applying a negative voltage to the gate which
leads to an extension of the space-charge region from the surface towards the semi-
insulating substrate. Thereby, the conductive part of the n-well is reduced and the
device can be turned off. Due to the high saturation velocity of electrons which is
twice as high as in silicon or gallium arsenide, higher maximum drain currents can
be produced. Combined with a higher breakdown voltage, SiC MeSFETs can
achieve power densities which are over one decade higher than in silicon or gallium
arsenide [24].

Fabrication of these devices is straight-forward and does not require gate oxi-
dation. Limitations to the inversion mobility could be avoided, which was a major
issue when development of lateral RF transistors on 4H-SiC started. The leakage
current of the reverse-biased gate-substrate Schottky barrier is negligible at room
temperature. High transition frequencies require the implementation of short gate
regions (ideally in the sub-micron range), which limits the blocking capability of
these MeSFETs in silicon carbide to 100–200 V.

For RF MeSFETs on semi-insulating 4H-SiC with a breakdown voltage of
100 V that can be operated at approximately 40–50 V, the transition frequency has
been improved from 14 up to 24 GHz within one decade [25–27].

Similarly, first reports on devices with a breakdown voltage of 140 V achieved a
transition frequency of 4 GHz and a maximum oscillation frequency of 9 GHz using a
400 nm long gate [28]. Further improvement has been demonstrated by the additional
implementation of a faraday shield (source field plate) to minimize the gate-drain
capacitance of the MeSFET and the reduction of gate length. The maximum

Fig. 9.7 RF MeSFET on semi-insulating 4H-SiC substrate, adopted from [23]
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oscillation frequency of this type of devices achieved up to 16 GHz [29]. Finally, 4H-
SiC RF MeSFETs with a breakdown voltage of 200 V using a gate length of 1.2 µm
and a transition frequency of 20 GHz have also been fabricated [30].

In parallel, investigations on RF LDMOS transistors on 4H-SiC have also
received attention despite the limitations in inversion mobility in an attempt to
achieve RF amplifiers with higher operating voltages. Initially, basic extended-drain
MOSFETs tailored towards RF applications as shown in Fig. 9.8 have been
investigated.

These early devices already included a contact metallization (from titanium,
aluminum, nickel or compounds thereof) to form an ohmic contact to the highly
doped SiC regions and a power metallization (from aluminum or gold) to carry the
high current densities. A transition frequency of 8 GHz with a gate length of 1 µm
was realized at a breakdown voltage of 950 V [31]. These devices exhibited a
device resistance of approximately 24 Ω mm2 which was limited by channel
resistance.

For high inversion mobility, implementation of a low channel doping concen-
tration is desirable [32]. However, punch-through of the channel region could then
occur for high drain-source voltage. A buried p+-doped well (anti-punch-through
layer), which is implemented using a retrograde doping profile in the channel region
helps to overcome these contradicting requirements by providing a low surface
doping concentration. Hereby, punch-through is prevented due to the high doping
concentration in the buried p-well region. The ohmic contact to this buried p+-layer
can be implemented by additional implantation of a p+-sinker or by forming a
recess. Moreover, the electric field at the gate-drain overlap can be reduced because
this portion of the drift region will be depleted from the buried p+-well. Degradation
due to hot carrier injection can be reduced, which is a severe issue due to the higher
permissible electric field in silicon carbide compared to silicon. The design of an RF
LDMOS with an additional p+-well acting as anti-punch-through layer is sche-
matically depicted in Fig. 9.9.

Fig. 9.8 RF LDMOS on 4H-SiC with ohmic contact metallization, adopted from [31]
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Measured electrical performance of fabricated 4H-SiC LDMOS transistors with
a drain extension and the anti-punch-through layer indicates a minimum on-state
resistance of 0.16 Ω mm2 and a breakdown voltage of 90 V. These devices achieved
a transition frequency of 11.2 GHz at a gate length of 0.5 µm. A transition fre-
quency of 8.0 GHz was measured for a device with a breakdown voltage in excess
of 200 V and a drift region resistance of 0.18 Ω mm2 [2].

Electrical properties of 4H-SiC devices tailored towards RF applications col-
lected from literature are given in Table 9.1.

A judgment regarding applicability of 4H-SiC RF transistors can be derived
from the gain-bandwidth product. As this value also depends on the circuitry (e.g.
amplifier class), the maximum oscillation frequency offers a first indication of the
RF performance. A comparison of maximum oscillation frequency for different
breakdown voltages is presented in Fig. 9.10.

Silicon carbide MeSFET transistors achieve excellent RF performance with
breakdown voltages in excess of 100 V. PAE of 57 % for an class AB RF amplifier
with a power gain of 15.7 dB and an output power of 4 W/mm were measured for a
MeSFET transistor operated at 3.5 GHz and biased at 48 V.

Fig. 9.9 RF LDMOS on 4H-SiC with additional anti-punch-through layer, adopted from [33]

Table 9.1 Breakdown voltage, transition and maximum oscillation frequencies for RF MeSFET
and LDMOS transistors fabricated on 4H-SiC

BV (V) fT (GHz) fmax (GHz) Device type Substrate Source

100 14 30.5 RF MeSFET 4H-SiC [25]

140 4 9 RF MeSFET 4H-SiC [28]

120 – 15.7 RF MeSFET 4H-SiC [29]

200 8 11.9 RF LDMOS 4H-SiC [33]

950 7 7.8 RF LDMOS 4H-SiC [31]

45.3 8.6 11.1 RF MeSFET 4H-SiC [34]
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The 4H-SiC LDMOS transistors also exhibit adequate RF performance even for
operating voltages of 50 V. An RF LDMOS operated in class A mode at 3 GHz
achieved a PAE of 17.5 % with a power gain of 9.1 dB and an output power of
32 dBm (equals 1.9 W/mm) [2].

9.1.2.2 Devices Tailored Towards Power Electronic Applications

In order to exploit the high voltage capability of silicon carbide in lateral devices,
LDMOS transistors have been developed by several groups. As device concepts on
silicon carbide do not significantly differ from silicon, the RESURF concept has
been adopted early on. The topology for the first LDMOS transistor fabricated on
4H-SiC is schematically illustrated in Fig. 9.11.

These first devices achieved breakdown voltages in excess of 2.6 kV but suffered
from poor inversion mobility. A device resistance of 55 kΩ mm2 was measured due
to inversion mobility of less than 10−2 cm2/Vs [35]. Additionally, in order to protect
the gate dielectric from the high electric field which silicon carbide brings along,
devices with gate oxide thickness of up to 900 µm were first employed [36]. This
gave rise to undesirably high threshold voltages, but allowed for fabrication of first
SiC devices with a breakdown voltage of 1,200 V and a device resistance of
400 Ω mm2 which is close to the silicon RESURF limit of LDMOS transistors.
Further improvements by reduction of RESURF dose allowed for application of
200 nm thick gate oxides and a field plate design as depicted in Fig. 9.12.

With this concept, the driving capability of these transistors is enhanced, and
LDMOS transistors with breakdown voltage of 900 V and device resistance of
50 Ω mm2 were realized with an inversion mobility of 10 cm2/Vs. Unfortunately,
they still required a gate-source voltage of 80 V [37]. Also, these LDMOS devices
have been fabricated on p-doped or semi-insulating SiC substrates.

Fig. 9.10 Breakdown voltage versus maximum oscillation frequency for 4H-SiC MeSFETs and
LDMOS transistors compared to silicon state-of-the-art RF devices, data from Table 9.1
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Haeublein et al. have recently published results on LDMOS transistors fabricated
on n+-doped 4H-SiC substrates with extended drain on n-doped substrates operated
under 20 V gate bias that achieved a blocking voltage of 165 V and an on-state
resistance of 1 Ω mm2 [38]. These devices still suffer from the low inversion
mobility and the gate length of 2 µm that were used in the study. It was observed,
however, that the device resistance decreased with temperature. At 300 °C a

Fig. 9.11 RESURF-based LDMOS transistor on 4H-SiC with thick gate oxide, adopted from [35]

Fig. 9.12 RESURF-based LDMOS transistor on 4H-SiC with reduced RESURF dose and thin
gate oxide, adopted from [37]
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reduction of on-state resistance to 0.75 Ω mm2 can be estimated from the mea-
surement data. A threshold voltage shift, increased inversion mobility or a complete
ionisation of dopants at elevated temperatures may be responsible for this obser-
vation. RESURF-based LDMOS transistors are expected to achieve similar
(channel resistance limited) on-state resistance values at breakdown voltages in
excess of 1,000 V.

The data on breakdown voltage and drift region resistance reported in literature
are summarized in Table 9.2.

Data on the gate charge of these devices have not been reported. It is evident
from the comparison of breakdown voltage and on-state resistance displayed in
Fig. 9.13 that the 4H-SiC devices have not yet exceeded the performance of silicon
RESURF-based LDMOS transistors.

Even though operation at high breakdown voltages has been demonstrated for
SiC devices, there are still technological limitations that have to be overcome to
turn the promise of high-voltage low loss SiC LDMOS transistors into reality.

Table 9.2 Breakdown voltage, on-state resistance and gate charge measured from LDMOS
transistors fabricated on 4H-SiC reported in literature

BV (V) RDS,on (Ω mm2) Qgd (nC/mm2) Device type Substrate Source

950 24 EDMOS 4H-SiC [31]

2,600 55,000 EDMOS 4H-SiC [35]

1,200 400 RESURF LDMOS 4H-SiC [36]

900 50 RESURF LDMOS 4H-SiC [37]

165 1 EDMOS 4H-SiC [38]

Fig. 9.13 Breakdown voltage versus on-state resistance for SiC LDMOS transistors compared to
state-of-the-art silicon devices; silicon RESURF limit and SiC channel limit (for a 350 nm
technology) are given for reference, data from Table 9.2
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9.1.3 Technological Limitations for 4H-SiC Devices

The development previously described is hampered by insufficient control of pro-
cessing technology which deteriorates electrical properties and lifetime. Even
though silicon carbide devices use similar topologies and methodology as their
silicon counterparts, additional processing equipment is required for their fabrica-
tion. Primarily, due to the strong Si–C bond, higher temperatures are required for
epitaxial growth, activation of dopants after implantation and thermal oxidation.

Semi-insulating Substrates for RF Devices One of the key constraints for
MeSFET-based RF applications is the lack of low defect semi-insulating SiC
substrates which are mandatory for the fabrication of large area devices for high
power densities with adequate yield. Much of the effort in growing large 4H-SiC
single crystals has gone towards power electronics and its demand in highly n-
doped material. Therefore, LJFETs and LDMOS transistors are a promising choice
as RF power devices as they can also be fabricated on this highly n-doped material.
Even though the quality of these substrates is steadily improving and wafers with
larger diameter are becoming available, more effort was spent to eliminate micro
pipes as the most severe defect type. Especially for operating at high voltages,
additional work is being conducted to also minimize dislocations in the wafer or the
epitaxy [39]. For example, properly controlling the growth condition of epitaxial
layers allow for a conversion of basal plane dislocations (BPDs) into threading edge
dislocations [40].

Incomplete Activation of Dopants Another limitation in device operation is the
incomplete activation of dopants in 4H-SiC, i.e. the number of dopant atoms that
are incorporated into the lattice to provide charge carriers. Much effort has been
particularly dedicated to improve the activation of aluminum because its ionisation
energy is lower than boron as a p-doping element in 4H-SiC [41]. Similar con-
siderations hold true for nitrogen as the preferred n-doping element instead of
phosphorous. Early work on the annealing of ion-implanted dopants was hampered
by the silicon-based processing equipment. With the availability of annealing fur-
naces capable of annealing at temperatures beyond 1,400 °C, it was found that
activation of aluminum implanted at the solubility limit increased from 6 to 35 % by
increasing the annealing temperature from 1,600 to 1,750 °C. Additionally,
implanting the aluminum ions at 1,000 °C prior to annealing allowed for almost
100 % activation under similar annealing conditions [42].

Inversion Mobility While inversion mobility has been significantly improved
from values below 0.01 to 20 cm2/Vs under high gate voltages [32, 35], it is still not
close to the theoretical value [43]. The inversion mobility in 4H-SiC MOS-tran-
sistors is still limited due to the trapping of free electrons at the interface due to a
high density of interface states [32]. This also results in high threshold voltages
limiting the inversion charge that is present in the channel from the gate overdrive.
Nevertheless, new gate oxidation techniques and the use of lower channel doping
concentrations resulted in continuous progress over the recent years, and a final
solution to this issue can be expected—especially considering the development that
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silicon had to undergo to yield oxide-semiconductor interfaces suitable for MOS-
FET fabrication including chlorine based oxidation and post metallization forming
gas annealing [44]. Recently, reduction of interface state density in thin silicon
dioxide layers thermally grown on 4H-SiC was observed for an oxidation procedure
that was derived from kinetic oxidation analysis [45].

9.1.4 Smart-Power ICs on Silicon Carbide

With the availability of robust lateral power transistors on silicon carbide, smart
power ICs like a one-chip power converter with integrated circuit monitoring and
protection could be implemented. SiC-on-Si substrates with adequately low defect
densities and on large wafer diameters have not been manufactured so far despite
early successes on the 3C polytype of SiC [46]. Therefore, homogeneous integra-
tion of SiC power devices with SiC logic devices appears as the most promising, yet
expensive, approach towards smart-power ICs on silicon carbide. Nevertheless, SiC
logic offers operation at temperatures that are out of scope for conventional silicon
technology.

In silicon carbide, however, device development has mainly been pushed by the
demand of low-loss power electronic switches with high breakdown voltages. The
development of a SiC-based logic technology suitable for realization of smart-
power ICs is lagging behind in contrast to silicon technology.

Nevertheless, investigations have been carried out towards silicon carbide logic
for high temperature applications. These developments started on 6H-SiC substrates
which were more readily available at that time, achieving higher inversion mobility
and transconductance than their counterparts on 4H-SiC [39]. In 1994, an integrated
inverter circuits using n-channel MOS transistors in 6H-SiC was demonstrated [47].
The circuit applied an n-channel MOS driver transistor and a smaller n-channel
MOS load transistor. This circuit operated at 304 °C but these transistors were too
small to drive any loads and oscillation frequencies could not be investigated.

In 1999, a complete monolithic mixed-signal IC using CMOS technology was
presented on 6H-SiC operating at up to 300 °C [48]. This IC implemented an
intelligent gate drive circuit which includes a drive circuit and a sensing and pro-
tection circuit as depicted in Fig. 9.14.

The drive circuit consists of a gate driver stage that is powered by a charge
pump. Additionally, the drive circuit can be disabled in the case of over- or under-
voltage detection or by short and open load conditions respectively. All circuit
components were fabricated using n-channel MOS and p-channel MOS transistors
with distinct size in a circuit design that achieves temperature independent opera-
tion. That is particularly important when operating temperature can vary across
several hundred Kelvin.

In order to achieve stable high temperature operation over the full lifetime of the
devices, metallization and passivation techniques for SiC devices and ICs have also
been developed.

192 9 Lateral Power Transistors on Wide Bandgap Semiconductors



For temperatures of up to 500 °C, a platinum metallization with Ti/TaSi2
adhesion layers and a subsequent silicon nitride passivation have been found to be
suitable [49].

With respect to 4H-SiC, work on logic transistors started with lateral JFETs
which could be used without the need of a gate oxide giving rise to high interface
state densities. Switching frequencies in excess of 20 MHz and normally-off power
switches operating at up to 900 V using a trench-based lateral JFET technology
have been published in 2006 [50]. A similar approach was reported the year after
with a 4H-SiC lateral JFET-Based Power IC that contained a vertical channel [51].
The high-voltage devices additionally employed a double-RESURF-based drift
region achieving a breakdown voltage of up to 1,028 V.

Analog functions on 4H-SiC have been also demonstrated using MeSFETs. A
voltage gain of 16 was obtained from a 200 kHz sine signal from single stage
amplifier [52]. A common source topology was implemented for ease of
integration.

With respect to logic-level MOS transistors on 4H-SiC, developments took off
during the last decade. Using n-channel MOSFETs on 4H-SiC, nMOS logic for
operation at up to 400 °C with a TTL compatible operating voltage of 5 V have
been fabricated [53]. This technology also employed a high-temperature capable
metallization (PtTi with Ti/TiN adhesion layers) and passivation (PECVD-depos-
ited silicon oxide and nitride) technology [54]. Common source amplifiers with
stable gain of 6.8 at 300 °C were implemented using depletion mode n-channel
MOSFETS [55]. Edge-triggered flip-flops using enhancement-mode 4H-SiC n-
MOSFETs operate at frequencies up to 10 kHz at 300 °C and a supply voltage of
15 V [56].

Fig. 9.14 Block diagram of first smart-power IC fabricated in silicon carbide (6H polytype) [48]
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For full mixed-signal capability, CMOS technology in 4H-SiC is desirable
among other wide bandgap materials because circuit concepts developed in silicon
CMOS technology developed over the last decades could be readily transferred.
Additionally, fabrication of smart-power ICs in CMOS technology minimizes the
effort for integration of lateral MOS-gated power transistors. The cross-section of a
SiC-based CMOS technology consisting of an n-channel and a p-channel MOSFET
is depicted in Fig. 9.15.

The first CMOS inverter on 4H-SiC, which operated at up to 300 °C with drain-
source voltage of 10 V, was presented in 2006 [57]. In 2010, a CMOS-based ring
oscillator with 401 stages was constructed that operated at 300 °C and achieved an
output frequency of 63 kHz [58].

Silicon carbide HV-CMOS appears as an attractive approach to high temperature
applications with the option to design-in RF MeSFET transistors.

9.2 High Electron Mobility Transistors on Gallium Nitride

Transistors on gallium nitride have also drawn great attention over the last decade
due to their extraordinary RF performance. A comparison between key physical
properties of silicon and gallium nitride is shown in Fig. 9.16.

Since free-standing GaN crystals are not yet readily available, most of the work
focused on hetero-epitaxial growth of GaN layers on silicon carbide or sapphire
using electrically isolating buffer layers which exhibit lattice mismatch small
enough to fabricate GaN layers with defect densities sufficiently low for device
fabrication. The work that is underway to grow GaN on large diameter silicon
substrates will be assessed later. In either case, the GaN-based devices are fabri-
cated as lateral devices because an undoped GaN buffer layer is required for

Fig. 9.15 nMOS and pMOS transistors for SiC CMOS technology
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operation of high electron mobility transistors (HEMTs). A cross-section of an
AlGaN/GaN HEMT is shown in Fig. 9.17.

This device consists of an undoped GaN buffer and a thin AlGaN layer. A highly
conductive electron region is formed at the interface of these two layers. It repre-
sents the channel of the transistor. The source and drain electrodes of the transistor
are fabricated by etching through the AlGaN layer into the GaN buffer in order to
establish an electric contact to this electron channel. The presence of the electron
channel without a gate electrode constitutes to the normally-on operation mode
typically encountered in AlGaN/GaN HEMTs. Finally, control of the transistor
current can be achieved by placing a gate electrode in contact to the AlGaN layer.
Then, a negative gate bias can locally reduce the electron concentration in the
channel, depleting the electron channel, and turning the transistor off.

9.2.1 Mobility and Two-Dimensional Electron Gas

Gallium nitride exhibits high electron mobility with a distinct mobility peak as
shown in Fig. 9.3 before saturation velocity is reached. The behavior is similar to
other III–V group semiconductors like GaAs. The combination of spontaneous and

Fig. 9.16 Physical and electrical properties of silicon, and gallium nitride relevant for power
semiconductor devices; silicon carbide (4H polytype) from Fig. 9.1 shown for reference
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piezoelectric polarization causes significant band bending at the AlGaN-GaN
interface as illustrated in Fig. 9.18.

Electrons confined in this potential well exhibit very high mobility in a very
narrow region which is referred to as a quantized two dimensional electron gas
(2DEG). Sheet charge carrier density of the 2DEG in the range of 1–3 · 1013/cm2

has been determined for different Al-doping levels of the AlGaN layer by electrical
measurements and can be precisely modelled [59]. This correlates to a electron
sheet charge density of 1.5–4.5 µC/cm2, a value that is similar to state-of-the-art
silicon MOSFET devices. The (spontaneous and piezoelectric) polarization effects

Fig. 9.17 Fundamental AlGaN/GaN high electron mobility transistor topology for RF
applications

Fig. 9.18 Band diagram of AlGaN/GaN heterostructure; formation of a two dimensional electron
gas due to piezoelectric and spontaneous polarization
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form a 2DEG without the necessity of further doping the semiconductor layers. An
electron mobility of up to 6,000 cm2/Vs has been measured in the 2DEG [60].
Further investigations have also identified the use of AlN layers instead of the
AlGaN layer as advantageous regarding mobility and sheet charge density [61]. The
mobility of the 2DEG also depends on the composition of the AlGaN layer with
respect to the Al/Ga ratio.

9.2.2 Performance of High Electron Mobility Transistors

Similar to silicon LDMOS technology, device topology of AlGaN/GaN HEMTs
has evolved from the fundamental concept to specialized designed for RF amplifiers
and power electronic switch-mode converters, respectively. Both traits are descri-
bed in this section.

9.2.2.1 GaN Devices for Radio Frequency Operation

Early AlGaN/GaN HEMTs on sapphire substrates with 0.28 µm long gates showed
an on-resistance of approximately 2.85 Ω mm with a breakdown voltage of 80 V.
The transition frequency was already as high as 52 GHz [62]. The use of a SiC
substrate for better heat removal and the passivation with silicon nitride enabled a
further increase in stable RF operating with transition frequency of 60 GHz at a
drain voltage of 7 V [63]. Advances in the growth of AlGaN/GaN epitaxial layers
allowed for an increase of transition frequency of this type of device to over
120 GHz [64].

High breakdown voltage of 160 V was achieved for devices with a gate field
plate resulting in a maximum oscillation frequency of 45 GHz when operated at
30 V [65]. However, the gate field plate increases gate-drain capacitance, limiting
the available transistor gain. In order to overcome this limitation, dual field plate
GaN HEMTs were introduced. These devices exhibit breakdown voltages of up to
250 V. A cross-section of such a device is shown in Fig. 9.19.

Further improvements to fabrication technology, the implementation of smaller
epitaxial layer thicknesses and a reduction in gate length has enabled the devel-
opment of AlGaN/GaN HEMTs with transition frequency of 190 GHz [67] and
maximum oscillation frequency of 300 GHz [68].

The device performance of GaN HEMTs towards radio-frequency circuits is
summarized in Table 9.3.

As for the 4H-SiC devices, a comparison of maximum frequency of oscillation
over a wide range of breakdown voltages is presented in Fig. 9.20, yielding
astonishing results.

Using GaN HEMTs, RF amplifiers with outstanding performance have been
demonstrated. Operating at 4 GHz and a bias voltage of 25 V, a class AB amplifier
circuit with GaN HEMT exhibited a PAE of 57.5 %, power gain of 15 dB and
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maximum output power of 36 dBm (equals 4.12 W/mm) [74]. An output power of
41.5 dBm has been measured for a GaN HEMT in class AB mode with a power
gain of 20.1 dB and a PAE of 51.4 % when biased at 40 V [66].

Fig. 9.19 AlGaN/GaN HEMT RF structure with gate field plate and source field plate for power
electronic applications, adopted from [66]

Table 9.3 Breakdown voltage, transition and maximum oscillation frequencies for GaN HEMTs
on foreign substrates

BV (V) fT (GHz) fmax (GHz) Device type Substrate Source

160 – 45 GaN HEMT SiC [65]

200 18 31 GaN HEMT Si [69]

20 70 300 GaN HEMT SiC [68]

40 189 251 GaN HEMT SiC [67]

60 75 110 GaN HEMT SiC [63]

60 121 162 GaN HEMT SiC [64]

350 4.1 6.4 GaN HEMT Si w/Sinker [70]

650 10 21.3 GaN HEMT SiC [71]

100 17.5 44 GaN HEMT Sapphire [62]

80 52 82 GaN HEMT Sapphire [62]

1,900 18.4 65 GaN HEMT SiC [72]

250 – 20 GaN HEMT SiC [66]

100 50 100 GaN HEMT Si [73]

95 22.7 34 GaN HEMT Sapphire [74]

35 74.2 – GaN HEMT SiC [74]
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9.2.2.2 GaN Devices Tailored Towards Power Electronic Applications

Applicability of AlGaN/GaN HEMTs with breakdown voltages of 600 V was
demonstrated by Yoshida and Ishii on sapphire substrates [75]. The device was
fabricated with source and drain metallization on the AlGaN layer. An on-state
resistance of 300 mΩ mm2 for a single HEMT cell was measured. By paralleling
400 of these devices, a drain current of 15 A was obtained. However, on-state
resistance increased to 7 Ω mm2 as a large portion of the HEMT cells did not
operate due to surface defects.

A 122 W Boost converter with 94.2 % efficiency including a GaN HEMT with
double field plate was experimentally verified by Saito et al. [76]. The GaN HEMT
showed an on-state resistance of 300 mΩ mm2 and a breakdown voltage of 940 V.
Still, the device suffers from current collapse and the device resistance increased by
a factor of 4.3 when switched between on- and off-state at 350 V.

Breaking the 1 kV limit, transistors with breakdown voltages of 1,100 and
1,900 V at on-state resistances of 1.5 and 1.2 Ω mm2 were developed [72, 77].
Implementing a surface passivation, AlGaN/GaN HEMTs on sapphire with a
breakdown voltage of 1.6 kV and 340 mΩ mm2 were also demonstrated [78].

The highest breakdown voltage for an AlGaN/GaN HEMT has been reported by
Uemoto et al. [79] by using via-holes through the sapphire substrate and a 1 µm
thick AlN passivation. These devices with 125 µm gate-drain distance were capable
of blocking 8,300 V while offering an on-state resistance of 18.6 Ω mm2.

Facilitating a higher thermal bulk conductivity for devices driving high current
densities, GaN HEMTs grown on silicon carbide achieved an on-state resistance of
75 mΩ mm2 at a breakdown voltage of 500 V. Switching time of these devices at a
current density of 1.2 kA/cm2 was shown to be below 5 ns [80]. Similarly, a
breakdown voltage of 1,050 V with an on-state resistance of 340 mΩ mm2 were
demonstrated [81].

Fig. 9.20 Breakdown voltage versus maximum oscillation frequency for AlGaN/GaN HEMTs,
data from Table 9.3
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Xing et al. introduced multiple field plates to improve breakdown voltage of
their AlGaN/GaN HEMTs. Their devices with two stacked field plates yielded a
breakdown voltage of 880 V and an on-state resistance of 270 mΩ mm2 [82]. Bahat-
Treidel et al. combined a multiple graded field plate design with an AlGaN back
barrier between the substrate and the GaN layer [71]. Employing a single gate field
plate, they measured breakdown voltages of 550 V and an on-state resistance of
70 mΩ mm2.

Towards the reduction of fabrication costs and the integration of GaN HEMTs in
silicon technology, AlGaN/GaN HEMT fabricated on silicon with backside
grounding structure (similar to the source sinker in silicon LDMOS transistors)
exhibit breakdown voltages of 350 V and on-state resistance of 190 mΩ mm2.
Current densities up to 2 kA/cm2 could be turned on and off within 98 and 96 ps,
respectively. A transition frequency of 4.1 GHz was obtained [70]. Another study
reports AlGaN/GaN HEMT on silicon with breakdown voltage of 1.8 kV and on-
state resistance of 700 mΩ mm2 [83].

These and further results on power GaN HEMTs have been gathered in
Table 9.4.

Comparing these results, the prospects of GaN HEMTs as lateral power tran-
sistors are clearly evident from Fig. 9.21.

Clearly, channel resistance is not a limitation for GaN HEMTs in the investi-
gated voltage range due to the high electron mobility and the charge density in the
2DEG generated by the polarization effects. The channel resistance of a GaN

Table 9.4 Breakdown voltage, on-state resistance and gate charge measured from GaN HEMTs
for power electronic applications reported in literature

BV (V) RDS,on (Ω mm2) Qgd (nC/mm2) Device type Substrate Source

500 0.075 – GaN HEMT 4H-SiC [80]

8,300 18.6 – GaN HEMT Sapphire [79]

600 0.3 – GaN HEMT Sapphire [75]

350 0.19 – GaN HEMT Silicon [70]

650 0.068 – GaN HEMT SiC [71]

1,900 0.22 – GaN HEMT SiC [72]

880 0.27 – GaN HEMT SiC [82]

1,100 1.5 – GaN HEMT Sapphire [77]

1,800 0.7 – GaN HEMT Silicon [83]

1,050 0.34 – GaN HEMT SiC [81]

435 0.4 – Normally-off
GaN HEMT

Sapphire [84]

940 0.36 1.5 GaN HEMT Sapphire [85]

600 0.23 1.4 GaN HEMT Sapphire [85]

1,600 0.34 – GaN HEMT Sapphire [78]
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HEMT with 1 µm channel length will be below 3 Ω mm2 according to (7.5) and
using typical values for GaN material properties. While the GaN HEMTs exceed
the silicon RESURF limit, there is still room for improvement—especially towards
higher breakdown voltages and the minimization of current collapse. Moreover,
Fig. 9.21 does not account for the reduced polarization charge when normally-off
operation is desired.

9.2.3 Technological Limitations of GaN Devices

Undesired operation of GaN-based semiconductor devices occurs due to physical
effects that are related to technological limitations.

Normally-On Operation and Gate Leakage The formation of the two-
dimensional electron gas in AlGaN/GaN HEMTs by polarization effects results in a
conductive channel between source and drain at 0 V gate bias. This normally-on
operation is not desired in power electronic applications as it can lead to a short-
circuit situation in energy conversion circuit when the gate driver is disconnected
during operation. Therefore, effort to achieve normally of operation has been put
forward. This includes, for instance, the introduction of recessed-gate structures
[84] and the implementation of gate dielectrics [86]. Using an insulated gate
structure also reduced the gate leakage current of the HEMT similar to the transition
from a JFET to a MOSFET structure fabricated on silicon or silicon carbide.
Subsequently, the losses associated with this leakage current are reduced and higher
input impedance can be achieved.

Thermal Resistance As GaN single crystals are not commercially available,
substrates like sapphire and silicon carbide have to be employed. For power
electronic applications, a significant self-heating was observed for devices on

Fig. 9.21 Breakdown voltage versus on-state resistance of GaN HEMTs compared to state-of-the-
art silicon LDMOS transistors, data from Table 9.4
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sapphire substrate due its low thermal conductivity [87]. As long as free-stand GaN
substrates are not available, GaN power transistors will have to default to silicon or
silicon carbide substrates necessitating the implementation of isolating or semi-
insulating buffer layers. Or, novel assembly and mounting techniques like wafer
grinding or front-side cooling need to be further developed.

Dynamic On-Resistance and Current Collapse Reduction of output current of
AlGaN/GaN HEMTs has been observed at microwave frequencies [88]. This effect
diminishes the linearity of RF amplifiers based on these devices. Further investi-
gations indicate that piezo-related surface states are responsible for this current
dispersion. A suitable surface passivation shifts this effect towards higher operating
frequencies [89]. Moreover, a source field plate has been successfully employed to
reduce the impact of current collapse by reducing the electric field at the edge of the
gate electrode [85].

9.2.4 GaN-Based MMICs and Class-S Power Amplifiers

MMICs for RF power amplifiers employing GaN HEMTs are about to be intro-
duced to the market. A review of GaN-on-SiC based MMICs from the point of view
of a semiconductor company is given in [90]. GaN HEMTs have enabled the design
and fabrication of switch-mode based amplifiers with transition frequencies and
breakdown voltages significantly higher than in silicon LDMOS based solutions.

GaN HEMTs have enabled the implementation of switch-mode based power
amplifier concepts achieving high energy efficiencies. A 10 W class S amplifier
operating from 0.55 to 1.1 GHz with an average drain efficiency of 74 % was
demonstrated [91].

For satellite communication and radar applications, three-stage GaN MMICs
have been realized. Power amplifiers based on this design employ transistors with
transition frequency of 90 GHz at 20 V bias [92]. Current versions of these
amplifiers provide an output power of up to 840 mW at 88 GHz and a power added
efficiency of 15 % for 782 mW output power [93].

9.2.5 Integration Consideration for GaN in Smart-Power ICs

Clearly, the incorporation of lateral GaN HEMTs in smart-power IC technology
would constitute to the evolution of a high-power, high-voltage IC technology. For
this purpose, the feasibility of digital circuit technology using GaN HEMTs has
been shown even at operating temperature of up to 300 °C [94]. Unfortunately,
free-standing GaN material is not available in wafer diameters suitable for com-
mercial circuit fabrication.

There is extensive work being carried out towards the co-integration of InGaAs-
based n-channel MOSFETs into standard CMOS technology for future CMOS
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generations [95]. In order to reduce fabrication cost for GaN material to provide
large wafer diameters for fabrication of GaN devices, GaN-on-Si development has
gained momentum over the last decade. The growth of GaN films on silicon sub-
strates has already been demonstrated in the 1990s and different intermediate layers,
e.g. 3C-SiC [96] and AlN [97], have been investigated to cope with the large lattice
mismatch between GaN and silicon. Recently, work on the fabrication of AlGaN/
GaN HEMTs on silicon has been presented that is based on a CMOS compatible
process flow [98]. However, up-to-date no high-quality 200 mm GaN-on-Si wafer
material is available which could be included into the fabrication sequence of a
silicon-based MOS process for commercialization.

9.3 Lateral Power Transistors on Wide Bandgap
Semiconductors Fabricated in Integrated Circuits

In summary, both silicon carbide and gallium nitride achieve outstanding device
performance for power electronic and radio-frequency applications. However, the
ability to integrate these devices into silicon technology does currently not exist.
For silicon carbide, vertical power transistors are available for fabrication of effi-
cient power converters. For gallium nitride, lateral GaN HEMTs are employed as
stand-alone devices in RF amplifiers.

Simple CMOS logic has been investigated and demonstrated in 4H-SiC which
could be an option for high temperature and/or radiation hard smart-power IC
technology in particularly demanding niche markets. Similarly, JFET-based logic
and power devices could alleviate smart-power IC in SiC due to the lack of a critical
gate oxide.

For GaN-based smart-power ICs, GaN-on-Si technology on 150 and 200 mm
wafers could quickly enable CMOS compatible processing in existing foundries to
roll out new products that could provide RF functionality in parallel. However, this
highly versatile solution is still a vision.
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Chapter 10
Summary of Integration Concepts
for LDMOS Transistors

The final chapter of this textbook summarizes the integration concepts presented in
Chap. 5 through Chap. 9. Comparison of integration densities and figures-of-merit
represent a first methodology to evaluate these concepts with respect to applications
requiring high efficiency or performance. Another methodology for comparison of
device technologies is the comparison of process complexity and fabrication effort
which is a key indicator for cost-sensitive applications. Using these comparisons,
feasibility of emerging device technologies can be investigated with respect to
different applications. The application-specific suitability is exemplified with the
applications and circuits presented in Chaps. 2 and 3.

10.1 Integration Density and Figures-of-Merit

The improvement of lateral power transistors in lateral power devices is of utmost
importance for further advances in integrated power electronic and radio frequency
applications.

10.1.1 Devices for Power Electronic Systems

In power electronics, a reduction of on-state resistance is desired. It allows for a
reduction in both static power losses and chip size. The More-than-Moore
approaches discussed in Chap. 5 through Chap. 9 are compared regarding the on-
state resistance and the breakdown voltage in Fig. 10.1.

The superjunction LDMOS transistors published in literature achieve similar
values of on-state resistance as the RESURF LDMOS transistors that are considered
state-of-the-art. Even though drift region resistance of superjunction patterns can be
lower than the RESURF limit, the high depth-to-width ratios associated with this
are difficult to fabricate, e.g. requiring high energy implantation. The superjunction
devices cannot excel over the RESURF LDMOS transistors at high breakdown
voltages either. Basically, the RESURF design is a lateral superjunction pattern and
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both concepts rely on the depletion of the drift region(s) from the direction per-
pendicular to current flow.

Trench gate LDMOS transistors are an innovative concept for transistors with
breakdown voltages of 100 V and below, where the contribution of the channel
resistance to the total on-state resistance is dominant. Here, the trench gate inte-
gration allows for a higher density of channels than for planar technology. More-
over, one trench provides two channel regions (one on each side of the trench).
Significant reduction of on-state resistance can be achieved, but the integration of
trench gates will likely be limited to special cases where trench gate integration can
be readily applied. Nevertheless, FinFET devices will be available when today’s
high-end CMOS technologies will eventually become available for smart-power IC
fabrication.

SiC LDMOS transistors are still suffering from a low inversion mobility which
has prevented the realization of low-loss lateral power transistors. Nevertheless, the
capability of vertical SiC transistors has been proven. With further improvements to
gate oxidation and an increase in inversion mobility, lateral SiC transistors can
easily break the silicon RESURF limit at voltages of 650 V and above.

Finally, GaN HEMTs exhibit very promising drift region resistance as lateral
power devices. Without a doubt, vertical SiC devices are challenged by GaN
HEMTs for their low device resistance. However, these devices are usually nor-
mally-on limiting their acceptance among circuit designers. Moreover, integration
of GaN HEMTs in silicon technology relies on the fabrication of GaN-on-silicon
technology that is not yet available for wafer diameters used in foundries. Inte-
gration of GaN transistors in integrated circuits is barely investigated.

Low dynamic power losses are incurred when the device switches fast.
Switching speed is—among other reasons—limited by the transfer capacitance
(Miller capacitance) of the transistor. A comparison of gate charge values for
different LDMOS technologies is given in Fig. 10.2.

Fig. 10.1 Comparison of breakdown voltage and on-state resistance for different semiconductor
materials and device topologies

210 10 Summary of Integration Concepts for LDMOS Transistors



While data regarding gate charge is scarce in general, the low values of GaN
HEMTs are apparent. A field plate is omitted in most GaN HEMTs for RF appli-
cations presented in literature. Moreover, any field plate that has to be present for
proper device performance (including avoidance of current collapse) can be shorter
than in silicon due to the reduced drift region length. For SiC LDMOS devices, no
data was found in literature but similar considerations as for the GaN HEMTs
should hold true as long as the electric field across the gate oxide can be limited by
other means, e.g. implanted p+-doping shield region.

Lastly, trench gate LDMOS transistors are typically subject to gate charge values
higher than RESURF transistors. The transfer capacitance increases for a higher
gate region density. Moreover, the channel length of a trench gate is usually larger
in integrated circuits, because the depth of the wells typically exceeds the length of
a planar gate.

10.1.2 Devices for Radio-Frequency Amplifiers

In amplification at radio frequencies, high transistor gain at high frequencies is
desired. Considering the gain-bandwidth product, the maximum oscillation fre-
quency is a first indicator of RF performance. The maximum oscillation frequencies
of lateral power transistors fabricated with the concepts and materials from Chap. 5
through Chap. 9 are summarized in Fig. 10.3.

Silicon RF transistors are limited to breakdown voltages below 100 V. Maximum
oscillation frequencies of 40–60 GHz can be achieved in integrated circuits using this
established technology. The trench gate RF transistors are not up to par due to
the higher device capacitances in trench gate transistors as previously discussed. This
may changewhen FinFET-type deviceswill be fabricated for RFCMOS applications.

Fig. 10.2 Comparison of breakdown voltage and gate charge density for different semiconductor
materials and device topologies
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Higher gate-drain capacitance limits application of superjunction patterns in RF
LDMOS transistors [1].

SiC-based field effect transistors enable device operation at RF at several hundred
volts. Their maximum oscillation frequency is similar to silicon devices.

The two-dimensional electron gas in GaN HEMTs enables excellent RF perfor-
mance. Maximum oscillation frequency and breakdown voltage exceed the values of
silicon RF transistors by almost a factor of ten. As the switching frequency also
strongly depends on the gate length, a comparison of transition frequency on gate
length for the technologies discussed in Chap. 5 through Chap. 9 is presented in
Fig. 10.4.

The extrapolation of the average transition frequency for GaN HEMTs towards
shorter gate length clearly indicates the potential for GaN-based RF MMICs. For
the other technologies, an extrapolation to shorter channel length and a comparison

Fig. 10.4 Transition frequency dependence on gate length; extrapolation of GaN HEMT data to
short gate lengths

Fig. 10.3 Comparison of breakdown voltage and maximum oscillation frequencies for different
semiconductor materials and device topologies
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to state-of-the-art silicon LDMOS transistors is difficult due to the small data base.
Estimation may be possible in the future as devices fabricated using smaller
technology nodes become available.

10.2 Process Complexity and Cost

The incorporation of advanced device topologies also requires additional fabrica-
tion effort. This has to be justified by improved performance, i.e. enabling a new
system approach or a reduction of chip area for a given application. In order to
judge the effort for the technologies previously discussed compared to conventional
single- and double-RESURF LDMOS transistors, the additional mask count and
process modules for these technologies are shown in Table 10.1.

Some of these figures depend on the reusability of existing process modules and
photo mask layers of the CMOS fabrication processes. It is feasible to explore the
multi-RESURF design and superjunction patterns if no additional photo mask
layers are required and implantation may be reused. However, this limits the
benefits that can be achieved compared to a more flexible design with additional
mask layers and implantation steps.

The trench gate devices discussed in Chap. 7 rely on an overhaul of the planar
CMOS design and significant effort is required. For RF circuits, trench sinkers and
the reuse of shallow trench isolation in LDMOS transistors could be an attractive
approach to improve performance of MMICs. Nevertheless, the benefits have to be
closely investigated in order to achieve leverage over existing technology.

Integration of trench gates into an existing planar LDMOS fabrication tech-
nology appears as a promising method to reduce device resistance with limited
additional effort. But again, the feasibility must be evaluated for a particular design
in order to verify the suitability of the conventional topology for straight forward
integration of trench gates.

When moving to high resolution manufacturing technologies, a three-dimensional
channel region, e.g. FinFET technology, will be available for realization of LDMOS
transistors for both power electronics and RF amplifiers at no additional cost. The
FinFET technology has been introduced at the 22 nm node [2, 3]. A prediction on the
availability of HV-CMOS technology using FinFETs can be derived from Fig. 10.5.

Table 10.1 Additional mask count and process modules for advanced LDMOS concepts in ICs

Technology Masks
layers

Process
modules

Comment

Multi-RESURF 0/+2 0/+2 Depends on reuse of existing wells

Superjunction 0/+2 0/+2 Depends on reuse of existing wells

FinFET 0 0 Provided by CMOS technology at 22 nm

Trench gate +2/+5 +1/+2 Trench module, HV well redesign

Integrated trench +1 +1 Gate trench module

10.1 Integration Density and Figures-of-Merit 213

http://dx.doi.org/10.1007/978-3-319-00500-3_7


Data on the availability for technology nodes both in logic and smart-power ICs
follow the paradigm of the International Technologies Roadmap of Semiconductors,
which requires two companies to fabricate circuits at a particular technology node
that year. The introduction of high voltage CMOS technology (LDMOS transistors)
is typically lagging 8–10 years behind the pure CMOS technology with respect to
technology node. This coincides with the average lifetime of a CMOS fabrication
site before moving on to a new fab with higher resolution. The “outdated” fab can
then be expanded to HV-CMOS and used to fabricate smart-power IC.

With the availability of the 22 nm technology node and the advent of FinFETs in
2011, availability of 22 nm HV-CMOS technology should not be expected before
2021. With the huge investments into the high resolution technologies and the
somewhat unclear future of further More-Moore scaling, the HV-CMOS devices
using FinFET technology are more likely to become a reality in 2030. At that point,
LDMOS transistors with breakdown voltages below 50 V will experience a sig-
nificant reduction of drift region resistance due to the three-dimensional gate shape
with a larger effective transistor width. Note that FinFET technology for smart-
power ICs could be introduced earlier than for the 22 nm technology node as there
is experience with this device type in CMOS technology now. But this requires
additional effort compared to just using the underlying planar CMOS as in present
smart-power IC technologies. It does constitute to an alternative for HV-CMOS
technology though because there could be a high-end technology available without
the overhead of bipolar transistor processing modules in BCD.

The introduction of RF LDMOS transistors using FinFET technology can be
expected to occur somewhat earlier. Integrated RF LDMOS transistors (with
extended drain) are already available in 65 nm technology as of today, and the limited
additional effort for their implementation could warrant extension to RF CMOS as
soon as the load of the FinFET production sites for CMOS logic decreases.

Fig. 10.5 Adoption of new technology nodes of highly integrated logic and smart-power IC
processes
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10.3 Application-Specific Suitability

The previous findings on lateral power transistors are illustrated by using the
applications and circuits introduced in Chaps. 2 and 3 in order to clarify how these
systems might be augmented by the transistors under research (technology-push).

10.3.1 Switch Mode Power Supplies

The energy efficiency of a switch mode power supply can be increased by a
reduction of on-state resistance. The achievable amount of reduction in power losses
depends on the overall system, but electrical power losses in semiconductor switches
is a major contributor. From Fig. 10.1 it is apparent that only GaN HEMTs are
currently capable of breaking the RESURF limit. Their lack of integration with logic
and the disputable reliability are limiting the rollout of this technology. The other
technologies do not present a distinct advantage over the state-of-the-art topology.
Certain foundry processes may benefit from the incorporation from trench-gate or
superjunction technology, but there are no indications of this becoming a main-
stream technology. A benefit could come from a reduction of the size of the LDMOS
transistors due to a lower on-state resistance. This would increase the power density
of the power switch and decrease the area required for a given transistor current. This
approach capitalizes on a reduction in device area outweighing the additional
manufacturing costs (see Fig. 4.14). In that case the implementation of additional
process effort may be worth pursuing. However, these kinds of calculations are
hampered by the difficulty in obtaining these numbers and the risks associated with
the adoption of a new technology. A reduction of on-state resistance by 50 % may
not be enough to warrant incorporation of a novel device technology.

A size reduction of switch mode power supplies can be achieved by incurring
less power losses which reduce the size of the heat sink and higher switching
frequencies which reduce the size of the inductors and capacitors. However, both
approaches oppose each other because higher dynamic losses occur at higher
operating frequencies.

The product of on-state resistance and gate charge is an adequate figure-of-merit
to estimate the power losses incurring during a switching event. This figure-of-merit
is depicted in Fig. 10.6 for different device topologies.

For highly integrated switch-mode power supplies, the RESURF LDMOS tran-
sistors currently in fabrication represent the state-of-the-art for breakdown voltages
below 100 V. Trench gate and superjunction transistors do not exhibit significantly
lower switching losses to warrant the additional fabrication effort. GaN HEMTs
would allow for a decent reduction of switching losses and an increase in operating
frequency, but they cannot be monolithically integrated with logic circuits at this
point in time. For lateral SiC devices, the number of reported devices is too low to
judge the suitability towards higher switching frequencies from a technological point
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of view. Theoretically, SiC transistors should allow for lower switching losses or the
increase in operating frequency.

It should be noted that the application of a source field plate similar to RF
LDMOS transistors could be implemented to reduce the Miller capacitance and
allow for faster switching performance of LDMOS transistors for power electronic
applications. Here, the reliability of the gate dielectric and the injection of hot
electrons have to be carefully considered. An improvement of electrical device
properties at the cost of reliability cannot be accepted for a given application.

Based on the present data, the conclusion can be drawn that the future to planar
RESURF LDMOS transistors in smart-power ICs for power electronic applications
will be planar and FinFET-based (multi-)RESURF LDMOS transistors. In high
voltage applications where power density is too high for monolithic integration or it
is not desired for other reasons, lateral GaN HEMTs and vertical SiC DMOS
transistors are competing against vertical superjunction MOSFETs and IGBTs in
silicon technology.

10.3.2 Radio Frequency Amplifiers

RF amplifiers in base station equipment require high output power. Typical oper-
ating frequencies for modern mobile communication standards are in the range of
2–3 GHz. From Fig. 10.7 it is apparent that GaN- and SiC-based RF transistors
allow for power gains beyond 15 dB at high power densities. Integrated silicon
based devices accomplish decent power gain up to 1 W.

The desire to increase operating frequencies is linked to the implementation of
higher data rates and an increase in available communication channels. The
increased power gain also allows operating the RF amplifier at higher back-off, still
providing sufficient power gain under the extreme peak-to-average ratios experi-
enced in LTE, wireless LAN and other orthogonal frequency division multiplexing

Fig. 10.6 Comparison of RDS,on-QGD FOM for different lateral power transistor technologies
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based applications. Similarly, a high linearity inherent to LDMOS transistors pro-
vides a high power gain because the 1 dB compression occurs at higher input
powers.

The energy efficiency for telecommunication and wireless LAN in mobile sys-
tems has also to be considered. Here, a high power added efficiency enables longer
uptime before recharging of the battery is required. Or conversely, higher power
added efficiency means that smaller, lighter battery packs can be used.

A conclusive investigation of reliability, especially regarding gate oxide integrity
and hot carrier injections cannot be given based on the published data for the
different device technologies. It is clear, however, that higher electric fields in the
semiconductor require additional effort in order to prevent these two effects from
limiting reliability.

10.4 Evolution of Smart-Power ICs and RF Amplifiers

Based on the considerations regarding new device technologies, a conclusion
towards their future in smart-power ICs and RF amplifiers can be drawn.

Presently, all major foundry processes employing LDMOS transistors rely on the
RESURF principle, indicating the huge impact of this technology. With the current
progress on multi-RESURF based power transistors, the superjunction and trench
gate technologies are not likely to present disruptive technologies which will
replace RESURF-based LDMOS transistors in general in the near future. Trench-
gate type LDMOS devices will likely be implemented when the FinFET arrives in
HV-CMOS technology using a FinFET-based CMOS technology. With the high
effort required for silicon carbide and gallium nitride transistors logic, monolithic
integration of smart-power ICs on these substrate materials is unlikely as a main

Fig. 10.7 Output power (dBm) and linear gain (dB) for power amplifiers operated at 1.8–3 GHz
(data for GaN HEMTs at 4 GHz)
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stream technology as well. That being said, all of these technologies may have
niche markets where their introduction warrants a significant benefit for a particular
application, e.g. high temperature logic on SiC. Moreover, the demand for high
efficient gate drivers for power modules employing vertical SiC power MOSFETs
and lateral GaN HEMTs will readily add to the prosperity of silicon smart-power
ICs. This is a More-than-Moore integration technology enabling integrated power
modules as well as converters with even higher output power. In power electronics,
the More-Moore road is abandoned for its lack of improvement towards LDMOS
transistors. Instead, system-in-a-package solutions like wafer stacking using flip-
chip or through silicon via technology present promising alternatives. This may
ultimately result in highly integrated CMOS logic being paired with cheap, low
resolution power devices on two separated chips being combined in a low
impedance chip stack.

Regarding RF amplifiers, LDMOS transistors tailored towards high operating
frequencies using a source field plate are likely to be adopted. The integration of
these RF switches along with the baseband circuits into a fully-integrated RF
transceiver may soon replace the GaAs-based RF output stage in mobile phones.
This progress is augmented by the steady reduction in feature size by the extension
of CMOS technology with RF capability following the More-Moore approach. In
integrated RF applications, reduction of gate length is still a viable solution.

A summary of state-of-the-art device technologies for smart-power ICs and RF
amplifiers was given in Fig. 5.19. Based on the previously introduced device
technologies and semiconductor materials, Fig. 10.8 describes the prospects for
smart-power ICs and RF amplifiers towards operating frequencies and voltages.

Fig. 10.8 Evolution of smart-power ICs and RF amplifiers based on novel device topologies and
semiconductor materials
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Still, all presented technologies open up new opportunities for particularly
demanding applications. Clearly, a dense superjunction LDMOS transistors could
easily break the RESURF drift region limit, and that would enable the fabrication of
smart-power ICs with operating voltages in excess of 1,000 V with power densities
several times higher as used today. The low transfer capacitance demonstrated
using trench gate LDMOS transistors opens the door for special fully integrated,
high power, high frequency class D amplifiers which may be used in energy-
efficient, audio equipment in automotive and home audio applications without the
need for resorting to GaN. Meanwhile, GaN HEMTs are a viable technology for
integration using GaN-on-Si technology and concepts are being brought up for the
eventual release of production grade epitaxial material. The steadily evolving
semiconductor technologies and the tremendous leaps over this last decade on wide
bandgap devices make a reliable prediction regarding their incorporation towards
integrated circuits difficult.

References

1. I. Cortes, P. Fernandez-Martinez, D. Flores, S. Hidalgo, J. Rebollo, Analysis of low-voltage
super-junction LDMOS structures on thin-SOI substrates. Semicond. Sci. Technol. 23, 015009
(2008)

2. C. Auth, 22-nm fully-depleted tri-gate CMOS transistors, in Custom Integrated Circuits
Conference (CICC), 2012

3. C.H. Jan, U. Bhattacharya, R. Brain, S.J. Choi, G. Curello, G. Gupta, P. Bai, A 22 nm SoC
platform technology featuring 3-D tri-gate and high-k/metal gate, optimized for ultra low
power, high performance and high density SoC applications, in Electron Devices Meeting, San
Francisco, USA, 2012

10.4 Evolution of Smart-Power ICs and RF Amplifiers 219



Index

A
Amplifier, 35. See also RF amplifier
Application-specific integrated circuits, 7

B
Back-off, 34
Bandwidth, 34
Bipolar junction transistor, 10, 76
Boost converter, 28
Buck converter, 28

C
Capacitance

drain-source, 59
gate-drain, 59, 89
gate-source, 57

Channel resistance
silicon LDMOS, 48, 134
silicon carbide LDMOS, 181
technology node, 135

Charge compensation
breakdown voltage, 108, 114, 116, 124
buffer layer, 117, 119
capacitances, 126
charge imbalance, 115
diffusion, 111
drift region resistance, 124
electric field, 108
ion implantation, 111
non-uniform doping, 118
optimum doping, 110
patterns, 105, 113, 118, 119, 122
processing, 110
SOI, 122
substrate-assisted depletion, 114

with RESURF, 120, 121, 105
Complexity

smart-power IC, 8
technology, 213

Current gain, 63, 216
Cut-off frequency, 63. See also Transition

frequency

D
DC-to-AC converter, 13
DC-to-DC converter, 12
Device modelling, 38
Drain efficiency, 31
Drift region resistance

non-punch through, 53
punch through, 54
reduced surface field, 84
silicon carbide, 180
super junction LDMOS, 49, 107, 109, 124
super junction VDMOS, 107

Dynamic range, 33

E
Energy conversion, 27
Energy efficiency, 17, 37

F
Failure probability, 18
Faraday shield, 94
Field plate, 88
Figure-of-Merit

charging losses, 62, 96, 211
static losses, 51, 126, 147, 165, 190, 200,

209

© Springer International Publishing Switzerland 2014
T. Erlbacher, Lateral Power Transistors in Integrated Circuits,
Power Systems, DOI 10.1007/978-3-319-00500-3

221



switching losses, 61, 148, 171, 173, 187,
209, 210, 215

FinFET, 137, 213
Full-bridge topology, 30, 90

G
Gain-bandwidth product, 35
Gallium nitride

AlGaN/GaN HEMT, 194
breakdown voltage, 197, 200
current collapse, 202
device resistance, 200
dual field plate, 197
dynamic on-resistance, 202
electron drift velocity, 180
electron mobility, 196
gate charge, 200
gate leakage, 201
HEMT, 194, 198
in MMICs, 202
in smart-power ICs, 202
intrinsic carrier concentration, 182
maximum oscillation frequency, 197
normally-on, 201
on silicon, 202
polarisation, 195
RF HEMT, 197
switching frequency, 197
thermal resistance, 201
transition frequency, 197, 212
two-dimensional electron gas, 195, 212

Gate field plate, 89
Ground field plate, 94
Ground shield, 94

H
H-Bridge, 30, 90
Half-bridge topology, 29, 90
High voltage CMOS, 6
High-side switch, 168
High-side switching, 90
Hot carrier injection, 72

I
Inversion channel mobility, 48, 134, 181, 191

K
Kondratieff cycles, 2

L
LDMOS, 67, 87
Linearity, 33

M
Maximum oscillation frequency

RF LDMOS, 95, 64
Miller plateau, 171
Monolithic microwave integrated circuit

gallium nitride, 202
silicon carbide, 5, 12, 192

Moore’s law, 42
More-than-Moore, 73

O
Operation frequency, 11, 20, 37, 62, 65
Output power, 65, 216

P
Peak-to-average ratio, 33
Pinch-off voltage, 106
Power added efficiency, 33, 65
Power density, 18, 37, 66
Power dissipation, 28
Power electronic circuits, 25
Power electronic systems, 12
Power gain, 32, 64, 216
Power losses

dynamic, 57
static, 47, 57, 85

Power semiconductor device, 6, 41, 43

R
Radio-frequency application, 9
Reduced surface field

LDMOS, 84
single-acting, 79

Reliability, 18, 38, 66, 69
Requirements

for power devices, 39
for power electronic systems, 21
for radio-frequency application, 21
for RF amplifiers, 35

RESURF, 79. See also Reduced surface field
multi-acting, 85

RF amplifier
circuits, 30
classes, 35–37
evolution, 13, 25, 216, 217

222 Index



RF LDMOS, 15, 92
Ruggedness, 21, 38, 69

S
Safe operating area, 71
Signal stability, 35. See also Stability
Silicon carbide

anti-punch through layer, 186
breakdown voltage, 187, 190
channel resistance, 181
CMOS, 193
critical electric field, 179
device resistance, 190
devices in smart-power ICs, 192
drift region resistance, 180
electron drift velocity, 180
electron mobility, 180
gate charge, 190
in MMICs, 192
intrinsic carrier concentration, 182
inversion channel mobility, 191
inversion mobility, 180
lateral JFET, 193
maximum oscillation frequency, 187
MeSFET, 184
RESURF, 188
RF LDMOS, 186
semi-insulating substrate, 191
thermal conductivity, 183
transition frequency, 187, 178

Silicon
critical electric field, 51
intrinsic carrier concentration, 182
thermal conductivity, 183

Silicon on Insulator, 97
Size, 17, 70
Smart-power IC

applications, 6
evolution, 217

Smart-Power IC, 5
Source sinker, 93
Stability, 35
Superjunction, 105. See also Charge

compensation
Switch-mode conversion, 27
Switch-mode converter circuits, 26
Switch-mode power supply, 12, 215
Switching frequency, 37. See also Operation

frequency
System cost, 20

T
Thermal losses, 37, 71
Time-to-market, 19
Total device resistance, 49
Transistor gain, 63. See also Current gain
Transition frequency

RF LDMOS, 63, 95
Trench gate integration

blocking characteristics, 163
breakdown voltage, 163, 167
continuous, 153
device resistance, 159, 163
high-side switching, 168
in smart-power ICs, 174
intermitted, 155
manufacturability, 158
ruggedness, 166
transfer characteristics, 161
vertical field plate, 153, 163

Trench patterns
breakdown voltage, 143, 146
buried gate, 141
device resistance, 143
FinFET, 137
gate charge, 143
in smart-power ICs, 148
maximum oscillation frequency, 146
quasi-vertical, 141, 142
RF LDMOS, 143
shallow trench isolation, 138, 145
smart-power ICs, 136
switching losses, 148
transition frequency, 146
trench gates, 139
trench sinker, 146, 133

V
Variable frequency drive, 13
VDMOS, 45

W
Weibull failure distribution, 19
Weight, 17, 70
Wide bandgap, 177
Wireless LAN, 15

Index 223


	Preface
	Contents
	Abbreviations
	1 Introduction
	References

	2 Demand for Power Electronic Systems and Radio-Frequency Applications
	2.1 Semiconductors in Integrated Power Electronics and Radio Frequency Amplifiers
	2.1.1 Impact on Integrated Energy Conversion Systems
	2.1.2 Impact on Information Technologies

	2.2 Integrated Power Electronic and Radio-Frequency Applications
	2.2.1 Switch-Mode Power Supplies for DC-to-DC Conversion
	2.2.2 Motor Control and Drive Inverters for DC-to-AC Conversion
	2.2.3 Power Amplifiers for Mobile Communication Base Stations and Handhelds
	2.2.4 Transceivers for Wireless-LAN Communication

	2.3 Requirements for Power Electronic and RF Amplifier Systems
	2.3.1 
	2.3.2 Size and Weight of 
	2.3.3 
	2.3.4 
	2.3.5 
	2.3.6 
	2.3.7 
	2.3.8 
	2.3.9 Comparison of Requirements

	References

	3 Power Electronic and RF Amplifier Circuits
	3.1 Circuits for Energy Conversion and Control
	3.1.1 Switch-Mode Converter Circuits
	3.1.2 Benefits and Drawbacks of Switch-Mode Conversion
	3.1.3 Direct-Current Conversion and Solid-State Rectification: Buck and Boost Converters
	3.1.4 Power Inverters: Half and Full Bridge Topologies

	3.2 Circuits for RF Amplifiers
	3.2.1 Amplifier Fundamentals
	3.2.2 Amplifier Classes

	3.3 Application-Specific Requirements for Power Transistors
	3.4 Summary of Power Semiconductor Device Requirements
	References

	4 Power Semiconductor Devices in Power Electronic Applications
	4.1 Introduction to Power Semiconductor Devices
	4.2 Trade-Offs and Figures-of-Merit for Power Semiconductor Devices
	4.2.1 Static Power Losses: On-State Resistance and Blocking Voltage
	4.2.1.1 Drift Region Resistance under Non-punch Through Condition
	4.2.1.2 Drift Region Resistance in Punch-Through Condition

	4.2.2 Dynamic Losses: Device Capacitances and Switching Frequency
	4.2.2.1 Dynamic Losses from Switching in Switch Mode Converters
	4.2.2.2 Dynamic Losses from Charging in Switch Mode Converters

	4.2.3 Switching Frequency and Transistor Gain
	4.2.4 Switching Frequency and Output Power
	4.2.5 Power Densities and Long Term Stability
	4.2.6 Design and Development of LDMOS Transistors in Smart Power ICs

	4.3 Fundamental Device Topologies of Lateral Power Semiconductor Devices
	4.3.1 Lateral Power MOSFETs in Smart-Power ICs
	4.3.2 LDMOS Transistors Optimized for Radio-Frequency Applications

	4.4 Aspects of Integration of Power Transistors in ICs
	4.4.1 Advantages of LDMOS Transistors in Integrated Circuits
	4.4.2 Limitations and Drawbacks of LDMOS Transistors in Integrated Circuits

	4.5 Safe Operating Area for Lateral Power Transistors
	4.6 More-Moore and More-than-Moore Integration Methodology in Smart-Power ICs and RF Amplifier Technologies
	References

	5 Modern MOS-Based Power Device Technologies in Integrated Circuits
	5.1 History of Lateral Power Transistor Development
	5.2 LDMOS Transistors for Smart Power ICs
	5.2.1 Low Drift Region Resistance with ``Reduced Surface Field''
	5.2.1.1 Single Acting RESURF Topology
	5.2.1.2 Multi-acting RESURF Designs

	5.2.2 Quasi-vertical Power Devices and Deep Trench Isolation in Integrated Circuits
	5.2.3 Field Plates
	5.2.4 High-Side Switching Capability
	5.2.5 Implementation of RESURF-Based Technologies in Smart Power IC Processing Technologies

	5.3 LDMOS Transistors for Radio-Frequency Applications
	5.3.1 Source Sinker
	5.3.2 Ground Shield
	5.3.3 Design Considerations for RF Transistors in Integrated Circuits
	5.3.4 LDMOS Transistors in Silicon-on-Insulator Technology

	5.4 State-of-the-Art in Smart-Power IC and RF Amplifier Technologies
	References

	6 Lateral Power Transistors with Charge Compensation Patterns
	6.1 Concept of Charge Compensation Patterns for Superjunction Devices
	6.2 Processing Technology for Charge Compensation Patterns
	6.3 Device Designs with Charge Compensation
	6.3.1 Fundamental Device Design
	6.3.2 Substrate-Assisted Depletion Effects
	6.3.3 Charge-Balancing Technologies in Junction Isolated Devices
	6.3.3.1 Buffer Layer Between Charge Compensation Patterns and Substrate
	6.3.3.2 Non-uniformly Doped Buried Layer
	6.3.3.3 Imbalanced Charge Compensation
	6.3.3.4 Combination of Buffer Layer and Imbalanced Charge Compensation
	6.3.3.5 Combination of Charge Compensation Patterns with RESURF Topology

	6.3.4 Charge-Balancing Technologies in Dielectric-Isolated Devices
	6.3.5 Charge Compensation Patterns Beyond CMOS Technology
	6.3.6 Comparison of Superjunction LDMOS Transistor Designs

	6.4 Electrical Properties of Charge Compensated Lateral Power Transistors
	6.4.1 Reduction of On-State Resistance
	6.4.2 Impact on Device Capacitances

	6.5 Feasibility of Integration into Smart-Power ICs and RF Circuits
	References

	7 Lateral Power Transistors with Trench Patterns
	7.1 Contribution of Channel Resistance to Total Device Resistance in Lateral Power Transistors
	7.2 LDMOS Device Designs for Smart-Power ICs Utilizing Trench Patterns
	7.2.1 Increased Channel Width Using FinFET Topology
	7.2.2 Shallow Trench Isolation for Trench Gate Transistors
	7.2.3 Vertical Channels Using Trench Gates
	7.2.4 Quasi-vertical Transistors Using Trench Gates
	7.2.5 Trench Gate Designs Beyond CMOS Technology
	7.2.6 Comparison of Trench Pattern Designs for Power Electronic Applications

	7.3 RF LDMOS Device Designs Utilizing Trench Patterns
	7.3.1 Shallow Trench Isolation
	7.3.2 Trench Sinker for Cell Length Reduction
	7.3.3 Comparison of Trench Pattern Designs for RF Applications

	7.4 Electrical Properties Under Static and Dynamic Device Operation
	7.5 Limitations and Feasibility of Integration into Smart-Power ICs and RF Circuits
	References

	8 Lateral Power Transistors Combining Planar and Trench Gate Topologies
	8.1 Device Concepts for Combination of Planar and Trench Gates
	8.1.1 Continuous Trench Gate Integrated LDMOS
	8.1.2 Intermitted Trench Gate Integrated LDMOS
	8.1.3 Verification of Manufacturability

	8.2 Electrical Properties Under Static and Dynamic Device Operation
	8.2.1 On-State Resistance
	8.2.2 Breakdown Voltage
	8.2.3 Avalanche Ruggedness
	8.2.4 Drawbacks Under Operation as High-Side Switches
	8.2.5 Switching Losses Under High Power Operation
	8.2.6 Switching Losses Under High Frequency Operation

	8.3 Integration Consideration for Smart-Power ICs
	References

	9 Lateral Power Transistors on Wide Bandgap Semiconductors
	9.1 Lateral Silicon Carbide Transistors on 4H Polytype
	9.1.1 Material Properties of 4H Silicon Carbide
	9.1.1.1 Critical Electric Field and Drift Region Resistance
	9.1.1.2 Electron Drift Velocity and Electron Mobility
	9.1.1.3 Intrinsic Carrier Concentration
	9.1.1.4 Thermal Conductivity

	9.1.2 Progress on Silicon Carbide MeSFETs and MOSFETs
	9.1.2.1 Devices Tailored Towards Radio Frequency Applications
	9.1.2.2 Devices Tailored Towards Power Electronic Applications

	9.1.3 Technological Limitations for 4H-SiC Devices
	9.1.4 Smart-Power ICs on Silicon Carbide

	9.2 High Electron Mobility Transistors on Gallium Nitride
	9.2.1 Mobility and Two-Dimensional Electron Gas
	9.2.2 Performance of High Electron Mobility Transistors
	9.2.2.1 GaN Devices for Radio Frequency Operation
	9.2.2.2 GaN Devices Tailored Towards Power Electronic Applications

	9.2.3 Technological Limitations of GaN Devices
	9.2.4 GaN-Based MMICs and Class-S Power Amplifiers
	9.2.5 Integration Consideration for GaN in Smart-Power ICs

	9.3 Lateral Power Transistors on Wide Bandgap Semiconductors Fabricated in Integrated Circuits
	References

	10 Summary of Integration Concepts for LDMOS Transistors
	10.1 Integration Density and Figures-of-Merit
	10.1.1 Devices for Power Electronic Systems
	10.1.2 Devices for Radio-Frequency Amplifiers

	10.2 Process Complexity and Cost
	10.3 Application-Specific Suitability
	10.3.1 Switch Mode Power Supplies
	10.3.2 Radio Frequency Amplifiers

	10.4 Evolution of Smart-Power ICs and RF Amplifiers
	References

	Index



