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PREFACE

The insulated gate bipolar transistor (IGBT) represents the most commer-
cially advanced device of a new family of power semiconductor devices
synergizing high-input impedance MOS-gate control with low forward-volt-
age drop bipolar current conduction. It reduces the size and complexity of
controlling circuitry, thereby drastically reducing the system cost. Today, it is
finding widespread applications in the medium-power and medium-frequency
range in uninterruptible power supplies, industrial motor drives, and domes-
tic and automotive electronics. During recent years, no other single device
has been able to revolutionize the power device scenario and cast its impact
on life of the common man as much as IGBT alone has done as a power
conditioning device in domestic, consumer, and industrial sectors. Power is
the life blood driving all electrical installations, machines, trains, computers,
telecommunication networks, entertainment, and other household equip-
ment, all over the world.

Despite the growing interest in this device since its conception, no book is
currently available which is, to the best of my knowledge, completely devoted
to the physics and technology of IGBT. There is a dearth of generalized
treatises on physics and technology of semiconductor devices. Presently
available books deal with semiconductor device physics, power semiconduc-
tor devices, thyristor physics, field-effect and bipolar transistor physics, MOS
physics, and related device technologies. The overwhelming pervasion of
IGBT in industrial and consumer electronics warranted publication of a new
book that comprehensively treats the subject. The enormous interest in IGBT
constituted my principal motivation in undertaking the project of writing this
book.

As its title indicates, this book has a singularity of focus on IGBT.
However, it goes without saying that IGBT represents an interesting combi-
nation of PIN diode, bipolar transistor, bipolar thyristor, and power DMOS-
FET properties. So this text on IGBT prepares the reader not only with
regard to IGBT but also with regard to the aforesaid devices that work in
harmony resulting in IGBT characteristics. The expansive topical coverage of
this book therefore incorporates useful material from both MOS and bipolar
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aspects, greatly enhancing the utility of the book. To elaborate, the forward
conduction characteristics of IGBT are controlled by conductivity modulation
of the PIN diode as well as MOSFET channel length. The latching of the
IGBT is governed by the current gain of the bipolar transistor and regenera-
tive thyristor action. A smaller channel length yields low forward drop device
but makes it vulnerable to latching of built-in parasitic bipolar thyristor.
Controlling the forward blocking capability of the IGBT requires careful
attention to planar floating field ring termination design. The reverse block-
ing voltage is dictated by beveling during chip dicing. Likewise, the turn-off
time of IGBT is determined by the carrier lifetime and hence the reverse
recovery waveform of the PIN diode. So, if we look with this broad perspec-
tive, learning about IGBT requires a good knowledge about these constituent
devices, Thus although the focus is on a singular device, the remaining
devices are automatically a part of the overall picture. The era of MOS-
bipolar combination devices has already dawned, and the book seeks to
introduce the reader to this new era of intermixed technologies.

This book is written at the tutorial level to fulfill the needs of power
device courses in electrical and electronics engineering and microelectronics
engineering. The targeted audience of this book also includes practicing
engineers and scientists. The students of today are the professionals of
tomorrow. A careful blending of a tutorial design for students and specialist
design for the practitioners has been made. By providing a large number of
examples sprinkled throughout the text, as well as appending both questions
and problems at the end of each chapter, it is hoped that classroom
adaptation of the book will be easy with proper selection of course material.
Up-to-date end-of-chapter references will provide the researcher a useful
guide to the literature on IGBT. Thus the book caters to the requirements of
a wide cross section of readership embracing students, professionals, and
researchers.

A comprehensive, in-depth, and state-of-the-art treatment of the subject
has been provided, encompassing a wide range of topics. Chapter 1 intro-
duces the reader to the power semiconductor device scenario, the need for
MOS-bipolar combination devices, and the birth of the IGBT. The working
principle of IGBT is described in a simple way. The IGBT equivalent circuit
is introduced, and the SPICE model is discussed. Packaging and handling
precautions of IGBTs, gate driving circuits, and protection techniques are
briefly presented.

Chapter 2 summarizes the basic types of IGBTSs, their operational fea-
tures, performance characteristics, limitations, specifications, and applica-
tions. Lateral and vertical IGBT structures are discussed. Nonpunchthrough
and punchthrough types of IGBTs are explained. Their doping profiles and
operational differences are described. Different modes of operation of IG-
BTs, such as forward conduction and blocking modes, are dealt with. IGBT
turn-on and turn-off with resistive and inductive loads are analyzed. Soft-
switching concepts are outlined. Effects of temperature and nuclear irradia-
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tion on IGBT characteristics are pointed out. The working of trench-gate and
self-clamped IGBTs is addressed.

Chapter 3 covers the fundamentals of MOS structure including thermal
equilibrium energy-band diagram, flat-band voltage, threshold voltage, capac-
itance effects, power DMOSFET structures, ON-resistance components,
safe operating area, radiation and thermal effects on device characteristics,
DMOSFET geometrical topologies, and so on, which are essential for under-
standing the physical principles of operation of IGBT.

Chapter 4 presents the theory of bipolar devices such as the PN-junction
diode, the PIN rectifier, the bipolar junction transistor, the thyristor, and the
junction field-effect transistor. After perusal of this chapter, the reader will
be able to understand the essential principles of bipolar device operation.

From Chapter 5 onwards, the study of IGBT models begins, including
static, dynamic, and electrothermal behavior. Discussions of PIN rectifier—
DMOSFET and bipolar transistor—-DMOSFET models of IGBT are followed
by analytical models of ON-state carrier distribution, two-dimensional
effects, modeling of device—circuit interactions, transient analysis of IGBT
circuits, and so forth.

Because latching is a serious problem with IGBTs, this issue is discussed
in detail in Chapter 6, outlining the causes of latching and the techniques of
providing latching immunization of IGBT structure. After explaining static
and dynamic latchup, methods of latchup prevention are dealt with exhaus-
tively.

Since the IGBT is a conglomeration of millions of elementary cells,
Chapter 7 delves into the design techniques of IGBT unit cell using com-
puter-aided design tools. The discussion begins with semiconductor selection
and vertical structure design; followed by emitter and base doping profiles
and channel length, transconductance and forward voltage drop, trade-off
between conduction and switching losses, unit cell layout design, and intercell
spacing; then N-buffer layer structural optimization; and concludes with field
ring and field plate termination design, as well as other techmiques of
junction edge termination for surface electric field minimization and break-
down voltage enhancement.

Chapter 8 describes the enabling technologies for power IGBT fabrica-
tion. Each unit process step is discussed, and the various steps are integrated
for IGBT realization. Main steps are starting silicon preparation, epitaxial
growth, polySi deposition, gate oxide fabrication, diffusion and ion implanta-
tion, mask making and microlithography, dry etching, and plasma processes,
trench excavation, metallization, encapsulation, and electron irradiation for
lifetime tailoring. Process simulation is also reviewed.

Chapter 9 addresses the subject of power IGBT modules and the associ-
ated technologies. Discussion of logic circuits and power device integration is
followed by a summary of isolation techniques. Different types of protection
and other accessories in the module are described. Flat-pack modules and
materials technology for modules are also examined.
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Chapter 10 provides both a retrospective as well as a bird’s-eye view of
futuristic IGBT technologies. It surveys new design ideas and IGBT struc-
tures, giving projections on future trends in this rapidly expanding field.
Structures considered include the non-self-aligned trench IGBT, dynamic
N-buffer IGBT, lateral IGBTs with reverse blocking capability and high-
temperature latch-up immunity, self-aligned sidewall-implanted N* emitter
lateral IGBT with high latchup current capability, LIGBT structure for larger
FBSOA, lateral IGBT with integrated current sensor, dielectrically isolated
fast LIGBT, lateral IGBT in thin (SOI) substrate, lateral trench-gate bipolar
transistor, trench planar IGBT, clustered IGBT in homogeneous base tech-
nology, trench-clustered IGBT, double-gate injection-enhanced gate transis-
tor, and many others.

Finally, Chapter 11 gives a perspective of the proliferating applications of
IGBTs in circuits such as motor drives, automotive ignition, power supplies,
welding, induction heating, and so on. Different types of converters such as
DC-to-DC converters, DC-to-AC converters and AC-to-DC converters are
mathematically analyzed. Soft-switching converters are touched upon. SABER
and SPICE circuit models and design methods are also discussed.

It is earnestly hoped that the above topical coverage of this book will be
useful for graduate /postgraduate students and researchers in this field. The
book will serve as a textbook cum reference book on the subject. If the book
serves the purpose of those for whom it is intended, I will deem my
endeavors amply rewarded.

Although utmost care has been taken to ensure accuracy in presentation
and content, no work can claim to be error-free and complete. Suggestions
for improvement are cordially welcomed from our readers.
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POWER DEVICE EVOLUTION
AND THE ADVENT OF IGBT

1.1 INTRODUCTORY BACKGROUND

Power semiconductor devices are the essential components determining the
efficiency, size, and cost of electronic systems for energy conditioning. The
proliferating demand of controllable power electronic systems has promoted
research on novel device materials, structures, and circuit topologies [1-7].
Present-day power devices are invariably fabricated using silicon as the base
material. Among the upcoming semiconductor materials, silicon carbide has
attracted the most attention [8-10]. The higher breakdown field of SiC
(2.2%10% V/cm for 4H-SiC, 2.5 X 10° V /cm for Si) enables it to offer a
projected 200-fold reduction in specific ON resistance as compared to Si
devices. SiC devices also promise superior high-temperature performance
due to the large energy gap (4H-SiC: 3.26 eV; Si: 1.12 eV), high thermal
conductivity (4H-SiC: 4.9 W /cm; Si: 1.5 W/cm), high chemical inertness,
high pressure, and radiation resistance of this material.

Power device and process design engineers worldwide are relentlessly
searching for the perfect semiconductor switch defined by the following
characteristic features: (i) Very low driving losses: The switch has high input
impedance so that the drive current is infinitesimally small. Furthermore, the
drive circuit is simple and inexpensive. (i) Insignificant ON state or forward
conduction losses: The forward voltage drop at the operating current is zero.
Additionally, the operational current density is large, making the chip small
in size and cost-effective for a given current-carrying capability. (iii) Minimal

The Insulated Gate Bipolar Transistor (IGBT) Theory and Design, By Vinod Kumar Khanna.
ISBN 0-471-23845-7 © 2003 Institute of Electrical and Electronics Engineers



2 POWER DEVICE EVOLUTION AND THE ADVENT OF 1GBT

OFF state or reverse blocking losses: Infinitely large reverse blocking voltage
together with zero leakage current, even when exposed to elevated tempera-
tures. (iv) Extremely low switching losses: Both the turn-on and turn-off times
approach zero. In direct current (time period = ) and low-frequency (large
but finite time period) applications, these losses are very small because the
switching times are much less than the respective periodic times.

Advancements in power devices have revolutionized power electronics,
and today’s market offers a wide spectrum of devices intended for different
applications. In applications where gate turn-off capability is not necessary,
thyristors or silicon-controlled rectifiers (SCRs), the highest power density
devices, have been the workhorse of power electronics [5-6], carrying high
forward currents of ~ 3500 A with a forward drop <2 V and withstanding
> 6000 V in the reverse direction. Thyristors have long been the solo devices
catering to the megawatt power range, available in ratings like 12 kV /1.5 kA,
7.5 kV /1.65 kA, 6.5 kV/2.65 kA, and so on. They are classified as: phase-
control thyristors used for a 50 /60-Hz AC mains line and the inverter thyristors
for higher frequencies of ~ 400 Hz. Typical turn-on and turn-off times are 1
and 200 usec. Thyristors are widely used in high-voltage DC (HVDC)
conversion, static var compensators, solid-state circuit breakers, large power
supplies for electrochemical plants, industrial heating, lighting and welding
control, DC motor drives, and so on.

As turn-off is accomplished by collector—emitter voltage reversal in con-
ventional thyristors, in applications where the load current is both turned on
and turned off by the input signal, power bipolar junction transistors (BJTs) have
been extensively used. Modular double or triple Darlington transistors (1200 V,
800 A) are used in converters with switching frequencies up to several
kilohertz. Although bipolar transistors have turn-off time <1 usec, they
need very high base current drive both in the ON state and during turn-off. A
competing device is the gate turn-off thyristor (GTO). It has forward current
capability much higher than the BJT but requires excessively high gate drive
current (750 A for 4000 V, 3000 A GTO). Its switching frequency is limited to
1-2 kHz with ¢, = 4 usec and ¢ = 10 usec. GTOs are used in DC and AC
motor drives, uninterruptible power supply (UPS) systems, static var compen-
sators, and photovoltaic and fuel cell converters from a few kilowatts to
several megawatts of power. Improvements in the GTO structure, the gate
drive, the packaging, and the inverse diode led to a new switching compo-
nent, the integrated gate commutated thyristor (IGCT), a hard-switched GTO,
which may be viewed as the hybridization of a modified GTO structure with
very low inductive gate drive. Also, 4.5-kV and 5.5-kV IGCTs with currents
up to 4 kA, as well as 6-kV /6-kA IGCTs [11-12], are commercially available,
with further possibility of extension up to 10 kV, depending on market
demand.

Another device accepted for gate turn-off applications is the vertical
double-diffused MOSFET (VDMOSFET) [13]. Its gate drive current is very
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low, and 500-V/50-A VDMOSFET devices have switching frequencies of
~ 100 kHz with turn-on and turn-off times below 100 nsec. Fast switching
speed, ease of drive, wide safe operating area (SOA), and capability to
withstand high rates of rise of ON-state voltage (dV/dt) have made VD-
MOSFETs the logical choice in power circuit designs. However, VDMOS-
FETs operate by unipolar conduction. So, their ON resistance drastically
increases with drain-source voltage capability, restricting their exploitation to
voltages less than a few hundred volts. Moreover, as the voltage rating
increases, the inherent reverse diode shows increasing reverse recovery

Gate

Source

Source

(b)
Figure 1.1 Structure of (a) conventional MOSFET and (b) Cool MOSFET.
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charge (Q,,) and reverse recovery time (¢,,), causing more switching losses.
Power VDMOSFETS have gained a strong foothold in low-voltage, low-power,
and high-frequency applications such as switch-mode power supplies (SMPS),
brushless DC motor (BLDM) drives, solid-state DC relays, automobile power
systems, and so on. A new approach to reduce the high-voltage-sustaining
drift zone resistance is offered by the Cool-MOS concept [14-15], allowing

| MOS-Bipolar Combination -

[ MOsFeT |+ BJT

Drain

Collector

Base

Emitter
Source

(a)

Collector

Emitter

Source

(b)

Drain Collector

Gate
Base

Source Emitter 6

(c)

Figure 1.2 MOS-bipolar combinations. (a) Darlington configuration. (b) Series or cascade
configuration. (c) Parallel or cascode configuration.
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reduction of ON resistance by a factor of 5-10 compared to conventional
MOSFETs having equal area, in the breakdown voltage range 600-1000 V.
Here vertical P stripes are inserted into the N-drift zone (Fig. 1.1). Due to
the finely structured sequence of opposite polarity layers, a marked increase
in doping occurs in this zone. In the blocking state, with increasing
drain—source voltages, the space-charge region at the border between P and
N stripes expands, eventually leading to the depletion of the epilayer. The
OFT-state voltage therefore comprises both horizontal and vertical compo-
nents. Due to horizontal extension of the depletion region, drift region
thickness need not be large, leading to lower conduction and switching losses
and also requiring less gate drive power. For withstanding higher voltages,
the area with P stripes is made larger. Reduction in doping is not necessary,
as in conventional MOSFETs. Thus in Cool MOSFET, an extra P-doped
region is introduced in the N-drift region. This allows a much higher
breakdown voltage to be achieved using a much higher doping concentration
for the N-drift region than in a conventional MOSFET. The use of a high
doping concentration for the N-drift region reduces the ON resistance of the
device.

Thus we find that amongst the presently available power switches, each
offers distinct advantages in certain applications but suffer from shortcom-
ings in other areas. Thus, it was considered worthwhile to blend the proper-
ties of MOSFET and bipolar devices. Indeed, the amelioration of device
parameters toward the ideal switch was considerably accelerated by the idea
of MOS-bipolar combination. In the beginning, many MOS-bipolar merger
alternatives were explored. The performance characteristics and limitations
of the chief combinations are pointed out below. The Darlington configuration
(Fig. 1.2a) provides a high current gain at high output currents but gives a
larger forward voltage drop than a single transistor and longer turn-off time
because negative base drive cannot be applied to the BJT base during
turn-off. Consequently, it exhibits high switching losses. In the series or
cascade configuration (Fig. 1.2b) the drawbacks include the increase of for-
ward drop and the need to drive one gate along with one base. In the paralle!
or cascode Configuration (Fig. 1.2¢), the BJT must be driven in harmony with
the MOSFET for turn-off loss minimisation, thus restricting the useful
cut-off frequency. The breakthrough overcoming the above limitations was
achieved with the success of the insulated gate bipolar transistor (IGBT).

1.2 INSULATED GATE BIPOLAR TRANSISTOR

Other names of this device include the insulated gate rectifier (acronym
IGR), conductivity-modulated FET (COMFET), gain-enhanced MOSFET
(GEMFET), BiFET (bipolar FET), and injector FET. It is a prime member
of the family of MOS-bipolar combination devices. Other members of this
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family are the MOS-gated thyristor (MOS-SCR) and MOS-controlled thyris-
tor (MCT).

The IGBT was first demonstrated by Baliga in 1979 [16] and then in 1980
by Plummer and Scharf [17], by Leipold et al. {18], and by Tihanyi [19].
Advantages of IGBT were comprehensively described by Becke and Wheat-
ley [20] and by Baliga et al. in 1982 [21] and 1983 [22]. More work was carried
out by Russell [23], Chang et al. [24], Goodman et al. [25], Baliga et al. [26],
Yilmaz et al. [27] and Nikagawa et al. [28]. The IGBT was commercially
introduced in the marketplace in 1983. Since then there has been a signifi-
cant improvement in the device ratings and characteristics, from the initial
5 kW for discrete IGBTs to more than 200 kW for IGBT power modules.
Presently, several large companies are manufacturing this device, notable
among them being IXYS Corporation, International Rectifier, Powerex,
Philips, Motorola, Fuji Electric, Mitshubishi Electric, Hitachi, Toshiba,
Siemens, Eupec, and so on. Today, the IGBT is an established replacement
of the power BJT, Darlington transistor, MOSFET, and GTO thyristor in the
medium voltage (600~2500 V), medium power (10 kW), and medium fre-
quency range up to 20 kHz. Also, 600-V/50-A IGBTs capable of hard
switching at 150 kHz are commercially available. Just as the power MOSFET
has replaced the BJT in low-voltage applications (< 200 V), the IGBT has
replaced the BJT in the medium-voltage range 200-2000 V and is suitable
for compact smart power modules. Modules with 6500-V blocking voltage
capability and 200-, 400-, and 600-A current have been reported. High-volt-
age IGBTs are used for electric traction such as streetcars and locomotives.
High-power IGBTS are challenging the dominance of GTOs in the megawatt
range due to their high speed, large RBSOA, and easy controllability.
However, the available power ratings of IGBTs are lower than those of
GTOs, up to a rated switch power of 36 MVA (6 kV, 6 kA). MOS-SCR and
MCT are alternative candidates for these applications. The injection-en-
hanced IGBT or IEGT [29] is a promising candidate as a next-generation
high-power MOS-gated device, which can replace GTO. Basically, IGBTs
operate like a bipolar transistor and have a smaller carrier accumulation in
the N-type high resistance layer. So, IGBTs with forward blocking voltage
> 1700 V suffer from a much larger ON-state voltage drop than do gate
turn-off thyristors (GTOs). To reduce the ON-state voltage, a carrier profile
similar to the GTO is adopted in the IEGT, retaining the easy gate drivability
and turn-off capability of IGBT. The 4500-V IEGT has a forward drop V' of
2.5 V at 100 A /cm?. Current density of IEGT at Vg =2.5 V is 10 times that
of UMOS-IGBT (U-groove metal-oxide semiconductor—-IGBT).

Today, minimum feature sizes in IGBT chips are shrinking down to 1 pm
and submicron technologies using direct stepping on wafer. The IGBT is the
most widely used power device in the medium power and medium frequency
range, finding widespread applications in AC motor drives, traction control,
inductive heating systems, radiological systems (X-ray tubes), uninterruptible
power supplies (UPS), switch-mode power supplies (SMPS), static var and
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Table 1.1 Applications of Different Power Electronic Sectors

Sector
No. Power Electronics Sector Applications

1 Low-power sector (< 10 kW) Switching power supplies for comput-
ers, printers, facsimile machines,
and consumer electronics; automo-
tive electronics, heating and light-
ing circuits, small motor drives,
and UPS.

2 Mid-power sector (between 10 Solid-state drives for multi-horse-
kW and 1 MW) power induction motors, UPS, and
machines for factory automation
(using smart power ICs and mod-
ules); heating, ventilation, and air-

conditioning equipment.
3 High-power or megawatt- Solid-state motor drives for heavy

power sector motors, HVDC, UPS, etc.

harmonic compensators, and so on. Table 1.1 shows that major marketing
opportunities for power electronics reside in the low- and medium-power
sectors. As the IGBT pervades these sectors, the utility of this device
escalates.

A close look at the power electronics scenario reveals that the area
between 100 V and 1000 V has vastly benefited from IGBT development and
modular packaging concepts. IGBTs have gained immense importance since
their introduction in the market in 1983. The IGBT is readily interconnected
with control circuitry in low-cost plastic modules that are used for driving
small machines for factory automation. The high output impedance of IGBTs
allows parallel connection of many IGBTs. No device draws more current
than its neighbors, resulting in better current sharing. So for higher load
current applications, current up-scaling is accomplished by paralleling several
devices. Today, 600-V, 1200-V, 2500-V, and 3300-V IGBTs/IGBT modules
are commercially available up to current ratings of 2400 A. Also, 4.5- and
6.5-kV IGBT modules have been reported.

High-current and high-voltage IGBTs (> 1700 V, 1000 A) are used for
traction and industrial applications. Both IGBTs and IGCTs have the poten-
tial to decrease the cost and increase the power density of pulse-width
modulation voltage-source converters (VSCs), because of snubberless opera-
tion. The high voltage requirement of electrical power transmission and
distribution (HVDC) systems is handled by series stacking of IGBTs. As
traction systems use parallel connection of devices and HVDC employs series
connection, the nature of these applications differs [30]. Consequently, the
failure modes of devices in these systems are of opposite nature: open-circuit
failure for traction and short-circuit failure for HVDC. These counter require-
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ments have led to two different packaging concepts: the die-soldered,
nonhermetic, wire-bonded module, mounted by bolting to heat sink and
single-side cooled; and the dry contact, hermetic, presspack, mounted by
pressure stacks and double-side cooled, as adapted from thyristor technology.

1.3 ADVANTAGES AND SHORTCOMINGS OF IGBT

IGBT is created by the functional integration of MOS and bipolar device
technologies in monolithic form. It combines the best attributes of the
existing families of MOS and bipolar devices (Table 1.2) to achieve optimal
device characteristics, approximately fulfilling the criteria of the ideal power
switch. Moreover, it has no integral diode like the MOSFET. In an IGBT,
absence of the diode provides the user an opportunity to choose an external
fast recovery diode suitable for a particular application or to purchase a
“co-pak” having the IGBT and the diode in the same package. So, problems
associated with the integral diode across the P-base/N-drift region in the
power MOSFET are absent in the IGBT.

The major difficulty with the MOSFET is the reverse recovery characteris-
tic of the diode. High carrier lifetime in the N-drift region of as-fabricated
MOSFETs makes reverse recovery of diode slow accompanied by a large
recovery charge. With increasing voltage ratings, the integral diode exhibits
higher reverse recovery charge and reverse recovery time, and thereby high
losses. Furthermore, this charge produces a high reverse recovery current,
which increases with di/dt. The high current flowing through the transistors
in the circuit causes excessive power dissipation and thermal stresses on
them. To improve the reverse recovery characteristic, electron irradiation is
performed with subsequent annealing of positive oxide charge around 200°C.
But still the integral diode in the MOSFET creates problems due to the
existence of a bipolar transistor in the structure (Fig.1.3). The voltage drop
across the base resistance of this bipolar transistor due to current flowing
during reverse recovery forward biases the emitter-base junction of the
transistor. The high voltage developed across the transistor often leads to
second breakdown. Thus actuation of the bipolar transistor during diode
reverse recovery causes serious problems in power MOSFETs.

The IGBT provides high input impedance MOS gating, together with large
bipolar current-carrying capability, while designed to support high voltages.
A circuit designer views the IGBT as a device with MOS input characteristics
and bipolar output characteristics—that is, a voltage-controlled BJT device.
This feature simplifies, to a large extent, the driving circuit. This, combined
with IGBT ruggedness, eliminates the complexity of protective snubber
circuits, allowing simple, lightweight, and economic power electronic systems
to be constructed with IGBTs. Over and above, integration of MOS control
with bipolar conduction is a way of building intelligence in the chip because
“electronic intelligence” is intimately related to the controlling strategy for
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Table 1.2 Features, Pros and Cons of MOSFETs and Bipolars

Serial
No. MOSFETs Bipolars
Features: Features:
1 Single-carrier device Two-carrier device
2 Works by majority carrier drift Operates by minority-carrier diffusion
3 Voltage driven Current driven
4 Drain current « channel width Collector current o emitter length
and area
5 Higher breakdown voltage is achieved Higher breakdown voltage requires
using lightly doped drain region lightly doped collector region
6 Current density for given voltage drop Current density for given voltage drop
is high at low voltages and low at is medium, and severe trade-off exists
high voltages with switching speed
7 Square-law current-voltage characteristics Exponential I-V characteristics
at low current and linear I-V at high
current
8 Negative temperature coefficient of Positive temperature coefficient of
drain current collector current
9 No charge storage Charge stored in base and collector
Pros: Cons:
1 High input impedance Z ~ 10°~10! Q@  Low input impedance Z ~ 103-10° Q
2 Minimal drive power. No DC current Large drive power. DC current needed
required at gate at base continuously
3 Simple drive circuit Complex drive circuit as large positive
and negative currents are required
4 More linear operation and less More intermodulation and cross-
harmonics modulation products
5 Devices can be easily paralleled Devices cannot be easily paralleled
6 No thermal runaway Prone to thermal runaway
7 Less susceptible to second breakdown Vulnerable to second breakdown
8 Maximum operating temperature Maximum operating temperature
=200°C =150°C
9 Very low switching losses Medium to high switching losses
depending on trade-off with
conduction losses
10 High switching speed, which is less Lower switching speed, which is
temperature-sensitive more sensitive to temperature
Cons: Pros:
1 High ON resistance Low ON resistance
2 Low transconductance High transconductance
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Figure 1.3 (a) Parasitic bipolar transistor in power MOSFET structure. (b} Equivalent circuit
showing the parasitic bipolar transistor and the resistance Ry of the P base underneath the
N* source.

switching the power device on and off. Thus it represents a step toward
“smart or intelligent power switching.” It must not be forgotten here that
besides the BJT and the MOSFET, features of P-N junction diodes, P-I-N
rectifiers, and the thyristor are also visible in the IGBT.

Let us make a comparative assessment of current-carrying capacities of
IGBT with MOSFET and BJT. We note that IGBTS are fabricated in a range
of voltage ratings: for example 300-V IGBTs are used for applications based
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Table 1.3 Features of IGBT and FET

Property IGBT FET
Junctions Two-junction device Zero-junction device
Forward voltage >07V >0V

Blocking voltage 1200 vV 500V

Forward current 400 A 50A

Turn-on time 0.9 usec 90 nsec

Turn-off time 1.5 usec 150 nsec

Switching frequency > 150 kHz >1MHz

on rectified 110-V AC line, 600-V IGBTs for rectified 220-V AC line, and
1200-V IGBTs for rectified 440-V AC line. The example of IGBTs with
600-V blocking capability is cited. Its room-temperature current density is
200 A /cm?, which is 20 times that of the equivalent power MOSFET and 5
times that of the BJT having a current gain of 10 and forward drop of 2 V. At
200°C, the current density of IGBT becomes 60 times that of the MOSFET.
To quote another illustrative case, the ON resistance of a 400-V IGBT is
0.1 Q at 20 A, which is 0.1 that of the ON resistance of an equally rated
MOSFET. Not only is the ON resistance of IGBT low, its temperature
coefficient (TCR) is much smaller than MOSFET.

Now concerning the disadvantages of the IGBT, the major penalty paid by
this hybridization of MOS and bipolar properties, is the slower switching of
the IGBT compared to that of the power MOSFET (Table 1.3). Nevertheless,
an interesting feature of IGBT is that its turn-off time can be decreased by
electron or proton irradiation at the expenditure of an increase in forward
drop. This unique capability endows the IGBT with the valuable opportunity
of trading off between switching and conduction losses to cater to the power
switching requirements of a broad application range. To elaborate, it is noted
that for circuits operating at low frequencies with large duty cycles, such as
the line-operated phase-control circuits, where conduction losses dominate
over switching losses, turn-off times from 5 to 20 usec are sufficient. For
high-frequency circuits with short duty cycles (e.g., AC motor drives working
at 1-20 kHz switching frequencies), the necessary turn-off times cover the
range 500 nsec to 2 usec. For still higher frequency circuits (e.g., switching
power supplies operating at 20-100 kHz), the required turn-off times lie in
the range from 100 to 500 nsec. Suitable IGBTs can be fabricated for all the
above applications, compromising between the forward drop and turn-off
time specifications.

It must be mentioned here that the IGBT requires a minimum forward
voltage of at least 0.7 V before turning on, whereas the MOSFET can
conduct with V,g >0 V. Therefore, in low supply voltage applications (e.g.,
12-V automotive electronics), IGBT is not a good choice.
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1.4 |1GBT STRUCTURE AND FABRICATION

Figure 1.4 shows, schematically, the cross section of the basic IGBT struc-
ture. This is one of the several structures possible for this device. In practice,
the power IGBT essentially comprises a repetitive array of millions of cells
arranged, in a topological layout, providing a large aspect ratio: width versus
length (W /L). Figure 1.5 represents an elementary unit cell of this multicellu-
lar power electronic component. The picture in Fig 1.6 shows the unit cell
appearance in three dimensions. The different device regions of the structure
must be clearly recognized. The N* layer at the top is the emitter. The P*
layer at the bottom constitutes the collector. It is also called the Aole-injecting
layer. There are two base regions known as the P base and N base. Essen-
tially, the IGBT comprises a four-layer N-P-N-P thyristor structure.

From Figs. 1.5 and 1.6, it is evident that the silicon cross section of the
IGBT is virtually similar to the vertical DMOSFET (VDMOSFET) except for
the P* substrate in the IGBT. Also, both devices have a polysilicon gate
structure and P wells with N* source regions. The thickness and resistivity of
the N-type material between P wells controls the voltage rating of both the
devices. Therefore, IGBT is fabricated by an N-channel polysilicon-gate
self-aligned vertical DMOSFET (VDMOSFET) process. Because the IGBT

O Emitter Gate Sio,

o
Ioiectron

O Collector

Figure 1.4 Schematic cross-sectional view of the IGBT.
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Figure 1.5 1GBT unit cell. Half unit cell obtained by cutting across the dotted line represents
the basic building block for analysis.

is essentially a VDMOSFET with an additional PN junction in the drain
region, the process sequence of IGBT fabrication is the same as for the
power VDMOSFET except that the starting N* substrate in VDMOSFET is
replaced by P* substrate in IGBT. Like the SCR, an IGBT is fabricated with
Si material due to its good thermal conductivity and high breakdown voltage.
N~ epitaxial layer is grown over the starting P* substrate followed by ion
implantation, thermal diffusion, oxidation, chemical vapor deposition, and
photolithographic steps as in poly-Si gate MOSFET processing. The details
of fabrication technology will be described in Chapter 8.
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Figure 1.6 Three-dimensional view of the IGBT unit cell.

1.5 EQUIVALENT CIRCUIT REPRESENTATIONS

A clear perception of IGBT operation can be obtained by examining its
equivalent circuit. From a close inspection of the IGBT cross-sectional
diagram in Fig. 1.4, its equivalent circuit model is drawn in Fig. 1.7a. A pair
of NPN and PNP transistors represents the thyristor. The collector of the
NPN transistor is connected to the base of the PNP transistor, and likewise
the collector of PNP transistor supplies the base current for the NPN
transistor through the JFET. The NPN and PNP transistors thus constitute a
regenerative feedback loop. It can also be seen from Fig. 1.7a, that sintered
aluminum metallization as well as deep P diffusion in the center of P base
short-circuit the emitter and base of the NPN transistor. This is represented
by the shorting resistance R, connecting the emitter and base of NPN
transistor in Fig. 1.7a. Emitter-base shorting is essential to ensure that the
sum-total gain of NPN and PNP transistors (aypy + @pyp) does not exceed
unity so that the thyristor does not latch up. Latching is avoided because it
results in loss of gate control over output current. The latch-free IGBT, thus
obtained, behaves as a single bipolar transistor in the form of its PNP
component. Furthermore, the MOSFET channel is formed in the P base
below the gate oxide. This channel joins the N* emitter and N~ collector of
the NPN transistor. So, this transistor is shunted by a MOSFET in the
equivalent circuit. The JFET in the circuit represents the constriction of
current between any two neighboring IGBT cells.

For proper IGBT functioning, it is obvious that the operation of the NPN
transistor is deliberately avoided. Hence, the NPN transistor can be ne-
glected. Then Fig. 1.7a is replaced by the simplified equivalent circuit
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Figure 1.7 Electrical equivalent circuit models of IGBT. (a) Equivalent circuit of IGBT. (b)
Simplified equivalent circuit of IGBT.

illustrated in Fig.1.7b. This circuit contains only two elements—for example
the MOSFET and the PNP transistor. Therefore, the IGBT is viewed as an
N-channel enhancement mode MOSFET driving a PNP bipolar transistor in
a pseudo-Darlington configuration. Being the final stage of a pseudo-Darling-
ton transistor, the PNP transistor is never in heavy saturation under normal
operation so that its voltage drop is always higher than that of a saturated
PNP transistor. The condition under which the PNP transistor will saturate is
during latchup of the IGBT, which is an undesirable condition from which
the device must be kept away. But the P* layer in an IGBT covers the full
chip area. Hence its injection efficiency and conduction drop are superior to
that of a BJT of equal size. The fact that PNP transistor does not operate
under saturation gives the IGBT advantage during turn-off because it is
easier to switch off an unsaturated transistor than a saturated one. Further-
more, because the base of PNP is not externally accessible, the turn-off time
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cannot be reduced by a drive circuit. Lifetime Kkilling techniques and N-buffer
layer are used for this purpose. But they decrease the current gain of PNP
transistor and increase the forward drop of IGBT. The gain of PNP transistor
therefore controls the conduction and switching losses. It also determines the
latchup immunity of the built-in thyristor in IGBT as follows. The N-buffer
layer and the wide epi N~ base decrease the gain of the PNP transistor while
the gain of the NPN transistor is reduced by decreasing its base resistance,
thereby inhibiting dynamic latching during turn-off. During that period, a
large hole current density flows through its P base, raising its gain to high
values.

From these considerations, it is evident that the design of an IGBT
involves the optimization of both the MOSFET and the bipolar parts.
Naturally, there are two approaches to reduce the conduction drop of the
IGBT: either (i) to decrease the ON resistance of the MOSFET by increasing
the chip size and cell density, resulting in a “conductivity-modulated MOS-
FET” or (ii) to increase the current gain of the PNP transistor (with due
attention to the latching and blocking voltage capabilities), producing a
“MOSFET-driven bipolar transistor.” Both approaches are applied in prac-
tice.

Considering the IGBT as a PIN rectifier whose output current flows
through a MOSFET channel provides further simplification, but this is not
an accurate representation of the equivalent circuit. Therefore, it is generally
not used as IGBT equivalent circuit.

1.6 PRINCIPLE OF OPERATION AND CHARGE-CONTROL
PHENOMENA

With reference to Figs. 1.4, 1.5, and 1.6, and with zero gate bias applied, the
IGBT structure is equivalent to a PNPN break-over diode having a emitter
short. The IGBT remains off when the collector is positively biased with
respect to the emitter (Vg > 0). This is because the junction between the
P-base and N -type epitaxial layer is reverse-biased. Similarly, the IGBT
remains in the off-state, when Vg <0, due to reverse bias across the junction
between P* substrate and N~ epitaxial layer. So, the collector-emitter
current g is minimal until breakdown in both polarities. For forward Vg
the breakdown is caused by avalanche of the N™P junction, while for reverse
Vg it is initiated by the same process at the N”P* junction.

Applying the Vi >0 condition, the IGBT is turned on by applying a
positive gate-emitter voltage (Vg) of sufficient magnitude to induce an N
channel in the underlying P region, thereby connecting the N* emitter with
N~ base, forward biasing the base-emitter junction of the PNP transistor and
making it conduct. The current flow across the junction between the N ™-type
epitaxial layer and the P-type substrate results in injection of minority-carrier
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holes into the epitaxial layer. Consequently, conductivity modulation of this
layer takes place, reducing its resistance and bringing about a large flow of
collector—emitter current /. To turn-off the IGBT, the gate—emitter volt-
age Vg is made zero so that the channel in the P region is removed.
Depending on the value of Vg, three different regions of operation are
observed in the IGBT. In the first regime, at a small value of Vg ~ 0.7 V, the
IGBT is a VDMOSFET in parallel with a PNP transistor. Current transport
takes place by recombination of excess electrons and holes in N™-region. The
second regime commences from Vg > 0.7 V where the characteristics portray
MOSFET behavior. At high V values, the excess holes injected from the
emitter of the PNP transistor are not absorbed by recombination in the N~
base and spill over to the P base contributing to PNP bipolar current. The
MOSFET current I is the base current of the bipolar transistor, and the
collector—emitter current I of IGBT duplicates the general shape of
MOSFET characteristics except that it is the amplified version of Iy. In
the third regime, when the current exceeds a critical level, the device latches
up like the ON state of a thyristor. Consequently, gate control is lost.

Device operation will be dealt with at length in Chapter 2. It may be
remarked here that the MOS part of the IGBT controls its turn-on while the
bipolar part determines the steady-state and turn-off behavior. Like the BJT
and the MOSFET devices, the IGBT is also a charge-control device. In a
PNP BJT operating in the active mode, the electron injection from the base
terminal produces a negative charge in the N~ base. This is balanced by an
injection of holes from the P-emitter for maintaining charge neutrality. So
the hole concentration in the base region is enhanced, allowing the holes to
move from emitter to collector. Similarly, in an N-channel MOSFET, the
conduction begins when its input capacitance has received adequate positive
charge to raise the gate—source voltage to the level required to achieve
inversion for channel formation. The main difference between bipolar and
MOSFET conduction is that in the BJT a continuous supply of base current
in the form of electrons is imperative to replenish the electrons lost by
recombination. But in the MOSFET the gate dielectric (oxide) separating the
electrons (in the channel) and positive charge on the oxide prevents their
recombination so that current flow is necessary only for establishing charge
density or during its withdrawal. Also, this charge requirement is very small.
It follows that the IGBT that merges both bipolar and MOSFET properties
is also a charge-control device.

1.7 CIRCUIT MODELING

Device manufacturers and circuit designers require IGBT models to under-
stand device internal mechanisms, optimize structures, and predict circuit
behavior [31-53]. Various circuit simulation packages—notably, Saber and
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members of the Simulation Program with Integrated Circuit Emphasis
(SPICE, PSPICE, HSPICE, IG-SPICE, etc.)—are available for IGBT model-
ing. Models are classified as mathematical (analytical models based on
semiconductor physics), semimathematical (combining device physics with
existing models in the simulator), behavioral or empirical (simulating IGBT
characteristics without consideration of physical mechanisms), and seminu-
merical (using finite element methods to model the wide base and using
analytical methods for other device parts). They are also categorized as
microscopic (based on physical structure and equations) and macroscopic or
composite (utilizing the available device models).

The macroscopic IGBT model, following the semimathematical approach,
has been formulated in SPICE based on the existing models of MOSFET and
BJT devices. This model is useful for circuit simulation, and it is less
complicated and time-consuming than the microscopic model. Figure 1.8a
presents the resistive or DC model of IGBT in SPICE. Three additional
voltage- and current-controlled generators can be seen between the MOS-
FET and BJT sections. These are included because the output characteristics
of the IGBT are not exactly the same as those of the MOSFET, calling for
modifications. Furthermore, since SPICE requires that the inputs of control-
ling variables must be of only one source type, either all voltage or all
current, the controlling variables are converted into the same type.

Diode D and the two-dimensional voltage-controlled voltage source
(VCVS) E|, represent the typical value of output voltage (0.7-1.0 V). The
dimension of a source is understood from the definition of non-linear-depen-
dent sources in SPICE which are characterized by any of the four equations
i=f(v), v=f(v), i =f(i) and v=f(i), where the functions are polynomials
and the arguments can be multidimensional. The diode prevents the collector
current of the BIT from flowing on applying a reverse voltage across the
output of IGBT. Hp is a current-controlled voltage source (CCVS), which
transforms the drain current of the MOSFET into the driving voltage V7,
across the resistor Rj,. G is a two-dimensional nonlinear voltage-controlled
current source, which drives the output transistor.

Figure1.8b shows the dynamic SPICE model of IGBT, which is a combina-
tion of the DC model and the nonlinear input capacitance C,,, modeled by a
four-segment piecewise linear function. The reverse capacitance is very small
while the output capacitance C, is taken from the data sheets. The current-
controlled input capacitance is synthesized with the nonlinear input resistive
circuit to obtain the complete SPICE macromodel of the IGBT.

The accuracy of this model is lower than that of the mathematical IGBT
models because the wide base in IGBT differs from the existing discrete
power BJT models. IGBT switching behavior is primarily controlled by the
distributed charge in this wide base. The behavior of the distributed charge is
governed by the ambipolar transport equation, a second-order partial differ-
ential equation.
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Figure 1.8 SPICE models of IGBT. (a) DC model of IGBT. (b) Switching circuit and dynamic
model of the IGBT.
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Example 1.1 Manufacturing process of IGBTs produces two different types as
follows:

Forward Voltage Drop Turn-Off Loss
IGBT Type at 80 A (in volts) per Switching (in mJ)
Slow IGBT 1.2 10
Fast IGBT 21 5

Considering a duty ratio of 50% for a DC drive application, at what frequency will the
two IGBTs give the same total power loss? Compare the power losses of the two
IGBTs at 5 kHz and 10 kHz.

Neglecting the turn-on, driving, and nonconducting state losses, we can write

Power loss P, = Forward voltage V' X Forward curren I X Duty Ratio

+ Switching frequency ( f) X Energy lost during turn-off
(E1.1.1)

For the slow IGBT P, =1.2X80X0.5+fx10°x 10X 107% =48 + 10f
(E1.1.2)

For the fast IGBT, P =2.1X80X0.5+fx103x5x 10" =84 +5f (E1.1.3)

The power losses of the slow and fast IGBTs will be equal at a frequency f(kHz)
obtained from the equality

48 +10f =84+ 5f (E1.1.4)
from which f= 7.2 kHz.
At f = 5 kHz,
For the slow IGBT, P, =12x80x035
+5%x10°X 10X 1073 =98 W (E1.1.5)
For the fast IGBT, Py =21%x80X05
+5X10°X5X107° =109 W (E1.1.6)
At f = 10 kHz,
For the slow IGBT, Py =1.2X80x05
+10x10° X 10X 1077 = 148 W (EL.L7)
For the fast IGBT, P =21 X80 X035
+10X 103 %5 1072 =134 W (E1.1.8)

Thus we conclude that at 5 kHz, the slow IGBT is superior, giving a lower power loss
(98 W) than the fast IGBT (109W). At 10 kHz, the slow IGBT becomes inferior
because it gives a higher power loss (148 W) than the fast IGBT (134 W).

Example 1.2 Assuming a 50% duty cycle, calculate the power dissipation of 1000-V
IGBT, BIT, and MOSFET chips of equal area, each carrying a current of 50 A, given
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the following set of parameters for the devices:

Forward Voltage Drop Turn-Off Time
Serial No. Device at 50 A (volts) (usec)
1 IGBT 2 1
2 BIT 15 1
3 MOSFET 40 0.1

Perform these calculations at two frequencies, 25 kHz and 100 kHz.

Neglecting turn-on, driving, and OFF-state losses, the power dissipation Pp is the
sum of power loss incurred during steady-state forward conduction (P,) and power
loss during switching from ON state to OFF state (P, ), that is

Py=P +P, (E1.2.1)
Let T be the periodic time of the gate pulse, 7, the time fraction of the time period T
for which the device remains on, 7, the turn-off time, V the forward voltage drop at
current [y, and Vg the blocking voltage. Then the power dissipation is expressed as

Pp=Velgry + (1/2)VgIe(12/T) (E1.2.2)

The first term (P, ) in this expression is independent of frequency and depends only
on the duty cycle so that we have the following:

For IGBT,
P, =2X50X%X05=50W
For BIT,
P, =15X50X05=375W
For MOSFET,

P, =40 %50 % 0.5 = 1000 W

Total power dissipation at 25 kHz is as follows:

For IGBT,

Pp =50+ (1/2) X 1000 x50 x 1 x 107¢/{1/(25 x 10%)} =675 W
For BIT,

Pp, =375+ (1/2) X 1000 X 50 X 1 X 10~°/{1/(25 x 10?)} = 1000 W
For MOSFET,

Pp, = 1000 + (1,/2) X 1000 X 50 X 0.1 x 107°/{1,/(25 x 10°)} = 1062.5 W
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Total power dissipation at 100 kHz is as follows:
For IGBT,
Pp =50+ (1/2) X 1000 x 50 X 1 x 107¢/{1,/(100 x 10*)} =2550 W
For BIT,
P, =375+ (1/2) x 1000 50 X 1 X 1076/{1/(100 x 10%)} = 2875 W
For MOSFET,
P, =1000 + (1/2) X 1000 X 50 X 0.1 x 107¢/{1/(100 x 10°)} = 1250 W

From the above, it is irresistible to conclude that at 5 kHz the IGBT is the least lossy
of the three devices. At 10 kHz the IGBT still remains better than BJT but both
IGBT and BJT become inferior to MOSFET due to increased power losses.

1.8 PACKAGING OPTIONS FOR IGBTs

Desirable characteristics of a package include good electrical and thermal
performance, long life, high reliability, and low cost. Additionally, for a
module, electrical isolation of the base plate from the semiconductor die is
necessary in order that both the halves of a phase leg are enclosed in one
package. This is also required for convenience so that modules switching,
different phases, can be mounted on the same heat sink, and also from safety
considerations for grounding the heat sink. IGBTs are generally packaged in
three types of commercially available packages (Fig. 1.9): (i) Discrete packages
such as TO-220, TO-247, TO-264, and SOT-227B. These packages contain a
single device and are used for low-power applications. (ii) Power module
package: These package multiple dice and are available in several configura-
tions such as half-bridge, full-bridge, and three-phase bridge. (iii) Press pack:
This type has been recently introduced for modules (see Chapter 9, Section
9.7).

(a) (b) ()

Figure 1.9 Common IGBT packages. (a) TO-220 AB. (b) TO-247 AD. (c) TO-240 AA.
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1.9 HANDLING PRECAUTIONS OF IGBTs

(i) Before assembly into a circuit, the IGBTs should be stored with their
leads shorted together by metallic springs or kept in a conducting material.
(ii) The tip of the soldering iron used must be grounded. (iii) When touched
by hand, a metallic wristband must ground the hand. (iv) A zener diode may
be connected between gate and emitter, for gate protection from electrostatic
charge buildup. (v) The specified gate—emitter voltage should not be ex-
ceeded. Circuits in which the gate terminal is kept floating must be avoided.

1.10 IGBT GATE DRIVING CIRCUITS

The IGBT is a three-terminal device represented by the circuit symbols given
in Fig. 1.10. The three terminals are designated as Emitter (E), Gate (G),
and Collector (C). Many authors have adopted the terminology of
anode /cathode /gate from SCR, while others use drain/source/gate from
MOSFET. Some prefer collector/emitter /gate from the BJT technology
because the device is a bipolar transistor. The terminal E is actually the
collector of PNP transistor, and terminal C is actually the emitter of the PNP
transistor. In BJT terminology, the terminal E will be the emitter of IGBT
but collector of PNP transistor. Similarly, the terminal C will be collector of
IGBT but emitter of PNP transistor. To avoid any confusion resulting from
whether we are referring to the emitter /collector of the IGBT or that of the
PNP transistor, the anode/cathode/gate terminology seems to be more
logical from this viewpoint. However, the collector /emitter /gate terminology
from BIJT will be adopted in this book to constantly remind the reader that
the IGBT is a bipolar transistor, not a thyristor. This is also followed in most
data books. The symbol in Fig. 1.10a is most realistic because it represents

Collector Collector .
Drain

Gate Gate +
Gate

Emitter Emitter

(a) (b) (c)
Figure 1.10 Circuit diagram symbols of IGBT.
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both the MOSFET gate and the collector and emitter of the PNP transistor
in the IGBT. The base contact of the PNP transistor is left unconnected,
signifying that there is no external base lead. Externally, the IGBT has
collector, emitter, and gate terminals. The symbol in Fig. 1.10b may be
misunderstood because the PNP transistor, and not the NPN transistor, in
the IGBT plays the major role. This representation is only symbolic and is
not related to the actual IGBT structure. The symbol in Fig. 1.10c empha-
sizes the presence of MOSFET in IGBT. It is identical to the symbol of
N-channel MOSFET. The difference between the IGBT symbol and the
MOSFET symbol is the arrow on the drain contact. This arrow represents
the emitter of the PNP transistor in the IGBT. For a P-channel IGBT, the
direction of the arrow is reversed.

The gate power requirements of IGBT are similar to those of power
MOSFET, and the gate drive circuits of power MOSFETs are simplest of all
the power electronic semiconductor switches. A gate-to-emitter voltage vgp
of 15 V is applied to turn on the IGBT. Then vy is reduced below about
3-4 V to turn off the device. Although the IGBT turn-on and turn-off are
controlled by gate voltage, the speed of switching is determined by gate
current because the time for development of the required charge for inver-
sion, depends on the magnitude of gate current.

There are two types of gate driving circuits, namely, voltage drive and
current drive. Figure 1.11a shows a voltage drive circuit for IGBT. It consists
of a constant voltage supply V; =15 V, a switch, and two resistors R, and
R,. The switch comprises a fast-switching transistor or a complete IC chip
including the interfacing between it and the control signal from a micropro-
cessor-based controller. As soon as the switch is closed, a gate current ig
flows until the input gate capacitance C,,. of the IGBT is charged to a
steady-state voltage vgp = Vg when ig = 0. The time taken for this charging
operation measures the time for initiation of turn-on and is decided by the
values of C,., R,, R, and R (the internal resistance of the gate supply V).
A smaller value of the resistance (Rg + R,) results in a shorter charging time
constant. Since R is generally not variable, the resistor R, is decreased to
provide faster charging and hence rapid turn-on of IGBT. Connection of an
additional capacitor C, across R; can speed up the turn-on process still
more. Upon opening the switch, the gate supply V;; is disconnected and the
gate capacitance C,,, discharges into the resistor R,. When the gate voltage
has fallen to a value vge < Vo, the IGBT turns off. It is readily apparent
that the turn-off process can be hastened by decreasing the resistance value
R, to enable quicker discharging.

The circuit diagram of a gate driving circuit using a constant current gate
supply I is shown in Fig. 1.11b. As soon as the switch is opened, a constant
gate current i =I; flows into the gate terminal of IGBT. This continues
until the voltage across the IGBT reaches the breakdown voltage of the zener
diode, V7, =15 V. Then the gate current, i;, becomes zero and the zener
diode conducts until the closure of the switch. Upon closing the switch, the
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Figure 1.11 Gate drive circuits of IGBT and components of the input capacitance. (a)
Voltage gate drive circuit of IGBT. (b) Current gate drive circuit of IGBT. (c) Components of
Cice-
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IGBT gate discharges through the resistor R so that the closed switch acts
as a path for the flow of both the discharge current and the supply current
I5. When the gate voltage decreases and becomes less than the threshold
voltage Vo, , the IGBT turns off.

1.11 IGBT PROTECTION

All semiconductor switches need protection against the damaging overvolt-
ages, overcurrents and transient surges. The IGBT is no exception. IGBT
protection circuits are relatively less complex than for BJTs and thyristors,
primarily because of the fact that it is a voltage-controlled device [54, 55].
Upon quick detection of these detrimental situations, the IGBT can respond
by removing or reducing the gate drive voltage.

Overvoitages. In the forward conduction state, overvoltages do not have
any harmful effect because the IGBT acts as a short circuit. But during the
blocking state, any applied voltage in excess of the breakdown voltage
between collector and emitter terminals causes avalanche breakdown. Con-
sequently, uncontrolled high currents flow, producing appreciable power
dissipation and device heating, which may cause permanent damage. The
precautionary measures adopted against overvoltages include limiting the
supply voltage to less than 80% of the rated breakdown voltage of IGBT and
connecting a nonlinear voltage arrester in parallel with the IGBT. The voltage
arrester is a metal-oxide varistor whose resistance value falls as voltage rises,
thus providing a short-circuit path at high voltages. If the reverse blocking
voltage of the IGBT is small, a reverse-connected diode placed across the
IGBT is helpful. However, any stray inductance L in series with the diode
must be minimized because it will apply a reverse-bias voltage = L, (di 4.4, /dt)
across the IGBT when the load current is diverted through the diode due to
a switching action elsewhere in the circuit. A diode connected in series with
the IGBT is sometimes used; but its drawback is that it adds a voltage drop
during forward conduction, thereby decreasing the efficiency of power modu-
lation. Several IGBTs may be connected in series to withstand a voltage
much higher than that of a single device.

The IGBT gate is sensitive to static charge buildup. Proper grounding is
necessary to prevent this deleterious charge accumulation during handling.
Normally, the gate voltage should not exceed +20 V otherwise the gate oxide
will be punctured. A zener diode of breakdown voltage <20 V, with
adequate current rating, connected across the gate-to-emitter terminals, is
able to limit the gate voltage to a safe level.

Overcurrents. Like any power device, the rated current of an IGBT is the
continuous current for which the junction temperature will not exceed 150°C
if the device case temperature is 25°C. So an overcurrent is the current value
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at which the junction temperature becomes more than 150°C. Such a current
value is obviously not permissible. However, pulsed currents much higher
than continuous currents are allowed, because the thermal limitation is
governed by average power dissipation, and the dissipation in pulse mode is
relatively less. Protection from overcurrents is implemented through thermal
fuses or gate control circuits to remove or reduce the gate voltage and turn-off
the IGBT when the situation warrants so. When an overcurrent is sensed
(e.g., by means of voltage drop across a resistor), the gate voltage is de-
creased by switching in a zener diode across the gate terminals within a short
time interval of ~1 wsec. If the fault is cleared away in this time span,
normal gate voltage can be reapplied. However, quick interruption of a
current produces an Ldi/dt voltage spike, so protection against the spike
must not be overlooked. If the load current is far above the current capability
of a single IGBT, several IGBTs may be connected in parallel to share the
current.

It must be mentioned that the IGBTs are not plagued by second break-
down as are BJTs and have a large safe operating area. The current flow in
an IGBT is self-limiting to some extent because if a fault condition abnor-
mally increases the current, the device may leave the ON state and move to
the active region where the current is unvarying and independent of the
collector-emitter voltage.

Transients. The initial inrush currents at IGBT turn-on arising from motor
starting, snubber capacitor discharge, or reverse recovery of a diode across a
load must be overcome. For this purpose, a ramp waveform or a two-step
waveform in which the first step is from 5 to 7 V and the second step up to 15
V replaces the conventional stepped voltage waveform. By this strategy, not
only is the rate of rise of current limited, the peak value of current is also
smaller.

IGBTs can turn on by duqg/dt, either because the parasitic thyristor
begins to conduct or the voltage v increases above threshold by capacitor
division; the capacitors Cgg and Cg. act as a voltage divider. The latter is
avoided by placing a low resistance between gate and emitter terminals. For
protection against dv.g /dt effect, a negative gate bias supply —V,; is used
during turn-off and in the OFF state.

1.12 SUMMARY AND TRENDS

The IGBT is a fully controllable switch that has carved a niche for itself in
medium-power and medium-frequency chopping, conversion and inversion
applications, where BJTs and MOSFETs have been traditionally exploited. It
is well-suited for general-purpose switching to drive lamps, heaters, solenoids,
and motor drives, especially for pulse width modulation. Although it pos-
sesses both forward and reverse blocking capabilities, device designers often
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sacrifice the reverse blocking in favor of forward voltage drop or switching
speed. An auxiliary diode is connected antiparallel with the IGBT, either
internally within the device packaging or externally to support the reverse
voltage. The IGBT is free from second breakdown problems. In opposition to
the IGBT, the MOS-SCR [56] and MCT [57-69] have so far not been able to
make the desired impact on the power electronics scenario, and presently
their importance in the market is very low. No extensive range of MCTs has
so far been released. Its frequency response resembles the IGBT. But its
lower conduction losses and higher operational current density bestow an
enormous potential in foreseeable future for replacing SCRs and GTOs.

After acquiring a perspective of the different types of power semiconduc-
tors and MOS-bipolar hybrid devices in this chapter, the ensuing chapter will
focus on the various IGBT structures vis-a-vis their performance and will
delve into the physical principles of IGBT operation.

REVIEW EXERCISES

1.1 List the essential prerequisites of an ideal power semiconductor switch.

1.2 How are the following losses in a power semiconductor switch minimized: (a)
ON-state losses, (b) OFF-state losses, {(¢) switching losses, and (d) driving
losses? Give reasons for your answers.

1.3 Name the currently available highest current density device. Does it provide
gate turn-off feature?

1.4 What is the relative performance of BJT and GTO thyristor as power devices
with a controlling base /gate.

1.5 Why are power MOSFETSs unsuitable for high-voltage applications? For what
types of applications are they most appropriate? Discuss with examples.

1.6 Write two advantages of MOSFETs over bipolar transistors. Give two advan-
tages of bipolar transistors over MOSFETs.

1.7 Draw and explain the circuit diagrams of the following composite device
configurations: (a) Darlington, (b) cascade, and (c) cascode.

1.8 What does the acronym IGBT stand for? Mention two other abbreviated
representations for this device along with their full forms.

1.9 Name two other members of the IGBT family of MOS-bipolar combination
devices.

1.10 Distinguish between the functional capabilities of the MOS-gated SCR and
MCT.

1.11 State whether the PNP transistor in the IGBT equivalent circuit is a low-gain or
high-gain transistor? Under what injection conditions, low-level or high-level,
does this transistor work for the practical operating current density range of
IGBT? Can the transport of electrons and holes in this transistor be treated
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independently? What type of transport equations, unipolar or ambipolar, are
used for this analysis?

What is the structural difference between vertical IGBT and VDMOSFET?
Explain how this structural difference is translated into the difference of output
characteristics of these devices?

(a) What are the advantages of MOS gate in IGBT? (b) How does bipolar
conduction decrease the forward voltage drop of an IGBT? (c¢) Explain “Con-
ductivity Modulation of N~ base of an IGBT” and its effect. (d) How does
minority-carrier storage in N~ base of an IGBT lengthen its turn-off time? (¢)
Comment on the statement, “IGBTs can be fabricated for a range of forward
voltages and turn-off times.” How does this aid in controlling the switching
losses?

(a) Draw the schematic of IGBT cross section and label its parts/terminals.
Draw also the cross-sectional diagram of a power DMOSFET. How does it
differ from that of the IGBT? (b) Explain the operating principle of IGBT. Is it
justified to view it as a charge-control device?

Draw and explain three circuit diagram symbols of the IGBT. Which symbol
would you like to use and recommend?

Give one application example each of IGBTs having the turn-off times in the
following ranges: (a) 5-20 usec, (b) 0.5-2 usec, and (c) 0.1-0.5 usec.

The ON-state voltage drop of an IGBT A at 100 A is 1.5 V, while that of IGBT
B at the same current is 2.5 V. Their turn-off losses per switching are,
respectively, 8 mJ and 4 mJ. For a duty ratio of 30% in a DC drive application,
determine the frequency at which the IGBTs A and B will give the same total
power loss.

800-V IGBT, BJT, and MOSFET devices, of equal area, have on-state voltage
drops of 1.5 V, 8 V, and 40 V, respectively, at a current of 25 A. The turn-off
times of both the IGBT and the BIT are 2 usec, while that of the MOSFET is
0.2 psec. Find the power dissipation of these devices for a 60% duty cycle, if
each device is carrying a current of 25 A. The operating frequency is 20 kHz.
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IGBT FUNDAMENTALS
AND STATUS REVIEW

In this chapter the basics of IGBT operation will be reviewed. The chapter
will describe the various categories of IGBTS, their operating modes, electri-
cal and thermal characteristics, radiation effects, and so on.

2.1 DEVICE STRUCTURES

2.1.1 Lateral IGBT (LIGBT) and Vertical IGBT (VIGBT)

Lateral IGBT or LIGBT [1-9] lends itself more readily to integration on the
same chip thus helping in the realization of power integrated circuits (PICs)
and smart power ICs. It is mainly used for integration of power device with
control circuitry. The lateral approach consumes a great deal of Si surface
area for supporting the voltage and therefore furnishes a low silicon utiliza-
tion factor. Moreover, latchup problems (due to the inability to use lifetime
killing techniques in an IC environment) and substrate current are causes for
concern. For these reasons, it is commonly avoided in discrete devices where
the vertical structure described in previous chapter is commonly used.

As shown in the cross-sectional view of the lateral IGBT (Fig. 2.1a), the
collector contact is taken from the top surface of the chip instead of the
bottom surface in the vertical structure. In the LIGBT, a P* collector
replaces the N* drain of the LDMOS. Unlike the vertical structure, there is
no JFET region in the lateral IGBT. Furthermore, during ON-state opera-
tion, the accumulation region buildup under the gate exerts a strong influ-
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Figure 2.1 Lateral IGBTs. (a) Cross-sectional view of lateral IGBT. (b) Equivalent circuit of
lateral IGBT. (c) In-plane diagram of shorted collector IGBT hali-cell.
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ence on the carrier distribution in the drift region. Although an LIGBT
conducts current laterally like LDMOS, the presence of back-to-back PN
junctions enables it to block voltage in both directions. A modified latchup-
resistant LIGBT structure [3], containing an N* sinker for diverting hole flow
away from the P-base toward an auxiliary emitter and also containing a P*
buried layer, is more suitable at high operating temperatures.

Figure 2.1b presents the electrical equivalent circuit of an LIGT. It is the
combination of a lateral DMOSFET, a vertical BJT, a lateral BJT, and a
lateral parasitic thyristor. Resistances of the semiconductor paths intercon-
necting these components are also included. On biasing the DMOSFET gate
above the threshold voltage, its source serves as the base clectrode of both
the lateral and vertical BJTs. Hence this base current increases with gate-
source voltage, accompanied by rise of emitter current by transistor action.

Incorporation of N* segments into the collector, penetrating up to the
N-buffer layer, improves the turn-off behavior of LIGBT {4-8]. This IGBT is
called segmented collector IGBT (SC-IGBT) or shorted collector IGBT. In-
plane view of the half-cell of this IGBT cell containing one P-collector
segment is shown in Fig. 2.1c. Technologically, with regard to the planar IC
process, this method of controlling the injection efficiency of the P* collector

300
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|
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_ l l s
| § | | 1 >
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Figure 2.2 Voltage-controlled multistability and hysteresis in IGBT current-voltage charac-
teristics.
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is superior to carrier lifetime monitoring. The current—voltage characteristics
of these IGBTs exhibit S-type negative differential conductivity (SNDC).
Certain collector designs show voltage-controlled multistability and hysteresis
in stationary characteristics (Fig. 2.2). To understand the meaning of multi-
stability in characteristics, it may be noted that as the collector—emitter
voltage increases, the collector—emitter current rises until at a certain voltage
the voltage falls back to a smaller value at slightly higher current. Thereafter,
further increase of collector—emitter voltage is accompanied by increase of
current. This is again followed by the decline of voltage at somewhat higher
current. The above sequence of events may be repeated several times.
Instabilities arise from the switching of the single P-emitter segments be-
tween the MOS mode and the conductivity-modulated mode and vice versa.
Hpysteresis indicates that the sweep-down branch of the characteristic does not
retrace the sweep-up branch. Physically, hysteresis is ascribed to the presence
of two or more stable stationary states. For small disturbances the system
prefers to retain its original state, but perturbations such as changes in
external voltage or current cause the state to lose its stability parameter
value, leading to hysteresis.

2.1.2 Non-punchthrough IGBT (NPT-IGBT) and Punchthrough

IGBT (PT-IGBT)

After discussing the lateral IGBT structure, we are now transitioning to the
vertical structures. Commercially available IGBTs are broadly classified un-

Emitter ®

. N~ Base ,f_

(1 x 10" cm™?)

15 um

() Collector

Figure 2.3 Two IGBT structures: (a) NPT-IGBT and (b) PT-IGBT.
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Table 2.1 NPT-IGBT Versus PT-IGBT
Serial
No. Feature NPT-IGBT PT-IGBT

Manufactured using diffusion
steps. Less expensive pro-
cess.

1 Process technology and
cost-effectiveness

Thick N base. Does not con-
tain any N-buffer layer.
Space charge spreads
across the wide N~ base to
withstand the voltage. NPT
structure provides bidirec-
tional blocking capability.

2 N-buffer layer and
N~™-base thickness

3 Carrier lifetime in N~
base and conductiv-
ity modulation

High carrier lifetime yields a
low forward drop.

4  Temperature coeffi-
cient of forward
voltage drop; paral-
leling

The temperature coefficient
of ON-state voltage is
strongly positive. There-
fore, simple paralleling.

5 Collector doping and
turn-off time

Collector is lightly doped (P
only). Electron back injec-
tion from N~ base into P
collector gives satisfactory
turn-off time.

6  Turn-off loss Turn-off loss is less tempera-
ture-sensitive, and it re-
mains practically un-

changed with temperature.

7  Thermal stability More thermally stable.

8  Short-circuit failure More rugged in short-circuit

failure mode.

Fabricated in an N~ epitaxial
wafer. More expensive.

Thin N base. Contains an
N-buffer layer. Penetra-
tion of depletion region
into this layer avoids the
use of a broad N~ base.
This IGBT has lower re-
verse blocking capability.

Lower lifetime able to pro-
vide adequate conductivity
modulation as the N base
is thin. Forward drop is
determined by the carrier
lifetime in N~ base and
injection efficiency of P*
substrate.

Small positive temperature
coefficient of ON-state
voltage. Paralleling calls
for greater care and atten-
tion.

Heavy doped collector (P*).
Lifetime killing in N base
is necessary to achieve the
required turn-off time. In-
jection efficiency reduction
of the P* substrate by the
buffer layer makes its fall
time and the current tail
shorter.

Turn-off loss is more temper-
ature-sensitive, and it in-
creases significantly at
higher temperature.

Less thermally stable. Ther-
mal run-away occurs at a
lower junction tempera-
ture.

Less rugged.
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der two headings: NPT-IGBT and PT-IGBT [10-18]. These IGBTs are also
referred to as symmetrical and asymmetrical IGBTs. These varieties of IGBT,
shown in Fig. 2.3, differ widely with regard to their fabrication technology,
structural details, carrier profiles, lifetimes, and transport mechanisms. Table
2.1 looks at the salient features of the two types of IGBTs. The construc-
tional and operational demarcation translates into the different output char-
acteristics, behavioral pattern, and degree of thermal ruggedness, observed
for these devices.

NPT-IGBT fabrication is based on thin wafer technology. The starting Si
wafer is an N-type (100) orientation wafer of thickness 220 xm and concen-
tration 1 X 10" em? for the 1200-V device (see Fig. 2.3a). On the backside
of this wafer, boron implantation is performed followed by a long, high-
temperature, drive-in cycle. This produces a shallow doped P-type collector
of concentration ~ 10'® cm™3, instead of P* collector (Fig. 2.4a). Obviously,
the concentration gradient across the P-type collector /N~ base is low. As a
consequence, the carrier lifetime distribution in the N~ base is uniform so
that the carrier flow is not much aided by diffusion but drift-controlled.
Furthermore, the electric field distribution across the N -base thickness
makes the device sturdier.

PT-IGBT fabrication (Fig. 2.3b) utilizes the technology of growing a thick
epitaxial layer of uniform resistivity (concentration =1 X 10" c¢m™?) and
thickness (100 um) on P* substrate (5 X 10" cm ). The thick epitaxial layer
forms the N~ base of the IGBT. Sandwiched between the N~ base and P
collector is an N-buffer layer (2 X 10! cm~?) of thickness 10 um (Fig. 2.4b).
This buffer layer has twofold functions. First, by using the buffer layer, the
thickness of the N~ base required to support a given breakdown voltage is
decreased, since the depletion layer expansion at high applied voltage is
accommodated in a small thickness of this layer, avoiding failure by punch-
through. Second, the holes injected by the P* collector partially recombine in
the buffer layer. This slightly offsets the injection efficiency of the collector,
preventing it from becoming too high to degrade the turn-off behavior of
IGBT. Thus the buffer layer reduces the tail current during turn-off and
shortens the fall time of IGBT. By this mechanism, the trade-off between
conduction and switching losses is improved.

Due to the existence of a high concentration gradient across the P*
collector /N-buffer layer /N~ base, the current flow takes place primarily by
diffusion in the PT-IGBT as compared to the drift transport in an NPT-IGBT.
Furthermore, because the electric field has a smaller N -base thickness to
spread over, the PT device becomes more fragile than the NPT case.

Now let us inquire as to what makes the NPT-IGBT and PT-IGBT
“symmetrical” and “asymmetrical” in behavior. A symmetrical IGBT (the
NPT-IGBT) is one having equal forward and reverse breakdown voltages.
Such a device is used in AC applications. In the asymmetrical or PT-IGBT
structure, the reverse breakdown voltage is less than the forward breakdown
voltage. This IGBT is useful for DC circuits where the device is not required
to support voltage in the reverse direction. The notable advantage of the
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Figure 2.4 Representative impurity diffusion profiles of (a) NPT-IGBT and (b) PT-IGBT.



42 IGBT FUNDAMENTALS AND STATUS REVIEW

asymmetrical structure is the provision of opportunity for improvement of
forward conduction characteristics by sacrificing the reverse blocking capabil-
ity. As explained above, the common method of accomplishing this is by
employing a double-layer base structure consisting of an N~ layer and an N*
buffer layer. It has also been mentioned that the buffer layer allows us to use
a thinner N~ base producing a comparatively smaller forward drop.

The doping profiles of the symmetrical and asymmetrical IGBTs along
with the resulting electric field distributions are illustrated in Fig. 2.5. If the
critical breakdown field is assumed to be independent of the doping level, the
shape of the electric field distribution changes from triangular in the symmet-
rical IGBT to trapezoidal for the asymmetrical IGBT. When the buffer layer
thickness equals one diffusion length, the forward breakdown voltage of
asymmetrical IGBT will be twice that of the symmetrical IGBT. Accounting
for the decrease in maximum electric field with base width reduction due to
field redistribution over a larger space together with the finite N -base
doping required for design optimization, the increase in breakdown voltage is
achieved by a factor between 1.5 and 2.0.

During design of the impurity diffusion profile of asymmetrical IGBT, it is
desirable that the buffer layer thickness be kept minimum, consistent with
the required blocking voltage for making a fast switching device. This is only
possible by raising the doping concentration of this layer to a level at which
punchthrough to the N-buffer layer/P* junction is avoided. But when the
doping concentration of the buffer layer becomes too high, the injection
efficiency of P* layer is crippled, lowering the current gain of the PNP
transistor. This has an adverse influence on the forward drop of IGBT but
has the favorable impact of increasing the collector output resistance.

Let us understand the effect of buffer layer on the collector output
resistance. Figure 2.6 illustrates pictorially the variation of depletion layer
width of symmetric and asymmetric IGBT structures with increasing collec-
tor—emitter voltage (V). It is evident that in the symmetrical IGBT, the
depletion layer width continuously increases with collector—emitter voltage.
Consequently, the undepleted N™-base width (W) narrows down, producing
an increase in the current gain of the PNP transistor apyp = 1/{cosh(W/L )}
[where L, is the minority-carrier (hole) diffusion length in N~ base] and
thereby in the output collector—emitter current (/). The overall impact is
that the I -V characteristics of an asymmetric IGBT show a steady
increase in Iz with Vg, instead of saturating like a power MOSFET. In a
power MOSFET, this upward trend is only caused by the decrease in channel
length with Vg , but in the symmetric IGBT the undepleted base width
constriction is an additional feature. Therefore, the collector output resis-
tance of a symmetric IGBT defined as the reciprocal slope of the I.g—Vg
curve (i.e., r,= V. /dl) is less than that for the equivalent MOSFET.
The same is not true for the asymmetrical IGBT whose undepleted N -base
width remains constant at the buffer layer thickness for all the values of V.
So, the collector output resistance of the asymmetrical IGBT is comparable
to that of the equivalent MOSFET and higher than that in the symmetrical
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case. This will be elaborated later on. Based on the above discussions, a
compromise solution is sought, striking a balance between forward drop,
switching speed, and collector output resistance. ON-state voltage drop and
turn-off time trade-off analysis shows that the asymmetric IGBT yields lower
power losses than does the symmetric IGBT.

2.1.3 Complementary Devices

Complementary devices like N-channel and P-channel MOSFETs are re-
quired in power conditioning circuits such as variable-speed motor drives.
Examination of the performance of N-channel and P-channel MOSFETs
having the same chip area, epilayer resistivity, and thickness reveals that the
ON resistance of the N-channel MOSFET is far less than that of the
P-channel MOSFET. This is primarily due to the much larger mobility of
electrons than holes, accounting for the higher resistance of the P-epitaxial
layer as well as the higher channel resistance in the P-channel case. Specifi-
cally, because the electron mobility is three times the hole mobility, the
P-channel MOSFET must be made three times larger in area to be able to
handle the same power as an N-channel device.

The question may be posed, “Does the same hold true for N-channel and
P-channel IGBTs?” Fortunately, the answer is “No,” so that IGBT designers
do not face such a problem. N- and P-channel IGBTs of a particular die size
and breakdown voltage rating exhibit identical forward voltage drops so that
their current-carrying capabilities are similar [19,31,33]. The reason is that
the IGBT ON resistance is the sum total of contributions from channel
resistance and drift region resistance. For low forward drop, slow IGBTs,
carrier lifetime in the drift region is quite high. So, the governing PNP
transistor in an N-channel IGBT and, likewise, the dominant NPN transistor
in a P-channel IGBT have large current gains, producing adequate conductiv-
ity modulation of the drift region. Hence, the predominant component of ON
resistance, arising from the epitaxial drift layers, is approximately the same
for the two kinds of IGBTs, being essentially governed by conductivity
modulation of this region. This modulation effect overshadows any difference
of resistivity of epitaxial layers. However, for the faster, higher forward
voltage IGBTs, the lifetime of carriers in the drift region is low. As a result,
considering IGBTs of equal voltage ratings, the current gain of the PNP
transistor in N-channel IGBT is small and so, also is the gain of NPN
transistor in P-channel IGBT. Conductivity modulation is therefore, not as
effective as in the slow devices. Now channel resistance cannot be ignored
and their contributions become decisive. So, the difference in ON resistance
of P-channel and N-channel IGBTs becomes more pronounced. Even in this
situation, the superiority of IGBTs over MOSFETs is maintained, because
the IGBTs provide lower forward drops under certain operating conditions.
In the limiting case, when the lifetime has been killed to the extent that the
channel resistance component begins to dominate in the ON resistance,
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Figure 2.7 Complementary half-bridge inverter circuit.

the P-channel IGBT has a forward drop that is three fold larger than that of
the N-channel device. This may occur, for example, for very fast devices.

The advantage of availability of complementary IGBT devices is utilized in
the realization of high-voltage bridge circuits. Here, both the IGBTs function
with the emitter connected to one supply rail and the gate voltage obtained
from the other supply rail (Fig. 2.7). This feature offered by IGBTs makes
the design of bridge circuits easier. Other applications involving N- and
P-channel IGBTs include numerical and appliance controls where an N-
channel IGBT is connected in paraliel with a P-channel IGBT constituting a
composite AC switch which allows the controlling of both the IGBTs using
a common reference terminal.

Here, it must be pointed out that a comparison of switching times shows
that P-channel IGBTSs are 2-3 times slower than N-channel IGBTs of the
same forward drop. Also, due to a smaller SOA, the maximum controllable
current during high-voltage switching is lower for the P-channel variety.

2.2 DEVICE OPERATIONAL MODES

Device operation can be easily understood with reference to the different
operating modes of the NPT-IGBT as follows:
2.2.1 Reverse-Blocking Mode

With the gate terminal shorted to the emitter terminal, a positive bias is
applicd to the N* emitter while a negative bias is applied to the P* collector
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Figure 2.8 Operational modes of IGBT. (a) Reverse blocking mode. (b) Forward blocking
mode. (c) Forward conducting state.
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(Fig. 2.8a). In this condition, junctions J; and J; are reverse-biased while the
junction J, is forward-biased. The reverse-biased junctions, J; and J;, inhibit
the current flow through the device, imparting to it the reverse-blocking
capability [20,21]. The voltage is supported mainly across the junction J,.
A large fraction of the depletion region extends across the low-doped N~
base and slightly across the P* collector due to its heavy doping.

The reverse blocking voltage is determined by an open-base transistor
comprising P* collector, N™-base and P-base regions. This transistor may
suffer breakdown by reach-through for the thin N~ base, or light doping of
this region. The resistivity and thickness of the N~ base must therefore be
optimized for the required breakdown voltage. A rule of thumb is to choose
the N~ -base thickness (d) equal to the depletion layer width at the maximum
operating voltage (V,,,), plus one minority-carrier diffusion length (L)),
that is

2808V,
d=q/ —>"% 4L, (2.1)
gNp

where g, is permittivity of free space, &, is dielectric constant of Si, q is the
electronic charge, and Ny, is the doping concentration of N~ base. At high
blocking voltages, the first term dominates and the N7-base thickness d
oy Vpax -

Angle beveling, at the edges of the chip, prevents premature surface
breakdown. This is accomplished during wafer dicing for chip separation. A
tapered tool is used for dicing so that the chip is shaped in the form of a
mesa or plateau, broader on the P* collector side and narrower at the
opposite end. As the junction area increases, upon moving from the lower
doped N~ base to the higher doped P* collector, a positive bevel angle is
obtained. Obviously, the bevel angle control is not as stringent here as it is
when the bevel angle is negative.

The IGBT structure is particularly suited to high-voltage applications.
Performance of 300-, 600-, and 1200-V IGBTs has been experimentally
compared [20]. These studies have shown that the forward current-carrying
capability is, approximately, inversely proportional to y/breakdown voltage .
The slow fall of current-carrying capacity with increase in breakdown voltage
has resulted in the realization of high-current and high-voltage IGBTs (e.g.,
1000-A, 2500-V modaules).

2.2.2 Forward-Blocking and Conduction Modes

Upon reversing the emitter and collector supply voltages with the gate
shorted to emitter as before, junctions J; and J; are forward-biased but
junction J, is reverse-biased, withstanding the voltage across itself (Fig.2.8b).
Forward-blocking capability is thus obtained in the IGBT [20]. The depletion
layer stretches partly into the P base. Most of it expands into the N~ base. At
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Figure 2.9 Spreading of the depletion layer in the central and peripheral regions of an IGBT
device.

higher applied voltages, the depletion region of each cell merges with that of
the neighboring cells on all the sides (Fig. 2.9). At the boundaries of the chip,
optimally spaced field rings subdivide the voltage, shape, smooth the deple-
tion region and safely terminate it at the surface.

An IGBT in forward-blocking state can be transferred to the forward
conducting state by removing the gate—emitter shorting and applying a
positive voltage of sufficient level to invert the Si below in the P base (Fig.
2.8c). It must be noted that under this condition the supply voltages on the
three terminals are as follows: collector-positive, emitter-negative, and gate-
positive.

The N-type conducting channel, formed in the P-base region, bridges
across the N* emitter and N~ base. Through this channel electrons are
transported from the N emitter to the N™-base. This flow of electrons into
the N™-base region lowers the potential of the N~ region whereby P*
collector /N “-base diode becomes forward-biased. Under this forward bias, a
high density of minority carrier holes is injected into the N~ base from the
P* collector. At high values of collector voltage, the injected hole concentra-
tion may be about 102 to 10° times the background doping of N~ base
region. When the injected carrier concentration is very much larger than the
background concentration, a condition of high-level injection is said to prevail
in the N~ region of the IGBT. A hole injected by the P* collector from a
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point directly below the emitter-base short traverses a rectilinear path
through the N~ base /P base and reaches the N™-base /P-base space-charge
region. Finally it arrives at the emitter contact after crossing the P* region.
Another hole, which is ejected from a point directly below the gate region,
travels vertically upwards and reaches under the gate. Here it is repelled by
the positively charged accumulation layer below the gate and diverted toward
the P-base /N -base space-charge region. Moving underneath the N* emitter
and through the P™ region, it is captured by the emitter contact. Thus at high
collector supply voltages, a plasma of holes builds up in the N~ base. This
plasma of holes attracts electrons from the emitter contact to maintain local
charge neutrality. In this manner, approximately equal excess concentrations
of holes and electrons are gathered in the N~ base. These excess electron
and hole concentrations drastically enhance the conductivity of N~ base. The
mechanism of rise in conductivity is referred to as conductivity modulation of
N~ base.

Now focusing our attention on the electronic current flow, the electrons
travel from the N* emitter, through the N channel, the N~ base, and
eventually end up at the P* base. As conductivity modulation of the N~ base
has transformed it into a high conductance region, electron flow through this
region does not encounter much opposition. The ON resistance and thereby
the forward voltage drop is significantly reduced.

From the above discussions, an IGBT in its forward conduction state can
be visualized as a P-I-N rectifier whose output current is constrained to flow
through a MOSFET channel. This permits the control of P-I-N diode current
by an applied voltage. On this basis, the IGBT can be viewed as a series
connection of MOSFET and P-I-N rectifier. This provides an equivalent
circuit model for the IGBT to be discussed in Chapter 5.

2.3 STATIC CHARACTERISTICS OF IGBT

2.3.1 Current-Voltage Characteristics

The output characteristics of an NPT-IGBT, shown in Fig. 2.10, consist of
two operating regions. The forward current-voltage characteristics are plot-
ted in the first quadrant, while the reverse current-voltage characteristic is
plotted in the third quadrant. The PT-IGBT characteristics are like the
MOSFET curves showing saturation behavior (Fig. 2.11). I increases only
slightly with V¢ beyond the channel pinch-off.

The steady-state forward characteristics of the IGBT consist of a family of
curves, each of which corresponds to a different gate—emitter voltage (Vg ).
Keeping the gate—emitter voltage fixed, the collector—emitter current ([ ) is
measured as a function of the collector-emitter voltage (Vg). The forward
characteristics closely resemble MOSFET characteristics insofar as the shape
of the characteristics is concerned. A striking dissimilarity is one order of
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Figure 2.10

Output current—volitage characteristics of NPT-IGBT.

magnitude higher current obtained in IGBT when compared to a power
MOSFET of comparable voltage and current rating. Another noteworthy
distinguishing feature is the 0.7-V offset from the origin. The entire charac-
teristic family is translated from the origin by this voltage magnitude. It may
be recalled that while substituting the N* substrate of the MOSFET with the
P* substrate in the IGBT, an extra P-N junction has been incorporated in
the device. This P-N junction makes its operation fundamentally different
from the MOSFET. The voltage drop across the IGBT is the sum of the
voltage drop across the P-N junction and that across the driving MOSFET.
So, unlike the power MOSFET, the voltage drop across the IGBT never falls
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Figure 2.11 Comparison of output characteristics of NPT-IGBT and PT-IGBT.

below the diode threshold. As the voltage drop across the P* collector /N~-
base junction of IGBT increases, the current I rises steeply with the
voltage Vg, as in the linear regime of MOSFET operation. Hereafter, the
channel is pinched off, and beyond this point, the current does not rise with
increase of voltage V. This is observed as a saturation of current. (The
channel pinch-off phenomenon will be explained in connection with MOSFET
operation in Chapter 3; see Section 3.3 and Figs. 3.7c and 3.7d). As the
gate—emitter voltage is increased, higher saturation current levels are
recorded. For a higher V; value, I increases (Fig. 2.12) and the complete
Iz—Vg curve is shifted upward relative to the lower V. curve. In this way,
different curves are obtained for a range of Vp values and the family of
characteristics depicted in Fig. 2.10 is generated.

It may be remarked here that ultrafast IGBTs fabricated by heavy lifctime
killing exhibit a phenomenon called “switchback,” shown in Fig. 2.13, which
means that the voltage drop is higher at low currents and low temperatures
but decreases as either the current or temperature is raised. The term
originates from the fact that when the voltage drop is measured on a curve
tracer, the trace suddenly flies back to the left side of the screen as the
current is raised. This behavior is observed as a “bump” in the saturation
voltage portion of the current-voltage characteristics, which disappears as
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Figure 2,12 IGBT transfer characteristics at different temperatures.

the temperature is raised because the lifetime of carriers increases. The
switchback is ascribed to lifetime killing, which delays the onset of conductiv-
ity modulation. The modulation effect is small at low current levels and
temperatures, thereby increasing the forward drop. But it becomes significant
as the current or temperature is increased, lowering the forward drop.

The reverse characteristic is identical to that of a P-N junction diode. The
reverse current is extremely low (~ nA) at low voltages but increases sharply
near the breakdown voltage.

2.3.2 Transfer Characteristics of IGBT

The transfer characteristics of IGBT, shown in Fig. 2.12, portray the variation
of Ix with V5 values at three different temperatures, namely, 25°C, 125°C,
and —40°C. The gradient of the transfer characteristic at a given tempera-
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Figure 2,13 Switchback phenomenon in an IGBT with minority-carrier lifetime killing.

ture is a measure of the transconductance (g,) of the device at that
temperature:

g

&m (2.2)

J VCE Vg = Constant

For a high current handling capability with low gate drive voltage, the g,
must be large. Design of the channel and gate structure dictates the g,, of
IGBT. Both g, and the ON resistance of IGBT are controlled by the
channel length, determined by the difference in diffusion depths of the P
base and N* emitter for double-diffused (DMOSFET) IGBT structure. For
P-base surface concentrations < 1 X 10'® cm™3, the depletion layer stretches
more than 1 gm into the P base. Hence channel lengths smaller than 1 pm
are permissible only for low voltages.

The IGBT transfer characteristic is similar to the MOSFET transfer curve
except for the higher current level in the IGBT. The point of intersection of
the tangent to the transfer characteristic determines the threshold voltage
(V). Alternatively, the square root of collector—emitter current (/I ) is
plotted against V;; for a given V. The point of intersection of the resulting
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linear graph with the V;; axis yields the threshold voltage. Vi, is also
defined as the gate—emitter voltage (V5g) value required to produce collec-
tor—-emitter current (Icg) =1 mA at collector—emitter voltage (V) =10 V.
Threshold voltage Vo, values for IGBTs are around 3-4 V. In general terms,
for a given application, the gate—emitter voltage required to obtain a speci-
fied collector—emitter current at a fixed collector—emitter voltage is the
threshold voltage. Both the collector—emitter current and the collector—
emitter voltage are chosen according to the convenience of the customer.

It is worthwhile noting here that the current-carrying capability of a power
semiconductor device is also determined by thermal or transconductance
constraints. Like the current gain of a bipolar transistor, the transconduc-
tance of an IGBT increases with collector current, flattening out at a peak
level for a range of collector currents and then decreases with collector
current. Frequently, bipolar transistors cannot operate at the current level
permitted by thermal limitations because their current gain has already fallen
much below the peak value. But in the IGBT, the peak transconductance
occurs at collector currents much higher than the thermally limited transcon-
ductance. The reason is that in the IGBT, the transconductance flattens out
when the saturation phenomenon in the MOSFET decreases the base
current drive of the PNP transistor, together with the flattening of the gain of
PNP transistor itself. Upon raising the temperature, the MOSFET current
reduction effect dominates over the increase in gain of PNP transistor.
Hence, at higher temperatures the transconductance ceases to increase at a
lower collector current.

Moreover, because lifetime killing decreases the current gain of the PNP
transistor, the tranconductance of fast IGBTs peaks at a lower collector
current than that of the slow ones. This, however, is a secondary effect
because the major factor controlling the current gain of the PNP transistor is
the N-buffer layer. Protection of the IGBT, under short-circuit conditions, is
provided by the decrease in transconductance with both current and temper-
ature. However, this reduction is very slight and may not often be good
enough for protection.

2.4 SWITCHING BEHAVIOR OF IGBT

2.4.1 IGBT Turn-On

Since the input terminal of an IGBT is a MOSFET gate, the turn-on signal is
applied to the MOSFET gate. The turn-on takes place by voltage rather than
current, but the speed of turn-on increases with the magnitude of gate
current. The gate signal current is in the nA range, while the same for
current-controlled devices like BJT and thyristor is in the mA range and even
higher. (This is only true for DC. The gate capacitance of any reasonably
large IGBT can be ~ 5000 pF. Depending on the switching speed, the
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transient current can be much larger.) Low gate power requirement means
that computer-controlled signals from integrated driver circuits can be used
for this purpose. Furthermore, the voltage turn-on process of the IGBT is
faster than the current turn-on mechanism of the BJT, but the IGBT turn-on
is slower than the MOSFET due to the necessity of forcing both the
MOSFET and BJT inside the IGBT, into conduction,. The degree of turn-on
of an IGBT in the active region is measured by its transconductance.

To turn on the IGBT, the input capacitance between gate and emitter is
charged to a voltage V;p greater than the threshold voltage V. Generally,
an IGBT is turned on by applying a gate pulse of amplitude greater than the
threshold voltage, using a collector—emitter supply with a current limiting
resistor to restrict the collector—emitter current. Typically, an IGBT may be
turned on by applying a rectangular gate pulse, 5 usec wide (or greater) of
sufficient amplitude Vg =15 V> Vo, and a 200-V DC collector~emitter
supply is used with suitable load resistance (40 () to limit the collector
current (5 A). Immediately at the onset of the gate pulse, the gate—emitter
capacitance Cgg starts charging and the turn-on time is <1 usec.

2.4.2 iGBT Turn-On with a Resistive Load

Figure 2.14a shows a switching circuit using an IGBT with a purely resistive
load R [22]. Figure 2.14b illustrates the voltage and current waveforms as a
function of time. Starting at the instant of time ¢ = 0, a voltage vy is applied
to the gate. This voltage rises according to the values of gate—emitter
capacitance Cgp and the series resistance Rgz. When the gate voltage equals
the threshold voltage Vp,, the collector—emitter current iy begins to flow
and rises rapidly according to the transconductance parameter g, given by
the transfer characteristics ig versus vgg. Finally, it reaches the steady-state
load value i =1 =V,/R. The turn-on time ¢, is the sum of delay time 4,
(time for the current to rise from 0 to 0.17;) and rise fime ¢, (time for the
current to rise from 0.17; to 0.97;). It is convenient to define ¢, as the time
interval between the application of gate drive voltage Vs and its rise to the
threshold value vgg = Vo, Then, the current rise time t; is defined as the
interval spanning from the time vgz =V, to the time at which vgg = Vg,
a value that sustains the steady on-state current I =1, , where

I
Vi = f + Vg (2.3)

m

During the time of rise of collector—emitter current i, the collector—emitter
voltage vcg falls. This is because for a resistive load we have

Ueg =V, — iR (24)
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Figure 2.14 Study of IGBT turn-on with resistive load. (a} IGBT turn-on circuit with resistive
load. (b) Voltage and current waveforms. Notation: V, = supply voltage (V), Ve = gate-supply
voltage (V), Cqp = gate-emitter capacitance (F), Rge = gate-circuit resistance (Q2), R = load
resistance (1), i_ = instantaneous load current (A), v = instantaneous gate-emitter voltage
(V), V&g = gate—emitter sustaining voltage (V), the voltage that just maintains the steady
on-state current; Vr, =threshold voltage (V), ice = instantaneous collector-emitter current
(A), I = steady ON-state collector—emitter current (A), t,, = collector voltage fall time (sec),
t, = collector current rise time (sec), and ty,,,, = turn-on delay time (sec).

The voltage fall time t;, is the time interval for decrease of voltage v from
0.9V, to 0.1V, value. The loss of energy during the turning on of the IGBT
(E,,) is given by

Ey = fUCEiCE dt (2.5)

where the integration is performed over the turn-on interval. The energy
dissipation during the delay time is negligibly small. At ¢=1y,,, the gate
voltage reaches the value vg, = Vi, so that the collector-emitter current rise
and collector-emitter voltage fall begins where t,;=1¢, =t,, the cross-over
time. Putting ' =1t —t4,,,, the voltage and current waveforms are converted
into those shown in Fig. 2.14 (c). Then we have

) Igt It
e =T T (2.6)

[+
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and

Ucg = — +V (2.7)

Hence the energy dissipation is
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For IGBT operation at a frequency f, the average power dissipation can be
written as

I/;ILtcf
6

Example 2.1 An IGBT (whose ratings at 125°C are: Vi = 2.0 V, turn-on
crossover time ¢, =30 nsec), is used to switch power in a DC circuit using supply
voltage 1, =400 V, load R, =15 (). If the switching frequency f is 1 kHz and duty
cycle m is 0.65, determine the ratio of conduction power loss and turn-on power loss
at this temperature. What is the value of this ratio at f=1 MHz, maintaining the
same duty cycle.

Load current It ={V, — Vcguy}/RL =400~ 2)/15=26.53 A. If {5y is the on-
state conduction time, conduction power loss is given by

Pon =Eon Xf= (2'9)

Po=f fo ’°NUCE(W) Icg dt = vepiaymlcg =2.0 %X 0.65X 2653 =34.49 W (E2.1.1)

Power dissipated during turn-on is
P =E Xf=VJI t.f/6=400X26.53x30x107°x10°/6 =0.0531 W
Required power loss ratio at 1 kHz is r =P /P, = 34.49 /0.0531 = 649.53.
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At 1 MHz, taking the same duty cycle, the conduction power loss remains constant:
P =34.49 W. But P, =53.06 W and the ratio becomes r = P./P,, = 34.49 /53.06 =
0.65.

2.4.3 IGBT Turn-on with an Inductive Load

Now let us consider the response of a power circuit with an inductive load
(Fig. 2.15a). Suppose that the circuit time constant is > the switching time
of IGBT used. Then the load current I; is constant. When the IGBT is off,
the current is carried by the free-wheeling diode FWD [22]. Due to the
conduction of FWD, the voltage across the load terminals is ~ 0 (Fig.2.15b).

The free-wheeling diode is primarily used to conduct the load current
during IGBT turn-off. To understand the function of free-wheeling diode, it
must be noted that in hard switching, turn-on losses increase as the recovery
current rises and recovery time is prolonged. To minimize the turn-on losses
and withstand surge voltages, a diode having fast, soft recovery characteristic
is desirable. A diode with a snappy reverse characteristic and hence high
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Figure 2.15 Study of IGBT turn-on with inductive load. (a) IGBT turn-on circuit with inductive
load. {b) Voltage, current, and converted waveforms. Notation: L = inductance (H), R =
resistance (1), t, = crossover time (sec) from icg = 0.05 X load current to v = 0.05 X supply
voltage; t,, = turn-on time (sec), fyon) = turn-on delay time (sec), t'=t—ty,,, (sec); t"=
£~ {tqony + i} {sec); see also Figure 2.14.
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Figure 2.16 Reverse recovery waveforms of snappy and fast diodes.

recovery di /dt is problematic with transient voltages. Therefore, the turn-off
current should be diverted through the free-wheeling diode instead of flow-
ing through the IGBT as the IGBT diode may not fulfill the desired criteria.
During fabrication of the free-wheeling diode, special care is taken to reduce
the reverse recovery charge and reverse recovery time by decreasing the
doping concentration and diffusion depth of the collector-side P layer for
optimizing the ON-state carrier concentration.

Figure 2.16 compares the reverse recovery characteristics of a snappy
diode with a fast recovery diode. Snappy behavior is proportional to the peak
recovery current Ig,, so that diodes with larger Iy, will be more snappy.
Fast recovery diodes are specially tailored for both low on-state voltage drop
and reduced recovery current for faster turn-off. Following are the desirable
features of fast recovery diodes: (a) low forward voltage and positive temper-
ature coefficient for safe parallel diode operation, (b) stable reverse blocking
characteristics with low leakage current at high temperatures, (c) low reverse
recovery losses, soft recovery, and ruggedness against dynamic avalanching,
and (d) surge current capability, avalanche energy withstand capability, and a
low overshoot voltage during the diode turn-on transient period.
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The conventional epitaxial diode having a highly doped and relatively deep
diffused emitter has several disadvantages, notably poor switching character-
istics with a long reverse recovery time and a large reverse recovery charge.
These diodes have also suffered from several failure mechanisms during
reverse recovery due to snappy recovery and dynamic avalanching. Introduc-
tion of new lifetime Kkilling techniques and planar junction termination
designs has led to improvements in the design of fast diodes. These improve-
ments have resulted from three important design techniques, namely; (i)
emitter efficiency control, (ii) axial lifetime killing, and (iii) deep diffusion
control.

The first technique is based on the use of a low P-emitter efficiency to
control the gradient of the excess carrier concentrations. The shape and
distribution of the stored charge in the drift region influences the reverse
recovery characteristics of the diode. The increasing carrier distribution
profile toward the NN* interface is required for achieving softer recovery
characteristics and smaller reverse recovery losses compared to a flat or
decreasing carrier profile. The low emitter efficiency also aids in achieving
positive temperature coefficient on-state characteristics, which are necessary
for parallel operation of diodes. Further control of the gradient charge
profile is obtained by the use of controlled local lifetime in the drift region
nearer the PN junction.

Local lifetime killing processes such as proton or helium implantation are
used for controlling the axial carrier lifetime profile. This method allows a
recombination layer with low lifetime near the PN junction to effectively
decrease the reverse recovery parameters and produce a softer recovery
without increasing the forward voltage drop. The high lifetime value near the
NN™ interface provides the additional residual charge for softer recovery.
Moreover, by adding a uniform lifetime killing using electron irradiation, the
softness of the diode during reverse recovery is controlled. Also, this method
of carrier lifetime control does not increase the leakage current appreciably
when compared to other techniques such as gold diffusion. However, the
control of the gradient of the carrier concentration has still proved ineffec-
tive. Under certain combinations of forward current, commutating di/dt,
circuit inductance, and junction temperature, it is likely that the diode will
produce excessive voltage spikes due to snappy recovery.

Snappy recovery is normally caused by the sudden disappearance of the
minority carriers stored in the drift region. This often occurs when the
depletion layer reaches the N* region in punch-through epitaxial structures
during the recovery phase, leading to current chopping, high di/dt, and
hence large voltage spikes. Snappy recovery in epitaxial structure is pre-
vented by using N-buffer layers with higher doping levels in front of the N*
substrate. This region reduces the spreading out of the depletion layer,
providing the extra charge needed for softer recovery. The doping level of the
buffer layer should be sufficiently high to prevent the depletion layer from
reaching the NN* junction but low enough for conductivity modulation.
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However, these designs, in addition to the extra cost of a second epilayer,
may still give snappy recovery under certain extreme conditions. By adopting
a controlled deep diffused N* layer together with the controlled graded
stored charge profile, a progressive punchthrough is obtained in the NN*
interface which is practically identical to a buffer region. Thus, the effective
drift region width, doping, and the punchthrough voltage are reduced safely
without the diode becoming snappy. Also, by using thinner wafers, the
forward voltage drop is lowered to levels near those of an epitaxial structure.
This method ensures that the stored charge remains at the NN* interface at
the latter stages of the recovery period, while the deep diffused N* layer
prevents the depletion layer from sweeping out the remaining carriers pro-
ducing soft recovery characteristics under extreme conditions. For rugged-
ness of performance, a suitable excess carrier profile in the drift region must
be used along with maintenance of clean and uniform processes with opti-
mum edge termination and contact designs. Lastly, oscillations taking place
during reverse recovery when operating at high switching speeds must also be
considered. This type of behavior is often erroneously interpreted for snappy
recovery. It is due to a low level of stored charge remaining during reverse
recovery. Although oscillatory recovery characteristics usually do not cause
destructive voltage overshoots, they generate high electromagnetic interfer-
ence (EMI), an unwanted effect in power electronics applications. The
diodes thus fabricated give ultrasoft recovery characteristics with minimum
EMI levels under all operating conditions.

Application of a gate signal initiates IGBT action. After the delay time ¢,
the voltage vgg rises to Vi, and the current i increases. The diode
recovers its blocking state when igg =1; and igwp = 0. At this instant, the
voltage v, across the load rises and that across the IGBT falls. Since
practically the recovery of a diode from the conducting state to the blocking
condition takes a finite time, for a short time interval after the current gy,
becomes zero while the IGBT turns on, the diode remains conducting with a
positive voltage applied to its emitter terminal. So the reverse current flows
until the diode reverts to its blocking state. This produces a spike in the
IGBT current waveform, Figure 2.15¢c. The higher the gate—emitter resis-
tance Rgp, the slower the rise of gate—emitter voltage vgr and the longer is
the turn-on time of the IGBT. The associated fall time ¢, of the device
voltage vcg is affected by resistance Rgp and gate-to-collector capacitance
Cic- The rate of change of voltage is

docg d
dt = E(UCG + Ugg) (2.10)

In an inductive load circuit, the voltage vgz becomes nearly constant (Vg)
by the time vy begins to decrease from the value V. Hence,
dvcg _dveg  ige Vo —Vie

= = = 2.11
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A high du.g/dt can increase the gate—emitter voltage to more than the
threshold level causing IGBT to turn on. But the collector—emitter current
flow will clamp the du.;/dt effect due to the transfer characteristic. A
negative voltage applied to the IGBT during its off-state helps to nullify
dvcg /dt turn on.

To estimate the energy dissipation E_, over the cross-over time ¢, of
turn-on, let us neglect the effect of diode reverse recovery and put

v=1—"tyon (2.12)
and
1" =t = {tonst 1) (2.13)

Then

E,, =j(; Ucgicg dt’ —f"VzCE ar +f Veg Icg dt”

V.
f" CEtdt+/ — 2+ V| I dt”
0o Iy 0 Ly
Vg e Vilcg (1, fh,
= tdt - —— "t A"+ V.1 dt"
Ly '[0 Iy ‘[0 ; CE‘/(-)
Vi [ 21 v [e2]"
CE CE ;
= St 51 St o + VIg[t"]o"
i fv 0
Vleg (15 Vg
= (5— - 7—0 Vs (ts)
Videgty  Vilcgty
= i 2 - 2 + I/SICEth
V.1
s CE s*CE
( i ) = th (214)

where the energy loss during delay time has been ignored.

Example 2.2 An IGBT chopper modulates power from a 500-V DC supply into an
inductive load with a free-wheeling diode connected across it. If the switching
frequency is 20 kHz and the constant load current is 40 A, find the turn-on energy
and power losses, neglecting the delay time loss. The ratings of IGBT are: collector
current rise time = 30 nsec and collector voltage fall time = 40 nsec.
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The energy loss incurred during turning on of the IGBT is

500 X 40 X (30 + 40) X 10~
(tit1) = 3 =7x107*J

Vilce

fon
E,= f “vepicp dt =
0

(E2.2.1)

and the power loss is P, =fXE,, =20Xx 103X 7x107*=14 W.

2.4.4 |IGBT Turn-Off

During turn-off of the IGBT, the series resistor R;. between gate and
emitter provides a path for the input gate-to-emitter capacitance to discharge
[22]. It must be noted that the resistor Rge has minimum and maximum
values prescribed by definite restriction guidelines. The minimum value of
R is specified as a value, which guarantees that the IGBT will not latch for
any rated combination of current and voltage conditions during operation
including a resistive or inductive load and the peak-allowed junction temper-
ature. The maximum value of Ry is determined by its influence on the
initial fast segment of turn-off trace, as we shall see below.

As soon as the gate pulse ceases, the collector current shows a decline
(Fig. 2.17a). The current flow in the MOSFET section of IGBT stops so that
base current supply of PNP transistor is curtailed. The PNP transistor reverts
to its blocking state and the IGBT is turned off until the gate pulse is
reapplied. The turn-off time (f,) is defined as the time taken by the
collector current to decrease from 90% of its steady-state value to 10% of
this value. The tailing off of collector current has been carefully investigated
as it increases the turn-off losses and lengthens the dead time between
conduction of two IGBTs in a half-bridge. It has been revealed that two
separate regions can be clearly recognized in the turn-off transient of IGBT
[24-28]. Accordingly, two different fall time values (¢, and ¢;) can be
associated with the two regions. The first portion of turn-off curve (fall time
t;) is marked by a rapid fall of collector current with time. It is attributed to
the discharge time constant of gate—emitter capacitance Cgg and corre-
sponding resistance Rgp. Varying Rgp can alter the IGBT turn-off time
(Fig. 2.17b) and so it is under the control of circuit designer.

The second sloppy portion of turn-off trace (fall time #,,) exhibits a much
slower fall of collector current with time. It is ascribed to decay of excess
carriers by recombination in the N~ base of the IGBT. At the moment the
IGBT was turned off, it was carrying a steady forward current. A large
concentration of holes and electrons was established in the N~ base. There is
no way in which these carriers can be removed except by recombination.
Only after the decay of these carriers can the IGBT return to its forward
blocking condition. Fall time ¢, is obviously governed by the carrier lifetime
7 in the N~ base. It is this lifetime of minority carriers in the N~ base which
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Figure 2.17 Turn-off characteristics of IGBT. (a) Typical collector current turn-off transient of
an IGBT. (b) Influence of gate resistance on the turn-off characteristic of IGBT. (c) Effect of
electron irradiation on turn-off characteristic of IGBT.
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is a2 major impediment to the turn-off speed of IGBT. Since the N~ base is
not accessible from outside, external drive circuits cannot be used to with-
draw carriers, reducing the turn-off time. But the PNP transistor, being in a
pseudo-Darlington connection, has negligible storage time. So, the turn-off
time is much smaller than that for the PNP transistor in saturation mode.
Nevertheless, it is insufficient for high-frequency applications. The lifetime is
reduced by electron irradiation (Fig. 2.17c) or proton implantation to achieve
the desired ¢, value; the latter provides localized lifetime killing. An N-buffer
layer is also used to collect the minority carriers at turn-off speeding up the
recombination rate. Both these methods decrease the gain of the PNP
transistor and thereby increase the forward voltage drop of the IGBT. Heavy
minority-carrier lifetime killing produces a quasi-saturation condition at
turn-on, making the turn-on losses larger than the turn-off losses. Thus the
turn-on losses on one hand and the latching considerations on the other
restrict the gain of the PNP transistor.

Customarily, the turn-off time of IGBT is defined as the time taken by the
collector—emitter current to decay from its steady ON-state value to 10% of
this value. If I, denotes the steady ON-state current, the turn-off time is
the time taken from the ON-state current I, to 0.1 I,. Suppose the initial
sudden drop in current corresponding to the fall time ¢ is /. This drop
occurs due to stoppage of MOSFET channel current (1,), and is determined
by the current gain of the PNP transistor (apyp ). It is written as

Iep=I.=(1—apg )l (2.15)

Hereafter, the holes stored in the N~ base sustain the collector-emitter
current. In the first stage of this process, the magnitude of this hole current
equals the on-state current before turn-off. This hole current is expressed as

Icg1 =Ico —Iep =1, = apnp Ico (2.16)

The ensuing second stage entails exponential downfall of current at a rate
decided by the carrier lifetime at high injection level, remembering that the
current value is appreciable here. This current decay is written as

t t
Icg(1) =1CElexp( - 'r_) = Qpnp IcoeXp( - T} (2.17)
HL HL

from which the turn-off time, defined as the time taken by collector current
to decrease from steady-state current to 1/10th value, is readily obtained.
Thus from Eq. (2.17), we have

I—CE—i—a ex —if-f— or ex to—ﬂ =10«
I 10 pnp CXP - p - PNP
toff

or - =In(10apyp)

TH
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giving
tog = ToL IN(10apyp) (2.18)

This derivation is based on the assumption of prevalence of high-level
injection conditions in the N~ base and maintenance of a constant lifetime,
irrespective of the injection level. Upon electron irradiation, both apy, and
7y are diminished, resulting in ¢ reduction. Looking at the IGBT turn-off
transient after electron irradiation, shown in Fig. 2.17c, it is clear that
irradiation has a twofold effect on this waveform. Firstly, the magnitudes of
the sudden drop in collector—emitter current (I,) increase. Secondly, the
time span for the current tail to become zero decreases.

Example 2.3 To reduce the turn-off time of an IGBT, the electron irradiation
process does carrier lifetime killing. If the pre-irradiation lifetime was 10 usec, what
will be the lifetime after subjecting the device to a dose of 1 Mrad? Radiation damage
coefficient = 107 particles-sec /cm?.

If the pre-irradiation lifetime is denoted by 7; and the post-irradiation lifetime by
7¢, then 7; and 7; are interrelated as

11
—=—+K¢ (E2.3.1)
T:

Ts i

where K is the radiation damage coefficient. Now 1 Mrad equals a fluence of 1 x 10
cm % At these high doses, the first term is negligible and the lifetime after radiation
exposure is inversely proportional to the dose. This can be expressed in terms of the
radiation damage coefficient K as

K
"= (E2.3.2)

giving 7, =107/1 X 10" =10"" sec = 0.1 psec.

2.4.5 IGBT Turn-Off with a Resistive Load

The turn-off mechanism of the IGBT depends on the load [22]. Usually, the
IGBT turn-off is slower than that of the bipolar transistor. This is because
reverse base drive applied to the BJT serves to sweep the carriers from the
N~-drift region. Application of a negative gate voltage to IGBT will not help
in this matter, because all recombination must occur internally. Referring to
the turn-off circuit with resistive load shown in Fig. 2.18, and the simplified
waveforms, turn-off is initiated by closing the gate circuit switch and reducing
the gate-supply voltage Vi to zero, when the gate—emitter capacitance Cgg
begins to discharge. There is a delay time 4.y before the current and
voltage in the main circuit alter. The IGBT remains on until the gate voltage
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Figure 2.18 Study of IGBT turn-off with resistive load. (a) Resistive load turn-off circuit for
IGBT. (b) Associated waveforms. Notation: V, = supply voltage (V), Rge = gate—emitter resis-
tance (1), R = load resistance (1), Cqe = gate—emitter capacitance (F), Vo = gate-supply
voltage (V), vge = instantaneous gate-emitter voltage (V), Vg = gate-emitter voltage (V)
maintaining the operation between saturated and active regions, V;, = threshold voitage (V),
ta(otn = turn-off delay time (sec) = time taken by the gate—emitter voltage vge to reach Ve,
' =t —tyom (s€C), t, = crossover time (sec) from the start of voltage rise to the end of current
fall.

vge decreases to the value v = Vg , the voltage which is just sufficient to
maintain operation between saturation and active regions. As v reduces, so
does i in accordance with the transfer characteristic, icg = §&,,(Vge — V)
Since v =V, — i R, the voltage vy increases with fall of . The time ¢4
for current fall equals the time ¢, for voltage rise, and these times are the
same as the time ¢, for crossover, reckoned from the start of the voltage rise
to the end of current fall. Proceeding on similar lines as for the turn-on of
the IGBT, the energy loss E; during the interval ¢, is calculated by putting
' =1t = t40m, Which gives

Vilegt,

; (2.19)

tc . ’
E o =j(; Ucgicg dt' =

Example 2.4 1In a chopper circuit, the DC supply voltage is 300 V, the resistive load
is 12 Q, and the switching frequency is 10 kHz. The IGBT used has an on-state
voltage = 1.8 V, delay time =1 usec and crossover interval =2 usec. Calculate the
energy loss and power loss during turn-off.
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Load current is
Iy ={V, = Viggay} /R = (300 — 1.8) /12 =24.85 A
Energy loss during delay time is
E\ oty = Vergsan Top taoty = 1.8 X 24.85 X 1 X 107 = 4473 x 1075 J
Energy loss during crossover interval is
E oy = Vilcpt./6 = (300 X 24.85 X2 X 107%) /6 =2.485 x 107> J
.~.Total energy loss during turn-off is
Eote = Eqgioy + Egoy = 4473 X 107° +2.485 X 1072 =253 X 107> = 2.53 mJ
and turn-off power loss is

Py=E g Xf=253x103X10Xx10*=253 W.

2.4.6 IGBT Turn-off with an Inductive Load

The circuit and the waveforms for the turn-off of an IGBT in a circuit having
inductive load are illustrated in Fig. 2.19 [22]. Up to the instant the gate
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Figure 2.19 Study of IGBT turn-off with inductive load. (a) Inductive load turn-off circuit for
IGBT. (b) Current, voitage, and modified waveforms. Notation: L =load inductance (H),
t' =t {tyom + t}. See also Fig. 2.18.
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voltage falls to vsg = Vg, the IGBT is conducting. Then the collector—emitter
voltage v.p increases with the discharging of the capacitance Cgg. At the
same time, the voltage vg- decreases. In this duration, the main current i
falls slightly below I =1, in practice but ideally it should remain constant.
When v =V, the free-wheeling diode starts conducting. The load voltage
v is zero, the gate—emitter capacitance Cgp continues to discharge, and vgg
decreases below V. As a result, the current i decreases in the ratio of
the transconductance. At the voltage vge < Vpy,, the channel cannot be
supported and the MOSFET is turned off. Following this abrupt fall of
current icg, there is a slowly decaying tail current which is the same as the
collector current in an open-base BJT circuit.

To calculate the turn-off losses during inductive load turn-off, we use the
modified waveform shown in Fig. 2.19b. The delay time 2, g, is the interval
from the withdrawal of the gate-supply voltage Vg to the instant that the
collector—emitter voltage vy starts rising. As the collector—emitter voltage
Ucg Tises linearly from zero to V in time ¢, the collector—emitter current is
maintained at i-g = Iz = .. Subsequently, the current decreases linearly to
nearly zero in time #;;. In a first-order calculation, the losses due to recombi-
nation tail current are ignored as negligibly small. Remembering that ¢, =
t, +1t; and putting t' =t — 4. and ¢" =t — {ty e + 1.}, we have

Icg
Lg

U+ g | dr”

tey , th . " Ly V; 1. L
Ey [ “veg Icg dt +f Viieg dt =1CE[ —rdr + v, [ -
0 0 0 Iy 0

_ Vilcg(ty + t5) _ Vilcgt,
2 2

(2.20)

Example 2.5 In a power switching circuit, the IGBT used has voltage rise time = 0.5
usec and current fall time = 0.3 usec during turn-off. If the DC supply voltage is 250
V and the load current remains approximately constant at 20 A, find the energy
dissipation during the crossover interval of the turn-off process.

Crossover time f, = voltage rise time + current fall time =0.54 0.3 =0.8 usec.
The energy dissipated is therefore

E\ o= (250 X 20 X 0.8 X 107%) /2=2x 107> =2 m].

2.4.7 Dependence of Turn-Off Time on Collector Voltage and Current

The relationship of turn-off time of an IGBT with collector voltage and
current must be clearly understood. Interestingly enough, by raising the
collector voltage, the turn-off time of IGBT increases. This is because at high
collector voltages, a wider depletion layer is produced. So, more charges must
be removed from the N~ base. This increases the turn-off time of the device.
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On increasing the collector current, the turn-off time decreases. This is
because the turn-off time is defined as the interval between 90% and 10%
decay values. For larger values of collector current, the 10% decay point is
lifted up and becomes more distant from the recombination tail. Because the
tail accounts for the slower and longer decay span, the decay becomes faster
as we are more remote from the tail, leading to a speedy recovery. It must be
reiterated that this decrease of turn-off time is only an apparently illusory
effect insofar as switching losses are concerned. It cannot be construed to
result in smaller switching losses for the device because the tail segment of
the decay waveform is mainly responsible for them, and it remains the same
as before. Applying the charge-control model to an open-base transistor,
current tail analysis is performed [27). In terms of the stored base charge Qg,
common-emitter current gain B of PNP transistor, and base transit time 74,
the base current iy can be expressed as [27]

. Os  dQs
lB(t)—E;];"i‘T—O (221)

because iy is zero for open-base turn-off. For a prototype PNP transistor
operating at a current density at which high-level injection occurs in the base,
the base transit time, a ratio of the base charge to the collector current can
be expressed in terms of the fundamental device parameters. If y is the
emitter injection efficiency of PNP transistor, & is the ratio of electron to
hole mobility = u,/p,, Wy is the thickness of N™-base region, L, is the
ambipolar diffusion length, and 7 is the minority-carrier lifetime, we can
write [27]

{yv(b+1) - 1}{1 —SCCh(%)}T

a

(2.22)

Tg =
a

[2y={y(b+1) —1”{1 _S“h(?)}

The output collector current of the IGBT is described by the equation

_QB(1+B) _dQB __QB(1+B) N Os

ic(t) = By dr Bty BTy
=—QB(1+B)+QB=“QB“EQB+QB or l-(t)z__Q_B
Bty BTy c 7B

(2.23)

where Eq. (2.21) has been applied. Since Br is generally a gradually varying
parameter compared to Qy, to a first approximation Eq. (2.23) can be solved
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for Qp(#) = Qg0 exp{—t/( Brp)}. If i(0) is the collector current at the start
of the current tail-—that is, the current value immediately after the initial fast
drop—we have

ic(t) = 2s(0) exp(—-[-;—t;;) zic(O)exp(—B—:_B-) (2.24)

)

This means that the collector current varies exponentially with time with a
time constant 7y dependent on the excess-carrier lifetime 7g. For fast-
switching IGBTs, L, < Wy and y= 1 so that Eq. (2.22) for r; becomes

bt
5= 5 (2.25)
Substituting for 7 in Eq. (2.24), we get
: : 1(2-b)
ic(t) =ic(0)exp{ — “Bbr (2.26)

which implies that the lower the lifetime value, the higher the collector
current. Because less time will be consumed in falling from a given collector
current to a high collector current than a smaller value, the decay rate of
collector current becomes faster with decrease in lifetime. So, an inverse
proportionality relationship exists between the decay rate of collector current
and carrier lifetime.

2.4.8 Soft Switching Performance of NPT- and PT-IGBTs

Maximum device stresses and losses take place during the switching off of a
stiff DC bus. In the soft switching concept, the DC bus is made to execute
high-frequency oscillations. Hence, the bus voltage passes periodically through
zero, setting up ideal switching conditions for the devices connected across
the bus. The resulting topology provides smaller switching losses. Although
more intricate than hard switching, it minimizes the number of power
devices, reduces the size of reactive components, and increases the switching
frequency. To summarize, hard switching provides simple circuit topology
requiring low costs. But soft switching decreases the switching losses and
increases the switching frequency. Moreover, in soft switching, the circuit
complexity increases, making the systems more costly. Soft switching topology
is subdivided into two classes: zero-voltage switching (ZVS) and zero-current
switching (ZCS). ZVS is preferred for pulse-width modulation (PWM) and
ZCS for resonant current applications.

Figure 2.20a shows the turn-on circuit of IGBT under zero-voltage
switching realized by the addition of a small inductor to a conventional
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(a)

Figure 2.20 Zero voltage switching circuits of IGBT. (a) IGBT turn-on circuit. (b) IGBT
turn-off circuit.

voltage source inverter circuit. Under ZVS, the IGBT is turned on when the
voltage across the device is zero. First, the gate voltage V; is applied to the
IGBT and then the supply voltage is pulsed from zero to V,. The circuit
inductance L and V determine the rate of change of current flowing through
the IGBT. Because of the application of gate voltage before V, the IGBT is
said to turn on under zero voltage condition.

In the IGBT turn-off circuit (Fig. 2.20b), the gate voltage is withdrawn
from the IGBT in the ON state. The snubber capacitor C,,, prevents the
voltage across the IGBT from rising fast. Instead, it rises gradually to the bus
voltage with the rate of rise dv/dt controlled by the C,,, value. As the
device voltage rises slowly during turn-off, the process is said to be ZVS
turn-off.
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From the above discussions on IGBT turn-on and turn-off mechanisms, we
must differentiate between NPT- and PT-IGBTs and analyze their behavior
with reference to carrier lifetime [17, 18). The carrier lifetime in the N~ base
of an NPT-IGBT must be preserved at a high value of ~ 10 usec during
processing. This is because conductivity modulation has to take place over a
large thickness of the whole wafer, and especially in the JFET region
between the P-base wells where current crowding occurs due to the conver-
gence of hole and electron currents. Despite the high lifetime, the turn-off
time is not very long because the injection efficiency of P collector is low. So,
back injection of electrons from the N~ base to P-collector also contributes
to the turn-off process. Contrarily, in a PT-IGBT, a smaller N™-base thick-
ness is conductivity-modulated. So, the lifetime of excess carriers need not be
high. A killing process reduces the lifetime to 0.1 usec to achieve acceptable
turn-off time. It may be remarked here that in a PT device, hole injection
from the P* collector through the N-buffer layer into the N~ base is
substantially high whereas the electron injection in the reverse direction is
imperceptible. So, the lifetime must be low for faster turn-off. The NPT-IGBT
attains faster speed by virtue of electron back injection despite the high
lifetime value.

The turn-off waveform of an NPT-IGBT shows a tail plateau (Fig. 2.21a).
Due to the thick N~ base, the depletion region does not extend over its full
length and a portion of the N~ base remains undepleted. The charges stored
in this region decay by recombination, leading to a long tail. Contrary to the
tail plateau in the turn-off transient of an NPT-IGBT, the PT device shows a
tail bump (Fig. 2.21b). After the initial fall in current, as the voltage across
the device rises to the bus voltage, the dv/dr effect supplies base current to
PNP transistor. The reduction in neutral base width is accompanied by an
increase in the gain of this transistor. The net result is an overall increase in
carrier potential gradient, which causes an increase in hole current associated
with electron current rise. These phenomena are together responsible for the
peak in current. Subsequently, with the increase in voltage, the depletion
capacitance decreases. Also, the electron concentration in N~ base decreases
by way of recombination and their back injection into the collector. The hole
concentration also falls in synchronization with the electron concentration.
So, despite the narrowing of the neutral base region, the current starts falling
owing to a decrease in carrier concentration.

To study the behavior of IGBT under ZCS, a single shot signal is used to
gate the PT-IGBT and produce the resonant cycle of current. After the first
zero crossing, the negative current is conducted by the antiparallel diode.
Since the NPT-IGBT can withstand the reverse voltage, the antiparallel
diode can be removed for studying these devices.

ZCS is beneficial for both PT- and NPT-IGBTs. During turning off the
IGBT (PT- or NPT-), a finite amount of minority-carrier charge is stored in
the N™-drift region, which causes power loss in the device. Since PT devices
have a low carrier lifetime in the drift region, the stored charge recombines
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Figure 2.21 Zero-voltage turn-off waveforms of IGBT. (a) Typical ZVS turn-off characteristics
of NPT-IGBT. (b) Typical ZVS turn-off characteristics of PT-IGBT.
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without producing a significant loss if there is sufficient interval between the
turn-off and reapplication of dv/dr. Thus the constraint on the switching
frequency is imposed by the recombination lifetime. The device becomes
thermally unstable at high temperatures because of the increase in total
stored charge.

In the NPT-IGBT, carrier lifetime is high. This IGBT has a large turn-off
tail, and the stored charge is relatively insensitive to thermal variations,
making the device more stable. By the time of second zero-current switching,
the stored charge remains practically constant. When used with an antiparal-
lel diode, appreciable losses occur during the rise of voltage. These losses are
minimized by charge removal before voltage rise, and an efficient method of
accomplishing this is by allowing a large negative current to flow through the
device, sweeping away this charge. Since this device has reverse blocking
capability, the antiparallel diode can be withdrawn, permitting the flow of a
large negative current through the device. If an NPT-IGBT is turned off at
second zero current crossing, the stored charge is swept away by the negative
current. So, only a small amount of charge is left for removal by the rising
voltage, thereby reducing the turn-off losses.

2.4.9 Paralleling Considerations

It is worthwhile to mention here that during parallel operation of IGBTs
(Fig. 2.22), attention must be paid to both the static and dynamic considera-
tions [28, 29]. The static problem concerns the balancing of the magnitudes of
the individual collector currents. The dynamic problem relates to the choice
of chips with equal turn-on and turn-off times apart from identical collector
current magnitudes. For best current sharing, the IGBTs must be matched
for threshold voltage and transconductance values. Also, collector and emit-
ter areas and topological layouts must be similar. In low-frequency applica-
tions, the dynamic unbalance originating from differential switching times is
insignificant. Only static current unbalance causes concern. At high frequen-
cies, the difference of switching times has a conspicuous role to play as well
as the collector current magnitudes.

For successful parallel operation of 1GBTs, certain guidelines must be
followed. The guidelines for paralleling discrete IGBT devices are as follows:
(i) Each IGBT must have its gate resistor. (ii) The layout of IGBT chips
should be arranged in such a manner that the current flow paths are
symmetrical. (iii) For thermal coupling, the parallei parts must be mounted
close to each other on the same heat sink. (iv) All the paralleled components
of one switch group should be fabricated from the same batch of silicon
wafers. (v) Threshold voltage should be matched to within +0.1-V tolerance
and saturation voltage at normal operating current to within +0.05 V. (vi)
The forward voltage drop of the antiparallel diode, if any, should be matched
to within +0.1 V. (vii) In case of difficulty in matching in step v, a
resistor = 0.2 V /nominal current per IGBT must be included in series with
emitter to force current sharing.



SAFE OPERATING AREA (SOA) 77

G
-&
"TA
— l
/
Q,

Gate
Drive p=—

A A A A / Circuit

Ap—
Figure 2.22 Four IGBTs in parallel, sharing the load current.

2.5 SAFE OPERATING AREA (SOA)

The manufacturers data sheets contain the safe operating area (SOA) of
IGBT [30-38]. It is defined as the area enveloped by the maximum
collector—emitter voltage Vi and collector-emitter current I within which
the IGBT operation must be confined to protect it from malfunction and
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Figure 2.23 Safe operating area (SOA) of IGBT.

damage (Fig. 2.23); broken lines in the diagram depict permissible pulsed
operation limits. Safe operating area gives an estimate of the peak power
dissipation endurance of the device for which the junction temperature will
lie below 150°C if the case temperature is 25°C. This area is mainly of
interest when the IGBT is operating in the active region. For IGBT switches,
the steady operating zones are the cut-off and saturation zones. The active
region is traversed for a short time at turn-on and turn-off.

We shall define the three different boundaries of SOA governed by
distinct destructive mechanisms: (i) Applying high Vg at small Iz values,
the peak collector—emitter voltage withstanding capability is dictated by the
edge termination employed. (ii) At high Iz with low Vg, the maximum
collector—emitter current is determined by the latching of the four-layer
PNPN parasitic thyristor in the IGBT structure. This is referred to as
current-induced latchup because it occurs when I becomes higher than a
critical value independent of Vi for low V. (iii) When both I¢ and Vg
become simultaneously high, failure of the integral PNP transistor takes
place due to thermal limitations of the chip, package, and heat sink or by the
second breakdown mechanism. These thermal phenomena take place when
the power dissipation is high for an extended period. For shorter-duration
voltage and current stresses, second breakdown is usually the phenomenon of
device failure, whereby the collector—emitter electric field exceeds the criti-
cal field (~10° V/cm for Si). For avoiding second breakdown, either the
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resistivity of the epitaxial region is increased, or the current gain of the
bipolar transistor is lowered. Thus, the open-base SOA of the integral bipolar
transistor becomes larger, and second breakdown is mitigated, enhancing the
SOA capability of IGBT. With regard to the second breakdown, there are
two types of SOA, namely, forward-biased safe operating area (FBSOA)
and reverse-biased safe operating area (RBSOA).

The maximum collector—emitter blocking voltage, at saturated I.g, de-
fines FBSOA of the IGBT. During this operational mode, mobile carriers
(electrons and holes) traversing the N~ -base region of IGBT under the high
electric field are accelerated to their respective saturated drift velocities v,
and v, so that the free carrier densities n, p are related to the correspond-
ing current densities J,, J, as

I J
n=-—, p=-F (2.27)
Uy, vy

And the total positive charge in the N -base region is simply

I, I,
Q*=Np— — + £ (2.28)
QUsn qup

where Ny, is the doping density of the N~ base. This charge Q* determines
the distribution of electric field in the N~ base of IGBT. The magnitude of
Q™ under FBSOA condition is much larger than in forward blocking state
because p > n. Hence the electric field in the N~ base increases, and the
breakdown voltage of the IGBT cell is lower than that of the edge termina-
tion. By solving Poisson’s equation for a positive charge Q% in the N~ base,
for a one-sided abrupt junction approximation the breakdown voltage deter-
mining the FBSOA is expressed as

5.34 x 10"

Considering the current gain (apyp) of the open-base transistor, FBSOA
limit is set by the equality

BVgop = (2.29)

app M = 1 (2.30)

where apyp and M are given by

AN v
Opnp = {COSh(L_a)} , M= {1 - (BVSOA ) } (2.31)

W is the undepleted width of N~ base and n =4-6. The above equations
clearly demonstrate that the avalanche breakdown of the IGBT cell is




80 IGBT FUNDAMENTALS AND STATUS REVIEW

initiated at lower collector—emitter voltages with rise of collector—emitter
current.

The RBSOA plays a significant role during turning off the IGBT. In this
condition, the holes are the solitary charge carriers, so that the aggregate
charge Q" contains only the additive term due to holes and the subtractive
term arising from electrons is absent. In terms of the total collector—emitter
current density Jog, we have

Q= Np + Jer (2.32)
qup

Consequently, the electric field distribution in the N~ base becomes worse
than in FBSOA.

2.5.1 Instabilities Due to Gate Voltage Oscillations [34, 35]

IGBTs are inherently unstable and suffer from gate voltage oscillations.
These oscillations are caused by negative gate capacitance, which appears at
high collector voltages and elevated temperatures. The phenomenon has
been studied [34, 35] by measurements of gate charge Q,p for varying
gate—emitter voltage Vg, keeping the collector—emitter voltage, Vg, fixed.
It is found that as the gate—emitter voltage Vg is increased from negative to
positive values, then, at a voltage above threshold level and at a high V4
value, the gate charge decreases with increasing Vg rise, leading to negative
capacitance values. This negative capacitance occurs because V; is less than
N-~-base potential, such that holes injected into the N~ base by the P*
collector flow toward the N~ base /SiO, interface, building up an accumula-
tion layer. The positive charges in the accumulation layer induce a negative
charge on the gate electrode, resulting in a negative gate capacitance.

The negative gate capacitance has the same effect as an equivalent
inductance. The oscillations can be modeled by introducing the delay time,
7y, of the PNP transistor action inside the IGBT. This time delay causes
changes in the AC gate capacitance, which increases with frequency from
the negative value and becomes positive at a particular frequency. Both the
conditions of high collector voltage and high temperature increase the
current gain of the PNP transistor, thereby increasing the negative gate
capacitance and inducing oscillatory disturbances. Optimization of the design
of N~ base and P* collector increases the delay time 7,, thereby improving
the stability. Furthermore, by decreasing the gate resistance and stray induc-
tance, the oscillations are dampened.

2.5.2 Reliability Tests [36-38]

Two commonly used benchmark tests of reliability of IGBTs under severe
stress testing include:
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(i) Short-Circuit Test Here the device carries a large current at the full
bus voltage. As the drift region supports the high collector-emitter voltage, a
high electric field exists in this region. Therefore the electrons and holes are
rapidly accelerated to their saturation velocities resulting in a significant
impact ionization rate at the junction. The ionization rate is defined as the
number of electron-hole pairs generated by a carrier (electron or hole), per
unit distance traversed by it. Naturally, the power developed due to the large
current flow in a high electric field, causes heating of the device. The impact
ionization rate is somewhat lowered by this heating. Still more carriers are
liberated due to enhanced thermally induced carrier multiplication. Current
crowding then takes place, underneath the gate. As the gate oxide is a poor
conductor of heat, the resulting heat produced cannot be easily dissipated to
the surroundings. Thus the massive thermally aided carrier multiplication, at
the curved portion of the junction between P-base and N~ drift region,
makes the local temperature intolerably high. Eventually, the IGBT is
destroyed by heat produced due to thermally assisted carrier multiplication
at the curvature regions. It may be remarked here that thyristor latching is a
similar mechanism contributing to this type of failure. During operation in
short circuit, the current flowing through the IGBT is limited by the applied
gate—emitter voltage and also the transconductance of the device. It can
attain values that are an order of magnitude higher than the continuous
rating of the device. This high current flowing underneath the N* emitter
contact creates a potential drop across the P-base resistance large enough to
turn on the parasitic NPN transistor, resulting in latching of the IGBT. The
latching is avoided by decreasing the P-base resistance and/or the device
transconductance. Separate IGBT structures are therefore optimized for
short-circuit or low conduction-loss operation.

(ii) Clamped Inductive Load (CIL) Switching: Many power electronic ap-
plications of IGBTs (e.g., power conversion, motor drives, etc.) employ
inductive loads such as induction motors. For the commonly used circuit
topologies, these devices have to switch on the current while the full blocking
voltage is still being applied [37, 38]. For a short interval of time, ~ 1 usec,
the IGBTs have to handle high current and high voltage simultaneously.
Similar phenomena occur during turn-off. Inductive turn-off is commonly
referred to as “clamped /;.” In hard-switching circuit topologies, the induc-
tance compels the flow of a constant current in the IGBT even after turning
off. The use of gate resistors to slow down the turn-off dV/dt and maintain
some level of electron current avoids a potential dynamic latching condition.

The CIL turn-off process consists of two phases. In the first phase, called
the constant boundary phase, the current flowing through the IGBT remains
constant, while the voltage across it rises until it is clamped at the bus
voltage. So, the device carries the full rated current while the voltage across
its terminals rises to the full rated value, unless current is diverted through
some alternative path. During the second phase known as the voltage bound-
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ary condition, the voltage across the IGBT remains constant while the current
flowing through it decays to zero, completing the turn-off process.

Every switching cycle is accompanied by the dissipation of a certain
amount of energy by the IGBT. The same hoids for the ON state when the
device carries the full rated current with a forward drop of a few volts. To
illustrate, during turn-on and turn-off, power levels reach up to 0.1-1
MW /cm?. In the conducting state, a single high-power IGBT having an
active area of 1 cm? can carry up to 60 A with a forward drop of 2-3 V so
that there is a continuous power dissipation =~ 100-200 W /cm?. For compar-
ison, a Pentium microprocessor having an active surface area of 2 cm?
dissipates a maximum of 35 W giving a power density of 17.5 W /cm’. As the
IGBT device may not be able to forebear the heat generated by the turn-on,
turn-off, and conduction processes, thermal management and thermome-
chanical stresses are crucial to IGBT package design.

During turn-off, the electron current falls as the MOS channel vanishes.
So, the current is dominated by hole transport through the drift region.
Electric charge distribution in this region is affected. As the increase in
electric field at the reverse-biased junction enhances the impact generation
rate, the temperature rises, showing the highest value under the emitter. The
proximity of this region to the metallic contact and the package enables more
efficient heat removal to the ambient. But the impact generation may
overtake this heat spreading. The device fails—for example, by melting of
the bonded wires. Thus, in CIL switching, the IGBT fails by thermally assisted
carrier multiplication in the parallel plane junction, between P-base and N ~-drift
layer. CIL switching failure represents a less severe condition than short-
circuit failure because of the location of the hot spot near the contact and the
package. By providing improved heat dissipation through the package, this
propensity to fail is mitigated by locating the hot spot underneath the gate
oxide and increasing the gate length, thereby spreading the heat over a larger
area.

Example 2.6 Destructive failure of IGBT occurs due to avalanche breakdown of
forward blocking junction in the presence of high current flow. Estimate the mobile
charge concentration added to the depletion layer at a current density of 200 A /cm?
and the resultant lowering of breakdown voltage if the N -base doping concentration
is 510" em ™2,

At high voltages, current flows by motion of carriers through the depletion layer,
which have been accelerated to their saturated drift velocity. The mobile charge
concentration added to the dopant ions in the depletion layer in the form of minority
carriers, by a current density J under high voltage, is given by

Je
N=— (E2.6.1)
qu,
where g is the electronic charge and v, is the saturated drift velocity =1 X 107
cm/sec. At Jp =200 A/cm?, N =200/(1.6 X 107" X 1 X 107) = 1.25 X 10** ¢cm 3.
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For the one-dimensional case, the breakdown voltage of the forward blocking
junction between N~ base and P base in the absence of the mobile carriers is written
as

Vg =534 X 10PN, 07 (E2.6.2)

where N, is the donor concentration in N~ base. In the presence of the additional
charge, this equation is modified as

Vg =534x10%(Np +N)°7 (E2.6.3)

Applying eqgs. (E2.6.2) and (E2.6.3), the breakdown voltages without and with
mobile charge are found to be 2840 V and 1109.8 V, respectively.

2.6 HIGH-TEMPERATURE OPERATION

IGBT temperature must be maintained below a critical level such that
neither the forward nor the reverse leakage current becomes high enough to
cause destruction [39]. During the device ON state, OFF state, turn-on, and
turn-off, a significant amount of power is produced by the flowing current
and must be dissipated to the surroundings to prevent the temperature from
rising to a level at which device performance is unsatisfactory or ceases
altogether. Heat is generally removed to the surroundings by connecting the
IGBT to a cooling surface or heat sink. For most low to medium power
applications (I. = 10-200 A), the plastic package suffices due to low cost,
light weight, and easy mounting in power circuits.

Temperature dependence of conduction characteristics, which is very
significant in a power MOSFET, is minimal in the IGBT. In fact, it is
adequate enough to ensure safe paralleling of IGBTSs for operation at high
current levels, under steady-state conditions. The total voltage drop across an
IGBT is the sum of the diode and MOSFET components. The diode
component has a negative temperature coefficient, the MOSFET component
has a positive temperature coefficient, and the contributions of these compo-
nents vary with current and temperature.

Due to the high carrier lifetime value in a NPT-IGBT [17, 18], its forward
current—-voltage characteristics exhibit a negative temperature coefficient of
current; that is, the current falls with increasing temperature. The reason is
that the thermal behavior of current is the combined result of carrier
lifetime, mobility, built-in potential of diode, and contact resistance. The
lifetime in an NPT-IGBT is already very high at room temperature, so its
increase with temperature is small. Although the built-in potential decreases
with rise of temperature due to increase in intrinsic carrier concentration »n,,
the accompanying thermal processes of degradation of mobility and the
increase in contact resistance are the dominating factors producing an overall
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negative temperature coefficient of current. This feature is advantageous for
paralleling of IGBTSs as it prevents thermal runaway.

For the PT-IGBT, the effect of the low lifetime value is that the tempera-
ture coefficient of current becomes positive. As the lifetime increases with
temperature, more free carriers exist at a higher temperature leading to a
larger value of current. This is aided by the increase in the intrinsic carrier
concentration #;, lowering the forward drop. The lifetime and intrinsic
carrier concentration effects supersede the fall in mobility and rise of contact
resistance to produce the positive temperature coefficient. This factor warns
against the paralleling of such devices due to the risks of thermal inhomo-
geneities leading to destructive runaway.

In the NPT-IGBT, the high carrier lifetime is not affected appreciably by
temperature and therefore the turn-off is not overly susceptible to thermal
degradation. This makes the NPT-IGBT more thermally resistant during
turn-off. The effect of temperature on turn-off time is more pronounced in a
PT-IGBT. This is because the room temperature lifetime is low. The increase
in lifetime with temperature combined with enhanced collector injection
efficiency and higher »n;, makes the turn-off time longer and thereby dimin-
ishes the switching speed of the PT-IGBT. Thus, the dynamic performance of
the PT-IGBT deteriorates with temperature. The positive temperature coef-
ficient of fall time leads to excessive power dissipation. By choosing the
resistor Rgp of the correct temperature coefficient, the above effect can be
compensated to some degree. However, due to the imperceptible influence of
temperature on the rise time of IGBT, such thermal compensation is not
necessary during turn-on.

Example 2.7 For an IGBT used in a power switching circuit, the maximum forward
voltage is 3.2 V at Vg =15 V. If the thermal resistance from junction to case
(Ryic) = 2°C/W, calculate the peak current I in the continuous mode. Also find
the peak current in pulse mode for a duty cycle of 0.6. Suppose that the heat sink is
maintained at 30°C and the maximum permissible junction temperature is 130°C. The
switching losses may be assumed to be negligibly smaller than the conduction losses at
the device operating frequency.

The difference 8T between the junction temperature (7;) and heat sink tempera-
ture (7) is related to the average power dissipation P, and thermal resistance Rg;c
from junction to case by the equation

8T =PpR,;c (E2.7.1)
giving P, = 8T/Ry;c =(130 - 30)/2 =50 W. This is the maximum tolerable power
dissipation. In the continuous mode, Icg = P /Vegg = 50/3.2 = 15.625 A. Thus the

maximum allowed continuous current under the given thermal conditions is 15.625 A.
In the pulse mode (m = 0.6, toy = 0.6 T), the average power is

1 .7 . 1 T IoN
Pp= ?j; Ucgicp dt = 7[0 Vegsan Icg 9t = —T_VCE(sal) Icg =mVegisan Ice (E2.7.2)
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Hence the maximum current pulse, which is tolerated, is

Pp

Ieg = (E2.7.3)

mVCE(sat)
giving Ig = 50/(0.6 X 3.2) = 26.04 A.

Example 2.8 A 500-V, 100-A IGBT having a forward drop of 2.5 V modulates power
from a 200 V DC supply to a resistive load. If the maximum junction temperature is
150°C and the case is transiently maintained at 50°C, find the magnitude of 25-msec
current pulse that the IGBT can survive. It is given that the transient thermal
impedance Zgc, is 0.075°C/W for a time of 25 msec.

Power dissipation for a current pulse of magnitude /g is

Py =Vepsan Ice (E2.8.1)
Also,
Py =8T/Zyyeq (E2.8.2)
Versay Ice = 8T/ Zgrcq (E2.8.3)
from which we obtain
Icg = 8T/ {Verwan Zoscn) (E2.8.4)

Thus g = (150 — 50) /(2.5 x 0.075) = 533.33 A. This is the magnitude of the current
pulse. It is obviously an uncontrollable current pulse because it is much higher than
the current rating of IGBT (100 A).

Example 2.9 If the forward drop of an IGBT at the specified current (50 A)is 2 V,
what thermal resistance from case to ambient will permit safe operation at the rated
current. Thermal resistance from junction to case (Ryc) is 0.9 °C/W. Junction
temperature is 150°C and ambient temperature is 25°C.

Required thermal resistance from case to ambient is given by

Roca = Rgia —Rgic = (TJ - TA)/PD = Rgyc = (150 - 25)/{ ICEVCE(sa[)} -09

=125/(50 X 2) — 0.9 = 0.35°C/W

2.7 RADIATION EFFECTS

The effects of radiation on device characteristics play a crucial role in
medical, space, and defense applications. It is necessary to know about the
interaction of major types of radiation such as ionizing radiation or gamma
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rays, as well as neutron radiation with IGBT [40]. Gamma rays produce
excess charge carriers and raise the temperature of the device. The effect of
excess charge carriers is more influential. When an IGBT or MOSFET is
subjected to gamma radiation, electron—hole pairs are produced in the gate
oxide. Electron concentration decays by recombination, but holes are trapped
by the large number of hole traps present in thermal oxides. This positive
hole charge has the same effect as the surface-state charge. As an N-channel
device has a positive threshold voltage, the presence of positive charge due to
holes results in inversion by a smaller applied voltage—that is, a lower
threshold voltage. Higher doses of gamma rays may impair device function,
by rendering it conducting without application of voltage.

Neutron irradiation of silicon lowers the mobility ( ) and carrier lifetime
(r) in N~ base by inflicting lattice damages and creation of generation-
recombination centers. Damage-induced deep-level compensation centers
reduce the effective doping concentration (Np). The combined effect of u
and N, degradation is observed as a rise of resistivity ( p) of N~ base. As the
ON-state voltage drop of IGBT is determined by both p and 7, the ON-state
voltage increases with neutron fluence. Naturally, the saturation current (at a
given potential) shows a decline. However, the turn-off time of IGBT
decreases. Thus, the IGBT suffers from more conduction losses, but the
switching losses are smaller.

The operation of a MOSFET device is not sensitive to lifetime effects but
increase in resistivity of the drain region makes the ON-resistance higher.
Capacitance discharging, and not lifetime, controls the turn-off time of
MOSFET. It remains unaltered by exposure to neutrons.

2.8 TRENCH-GATE IGBT AND INJECTION-ENHANCED IGBT (IEGT)

In the forward conduction state of the conventional DMOS IGBT, the
N~-base region under the gate electrode, sandwiched between two neighbor-
ing P-base wells (the so-called JFET region), is the scene of intense current
crowding due to both hole and electron currents. Holes injected by the P*
collector and reaching the gate are pushed by the positive gate voltage. They
move below the channel and cross into the base. Then traveling under the
emitter, through the P* region, they reach the emitter contact where they
are collected by the contact. Another important effect occurring under the
gate is the formation of the N-type MOSFET channel at the surface of the P
base through which the electron current flows downward into the N~ base to
the P* collector. Furthermore, the P-base/N~ base junction is reverse-
biased during ON state so that the electric field exists across the depletion
region formed across the junction. Due to the junction curvature effect,
electric field crowding occurs at the corners of the P-base cylindrical junc-
tion. Thus both electric current crowding and electric field crowding are
simultaneously present in the aforesaid space. Electric current crowding does



TRENCH-GATE IGBT AND INJECTION-ENHANCED IGBT (IEGT) 87

not allow sufficient conductivity modulation of this space. Consequently, the
forward, or ON resistance, of the device increases. By enlarging the gate
length, more freedom for conductivity modulation is provided, lowering the
ON resistance and thereby decreasing the conduction losses. Moreover, the
path length traversed by the electrons under the emitter must be shortened
as the voltage drop here may exceed 0.7 V, causing latchup. By decreasing
this path length, the susceptibility of IGBT to latchup is decreased.

The trench-gate IGBT (TIGBT) offers a solution to both the problems of
reduced conductivity modulation between P-base wells and longer path
length traversed by electrons, under the emitter. The trench gate structure is
the most effective way to reduce the forward voltage drop of IGBTs. The
TIGBT [41-51] is a MOS-bipolar structure in which the channel is formed on
the side walls of a vertical groove. The use of a trench-gate structure allows
enhanced excess carrier injection on the emitter side, between P-base wells,
promoting conductivity modulation. Unlike the DMOS-IGBTs, the trench-
gate IGBT contains no JFET region. So it eliminates the JFET effect and
minimizes ON-state losses without compromising the turn-off performance.
Trench-gate IGBTs work on the UMOSFET technology, which derives its
name from the U-shaped groove, produced by reactive ion etching. The cell
pitch of the UMOS trench-gate IGBT structure can be made comparatively
smaller than either the DMOS or VMOS structure. Reduced cell size results
in higher packing density. This increases the channel density (defined as
channel width per unit active area) up to five times for the UMOS-IGBT
compared to the DMOS-IGBT, resulting in superior ON-state characteristics
for UMOS-IGBT. It also increases the safe operating area (SOA) by suppres-
sion of parasitic thyristor latchup. Less stringent tolerance of structural
parameters is permissible in trench-gate IGBTs, due to ruggedness of the
device, from the viewpoint of higher latchup immunity, together with the
smaller forward potential drop of this structure, without compromising
the turn-off performance. Hence, design flexibility is an added advantage of
the trench gate.

Figure 2.24a shows the cross section of a trench-gate IGBT unit cell. A
trench is etched by a fluorine-based, reactive ion etching (RIE) process in the
gate arca, as shown. The corners of the trench are rounded off to avoid
electric field concentration, which can cause unwanted breakdown. The gate
oxide is grown thermally over the sidewalls and the base of the trench
surface, followed by filling the trench by polysilicon deposition. In the
trench-gate IGBT, the MOS-channel is formed vertically. It can be seen that
by digging the trench, the JFET region has been removed. The trench serves
to transfer all the phenomena occurring near the Si surface in the confined
space between the P-base wells, down below in the broader unit cell space.
As the carriers wander freely with the wider unit cell space at their disposal,
the ON resistance is automatically lowered. Moreover, conductivity modula-
tion now becomes easier, because current crowding is avoided. This further
reduces the ON resistance. For IGBTs having a high carrier lifetime in the
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Figure 2.24 Structures of (a) trench-gate IGBT and (b} IEGT.

N~ base, the forward voltage drop at 200 A/cm? is 1.2 V for the UMOS
structure. This is much lower than the 1.8-V drop for the DMOS IGBT. The
gap of 1.8 ~ 1.2 =0.6 V between the forward drops of DMOS and UMOS
structures will be further expanded by lifetime killing.

Also, it is easy to see that path of electron propagation below the N*
emitter is now considerably shorter. This reduces the chance of the forward
drop across this path exceeding the 0.7-V drop required to initiate injection
across the N* /P junction, at which undesirable thyristor action is triggered.
Consequently, there is less likelihood of device latching.

In the UMOS trench-gate IGBT, a shallow P* layer is sometimes diffused
below the metallization short, adjacent to the N* emitter. This layer func-
tions like the deep P* region, for latchup prevention in the DMOS IGBT
structure, reducing resistance to hole current flow in the UMOS IGBT,
where the resistance to hole flow is provided only by the vertical path = depth
of N* emitter.

A useful design criterion is pursued in the injection-enhanced IGBT
(IEGT) [52-55]. By injection enhancement, it is understood that a larger
quantity of electron injection, from the N channel into the N~ base, takes
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place when compared to what occurs in a conventional IGBT. Based on
numerical and experimental investigations, the design concept adopted in the
IEGT employs deep trench (8-10 um) gate geometry suppressing hole
current. As shown in Fig. 2.24b, contacting regions of emitter electrode with
P base are thinned out. Consequently, the holes have to traverse the narrow
N-channel region, surrounded by the deep trench gate walls, by the diffusion
mechanism for reaching the P base. Electron flow is not restricted because
electrons travel in a MOS-enhanced accumulation layer along the sidewalls
of the trench gate. In other words, the holes are blocked under the collector
by the huge trenches, raising the potential at the drain end of the MOS
channel. As a result, more electrons are injected into the drift region to
recombine with the holes, producing a smaller forward voltage drop. In this
manner, the IEGT achieves carrier density, like a thyristor. The device
structural parameter determining the injection efficiency is W/DC, where W
is the gate-to-gate distance (source width), D is the depth of the N-channel
region (distance from the bottom of the trench gate to P base), and C is the
cell size. Another important parameter is the electron mobility in the MOS
transistor, which is controlled by the smoothness of the trench wall. There-
fore, processing technology is critical to IEGT realization, which makes
IEGT fabrication complicated. Another obstacle to the IEGT is the negative
gate capacitance effect which causes undesirable gate voltage oscillations and
instabilities as indicated in Section 2.5.1.

2.9 SELF-CLAMPED IGBT

A self-clamped IGBT is one that has integrated gate—collector clamp diodes
[56, 57]. These IGBTSs find application in automotive ignition systems where
the IGBT acts as a driver. The IGBT is first turned on to ramp the current in
the primary of the coil, to a predetermined value. As soon as the IGBT is
turned on, the energy stored in the primary produces a voltage spike, and the
secondary voltage rises to 20—40 kV until spark generation and fuel ignition
take place. During a faulty condition such as an open secondary coil caused
by disconnection of the spark plug, the IGBT must be protected from
a high-energy impulse by clamping the gate—collector voltage below 600 V
(Fig. 2.25a).

The collector—gate clamp diodes are fabricated on a polySi layer and
placed across the edge termination, from the edge towards the center of the
chip, in such a manner that they do not interfere with the function of the
floating field rings. Figure 2.25b illustrates the concept of incorporation of
the polySi diodes along one side of the field ring structure. These diodes are
fabricated in a 0.5-um-thick and 800-um broad polySi layer, which is alter-
nately doped P type and N* type. This side of the edge termination is wider
than the other three sides so that the space is sufficient for the required
number of diodes. To fulfill this additional space requirement, the rings are



90 IGBT FUNDAMENTALS AND STATUS REVIEW

T+ Cc
Collector-Gate
Clamp Diodes
T Gate—Emitter G
Clamp Diodes .
(a)
Eitter oGate P N PolySi Clamp Diodes

(y Collector

(b)

Figure 2.25 Self-clamped IGBT. (a) Equivalent circuit of self-clamped IGBT. (b) Implementa-
tion of self-clamped IGBT in monolithic form.

made wider on this side. The performance of the field rings is not affected
because the breakdown voltage achieved depends on the inter-ring spacing
instead of the ring widths, beyond a certain minimum ring width. Only the
ring width is increased to accommodate the diodes. In the remaining regions,
the total space occupied by the field rings and the gaps between them is
contracted by decreasing the ring width to that demanded by design, without
changing the gaps. They thus occupy a space of only 300 pm. For minimal
interaction between the clamp diodes and field rings, a close matching of the
potential distributions along the Si surface and clamp diodes is essential.

2.10 RATINGS AND APPLICATIONS OF IGBT

The single IGBT device is a fully controllable, unidirectional /bidirectional
semiconductor switch, which is useful in the voltage range 300-1500 V and
current from 10 A to 400 A, in the frequency range from 1 kHz up to 150
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kHz. By paralleling IGBTs, modules have been built with current-carrying
capability of 1000 A. Breakdown voltages have been achieved up to 6500 V.
Operating frequencies of up to 150 kHz, at the cost of higher forward voltage
drops, have been achieved. For illustrative purposes, the specifications of a
12-A, 600-V switch mode power supply (SMPS) N-channel IGBT look like
the following: continuous collector—emitter current (I ) =50 A; pulsed
collector—emitter current (Icgy) =100 A; collector-to-emitter breakdown
voltage (BV gg) = 600 V, I =200 pA, Ve = 0 V; reverse collector—emitter
breakdown voltage (BVg) =10 V, I = 10 mA; collector-to-emitter satu-
ration voltage [Veg,)]1=2.0 V, Icg =12 A, Vi =15 V; gate-to-emitter
threshold voltage Vi, =5V, I =1 mA, V¢ = V5; gate-to-emitter leakage
current (I5g) =200 nA, Ve = £20 V; power dissipation (Pp) at case tem-
perature T, = 25°C is 200 W; Power dissipation derating for case temperature
T.>25°C is 1.5 W/°C; operating (T;) and storage junction temperature
(T, 4) = —55 to +150°C; junction-to-case thermal resistance (R,;.)=
0.7 °C/W,; forward transconductance (g,)=5 S, Vg=15V, [z =5 A;
input capacitance (Cj,,) =500 pF. Turn-on: (i) current delay time [t ]=
30 nsec, (ii) current rise time (¢;) = 20 nsec, Turn-off: (i) Current delay time
(t40m) = 150 nsec, (ii) current fall time (¢;) = 100 nsec, (iii) Turn-off energy
loss (Ez) =3 ml.

Elaborated below are the meanings of the various terms in the IGBT data
sheets.

Absolute Maximum Ratings. (i) Continuous collector current (I) at T =
25°C and T, = 100°C is the direct current that takes the junction to its rated
temperature from the stipulated case temperature—for example, Iz =50 A
at T.=25°C. The formula for its calculation is Iogx =AT/{6,_. X
Vegony@Icg}, where AT is the temperature difference between the stipu-
lated case temperature and maximum junction temperature (150°C). The
ON-state voltage Vegon@Icg is found with a few iterations because Icg
itself is unknown. (ii) Pulsed collector current (Iqgy), the peak current at
which the transistor can be operated; it is well above I.—for example,
I =100 A. (i) Clamped inductive load current (Ig1y), the maximum
current which the device is able to repetitively turn off with a clamped
inductive load. This rating ensures a square switching safe operating area
(SOA) so that the IGBT can withstand high current and high voltage
simultaneously. It is specified at 150°C and 0.8th of the voltage rating. (iv)
Maximum gate-to-emitter voltage (Vgz): It is a measure of the dielectric
strength and thickness of the gate dielectric. Normally, the gate dielectric
quality and thickness are controlled to rupture at 80-100 V but for safe
operation Vg is confined up to 20-30 V to guarantee long-term reliability.
(v) Maximum power dissipation (Pp) at 25°C and 100°C calculated by the
formula Pp, = AT/6;_., where the symbols are as explained above in (i).
(Vi) Junction temperature (T)). The industry standard is from —55°C to
+150°C. For details, the readers may consult the product information and
data sheets of different manufacturers as mentioned in Section 1.2.
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Electrical Characteristics. (i) Collector-to-emitter breakdown voltage (BV gg)
represents the lower limit of breakdown voltage, and it is defined with
reference to the leakage current. The breakdown voltage has a positive
temperature coefficient of 0.63 V/°C. As an example, BV g =600 V at
25°C, Ig =200 pA, Vgp =0 V. At 150°C, BVge =600 V +0.63 X 150 =
694.5 V. (ii) Emitter-to-collector breakdown voltage (BVgcs) is the reverse
breakdown voltage of the collector-base junction of PNP transistor. BVyg =
10 V, Iy =10 mA. When an IGBT is turned off, the load current flows
through the diode connected in parallel across the complementary IGBT.
The turn-off di/dr in the stray inductance in series with this diode produces
a reverse voltage spike across the IGBT that can initiate avalanche in the
junction. The reverse voltage generated is generally less than 10 V, but
serious voltage spikes can result from high di/dr. (iii) Collector-to-emitter
saturation voltage [Vig ony OF Vegsanl is the key parameter to estimate the
conduction losses of the IGBT. Veggyy =20V, Ig =12 A, Vg =15 V. (iv)
Gate threshold voltage (V) is the gate—emitter voltage at which a particular
collector—emitter current starts to flow. It has a temperature coefficient of
AV /AT = =11 mV/°C. V=5 V at 25°C, Iz =1 mA, Vg =V5e. At
150°C, Vg =5-11%x10"3X150=5~1.65=335 V. (V) Gate-to-emitter
leakage current (Igg) =200 nA, Vg = +£20 V. (vi) Zero-gate voltage collector-
current (Icgg) is the limiting value of leakage current at the rated voltage.
(vii) Forward transconductance (ggg), which, unlike the bipolar transistor,
increases with current but is limited thermally. It is measured by superimpos-
ing a small variation on the gate bias which takes the IGBT to the 100°C
rated current in the linear mode of operation. ggr =58, Vg =15V, I =
5 A. (viii) Gate charge parameters (Qg, Oge, Qgc) Which are used to size the
gate drive circuit and calculate the gate drive losses. (ix) Switching times:
Turn-on delay time from 10% of gate voltage to 10% of collector current, rise
time from 10% to 90% collector current, turn-off delay time from 90% of gate
voltage to 90% of collector current, and fall time from 90% to 10% collector
current. For a co-pak containing the IGBT and the free-wheeling diode, the
turn-off delay time is reckoned from 90% of gate voltage to 10% of collector
voltage. Switching times serve as a useful guide to set up the proper dead
time between the turn-off and the ensuing turn-on of the complementary
IGBTSs in the half-bridge circuit configuration, and the minimum and maxi-
mum pulse widths. (x) Switching energies: Egy is the switching energy from
5% of the test current to 5% of the test voltage. Eqpp is measured over a
period of time commencing from 5% of the test voltage and lasting up to
5 wsec. (xi) Internal emitter inductance (L) is the inductance due to the
package between the bonding pad on the IGBT chip and the electrical
connection at the lead. It decelerates the IGBT turn-on by a quantity varying
as collector dI/dt similar to its slowing down by the Miller capacitance by an
amount proportional to the collector dV'/dt. For a dI /dt = 1000 A / usec, the
voltage produced across Ly exceeds 7 V. (xii) Device capacitances: Input
capacitance (C,.,), the sum of gate-to-emitter and Miller capacitances; it

ice

exhibits similar voltage variation as the Miller capacitance but in a weakened
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form because the gate-to-emitter capacitance is much larger and voltage
dependent. Other capacitances include the output capacitance (C,,.) whose
voltage variation resembles that of a P-N junction diode and reverse transfer
(Miller) capacitance (C,,, ), which decreases with voltage but shows a complex
dependence on voltage. (xiii) Short-circuit withstand time: The guaranteed
minimum time that the device will withstand the short-circuit condition. This
rating is only specified for short-circuit rated IGBTs. Here, the gate resistor
cannot be smaller than the specified value. Also, the overvoltage during
turn-off must be maintained at the mentioned value by clamping.

The data sheet also contains device performance curves. These curves
show the output and transfer characteristics. Other data include the on-state
voltage, forward transconductance, and turn-off safe operating area. Besides
these, it provides derating of Iy, with turn-off dV . /dt, gate-charge
waveforms, switching characteristics of turn-on delay time and rise time, with
respect to collector-to-emitter current, turn-off delay and fall time variation
with collector-to-emitter current, and also turn-on and turn-off energy loss
curves.

Surveying the product literature of different vendors, one may select the
appropriate IGBT for the intended application. For power switching, IGBTs
work like other devices—for example, adjusting the triggering angle o to
modulate the AC voltage v, to an AC or DC load voltage v, . Figure 2.26

Usignal
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(a) _ (b}

. : 1 i
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Figure 2.26 IGBT switching patterns of an AC signal. (a) Trigger angle delay = @, conduc-
tion angle=1y. (b) Conduction angle =y, trigger angle advance =pg. (c) Trigger angle
delay = «, conduction angle = v, trigger angle advance = 8. (d) Pulse-width modulation.
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shows the switching patterns of an AC waveform. Figure 2.26a illustrates
trigger angle delay «. Figure 2.26b depicts trigger angle advance B. In Figure
2.26c, both « and B control is used with « = 8. Pulse width modulation
(PWM) is shown in Fig. 2.26d. In all these cases, power modulation is
implemented by controlling the duration of the cycle over which IGBT
remains on (¢yy) and for which it is off (¢oe:). The average voltage Vy,,
across the load is written as

4 ON
I/L(av): V

s

_ 2.33
ton t Lorr (2.33)

In terms of the switching frequency f and the duty cycle m =ty /(ton +
topr ), WE may write

I/L(av)= I/stONfz ml/s (234)

For carrying out any switching function, the IGBT is toggled between two
extreme states. In the ON state it is driven into saturation to attain a low
voltage drop. This is because the load current i; depends on the current in
the N~ base of IGBT and therefore the base resistance R,. A high base
resistance R, results in a low collector—emitter current iz and a larger
on-state voltage drop, limiting the load current. By raising the gate drive
vge ~ 15 V, R, decreases due to increase in conductivity modulation of base.
The BIT is thereby saturated, and only the load limits the current i. In the
OFF state, the IGBT supports the full voltage V.

2.11 SUMMARY AND TRENDS

The major families of IGBTs were reviewed in terms of their physical
structure, profiles and carrier lifetimes, and the fabrication technology. The
impact of these structural parameters on device performance characteristics
was discussed. Both static and dynamic behavior of IGBTs were examined. It
was shown that the PT-IGBTs are superior regarding the switching perfor-
mance, but the same is not true from the ruggedness and thermal derating
viewpoints. So, the IGBT for a given application must be chosen according to
the specific needs. Any single IGBT structure is not universally optimal.
Furthermore, short-circuit and clamped inductive switching tests are not
equivalent for evaluating the safe operating area. After perusal of this
chapter, the reader will grasp the device operational modes and their relation
to the constructional details. In the succeeding chapters, the MOS and
bipolar components of IGBT will be treated comprehensively to understand
how the relevant terminal characteristics of IGBT are controlled.
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REVIEW EXERCISES
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22

2.3

24

25

2.6

2.7

2.8

29

2.10

211

2.12

2.13

2.14

For what type of applications are lateral IGBTs useful? Draw and explain the
schematic cross section of a lateral IGBT. Point out one disadvantage of the
lateral approach. In what kind of applications is the vertical IGBT structure
preferred?

Differentiate between nonpunchthrough-IGBT and punchthrough-IGBT from
the point of view of fabrication techniques.

Describe the various operating modes of IGBT with the help of diagrams
showing the applied biasing voltages and their polarities.

Draw and explain the following for the IGBT: (a) static I-V characteristic, (b)
transfer characteristic, and (¢) dynamic characteristic.

Distinguish between the performance of an NPT-IGBT and PT-IGBT with
reference to (a) carrier lifetime in N~ base and (b) turn-off times.

During forward blocking, which IGBT structure has a triangular electric field
distribution and which one shows a rectangular shape? How does this differ-
ence influence the choice of drift region thickness for the required voltage?

(a) Explain how the decrease in forward drop of PIN diode in IGBT compen-
sates the increase in MOSFET channel resistance accounting for the moderate
variation of forward conduction characteristics of slow-switching IGBTs with
temperature. Name the type of IGBT which is more thermally sensitive and
why? (b) What is the advantage of small positive temperature coefficient of
forward drop of IGBT at high collector currents in paralleling IGBTs?

Explain the role of the N-buffer layer in a PT-IGBT. What device parameters
does it influence?

Name the IGBT variety which has a higher collector output resistance? In
which class does the collector current show saturation like the MOSFET, and
why?

Explain why and how the reverse blocking capability of an IGBT is sacrificed to
improve the forward drop and switching speed.

Do you agree with the statement that the increase in switching speed of an
IGBT must compromise with forward characteristic degradation? Justify your
answer giving arguments.

Among the NPT-IGBT and PT-IGBT, which one is more vulnerable to electri-
cal breakdown and why? In which type carrier transport takes place by drift
mechanism and in which kind it is diffusion-controlled?

What are the reasons for the occurrence of two segments in the turn-off trace
of IGBT? Which segment can be controlled by the circuit designer and how?
Which segment can only be changed during device fabrication? What is the
influence of electron irradiation on the two segments?

Why will happen if the carrier lifetime is not maintained at a high value in an
NPT-IGBT? How is an NPT-IGBT able to yield a smali turn off time in spite of
high lifetime value?
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2.15

2.16

2.17
2.18
2.19

2.20

2.21
222
2.23
224

2.25

2.26
2.27
2.28

2.29
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Why must lifetime killing be used in a PT-IGBT whereas the same is not
necessary in an NPT-IGBT?

Do you agree with the statement, “Carrier transport in both N- and P-channel
IGBTs takes place by ambipolar diffusion and drift. So the forward drops of
these devices are nearly identical.” Is this statement applicable to N- and
P-channel MOSFETs?

Are the forward voltage drops of slow-speed N- and P-channel IGBTs identi-
cal? Do fast-switching IGBTs of two polarities differ in their forward voltages?

Comment on the remark, “IGBT is well-suited for scaling up the blocking
voltage capability.”

What is meant by safe operating area of IGBT? What do the broken lines in
the SOA graph represent? Define the three distinct boundaries for SOA.

Explain the phenomenon of avalanche-induced second breakdown. Define
FBSOA and RBSOA for IGBT. How does the total charge in the drift region
affect the electric field under FBSOA and RBSOA conditions? What is the
effect of increase in drift-region charge on the breakdown voltage of IGBT?

Which reliability test, short-circuit test or clamped inductive load switching test,
represents a more severe stress on the IGBT and why?

What is the effect of collector voltage and current on the turn-off time of an
IGBT? Draw the forced-gate turn-off waveforms for two collector current
values I, and I, (I, > I). Will the switching losses due to the current tails
be the same or different in the two cases?

Draw the circuit diagram for turning on an IGBT with an inductive load. Show
the voltage and current waveforms. Derive an expression for the energy loss in
terms of the supply voltage, collector current, and crossover time.

llustrate IGBT turn-off with a resistive load, giving the circuit diagram, along
with voltage and current variation with time. Write the equation for power loss
and explain the symbols. Elaborate its derivation,

Explain the effects of gamma radiation and neutron flux on IGBT characteris-
tics? Which of these effects is permanent and cannot be annealed out? Why?

Elucidate the current crowding phenomenon in the JFET region under the gate
between the P-base wells in the conventional IGBT structure. How does the
trench IGBT structure overcome this problem?

How does the trench-gate structure improve the channel density and forward
conduction characteristics of IGBT? What are the effects of UMOS structure
on the hole current path and the latching current density of IGBT?

Explain the self-clamped IGBT structure. For what applications is it needed?
How are the gate—collector clamp diodes built into the IGBT without affecting
the performance of the edge termination.

Give the electrical equivalent circuit and cross-sectional diagram of self-clamped
IGBT showing the clamp diodes fabricated in polySi layer.
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2.30 The saturation voltage and turn-on crossover time of an IGBT at 125°C are
Versay = 1.9 V and 1, =25 nsec, respectively. This IGBT is used to control
power in a DC circuit in which the supply voltage is ¥, =380 V, and the load
resistance R is 12 € Calculate the ratio of conductance power loss to turn-on
power loss at this temperature, for a switching frequency f= 1.2 kHz and duty
cycle m = 0.55. What will be the value of this ratio at f= 1.5 MHz, if the duty
cycle remains the same.

2.31 The IGBT used in a power conversion circuit has voltage rise time of 0.3 usec
and current fall time of 0.2 wsec during turn-off. If the DC supply voltage is
180 V and the load current remains constant at 17 A, find the energy
dissipation during the crossover interval of the turn-off process.

2.32 The maximum forward voltage for an IGBT used in a power conversion circuit
is 3.0 V at V5 =12 V. The thermal resistance from junction to case (Ryc) is
1.5°C/W. For a duty cycle of 0.5, determine the peak collector-emitter current
in the continuous mode and in pulse mode. The heat sink is kept at 25°C and
the maximum allowed junction temperature is 125°C. Also, the switching losses
are much less than the conduction losses at the operating frequency.
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MOS COMPONENTS
OF IGBT

As we have studied in the preceding chapiers, the IGBT exhibits a combina-
tion of MOSFET and bipolar transistor properties, Hence, a deeper under-
standing of the IGBT requires a grasp of MOSFET and bipolar transistor
physics, We start with the MOSFET and its associated MOS capacitor in this
chapter,

4.1 GENERAL CONSIDERATIONS

34.1.1 MOS Preliminaries

Since a conducting region, termed the channel, edvists without or with the
application of a gate voltage, MOSFETs [1-7] are classified as enhaoncement
or sorrally-off and depletion or normally-on devices, From the point of view
of conductivity tvpe of the channel, MOSFETS are divided inio M-channel
and P-channel transistors. The N-chamne! enhancement-mode MOSFET is the
most commonly used structure. Figure 3.1 shows the construction features of
this device. Diffusion or ion implantation produces two heavily doped N*
regions (surface concentration ~ 10°°-10*" cm~*) called the source 5 and
the drain D, separated by a distance of 1-5 um, in 8 P-type Si substrate. The
source s the electrode that supplics majority carriers o the channel and the
drain is the clecirode that collects them. Laterally, the MOSFET has the
structure N*-P-N*. The coawofling or irpui elecrrode of the MOSFET is

The Insulated Gate Bipolar Transistor IGBT Theory and Desig, by Vinod Kumar Khanna
ISBN: 0-471-23845-7 © 2003 by the Institute of Electrical and Electronics Engineers
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Figure 3.1 N-channel enhancement-mode MOSFET: (a) Schematic cross section, (b) circuit
symbol, and (c) typical output characteristics.
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known as the gate G covering the space between source and drain and
isolated from the semiconductor by an intervening dielectric layer (SiO,,
Si0,-Si;N,, or SiO,—Al,0,) providing an input resistance ~ 102-10"° Q.
Apart from the source, drain, and gate, the MOSFET has a fourth terminal
B, termed the body or substrate terminal, so that the MOSFET is a four-
terminal device.

When the applied gate-source voltage Vg is zero, source and substrate
terminals are grounded together (Vz =0) and the drain-source voltage
Vps I8 positive; only a small current ~ 1071°-10" A, corresponding to a
reverse-biased PN junction, flows from source to drain. Now suppose the

Gate

Source

Gate

(b)
Figure 3.2 Power MOSFET structures: (a) Vertical and (b) lateral.
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gate-source voltage V¢ is gradually increased from zero value. Appreciable
current starts flowing between source and drain at a certain Vg value
exceeding the threshold voltage rating Vo, of the device, that is Vg > V.
How this increase of V¢ above the threshold voltage influences the current
flow in the Si below is understood by a detailed analysis of the MOS
structure in Section 3.2.

3.1.2 Power MOSFET Structures

The advent of power MOSFETs [3, 4], especially with a vertical geometry
(Fig. 3.2a), ranks as a landmark in power electronics. Power MOSFETs have
a vertical structure so that current flows across the pellet between the power
terminals on opposite sides, yielding low ON-state voltage drop and high
current capability. However, this voltage drop is higher than that of equiva-
lent junction transistor. Power MOSFETs, with typical current and voltage
ratings of tens of amperes and hundreds of volts, are available, which are
much lower than the corresponding ratings of junction transistors. The lateral
power MOSFET having a planar structure (Fig. 3.2b) is employed in power
ICs. In this structure, P-N junction isolation is used (see Section 9.3).

There are three popular power vertical-channel discrete MOSFET config-
urations: the V-groove or VMOSFET (Fig. 3.3a), the double-diffused or
DMOSFET (Fig. 3.3b), and U-groove or UMOSFET (Fig. 3.3¢), also called
trench—gate MOSFET. The salient features of these three structures are
presented in Table 3.1.

3.1.3 MOSFET-Bipolar Transistor Comparison

A built-in diode called the “body diode” exists in the internal junction
structure of a power MOSFET, making it a parallel combination of two static
switches, namely, a controlled MOSFET switch for forward currents and an
uncontrolled diode switch for reverse currents (Fig. 3.4). This combination of
switches is extremely useful for static converters where the diode provides a
free-wheeling current path. Since ‘the current and switching speed of this
diode is sufficient for many applications, an externally connected freewheel-
ing diode is hardly required. But junction power transistors usually need
proper fast recovery diodes.

Recapitulating and elaborating the MOSFET and bipolar transistor com-
parison in Table 1.2, operation of a bipolar transistor is based on the
transport of two types of carriers, minority and majority carriers, electrons
and holes. But a MOSFET works on only one type of carrier, the majority
carriers, either electrons or holes, hence it is also called a unipolar device.
Also, the bipolar transistor is a current-controlled device whereas the MOS-
FET is a voltage-controlled device, based on the field-effect principle utiliz-
ing the surface conductivity modulation of a semiconductor, by a transverse
electric field, in the longitudinal direction. Another major difference between
the two types of devices is that the applied base drive during forward
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Figure 3.3 Common MOSFET structures: (a) VMOSFET, (b) DMOSFET, and {(c) UMOSFET.
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Table 3. 1 Vertical Discrete MOSFET Structures

Serial

No. VMOSFET DMOSFET MOSFET

Derives its name from Derives its name from

1 Derives its name from

the V-shaped groove
within which the gate
is situated.

the double-diffusion
process used to define
the channel length.
Difference of lateral
diffusion between P-
base and N* source

the U-shaped groove
in which the gate is
located. This groove
is made by reactive
ion etching (RIE).

gives the channel
length.

2  Fabricated by perform- Fabricated by planar Fabrication process se-
ing an unpatterned techniques wusing a  quence is similar to
P-base diffusion and polySi refractory gate VMOSFET. The
then N* diffusion fol- as a mask. Its edge technology is based on
lowed by V-grooving defines the common  trench etching meth-
by preferential etch- window through  ods used for storage
ing. Gate deposition which P-base and N*  capacitor in memo-
is done and pho- source regions are se-  ries.
tolithography is car- quentially diffused
ried out to overlap the and driven-in.

N* source and extend
it into the groove be-
yond P-base bottom.
3 Stability problems are Superseded VMOSFET Provides highest chan-

faced during manu-
facturing because a
high local electric
field is created at the

devices, commercially.

nel density of the
three varieties giving
appreciably lower ON
resistance.

V-groove tip.

conduction of a bipolar transistor is typically 0.1-0.2 times the collector
current and even higher reverse currents are required for turn-off, making
the base drive circuits complex and costly. In a MOSFET, gate current pulses
of relatively smaller magnitude and duration are necessary to charge and
discharge the gate capacitance.

Furthermore, the bipolar transistor is prone to second breakdown, as
when a high collector—emitter voltage is applied, in the presence of a high
collector current, commonly encountered during inductive load turn-off. This
happens due to the nonuniformity of current distribution resulting from
material inhomogeneities or design limitations, whereby current flow is
constricted in certain regions such as the centers of emitter regions. The
device fails via the negative temperature coefficient of forward resistance,
whereby current increases with temperature result in hot spot formation,
leading to microplasmas and mesoplasmas. Bipolar transistors therefore
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Drain

Gate
Diode

Source

Figure 3.4 Functional representation of MOSFET as a combination of two switches.

cannot be operated in parallel unless some means of emitter ballasting (e.g.,
resistors) are used to prevent the shoot through in current. This fundamental
drawback severely restricts the safe operating area of a bipolar transistor. On
the other hand, MOSFET operation is not hampered by a second breakdown
limitation, if the turning on of the parasitic bipolar transistor is averted.
Owing to its positive temperature coefficient of ON resistance, it displays a
larger safe operating area than the bipolar transistor. Several MOSFET
devices are easily connected in parallel, with proper use of gate drive
resistors, to increase the current-carrying capability. Finally, due to absence
of minority-carrier storage phenomenon in MOSFET, this device exhibits a
very fast response. It is the fastest power semiconductor switch, useful in the
high-frequency, relatively low-power dominion.

3.2 MOS STRUCTURE ANALYSIS AND THRESHOLD VOLTAGE

The ideal MOS structure is defined as one fulfilling the following criteria: (i)
Resistivity of the insulating SiO, layer is infinitely large. (ii) Charge can exist
only on the metal electrode and in the Si. (iii) Work functions of the metal
and semiconductor are the same; interface charge, fixed oxide charge, and so
on, are absent.

Figure 3.5a shows the energy-band diagram of an ideal MOS structure
with P-type semiconductor when the applied gate voltage is zero. Here,
¢y = work function of the metal = minimum amount of energy, measured in
joules or electron volts, that must be imparted to the fastest moving electron
at 0 K in order that the electron escapes from the metallic surface, ¢y =
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Figure 3.5 Energy band diagrams of MOS structure under different gate biasing conditions:
(a) Without any gate bias, (b) with a negative gate bias, (c) with a small positive gate bias, and
(d) with a large positive gate bias.

barrier height between metal, and SiO, = energy that must be surmounted by
the electrons to move from the metal into the SiO,, x, = electron affinity of
SiO, = energy released in electron volts (€V) when a molecule of SiO, gains
an electron to form a negative ion, y = electron affinity of Si (defined for the
Si atom in the same manner as done for SiO, above), iz = potential
difference between intrinsic energy level E; and the Fermi level Ep in Si. As
can be seen from the band diagram, there is no band bending. This is known
as the flatband condition. Under this condition, the following equation holds
[5-71

E
9bu=qx+ " +q¥s=q(ds + X)) G

This equation is readily understood by recalling the definitions of the work
function, electron affinity, and barrier height. The work function g¢y =
energy difference between the Fermi level £ and the vacuum level = energy
difference between the bottom of the conduction band, E in Si, and the
vacuum level (electron affinity of Si=gq y)+ energy difference between the
intrinsic energy level, E; in Si, and conduction band bottom E_. (~ half of
the energy band gap E,) + energy difference separating the intrinsic energy
level E; in Si from the Fermi energy level Ep (given by qyy) = energy
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difference between the Fermi level Ep and the bottom of the conduction
band in SiO, (barrier height of SiO, = g¢y) + energy difference between the
conduction band bottom and the reference vacuum level in SiO, (electron
affinity of SiO, =g x, ).

In Fig. 3.5b, a negative gate voltage is applied to the structure. Attraction
of holes toward the Si surface bends the valence band closer to the Fermi
level near the surface to allow for the states occupied by these holes. This
condition is called accurnulation. Figure 3.5¢ illustrates the case of applica-
tion of a small positive gate voltage. Now holes are repelled away from the
surface toward the interior. As the region adjoining the Si surface is depleted
of free charge carriers, the valence band curves away from the Fermi level,
indicating that the probability of occupancy of states near the surface by
holes, is decreased. Consequently, a depletion layer is created in the vicinity
of the surface. This condition is known as depletion. Figure 3.5d depicts the
situation when the positive gate bias is so large that the intrinsic energy level
crosses the Fermi level. Then the concentration of minority-carrier electrons
becomes greater than the majority-carrier hole concentration. This condition
is called inversion and leads to the formation of an inversion layer having
N-type conductivity and is about 10 nm thick, playing the central role in
current transport in the MOSFET. Inversion layer charge determination
requires knowledge of potential distribution ¢(x) in the semiconductor. If
ny and p,, denote thermal equilibrium electron and hole concentrations
in the bulk semiconductor, their concentrations at the surface are given by
(Appendix 3.1)

qy¥
R, =Np exp(ﬁ) (3.2a)
and
qy
Pp =Ppo exp(— ﬁ) (3.2b)
where the potential distribution ¢ (x) obeys the Poisson’s equation
d? x
_tf __p(x) (3.3)
dx £4 8

In this equation, &, and &, symbolize the permittivity of free space and
relative permittivity of Si, respectively, and p is the charge density written as

p(X) =q(ND+—NA—+pp_np) (34)

where Np,., N,_ are the donor and acceptor ion concentrations. The
boundary condition of existence of charge neutrality in the bulk semiconduc-
tor far away from the surface can be expressed as

ND+_NA-=np0 _ppO (35)
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Using equations for n, and p, along with the charge-neutrality condition
allows us to recast Poisson’s equation in the form

22 & el ol )]

Integration of this equation from the bulk toward the surface gives the
electric field distribution £(x) as (Appendix 3.2)

dys
£(x)= -
V2kT q¥\ qy qy\ qy 03
= Lo [exp(‘ﬁ)*ﬁ‘”’{e"l’(ﬁ)‘k—r"lﬂ (37)

where r=n,/p, and Lp= ‘/ {kTg0 &,/ (qupo)} is the intrinsic Debye
length for holes. Debye length is a characteristic length, also called the
shielding or screening length, measured by the distance over which the electric
field emanating from a perturbing charge falls off by a factor of 1/e = 0.37.
It gives an estimate of the distance in which a charge imbalance is smeared
out. As an example, if a negatively charged sphere is introduced into a P-type
semiconductor, the free holes in the semiconductor will crowd around the
sphere. Several Debye lengths away from the sphere, the negatively charged
sphere together with the positively charged hole cloud will look like a neutral
object.

Now applying Gauss’ law, the space charge Q, required per unit area to
produce this electric field is

Qs = T&p& gs (38)

where & is the electric field at the surface. If the potential at the surface is
i, the surface charge (Q,) is obtained by replacing ¢ by ¢ in the
equation for §.

When the surface potential i, increases from zero toward the positive
side, three pertinent cases arise:

surface

Case I: Surface Potential i, < Bulk Potential 5: The intrinsic energy level E; does
not cross the Fermi level E. The surface polarity is P-type containing a depletion
layer. The second term in Eq. (3.7) qy/(kT) dominates and the surface charge
becomes

ﬁka(q¢s)°'5_ 2k [ad
aL, \&T O Tege, kT

9°Ppo

Qs = £9& fs = &p&
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or

Qs - v 2‘90 8qup0 d’s (39)

where the equation for L, has been used. Thus the surface charge is proportional to
the square root of the surface potential.

Case II: i, > gy but ), <2y¢ry (Weak Inuversion): A mobile carrier concentration
builds up at the surface. The regime y, < 2y is known as weak inversion.

Case HI: §, > 24y (Strong Inversion): The fourth term in Eq. (3.7) becomes domi-

nant, giving
V2kT ak |\
Q.= &y& & = gy, o X { rexp kT)

x/f kT Tipg q, 05
= go&— == X ———exp(—
kTSO & ppo kT
v\ —2
7*ppo

qy;

o, = ‘IZeossnPOexp(m) (3.10)

that is, the surface charge varies exponentially with surface potential. This charge
controls the channel conductivity of the MOSFET.

or

The parameter of supreme importance controlling the operation of MOS
devices is the threshold voltage Vo, , which is defined as the minimum bias
applied to the gate electrode at which an N-type conducting channel appears
at the Si surface, producing a large current flow between source and drain, as
evidenced by the onset of strong inversion. An optimum value of V7, is called
for, neither too small nor excessively large. Too small a threshold voltage may
result in a normally-on device, due to the positive gate oxide charge. Even if
the MOSFET is not always on, a low-threshold-voltage device is plagued by
inadvertent false turn-on due to noise spikes at the gate or temperature
effects. During high-speed switching, the gate voltage may be forced to
remain continuously fixed at values above threshold voltage rendering the
device always conducting. On the opposite extreme, higher threshold voltages
are also undesirable because the supply voltage must be increased and the
input power is raised. Furthermore, a MOSFET having a high threshold
voltage is incompatible with logic circuits due to interfacing problems. This
may unnecessarily complicate the design of gate driving circuits and warrant
the use of buffer elements. Generally, the threshold voltage of a power
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Figure 3.6 Components of the threshold voltage of N-channel MOSFET.

MOSFET is designed to lie between 2 and 4 V. Some applications require
better switching performance, necessitating interface driver circuits.
Vi, has the following components (Fig. 3.6):

(D) V, = ¢us, the work function difference between metal (Al) and Si = the
contact potential difference. If ¢ is the barrier height between metal and
Si0,, we can write

¢us = Work function of metal ( ¢yy)
— Work function of semiconductor ( ¢g)

or

E
qdms =qbs+ax0— 4 )('*'2_;""1’}3 (3.11)

This equation readily follows from the inspection of Fig. 3.5a, recalling the
definitions of work function (¢), barrier height (¢g), and electron affinity
( x), and the discussion in connection with Eq. (3.1).

Gi) V,=2¢5—0Q,/C,, is the voltage required to establish the inversion
layer—that is, to create the depletion layer and shift the minority carriers in
the substrate toward the surface.

(iiD) V3 = Qpc/Co»> Where Qg is the fixed charge at the Si-SiO, inter-
face (Fig. 3.7) and C,, is the specific capacitance (capacitance per unit area)
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Figure 3.7 Different types of charge in the MOS system.

of the oxide given by

€9fox
C,=— 3.12
[v).4 d ( )

where &, is the dielectric constant of SiO, and d is the thickness of gate
oxide. The charge Qg lies within 20 A of the Si- SiO, interface. Its value
depends on the oxide growth conditions and its subsequent heat treatment,
and this is attributed to oxygen deficiency or excess Si present. It is neither
chargeable nor dischargeable at normal device potentials.

(iv) V, = Qs /C,, where Qg is the interface-state charge (Fig. 3.7) lo-
cated in the vicinity of the surface with energy levels in the band gap. The
interface states are produced by the dangling or unsaturated bonds at the
surface and have a density around 10"-10'? cm %eV. This density is
dependent on the orientation of the Si crystal with (100} orientation provid-
ing an order of magnitude lower density than (111) orientation. Hydrogen
annealing at 450°C effectively neutralizes (¢s. These states are charged and
discharged by the applied surface potential. They cause deviations in the
capacitance—voltage or channel conductance—voltage characteristics of MOS
structures from the ideal theoretical curve shapes.

) V5 =Q\/C,, where Qy is the mobile ion charge due to Na* ions, or
other mobile ionic species, which cause drift in the threshold voltage under
bias stress at high temperatures over extended periods. Their concentration
is determined by the processing cleanliness.
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Adding together the above components, we have

O, + Qpc + Qss + Oum
C

Vip = bus + 245 — (3.13)

ox

Substituting for Q. at the point of transition into strong inversion and for 5
from Appendix 3.3, and for C_, from Eq. (3.12), the V,,, equation may be
written as

2kT N, V4e,e,kTNy,In(Ny/n)  Qpc + Qss + Oy
Vih=pus + — In— — -

q ny €0 €ox tox Cox

(3.14)

Due to different barrier heights of metal on SiO,, the threshold voltage of a
MOSFET can be varied, within a limited range, by proper choice of gate
metal. More precise control of threshold voltage is afforded by substituting
the metallic gate electrode with a heavily doped polycrystalline silicon gate
electrode. The work function difference of the polySi—SiO,—monoSi system
is a function of the doping concentration of the polySi layer. Due to the
difference in the doping concentrations of N-type polySi gate and the
underlying P-type monocrystalline silicon, a contact potential develops be-
tween them in exactly the same manner as across an ordinary P-N junction.
At the normal doping levels encountered in MOS devices, the magnitude of
the contact potential is the same as obtained at a P-N junction formed from
the same materials. Remembering that the polarity of electrostatic potential
is opposite to that of electron energy, the N* polySi gate is positive with
respect to the P-type silicon below. If N, is the doping concentration of the
monocrystalline P-type substrate and Np. that of the polySi layer, the
work function difference polySi/monoSi is written as

N DpolySi NA )

kT
q¢p0]ySi-monoSi == _&' In 2 (315)

ny
For derivation of the equation of built-in potential of a P-N junction, the
reader may refer to Section 4.1.1, Eq. (4.6).

Polysilicon has the advantage of being a refractory material compatible
with silicon device processing unlike the metal gate electrode, which cannot
be subjected to high temperature treatments. The disadvantage is its lower
conductivity, about 10 times less than the metal electrode, which makes the
RC gate time charging time constant too large at high frequencies. For such
applications, Al is preferred.

Example 3.1 Calculate the flatband voltage (Vgg) of the N-channel MOS structure
in an IGBT with Al gate having P-base concentration =2 X 10'7 em ™, gate oxide
thickness = 500 A, and interface charge Q,=1X 1078 C/cm?. What is the flat-band
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0%° cm™?) replaces the Al gate?

voltage if a heavily doped polySi gate (N, =1Xx 1
Contact potential of Al with intrinsic Si is 0.6 V.
Flat-band voltage Vg is the external voltage applied between the gate and P-base
terminals to maintain the semiconductor everywhere neutral. To derive the equation
for the flatband voltage, let us consider the energy band diagram of the MOS

structure shown in Fig. E3.1.1, When the metal, oxide and semiconductor are joined

Vra

(b)

Figure E3.1.1 Energy band diagrams of the Al-SiO,-Si structure: (a) For V4 =0 V and (b)
under flat-band condition.
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Figure E3.1.2 Effect of a sheet charge in the oxide: (a) Charge distribution for Vg = 0,
{b) resulting electric field, (c) charge distribution for flat-band condition, and (d) correspond-
ing electric field.

together to form the MOS structure, a band bending takes place to satisfy the
requirement of a constant Fermi level under thermal equilibrium. In place of the
metal and semiconductor work functions, the appropriate energies to be considered
are their modified work functions, measured from the respective Fermi level in the
metal and the semiconductor to the oxide conduction band edge. The gate voltage
Vi1 required to counterbalance the modified work function difference (so that no
electric field exists inside it), and maintain a flat-band condition in the semiconductor,
is clearly the difference of the modified work functions ¢q:

Vor = #ws (E3.1.1)

This gate voltage is further modified by the charges residing within the oxide. With
reference to Fig. E3.1.2a, let us consider a thin layer of charge +(Q, per unit area
located at a distance x from the metal. Under zero gate voltage condition, this sheet
charge will induce an image charge, partly in the metal and partly in the semiconduc-
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tor, and the sum of the induced charges = —Q,. The electric field distribution
obtained by integrating the charge distribution, is plotted in Fig. E3.1.2b. The induced
charge in the semiconductor produces a nonzero electric field at its surface, disturb-
ing the flat energy-band diagram. Band flattening is accomplished by applying a
negative voltage to shift the electric field distribution downward so that the electric
field reaching the semiconductor surface, and hence charge becomes zero. The
electric field increment is

X dx X
pde __px _ O (E3.1.2)

0 €gfux €0€0x €0 €ox

Aé=

where p is the charge density per unit volume, g, is the permittivity of free space and
£, is the dielectric constant of silicon dioxide. The charge distribution is sketched in
Fig. E3.1.2¢, and the electric field distribution in Fig. E3.1.2d. Then the gate voltage
required to achieve flat-band condition is

Vor= - [(agdem - 22 2 (E3.13)

€0€0x X ox Cox

where x, is the oxide thickness and C_, is oxide capacitance per unit area. This
equation shows that V5, depends not only on the density of the charge (Q,) but also
on its location within the insulator. V;, is zero if the charge is situated at x=0. On
the other hand, the charge exerts its maximum influence when it is located at x =x,
—that is, at the oxide—silicon interface. Since the oxide charge is generally found at
this interface, x/x, = 1 and Eq. (E3.1.3) reduces to

Vep= — — (E3.1.4)

Adding together Vg, and Vg, [Egs. (E3.1.1) and (E3.1.4)], the flat-band voltage is
given by

9

Vig = bms — E‘
OX

(E3.1.5)
where ¢, is the modified metal-semiconductor work function, Q, is the effective
interface charge per unit area and C,, is the oxide capacitance per unit area. Figure
E3.1.3a shows the unit cell of the Al-gate IGBT. Here ¢ys= Ppuk material —
Peate material = — Pr — @; Where ¢ is the Fermi potential of extrinsic Si (contact
potential between intrinsic and extrinsic Si) and ¢, is the contact potential of material
i to intrinsic Si. ¢p = +(kT/q)In(N,/n;) = 0.0259In(2 X 10?7 /1.45 X 101%) = 0.4258
V. Since ¢;=0.6 V, ¢pyg= —04258 —0.6 = —1.0258 V. Now C,, = ¢85/ Aoy =
8.854 X 107! x 3.9/500 X 1078 = 6.906 x 1078 F/cm? So, Qy/C. =1 X
1078/6.906 X 10 ® =0.1448 and (Vgg); = —0.966 — 0.1448 = —1.1108 V.

For degenerately doped polySi gate IGBT (Fig. E3.1.3b) g&simonosi =
(KT /@) In(Npyps; Na/n?) — E, = 0.02591n{1 X 10%° X 2 x 10"7/(1.45 X 10'°)%}
—1.11= —0.9747. Hence (Vgg),= —0.9747 —0.1448 = —0.24227. Thus (Vig), —
(Vep)y = —0.24227 + 1.1108 = 0.86853 V.
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t,.=500 A PolySiGate t, =500 A
Qo=1x1078 C/cm? (Np=1x102%cm~?) Qp=1x10"% C/cm?

Ny=2x10"_|

i N,=2x107 F
P Base cm -2
P +
N~ Base N~ Base
P* Substrate P* Substrate
T S G | Sy
(a) (b)

Figure E3.1.3 IGBT half-cell structures and physical parameters for Example 3.1: (a) Al gate
and (b) polySi gate.

Example 3.2 (a) Find the threshold voltage of an N-channel IGBT having an N +
silicon gate 1f the gate oxide thickness (z,) is 1000 A, P-base dopant density (N,) is
1x 107 cm™3, gate doping is Np=1X 102%m 3. The concentration of positively
charged ions at the oxide-silicon interface is 1x 10% cm™2, (b) If N, is raised to
3 X 1017 ecm™3, what is the change in threshold voltage? (c) What is the impact of a
higher oxide charge =5 x 101 ecm~?2?

(a) The IGBT unit cell for this problem is shown in Fig. E3.2.1 Here, g¢

pSi-monoSi

= (kT/PI(Npp; Ny /nd) — E, = 0.0259 X In{l x 102 x 1 X 10'7 /(145 X 10'°)%} —
112 = -01254 V. (ZkT/q)ln(NA/n )= (2 x0.0259) X In(1 X 107 /1.45 X 1010) =
0.81567 V. C, = £g&o/tox = 8.854 X 1071 x 3.9 /(1000 x 107%) = 3.453 x
10~% F. ¢{4soas(kT)NA (N, /n)}/C,y = v[4 X 8.854 X 1071 X 11.9 x 1.38 X
1072 x 300 x 1 X 107 X In{1 X 10'7 /(1.45 x 10')] /3.453 X 108 = 4.8 V. This term
of the threshold voltage equation is assigned a negative sign because the charge
density in the depletion region is negative due to the negative acceptor ionic charges
in the P-type material. So, this term = —4.8 V. Qg /C, =1x 10X 1.6 X
1071 /3.453 X 1078 = 2,896 X 107 = 0.0463 V. ..V, = (kT/q)ln(NDpSiNA/niz) -
E, + 2kT/q) In(N,/n;) — {dege,kIN, In(Npy/n 2}/ Co — Qss/Cox = —0.1254 +
0.81567 +4.8 —0.0463 V=5444 V=54 V.

(b) The second and third terms in the threshold voltage expression are altered on
changing the P-base doping. The second term = 0.872578 V and the third term =
8.5995 V. Therefore, Vq, = —0.1254 + 0.872578 + 8.5995 — 0.0463 =9.3 V, and the
increase in threshold voltage =93 -54=39 V.

(c) The last term of threshold voltage expression becomes = —5 X 10! em™2 X 1.6
X 1071 /3.453 x 1072 = 23168 V. Hence, Vqy, = —0.1254 + 0.81567 + 4.8 — 2.3168 =
3.17 V. So, threshold voltage decreases by 5.4 —3.17=223 V.
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PolySiGate t,,= 1000 A

(ND=1X102°CI“I‘\‘3) Qg = 1% 10" cm~2

NA=1X101?
cm~?

N~ Base

P* Substrate

Figure E3.2.1 IGBT unit cell structure and physical parameters for Example 3.2(a). As
compared to Example 3.2(a), in Example 3.2(b), N, =3 x 10'7 cm~3; and in Example 3.2(c)
QSS=5)<10“ Cm—z.

3.3 CURRENT-VOLTAGE CHARACTERISTICS OF MOSFET;
TRANSCONDUCTANCE AND DRAIN RESISTANCE

To derive the terminal current voltage (ipg — vpg) characteristics of the
MOSFET, following simplifying assumptions are made: (i) The gate structure
is an ideal MOS structure, as defined in Section 3.1 above. (ii) Carrier
mobility in the inversion layer is constant, independent of the electric field
intensity. (iii) Doping of the channel region is uniform. (iv) Carrier transport
occurs only by the drift mechanism. (v) Reverse leakage current is very small
and may be ignored. (vi) The gradual channel approximation is valid; that is,
the transverse electric field produced by the gate voltage is much larger than
the longitudinal electric field. Then under these idealized conditions, an
N-channel MOSFET sketched in Fig. 3.8 is considered. Excluding the rever-
sal of voltage and current polarities, the P-channel MOSFET operation is
identical to the N-channel device. Let us focus our attention on an incremen-
tal length of the channel dy. Let the channel width (perpendicular to the
plane of the diagram) be Z. For small values of drain-source voltage vy, the
charge per unit area Q(y) in the channel at a distance y from the source is
given by [7]

Q(y) = Codvgs —v(y) — V) (3.16)
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Source Cate Drain
P Body
: Channel
Deﬁletion
(a) (b) Boundary

Source Gate Drain Source Gate Drain

CCCTTTTTTTERE P,

(c) {d)

Figure 3.8 (a) Lateral MOSFET structure for studying the current-voltage characteristics;
(b}, (c), and (d) Channel charge distribution under drain current flow, for pinch-off condition,
and beyond pinch-off point.

where C,, is the capacitance per unit area. This equation is a statement of
the definition of capacitance as charge stored per unit potential difference.
It implies that the charge induced in the channel is determined by the
potential drop = gate-source voltage — potential drop along the channel pro-
duced by the current flow — threshold voltage. Resistance of length dy of the
channel is

Q) Z

where p,, is the average electron mobility in the channel. This equation is
obtained by noting that the conductivity of the channel is approximated by
o(x) = gn(x)p,(x), where g is the electronic charge and n is the electron
concentration per unit volume. Then the channel conductance is g=
(Z/L)[§io(x)dx where x; denotes the point at which the intrinsic Fermi
level intersects the quasi-Fermi level for electrons. For constant mobility u,,,
this equation reduces to g=(gZu,,/L)[in(x)dx=qZu,,0(y)/L. So, the
resistance of the element dy is dR =dy/(gL) = dy /{Zp,,O(y)}.

Applying Eq. (3.17), the voltage drop di(y) along the channel in the y
direction with respect to the source is

dR (3.17)

ips dy

do(y) =ips AR = B Q(Y)Z

(3.18)

from which
ips dy = Zp,Q(y) dv(y) (3.19)
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Integration is performed along the channel from y=0to y=L:
L, . Ups
_/(; ipg dy:lDSL:j; Zpn Q(y) duv(y)

= /(; DSZMnsCox(UGS - U(y) - VTh} dU(Y)

v*(y)
2

=Z/J'nscox{UGSX[U(y)]([)/DS_ l _VThX[U(y)](I;DS}

2
2065Ups — Ups” — 2VmmUps
2

= Z/“Lns Cox (320)

yielding

. Z /J‘nscox 2
Ips = T[z( Uss — V) Ups — Ups } (3.21)
The factor (Z/2L)u,C,, =K depends on the electrophysical parameters of
MOS structure and its geometry. It is called the specific transconductance or
gain factor of the transistor.

For small values of the drain—source voltage V', the second term in Eq.
(3.21) is negligibly small, yielding

z
Ips = ZMDSCOX(UGS = V) ps (3.22)
from which the channel resistance r_, is obtained as

Ups Ups

Ips

rch

= 3.23)
Z ZiinCor(es = V) ¢
Z'/'Lnscox(UGS —Vm ) Ups (vas ™)

Amplifying properties of the MOSFET are described in terms of the
transconductance parameter defined as

dipg

8m = (3.24)

a UGS UDs = constant
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In the linear region, using Eq. (3.22), the transconductance is given by

Eml = !905 vos - dUGs L Hons ox(UGS Th)UDS}
Z Z
= Z/-"‘nscox(1 - 0) Ups = Z:u’nscoxUDS (325)

At high vpg values, the second term in Eq.(3.21) becomes larger. The reason
is the reduction in channel inversion layer charge near the drain. When
Ups = Ugs — V', the channel charge at the drain end becomes zero. In this
condition, known as channel pinch-off, the channel resistance r,, = o« and the
drain-source current ipg saturates (see Figs. 3.8c and 3.8d). Putting vpg =
vos — Vm in Eq. (3.21), the saturated drain—source current ipg g, is

. . Z”ﬂSCOX 2
Ipsgan™ Ips = T{Z( s ~ Vm)(Vgs = V) — (Ugs — V) }

Z 2
= Z—L“’nscox(vGS - VTh) (326)

It represents the maximum current supported by the channel. Practical
value of ipg,, is smaller than that given by Eq. (3.26) because of the
reduction of w,; with longitudinal electric field. In the saturation region, the
transconductance becomes

d (2 )
Bms = = dUGS {EMHSCOX( Ugs — U’I'h) >

Augs

Ups

Z
= Z""‘nscox X 2(UGS - UTh)(l - 0)

Z
= Z:u’nscox( Ugs — U’I'h) (327)

In actual practice, the drain—source current ipg slightly increases for
Ups = Ugs — Vn due to decrease in effective channel length with increasing
Ups Vvalues, resulting in a finite drain-source output resistance defined as

dUpg

(3.28)

Fgs = N
) &lDS vGs

= constant
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Voltage amplification produced by a MOSFET is

v
DS
v= P (3.29)
UGS UGs = constant
A,, g, and ry are related as
_ Jupg dips dUps _
"2 Er = v Ji =8m'as (330)
GS |0Gs= constant GS 0pg=constant DS |vgs = constant

3.4 ON-RESISTANCE MODEL OF DMOSFET AND UMOSFET

3.4.1 DMOSFET Model

The ON resistance of a power DMOSFET is a series combination of several
resistance elements shown in Fig. 3.9. The specific ON resistance of a
DMOSFET is expressed as the sum {8-11]

R, =Ry, +Rg + R+ R, +Rp + Ry (3.31)

which contains the following components:

(i) Ry, is the resistance of the N* source diffusion, which is generally
negligible.
(ii) Ry, is the channel resistance given by

L
Z#’ns Cox( I/GS - I/Th )

Re, (3.32)

For the linear cell geometry, the channel resistance per square centimeter
is (Appendix 3.4)

L(Lg+2m)
Ronw = 20 ¢ (Ve =V
s Cox (Vs )

(3.33)

where (Lg + 2m) is the cell pitch.

(iii) R, is the accumulation layer resistance accounting for the current
spreading from the channel into the JFET region. Its value per square
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Drain

Figure 3.9 lllustrating the components of ON resistance of a DMOSFET.

centimeter for the linear cell structure is (Appendix 3.4)

O.6(LG — 2)6;,)(LG +2m)
s 2p0aCox (Vs — V)

(3.34)

(iv) R; is the JFET region resistance. It is the resistance of the drift
region between P-base diffusions acting as the gate regions of the JFET (see
Section 4.5). Resistance of the JFET region is readily derived by neglecting
the influence of voltage drop along the vertical direction on the depletion
region. Assuming uniform current flow from the accumulation layer into the
JFET region, resistance of this region is simply that of a semiconductor with
a cross-sectional area given by

Lg
A=aZ = T—XP VA
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where Z is the cell width perpendicular to the cross section. Then (Appendix
3.4)

R, = po(Lg +2m)(x, + W)
T.ep (Lg —2x, —2W,)

(3.35)

where pp, is the resistivity of the JFET region and W, is the depletion layer
width extending under the gate.

(v) Ry, is the drift region resistance. For current spreading from a cross-
section of a =L; — 2xp at 45° angle, the cross section for current flow at a
depth x below the P-base region is y = (¢ +x)Z. Spreading resistance of the
drift region is

t Pp pp pr dx
Rp=[—22 gt =
P j;(a+x)Z Z];)(a+x)
_ Pp ¢ _Pp _pp (a+tt
== [In(a +x)], = > [In(a+¢) —Ina] = > In . )

where ¢ is the thickness of the drift layer, and the formula [dx/(a +x)=
In(a +x), has been used. The specific resistance is (Appendix 3.4)

pp(Lg +2m) a+t
Rpy= ; In| — ) (3.36)
(vi) Ry is the substrate resistance:
Ry o = psts (3.37)

where pg and tg denote the resistivity and thickness of the substrate,
respectively.

Design optimization of a power DMOSFET structure involves extensive
simulations of polySi gate length to obtain the minimum specific ON resis-
tance. When the polySi gate length is large, the contributions of JFET and
drift regions to ON resistance decrease. At the same time, the accumulation
layer resistance increases because of the longer path length traversed by the
carriers along the surface. Also, the channel resistance decreases due to
larger cell pitch resulting in a decrease of channel density. Reversal of the
pattern of variation of these parameters occurs when the polySi gate length is
made small. Thus the device designer seeks the minimum value of specific
ON resistance obtainable with respect to gate length.
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Drain

Figure 3.10 ON-resistance components of UMOSFET.

3.4.2 UMOSFET Model

In the UMOSFET configuration (Fig. 3.10), there is no JFET region. The
current spreads out from an accumulation layer produced on the surface of
the U groove into the drift region. The main components of ON resistance of
UMOSFET cell are the channel resistance and drift region resistance [12-14].
If W, is the mesa width and W, is the trench width, the channel resistance of
UMOSFET structure per unit area is

LW, + W)

R = .
chosp 2p05Cox(Vos = Vi) (3:38)
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This equation follows straightforward from Appendix 3.4, Eq. (A3.4.3) for the
specific channel resistance of the linear DMOSFET cell, by noting that the
area of the UMOSFET unit cell =A4 = (W, + W,)Z instead of (Lg +2m)Z
for the DMOSFET cell. Absence of JFET region in UMOSFET allows the
fabrication of narrow mesa and trench regions. It is advantageous to decrease
the mesa and trench widths as much as practically feasible. By fine-resolution
lithographic techniques, the cell size can be reduced below 6 pm. Conse-
quently, much higher channel densities (channel width per unit active cell
area) are achieved with UMOSFET design as compared to DMOSFET or
VMOSFET structures. The overall impact is that the contribution of channel
resistance to the ON resistance falls. The reason why this is significant is that
the ON resistance of the UMOSFET is lowered much below that of the
remaining categories of MOSFETs, making the conduction power loss very
small. Figure 3.11 pictorially displays the comparative analysis of the UMOS-
FET and DMOSFET classes.

For the UMOSFET structure, the spreading resistance of the drift region
is written as [15] (see Appendix 3.5)

W
Ry = pD{O.S(Wm + W) ln(l +

t

+ (tp — 0.5Wm)} (3.39)

The first term describes the drift region segment where current spreads at
45°. The second term is concerned with the drift region where cross-sectional
area equals the cell area. Current overlapping takes place even for low-volt-
age designs because of the very small mesa widths used. Then the spreading
resistance of the drift region approaches the ideal specific ON resistance.
Hence, the UMOSFET structure allows the fabrication of devices with
specific ON resistance close to the ideal value.

Thus, it is evident that that as the device designer progresses toward
smaller mesa and trench widths of the UMOSFET, the channel resistance is
reduced and the channel density increases. Additionally, the spreading resis-
tance of drift region approaches the ideal limiting value of specific ON
resistance. Beyond these limits, further lowering of specific ON resistance is
obtained by digging the trench up to the N* substrate. Then the drain
current flow is divided between the drift region and the trench sidewalls via
the accumulation layer. The breakdown voltage of such MOSFET structures
is very low (~ 25 V) because the drain voltage is entirely supported by the
gate oxide. By using a dual thickness gate oxide structure with smaller
thickness up to the P-base bottom and larger thickness thereafter, the
breakdown voltage is increased. At the same time, the accumulation layer
resistance in the thicker gate oxide region is raised.

Example 3.3 Calculate the specific ON resistance of an N-channel power DMOS-
FET having linear cell geometry, operating with a gate bias Vg =10 V and Vg =
3 V, given the following structural parameters of the device: polySi gate length
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Drain

(c)

Figure 3.11 Comparison of DMOSFET and UMOSFET structures. (a) DMOSFET cross
section: Constriction of the JFET region intervening neighboring P-base cells will increase the
JFET resistance. (b) UMOSFET cross section: Absence of JFET region allows reduction of ceil
size as shown in part (c). (c) Cell size reduction and enhancement of current density

capability provided by UMOSFET structure.
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Figure E3.3.1 DMOSFET structure for Example 3.3.

(Lg) =15 pm, cell pitch (Lg +2m) =30 um, channel length (Lg,) =2 pm, gate
oxide thickness (z,,) = 1000 A, threshold voltage (V) =4 V, P-base depth (x;,) =
3 pm, resistivity of N™-drift region ( pp) =25 Q-cm, its thickness (¢) =30 um, and
the surface electron mobility value = 500 cm?/V-sec. What percentage of the total
ON resistance is the JFET resistance?
Figure E3.3.1 shows the DMOSFET unit cell. Since C,, = 8.854X 107 x

11.9/1000 x 10~% = 1.0536 X 10~ 7 F /cm?, the channel specific resnstance is Ry, sp =
2 X 1074 x 30 X 10~ /(2><500><10536><10'7><6)—949><10 + Q-cm?.
Racesp ={0.6x(15 - 2) x 107* X (30 X 10~ )} /(2 X 500 X 1.0536 X 107 X 6) = 3.7 X
1073 Q-cm?. For p=25 Q-cm, dopant density Np=1/(peu)=1/(25%1.6X
1071 x 1350) = 1.85 X 10 cm™3. At Vpg=3 V, W= {2e,6V/(gN)} =
2 X 8.854 x 1071 x 3.9 X 3/(1.6 x 1071° x 1.85 X 10™} = 2.646 X 10™* cm.

~JFET resistance Rj gp={25X 30 X 1074 X (3 +2.646) x 1074} /{15 -2 X3 -2 %
2.646) X 1074} = 0.114199 Q-cm®. Drift reglon resistance Ry, gp = (25 X 30 X
107%/2) In{(9 + 30)/9} = 0.0549876 Q-cm? RON sp = 949 X 107* + 3.7 X
1073 + 0.114199 + 0.0549876 = 0.1738366 Q. -cm®. Now, Rjgp/Ronsp X 100%
=0.114199 x 100% /0.1738366 = 65.7%.

Example 3.4 Repeat the above calculations for UMOSFET device with identical
parameters, if mesa and trench width (W_+ W,) =6 pm.
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Figure E3.4.1 UMOSFET cell for Example 3.4.

Figure E3.4.1 depicts the UMOSFET unit cell. Here, Rq,gp=2X107%X6X
1074 /(2 X 500 x 1.0536 X 1077 X 6) = 1.898 X 10~* Q-cm®. Rp gp = 25{(6 X
1074 /2)1n(6/3) + (30 — 3/2) X 10™*} = 0.07645 Q-cm®. Ry gp = 0.07664 (-cm?.

3.5 MOSFET EQUIVALENT CIRCUIT AND SWITCHING TIMES

The electrical equivalent circuit of the MOSFET is shown in Fig. 3.12. This
circuit reflects the physical structure of the MOSFET. Each circuit compo-
nent has a specific physical meaning. The current generator g, v in parallel
with the drain-source output resistance Ry describes the amplifying proper-
ties of the MOSFET. The body resistances of the heavily doped source and
drain regions, Ry and R, respectively, are generally negligible. The channel
resistance is ry (not shown in the figure) and the body resistance of the
substrate is Ry, . Cgg is the gate—source capacitance due to overlap between
gate metallization and source region. The charge developed over Cgg deter-
mines the channel conductivity. Components of Cgg are (i) Cy, due to
overlap of gate electrode over N* source, (ii) Cp arising from overlapping of
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Figure 3.12 (a) MOSFET interelectrode capacitances and (b) electrical equivalent circuit of a
MOSFET. Notation: Css = gate-source capacitance, Cgp = gate—drain capacitance, Cpg =
drain—source capacitance, Cy, = Miller capacitance, Cg.q,,, Cp.sup = Capacitances arising
from the overlap of the junction between the doped region and the substrate; R, R, = body
resistances of the highly doped source and drain regions; Rg,, = body resistance of the
substrate, R, =input resistance, R, = output resistance; Vp,, Vp, = source-substrate and
drain—substrate junctions under reverse bias; g,V = current generator.
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gate electrode on P base, and (iii) C, produced by the source metal running
over the gate electrode. Cgp is the gate—drain capacitance created by the
overlapping of gate metallization with drain region. The input capacitance of
the gate terminal with source and drain connected together is

Ciss = Cos + Cop (3.40)
Similarly, the output capacitance with the gate tied to source is
Coss =Cps + Cgp (341)

where Cpg is the drain-source capacitance. Capacitances Cqg,, and Cpgy
are produced by the overlapping of the junction between substrate and
corresponding doped region. VD, and VD, represent the reverse—biased
source—substrate and drain-substrate junctions.

Cgp is amplified by the Miller effect into an equivalent capacitance

Cy=(1+8,Ro)Cop (3.42)

where g, denotes the transconductance and R, is the output resistance.
Cgp has a high value during the conduction state of the MOSFET when the
surface of the drift region is in the accumulation condition but as Vg
increases, Cgp, decreases. Amplification of this capacitance by Miller effect
can severely reduce the frequency response. Restricting the overlapping of
the gate over the drift region decreases Cgp,, but the resultant high electric
field at the gate edge lowers the cell breakdown voltage and increases the
ON resistance, raising the resistance between the channel and the drift
region because of the disappearance of accumulation layer over a portion of
the surface between base regions. A shallow P diffusion at the interruption of
the gate electrode helps in improving the cell breakdown voltage.

With reference to the waveforms of the switching control voltage vgg and
voltage across the switch vpg (Fig. 3.13), four delay intervals are specified for
a MOSFET device: (i) Turn-on delay time t,,,: Time interval reckoned from
the instant vgg has risen to 0.1th part of its final value to the instant vpg has
fallen by 0.1th part of its initial OFF-state value. (ii) Rise time t,: Time
interval during which vpg falls from 0.9 to 0.1 fraction of its initial OFF-state
value. (i) Turn-off delay time t, ., Time interval measured from the instant
Ugs has fallen to 0.9 of its ON-state value to the instant vpg has risen to 0.1
of its final OFF value. (iv) Fall time t;: Time interval during which vpg rises
from 0.1 to 0.9 of its final OFF-state value.

In terms of these intervals, the turn-on time is

tON = td(on)+ tr (3.43)
and the turn-off time is

torr = Lot Tt (3.44)
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Figure 3.13 Switching times of a MOSFET showing both the output voltage vpg and the
input control voltage vgs.

For clamped inductive load switching, if V is the supply voltage, V5 is the
forward voltage drop across the MOSFET, R is the series resistance of the
gate drive voltage supply, V;; is the gate drive voltage, C, is the gate-to-drain
capacitance, and I; is the steady-state current flowing through the load, the
turn-on time of MOSFET is expressed as [16]

_ (Vs = Ve)RCop

on 345
Vo= (Ve +1L/8n) (3.45)
and turn-off time is given by [16]
I,
ngT

By reducing R and Cgp,, dynamic power losses are lowered.
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Example 3.5 In a power IGBT circuit, the constant current gate supply gives a
charge of 10 nC to the gate clectrode for a Avgg =5 V. What is the input capacitance

C, and how much energy is stored in this capacitance at vgg = 15 V?
The gate current igg is given by
. dvgg
lge = Ciss——dt— (E3.3.1)

If the gate drive (ugg — charge Q) characteristic is linear, then we have

Avgg
lor = Cr—y o (E33.2)
yielding
C I A a0 E3.33
iss GEAUGE - AUGE ( o~ )
Thus C,,, =10x 107%/5 =2 x 10~° F. Energy stored in this capacitance is
Eg=3CyVoe (E3.3.4)

So, Eg=73X2xX107°x (15 =225x10"" I.

3.6 SAFE OPERATING AREA (SOA)

Figure 3.14 illustrates a typical safe operating area whose boundaries are
prescribed by the maximum permitted drain—source current, the peak power
dissipation, and the drain—source breakdown voltage. These limits are lower
for continuous operation than for pulsed-mode operation. Furthermore, in
the pulsed-mode operation, the limits are smaller for longer duration pulses.
In MOSFETs, there are two kinds of second breakdown, namely, bipolar
second breakdown and MOS second breakdown. These modes are differenti-
ated in Table 3.2.

3.7 NEUTRON AND GAMMA-RAY DAMAGE EFFECTS

As MOSFETs are majority-carrier devices, the influence of neutron radiation
on minority carrier lifetime does not impair device behavior. As already
discussed in Section 2.7, gamma rays build up a trapped positive hole charge
and interface fast states, producing changes in the threshold voltage, flatband
voltage (defined in Example 3.1), and channel mobility. In NMOSFET, a
positive gate bias is applied, so the trapped positive hole charge is repelled
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Figure 3.14 Typical safe operating area of a MOSFET.

toward the Si-SiO, interface where it is closer to the channel and causes
more threshold voltage shift. In PMOSFET, the applied gate bias is negative;
hence the trapped positive hole charge is attracted toward the metal gate
electrode, away from the channel, producing smaller threshold voltage change.
Consequently, the PMOS transistor is more radiation-resistant than the
NMOS transistor. For both types of transistors, the threshold voltage shifts
toward decreasing voltages. The PMOS transistor becomes harder to turn on,
whereas the NMOS transistor becomes easier to turn on and could be made
to turn on permanently. In the NMOS transistor, in which ionizing radiation
has produced trapped hole charge in the field oxide (i.e., oxide other than
the gate oxide), application of a positive gate bias can easily invert the Si
beneath, producing leakage current. However in the PMOS transistor, the
applied negative gate bias pulls the trapped hole charge toward the gate
terminal, away from the channel, a less sensitive position for disrupting
device operation.
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Table 3.2 Mechanisms of Second Breakdown in MOSFETs

Serial

No. Bipolar Second Breakdown MOS Second Breakdown

1  Originates from the presence of (N* Arises from the influence of lateral

2

3

source—P-base—N"-drift layer) par-
asitic bipolar transistor in the struc-
ture. On increasing the drain volt-
age to near breakdown, a large
avalanche current flows laterally in
the P-base in addition to the nor-
mal channel current. This large lat-
erally flowing current in the P-base
produces a potential drop in this
region. When this potential drop
exceeds the built-in potential of N*
source-P-base junction, this junc-
tion is forward-biased and the
N*PN~ transistor is turned on.
The P-base-N-drift layer break-
down voltage (BVgq) is reduced to
BV and thus the parasitic tran-
sistor suffers from breakdown.

The drain voltage at which bipolar

second breakdown occurs is given
by

BV

RoI,\) /™"
{1+(‘1 B 0)}
kT

where BV is the junction break-
down voltage, Ry is the base resis-
tance, I, is the reverse saturation
current, and »n is a coefficient.

VD, SB =

As the base resistance increascs, the

second breakdown voltage de-
creases. So the incorporation of a
deep P* diffused region in the
DMOSFET cell increases the Vp, gp
capability of the device.

voltage drop in the P-base region
upon the channel current. The large
electric field developed initiates
avalanche multiplication of channel
current, causing breakdown.

The drain voltage at which MOS sec-

ond breakdown takes place is ex-

pressed as
" BV
PSB (14 yRy)"

where v is a body-bias coefficient =
AlL/AVg.

The higher the Rp value, the lower

the second breakdown voltage.
Hence the deep P* diffusion helps
improve the Vp, gg capability as in
the bipolar case.

3.8 THERMAL BEHAVIOR OF MOSFET

Heating of a MOSFET has the combined effect of increasing the forward
current by threshold voltage lowering and decreasing the same due to
mobility reduction. The combined effect is that for a MOSFET operating
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near the threshold voltage, the output current increases with temperature
while for a MOSFET working remote from it, the current decreases with
temperature [17-19]. The mobility in a strongly inverted MOSFET channel is
inversely proportional to the square of absolute temperature:

T -2
T 300 3.47
W(T) = w(300) 35 (3.47)
The variation of threshold voltage with temperature is expressed as [15-17]
— = — +2 3.48
dT ~ dT g (3.48)

where (Appendix 3.6)

dgg 1 (E,(T=0)

A AR B A 3.49
The above relationship follows from the thermal independence of work-func-
tion difference and fixed oxide charges.

Example 3.6 The P-base concentration (N,) in an IGBT is 1 10" cm™ and the
gate oxide thickness (z,,) is 1000 A. Calculate the threshold voltage (V) at —20°C,
27°C, 100°C, 200°C, and 300°C. Also determine the rate of change of threshold
voltage with temperature (AV;/AT), taking every two consecutive temperatures. It is
given that the intrinsic carrier concentration is 1x10% cm™3, 1.5%x10° cm~3,
2% 102 cm™3, 1 x 10™ cm ™3, and 2 X 10% cm ™3, respectively, at these temperatures.
The thermal voltages (= kT /q) are 0.0218 V, 0.0259 V, 0.0322 V, 0.0408 V, and
0.0494 V, respectively. The work function difference and oxide charge effects may be
neglected.

From Eq. (3.12), we have C_ = 8.854 X 107 x 3.9 /(1000 X 10~%) = 3.45306 X
10~% F/cm? Applying Eq. (3.14), V= (deqe,gN trg)/Cop+2¥g, and ¢p =
(kT /q)In(N, /n;). The results are compiled in Table E3.6.1:

Table E3.6.1 Variation of Threshold Voltage with Temperature

Serial Temperature 1/ Vi AV: AV, /AT
No. O (v) W) (mV) (mV /°C)
1 -20 0.4522 5.96
2 27 0.407 5.611 349 7.43
3 100 0.371 5.14 471 6.45
4 200 0.282 4.556 584 5.84
5 300 0.193 3.69 866 8.66
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Figure 3.15 Different topological designs of DMOSFET unit cell: (a) Linear, (b) square cell in
square array, (c) circular cell in square array, (d) circular cell in circular array, {e) atomic lattice
layout (A-L-1), (f) hexagonal cell in square array, and (g) hexagonal cell in hexagonal array.
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3.9 DMOSFET CELL WINDOWS AND TOPOLOGICAL DESIGNS

Cell windows commonly employed in power DMOSFETSs include linear,
square, circular, hexagonal, and atomic lattice layout (A-L-L) shapes. These
cellular layouts are shown in Fig. 3.15. Assuming that the doping concentra-
tion (Np) of the drift region is same for all geometries, their ON resistances
are equal if the ratio (area of cell window /total area) is the same. But N,
needs to be adjusted to avoid electric field crowding in the cell. Then A-L-L
is found to be superior to other geometries. It also gives a smaller drain
overlap capacitance. This factor is desirable for high frequency operation.

3.10 SUMMARY AND TRENDS

The DMOSFET and UMOSFET devices are essential components of effi-
cient and high-speed power electronic conversion and control systems for
various industrial sectors. Technology growth in this vital power sector (up to
> 300 V) rests on the discrete MOSFET foundation. Trench—gate structures
have helped in cutting down the ON resistance substantially.
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What do you understand by enhancement and depletion MOSFETs? Name the
most commonly used type of MOSFET?

Why is the vertical structure preferred for power MOSFETs? Draw the
cross-sectional diagrams of vertical and lateral MOSFETs, and describe their
operation.

How is the integral body diode of a MOSFET used as a free-wheeling diode?
Identify the parasitic bipolar transistor in a MOSFET and explain how it is
responsible for device failure?

For the same blocking voltage, why does a MOSFET carry less forward current
than a bipolar transistor? Why is a bipolar transistor slower than a MOSFET?

Does a MOSFET require substantial input current for DC operation? What
happens at high frequencies?

What is meant by accumulation, depletion, and inversion of a semiconductor?
Explain the terms strong, moderate, and weak inversion.

Distinguish the following: fixed oxide charge, trapped oxide charge, mobile
oxide charge, and interface trap charge.

What do you understand by the flat-band voltage Vpg of a semiconductor?
Write the formula for flat-band voltage and explain the symbols.

What simplifying assumptions are made in the derivation of the output cur-
rent—voltage characteristics of a MOSFET. Derive the ig-vpg relationship and
show how it is modified for small values of vpg. Define transconductance of a
MOSFET.

Show on a diagram the internal resistances of a DMOSFET. Write the
equations for the specific resistance due to the JFET and the drift regions.

Draw the electrical equivalent circuit of a MOSFET and explain the origin of
the different circuit components.

Name and define the four principal delay times in MOSFET switching.

Draw the representative safe operating area of a MOSFET and explain how its
boundaries are defined.

Explain why the performance of a MOSFET is not affected by neutron
bombardment while gamma irradiation affects its threshold voltage.

How do N-channel and P-channel MOSFETs differ in their response to gamma
radiation. Which of these MOSFETs (NMOS or PMOS) is radiation hard, and
why?

How does the output current of a MOSFET vary with temperature for opera-
tion near the threshold voltage? How does it change if the MOSFET is
operating far away from it.

(a) In an N-channel IGBT with an N™ polysilicon silicon gate, the gate oxide
thickness (z,,) is 800 A, P-base doping concentration (N,) is 1.5 x 107
cm ™3, and gate doping is N = 1.2 X 10% cm ™3, The interface state density
is 1.7 X 10'° cm 2. Find the threshold voltage of the IGBT.
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(b) If N, is raised to 5 X 10'7 cm™3, what is the new threshold voltage? (c)
What is the effect of a higher oxide charge (=1Xx 10" cm™2) on the
threshold voltage?

3.18 An N-channel power DMOSFET has linear cell geometry. It is working with a

gate bias Vgg=8 V at a drain—source voltage Vpg=35 V. Its structural
parameters are: polySi gate length (Lg) =12 pum, cell pitch (Lg +2m) =25
um, channel length (L) = 1.5 wm, gate oxide thickness (z,,) = 900 A, thresh-
old voltage (Vp,) =3.5 V, P-base depth (xp) =2.5 um, resistivity of N™-drift
region ( pp) =20 Q-cm and its thickness (#) =25 um. Calculate the specific
ON resistance of the MOSFET, taking the surface electron mobility value as
450 cm?/V-sec.

3.19 The P-base concentration in an IGBT is 2.4 X 107 cm ™3 and the gate oxide

thickness is 750 A. Determine the threshold voltage at 253 K, 300 K, and 473 K.
The values of intrinsic carrier concentration at these temperatures are 1 x 10%
em 3, 1.5 x 10 ¢cm™3, 2 x10'? cm™~?, respectively, and the corresponding
thermal voltages are 0.0218 V, 0.0259 V, 0.0322 V, respectively. You may
neglect the work function difference and oxide charge effects.
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APPENDIX 3.1: DERIVATION OF EQS. (3.2a) AND (3.2b)

Electrons and holes in semiconductors obey the Fermi—Dirac statistics, which
practically reduce to the mathematically simpler Maxwell-Boltzmann statistics
in non-degenerate semiconductors:

fu(E) = exp{~(E - Eg) /AT) (A3.1.1)

where E is the energy of the carrier (electron or hole), Eg is the Fermi
energy level, k is the Boltzmann constant, and T is the absolute temperature.

In thermal equilibrium, the electron and hole concentrations are ex-
pressed as

n=N.exp{—(Ec—Eg)/kT}, p = Nyexp{—(Ep ~ Ey)/kT} (A3.12)

where N, and N, are the effective densities of states at the conduction and
valence band edges.

In an intrinsic semiconductor, we have n=p. So, E.—Er=Ep—E_.
Then the Fermi level is approximately near the middle of the band gap. It is
called the intrinsic Fermi level and is denoted by E;. The intrinsic Fermi level
is commonly used as a reference level for discussions on extrinsic semicon-
ductors. As the intrinsic carrier concentration #; is useful in relating the
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carrier concentrations in extrinsic semiconductors also, similarly E; is used as
a reference level in discussing extrinsic semiconductors. Because

n;=N,exp{—(Ec.—E,)/kT} =Ny exp{—(E;,—Ey) /kT} (A3.1.3)
Egs. (A3.1.2) are rewritten as
n=n;exp{(Er —E;)/kT},  p=n;exp{—(Ep—E,)/kT} (A3.14)

Focusing attention on the electrons, let AE.=AE,=E, —E,, be the
electron potential energy difference between a point on the surface of the
semiconductor and another point inside the bulk semiconductor, at equilib-
rium. Then the electrostatic potential difference ¢ between these two points
is, by definition, the potential energy difference per unit charge given by

_ Eip _EipO
—-q

¥ (A3.1.5)

Applying Eq. (A3.1.4), the electron concentrations at the two points
considered are respectively

n,=nexp{(Ep — E;,)/kT},  ny=n, exp{(EF ~E;0)/kT} (A3.1.6)
which on division yield

22— exp{~ (Eip— Eyo) /KT) (A3.1.7)
po

Since from Eq. (A3.1.5), we have E;, — E;,, = —qy, therefore Eq. (A3.1.7)
reduces to

n,=n, exp(%) (A3.1.8)

which is Eq. (3.2a). Similarly, starting from equation for hole density (p) in
Eq. (A3.1.4), Eq. (3.2b) is obtained. This derivation is left as an exercise to
the reader.
APPENDIX 3.2: DERIVATION OF EQ. (3.7)
Multiplying both sides of Eq. (3.6) with diy/dx, we get

d & eee, | PO\ TP\ T AT p0\ P\ &7 dx

(A3.2.1)
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Using the identity

1d(dyp\* dy d¥%
EE(TE) -2 (A322)

oo}l ) 2

o5, | TP\ P\ T kT "po{ P\ kT dx

e AN gy \] 4¢

Y _{c"p( ﬁ) 1} Peo {°Xp(kr) 1} dx

_ (kT/q)apy (_q_'lf)_l ) (ffi’)_l} a4

coe(kT/q) |\ P\ 7 T Poo | P\ kT dx

__ (kT/9) {ex (_ﬂ)_l}_ﬁg{em(ﬂ)_l e
202l KT/q) /(appa) |\* T\ &T Poo \ P\ kT d

qd’ npO qd’ .ﬂ
{exp(— ﬁ) - 1} - p—PO{CXp(ﬁ) - 1}] e (A323)

where L, is the extrinsic Debye length given by

_ (kT/q)
Ly’

g&,kT

(A3.2.4)
q2pp0

Ly=
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ool 21 o) o]

Then

on(-2) , (ow( L]
- ._253{757(;55__.¢} (A3.2.6)
ool -i7) - (i) - 52 ool - ()

q/(kT)
el 8- [8) e leol ) -(2)

From Egs. (A3.2.3) and (A3.2.6), we can write

07 4] 22)- ()22l 2 (2]

(A3.2.7)
Integrating Eq. (A3.2.7) once, we obtain
1(dy\2™
e |
:<kT/q>2[-exp(ﬂ)_(ﬂ)_m<exp(z£)_(zv_f)} "
Ly’ kT kT ]  py kT KT )],
(A3.2.8)
The boundary conditions are stated as
0 d s 0
y= and —- = at x=xy (A3.2.9)
/4 at x=0
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where ¢, stands for the surface potential and x, for the space-charge layer
width. Extracting the square root of both the sides, Eq. (A3.2.8) may be
rewritten as

1 dy|™
7 @,
D] 2] (2] o oo ) - (24))]]
Ly | OP\TRr) TNk T ppe \TP\RT) T T
(A3.2.10)
or
d |
il T

SCONER

e eel ) - (37))]

X4

0

e ) 18] ol )32

~exp(~0) = (0) = 72 {op(0) - (0)}}05
-l 52) - 57

20 o[ £2) - (22 1 2o
G0 -2+ (38

iz fenl)-(3) )] oz
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APPENDIX 3.3: DERIVATION OF THE EQUATIONS FOR BULK
SEMICONDUCTOR POTENTIAL 3 AND THE SURFACE CHARGE Qg
AT THE POINT OF TRANSITION INTO STRONG INVERSION

The relationship between the charge and electric field in a semiconductor is
expressed by the Poisson’s equation as

et (GO R GOSN SR CEER)

where ¢ is the electric field, ¢ is the potential, g is the electronic charge, ¢,
is the permittivity of free space, &, is the dielectric constant of Si, #» and p
are the electron and hole concentrations, and Ny, and N, are the donor and
acceptor densities.

The hole density p in P-type region is related to the Fermi level Ey in this
region as

B Br ) (A33.2)

=n;ex
where n; is the intrinsic carrier concentration, E; is intrinsic energy level, k
is the Boltzmann constant, and T is the absolute temperature.

This equation follows from the formula

EF—EV)

o (A33.3)

p=Ny exp(—

where N, is the effective density of states in the valence band and E, is the
energy of the upper valence band edge. For an intrinsic semiconductor,

(A33.4)

E,—E,
kT

n; =Ny exp( -

Substituting for N, from Eq. (A3.3.4) into Eq. (A3.3.3) we get Eq. (A3.3.2).

The difference between the intrinsic and Fermi energy levels is defined as
the bulk semiconductor potential qiry. This enables us to rewrite Eq. (A3.3.2)
as

p =niexp(%'i) (A33.5)

Now, in the neutral P-region, the total space-charge density is zero. Hence

LAY (A3.3.6)
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and

n—p—~Np+N,=0 (A3.3.7)

In a P-type semiconductor, it may be assumed that N, = 0 and p>n.
Therefore, potential of the P-type semiconductor, designated as ¢y, is
obtained by setting N, =z =0 in Eq. (A3.3.7), yielding

p=N, (A3.3.8)

Combining Egs. (A3.3.5) and (A3.3.8), we get

Ny =n, eXP( %) (A3.3.9)
from which
kT [N,
¢r3=—q— n(—’;l—) (A3.3.10)

To derive the surface charge Q, at the point of transition into strong
inversion, we note that when ¢, < Y, the surface charge is from Eq. (3.9),

O, = ‘IZSOSqupO(//S (A3.3.11)

The condition for strong inversion is ) > 2¢rz. Hence for the transition
point, we write the following equation using Eq. (A3.3.10):

2kT (N,
, = —— In| — (A3.3.12)
n;
The combination of Egs. (A3.3.11) and (A3.3.12) gives
2kT (N,
Qs = V zgﬂesppodjs = \/28085qpp0_q_ 111( n—l)
= \/4e,6,kTN, In( N, /n;) (A3.3.13)

APPENDIX 3.4: DERIVATION OF EQS. (3.33)-(3.36)
Equation (3.33) for Specific Channel Resistance of Linear
Cell Geometry

Referring to Fig. 3.8, the length of the unit cell in the plane of the
paper = L + 2m while its length perpendicular to the plane of the paper =
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channel width = Z. Hence, area of the unit cell is
A=(Ls+2m)Z (A34.1)

It is noted that in each unit cell, there are two channels, one in each
half-side. Applying Eq. (3.23) and remembering that the area of cross section
is doubled for the channels on the two halves of the unit cell, the total
channel resistance is halved. Therefore,

L
Ton = ZZM’nsCox(VGS - V'I'h)

(A3.4.2)

Multiplying by the area A from Eq. (A3.4.1), the specific channel resistance
(i.e., resistance per unit area) is expressed as

L (Lo +2m)Z L(Lg+2m)
r = X +2im =
Ch.Sp ZZ/J'nsCox(VGS - V’I‘h) N 2I"‘nscox(I/GS - VTh)
(A343)

Equation (3.34) for Specific Accumulation Layer Resistance
of Linear Cell Structure

The unit cell area A is given by Eq. (A3.4.1). Again referring to Fig. 3.8, the
length of the accumulation region in the plane of the paper=L;—2X
(lateral diffusion of the P base). Taking the lateral diffusion of P base to be
nearly equal to its vertical depth xp, the above length =L —2xp. In the
perpendicular direction, the length of the accumulation region is Z. From
similar considerations to Eq. (A3.4.2), we can write the accumulation region
resistance as

AT 270 C (Vo — V-
Hna ox( GS Th)

(A3.4.4)

where the inversion layer mobility u,, is replaced by the accumulation layer
mobility u,,.

Now applying Eqgs. (A3.4.1) and (A3.4.4), the specific accumulation layer
resistance is

Lg-2x,
Tase = 2ZpoaCo(Vos = V)

X(Lg+2m)Z

_ (Lg— 2x,)(Lg +2m)
2I"l‘nA(jox(I/GS - VTh)

(A3.4.5)
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The approximation made in deriving this equation is the assumption that
the current flows from the channel into the accumulation layer up to its
center point and then flows downwards. In reality, the current spreads into
the JFET region between the two P bases from the channels in the two
halves of the unit cell. So, the two-dimensional nature of current spreading
from the channels through the accumulation layer into the JFET region must
be taken into consideration. This is reasonably accounted for by multiplying
the specific accumulation layer resistance by a factor K. A value of K= 0.6
gives good agreement between theoretical calculations and experimental
results. Based on these arguments, Eq. (A3.4.5) is written in the revised form
as

0.6(Ls —2x,)(Lg +2m)
4 =
chA 2p0aCo (Vs = V)

(A3.4.6)

Equation (3.35) for Specific JFET Region Resistance
of Linear Cell Structure

As before, length of the JFET region horizontally in the plane of the
paper = L — 2xp — 2 X Depletion layer thickness extending under the gate
=Lg—2xp —2W,. The current flows vertically downwards a distance =
Junction depth of P base + Depletion layer thickness =xp + W, in the plane
of the paper. In the orthogonal direction, the JFET region stretches up to a
distance = Z. Therefore, resistance of the JFET region is

Resistivity of the drift region X length pp X (x, + W)
FiFET = Cross-sectional area (Lo —2x,—2Wy)Z
(A3.4.7)

Multiplying by the unit cell area from Eq. (A3.4.1), the specific JFET region
resistance is

. _ Pp X (xp —+ Wo)
FELSe (L —2x, — 2W,)

Z X(Lg+2m)Z

_ po(Lg +2m)(x, + Wy)

A3.4.8
(Lo —2x,— 2Wy) (A3.4.8)

Equation (3.36) for Specific Drift Region Resistance
of Linear Cell Structure

The drift region resistance for half unit cell is given by the expression

a+tt
Ry = ”Z—D ln( - ) (A3.4.9)
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Considering both halves of the unit cell, we have

att
Ry = % ln( - ) (A.3.4.10)

Multiplying the equation for Ry, by the unit cell area, Eq. (3.4.1), the drift
region resistance per square centimeter is

le a+tt
r =—In| —
DS 27 t

Pp a+t
X(Lg+2m)Z= T(LG +2m)ln( ; )

(A3.4.11)

APPENDIX 3.5: DERIVATION OF EQ. (3.39)

Looking at Fig. 3.8, the resistance to current flow is modelled as the sum of
two components: the first component due to current spreading at 45° angle
from a width W, to the total unit cell width =W, + W,, and the second
component due to current flowing in a uniform unit cell width =W, + W,.
For the first component, the cross-sectional area is = W, X Z, where Z is the
width of the unit cell in the direction perpendicular to the plane of the
drawing. For the second component, the cross-sectional area is = (W, + W,)
X Z, where Z is the width of the unit cell in the direction perpendicular to
the plane of the drawing.

To evaluate the first component of this resistance, the resistance offered
to the current in a region of increasing cross-sectional area is calculated. The
schematic drawing of the model for calculation of ON-resistance is shown in
Fig. A3.5.1. Uniform carrier flow is assumed from the accumulation layer
formed under the gate-drain overlap to the N* drain region enclosed by the
hatched polygonal area in the diagram. W, is the zero-bias depletion region
width. For one-half unit cell (marked by AOCDH), the resistance due to the
first component is

dx W Wm/2
prwm/zw—-———p—D In —t+x
0 (_‘+ )Z Z 2 0
2

Pp m+ t t Pp Wm+l’Vt

=2 {In —n| | = ZFm| 2
Z 2 Z W,

(A3.5.1)

The upper limit of integration is W, /2 because the spreading angle is 45°.
When the current spreads up to a distance AO = W,_ /2 horizontally, the
vertical depth OB is also W_ /2 since tan45°= OB/AO =1 or, OB= A0 =
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wm WI Wm

) P N*

to

Figure A3.5.1 Model for calculation of spreading resistance.

W,./2. For the other half unit cell (marked by GO'EDH), the same expres-
sion applies so that the resistance of the full unit cell is half of the above:

Pp

W+ W,
2z "

7 (A3.5.2)

Since the area of unit cell = (W, + W,)Z, the specific resistance of unit cell
because of the first component is

Pp m t
R, =— X +W)Z
1 27 ln( H/‘ ) (Wm l)
po(Wa + W)

Wm
nl1+ ——) (A3.5.3)
W,

After the current has traversed a depth = W, /2 vertically downwards, the
remaining thickness of N~ base is #, — W, /2. Hence the resistance due to
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second component is

Wa
Pp|tp — >
_— A354
W+ W) Z (A3
from which the specific resistance for the second component is
Wa
Polio ~ 5~
Ry=———— L X(W,+W)Z=pp|lt, ——] (A355

The total specific resistance is the series combination of R, and R, given by

pD(”m+” ) Wm ”m
R=R1+R2=——'—2—t1111+7t + pp tD—T
(W + ‘)1 1 Ll S W’“) A35.6
=ppl{ ———— +— tp — —— 3.
pD 2 n u/t (D 2 ( )

This equation holds as long as ¢t is > W, /2. When ¢, is <W_ /2, the
term pp(tp, — W, /2) is removed because the current reaches the drain
contact before spreading fully up to the edge of the cell at the 45° angle.
Then R =R,.

APPENDIX 3.6: DERIVATION OF EQ. (3.49)

The bulk semiconductor potential is given by Eq. (A3.3.10)

KT\ (N,
Uy = (7) ln(n—t) (A3.6.1)

where N, is the doping concentration of P-type Si and n; is the intrinsic
carrier concentration.
Square of the intrinsic carrier density is expressed as

GO

- E—) (A3.6.2)

2 33 3
P =15X107° XT° X
n; 5 exp T

where T is the absolute temperature and Eg, is the energy gap of Si at 0 K
(1.21 eV). So,

E
=3.87% 10" x T15 x - ﬂ) A3.63
n;=387x10 exp( kT ( )
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Substituting for n; from Eq. (A3.6.3) in Eq. (A3.6.1), we get

kT N,
b b 3.87 % 101 X T'S x e ( EG")
: xp 2kT
kT E
= In{C X T~15 X exp| —22 6.4
[ mlexroxen( 5 (2369

where C is a constant = N, /(3.87 X 10'®). Differentiating both sides of Eq.
(A3.6.4) with respect to T, we have

diry (k) { Eq, kT 1
— = In{C X T !° X exp )}+ —
dT q 2kT q -15 (Eco)}
{CXT X exp kT
XC{—-15xT %% Xexp Eoo )+T'15
2kT
Egy Egq
X — | X|—|x=-1xT?
e"p(zk:r) ( 2k }
=T¢IB+ 7 X{—=15XT*-T X(ﬂ“) (A365)

using Eq. (A3.6.4) for 5. Equation (A3.6.5) may be rewritten as

dyg 1 1({Eg) 1 kT
=—gg—=|—]|-=x15— 6.
ar T'm T(Zq 7 <13 q (43.66)

Neglecting the term involving 1.5 (kT/g), this equation may be approxi-

mately expressed in the form
— | - A3.6.7
{( > ) I |} (A3.6.7)



BIPOLAR COMPONENTS
OF IGBT

The IGBT cross section contains three P-N junctions (N*-P, P-N~, and
N~-P*), one P-I-N diode (as P"-N") two transistor sections (N*-P-N~ and
P-N~-P*), and one thyristor (N"-P-N~-P*). Sandwiched between any two
neighboring IGBT cells is the junction field effect transistor JFET) region.
In this chapter we shall develop concepts of bipolar devices, which will be
useful to us in our study of IGBT.

4.1 PN JUNCTION DIODE

Power diodes [1-4] are manufactured in current ratings from a few amperes
to several hundred amperes and in voltage ratings from tens of volts to
several thousand volts. Current ratings are valid only if diodes are mounted
on suitable heat sinks so that temperature does not exceed a specified limit.
Besides average current, RMS current, and repetitive peak current, a surge
current is given, indicating the diode’s capability to withstand an occasional
transient or circuit fault. Both repetitive and nonrepetitive reverse voltages
are specified. An important parameter is the reverse recovery time, defined
as the interval after which the diode recovers its ability to block reverse
voltage, measured from the instant the forward conduction has stopped. On
this criterion, fast recovery and slow recovery diodes, are distinguished.

The Insulated Gate Bipolar Transistor (IGBT) Theory and Design, By Vinod Kumar Khanna.
ISBN 0-471-23845-7 © 2003 Institute of Electrical and Electronics Engineers
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Anode
(Symbol A)

Cathode
(Symbol K)

(a)

K
(b)

Figure 4.1 P-N diode: (a) Junction structure and (b) circuit diagram symbol.

The diode has two terminals, Fig. 4.1a, with the anode A making contact
with the P-side surface and cathode K contacting the N-side surface. Forward
current flows from anode (A) to cathode (K). Figure 4.1b shows the circuit
symbol of the device. The current rating is determined by the diode area; the
voltage rating is decided by the resistivity, doping profile, and thickness of
starting N-type wafer. Additionally, the voltage withstanding capability is
determined by chip edge termination and passivation for surface electric field
control. The reverse recovery time and forward drop are controlled both by
the impurity profile and carrier lifetime in N-region.

Diodes are mounted in a variety of packages, the same as those for
small-signal transistors up to high power transistors and thyristors. There are
two major types of packages for power diodes: stud-type package and
hockey-puck package (Fig. 4.2). In the stud-type package, the metal casing and
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Stud

(@

Ceramic

(b)

Figure 4.2 Commonly used packages of a power diode: (a) Stud-type package and (b)
disk-type or hockey-puck package.

the stud constitute one terminal of the diode while the other terminal is the
on opposite side, properly insulated from the casing. The stud can have
either polarity—A or K. The casing can be easily fixed on the heat sink. In
the hockey-puck package, the two terminals of the device are flat metallic
surfaces isolated by ceramic insulator. It is specially suited for high current
and voltage ratings.

4.1.1 Built-in Potential ()

Figure 4.3 represents the physical model of an abrupt PN junction in which
the impurity concentration changes from N, donors in the N-type semicon-
ductor to N, acceptors in P-type semiconductor [4, 5]. Electron diffusion
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Hole Electron

Anode Cathode

n (ecm~3)

x (pm)

x (pum)

x (pm)

V (Volt)

x (pnm)

4 i,
+ Xy >

Figure 4.3 Physical model of an abrupt PN junction in which the impurity concentration
changes from Ny donors in the N-type semiconductor to N, acceptors in P-type semi-
conductor.
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from N-type material into P-type material leaves behind positively charged
fixed ions in the N-type material near the junction. Similarly, hole diffusion
from P-type material into N-type material leaves behind negatively charged
fixed ions in the P-type material, also near the junction. Uncovering of
positive and negative charges by diffusion of free carriers across the junction
develops an electric field, which creates carrier motion in the opposite
direction. The PN junction attains equilibrium when the drift and diffusion
currents cancel each other. Let x, represent the distance over which the
donor atoms acquire a positive charge due to loss of a free electron and let
x, be the distance over which the acceptor atoms have a negative charge due
to loss of a hole. For definitions of the various symbols, please see Table 4.1.
Then the region around the metallurgical junction, which is depleted of free
carriers, called the depletion or space-charge region, is

Xg =X, —X, (4.1)

For a PN junction in equilibrium, we can express the hole current density
[Appendix 4.1, Eq. (A4.1.13)] as

dp(x) } (42)

() =4 mp(0)6(x) =D, T2

where ¢ is the electronic charge, w, is the hole mobility, p(x) is the hole
concentration, £(x) is the electric field, and D, is the diffusion coefficient of
holes. The first term of this equation represents the hole drift current
density, and the second term represents the hole diffusion current density.
Under equilibrium, J,(x) = 0; so, Eq. (4.2) reduces to

Bleo--[3)% ) e @

using Einstein’s relation (Appendix 4.2) connecting the mobility with diffu-
sion coefficient: D,/ u, = kT/q where k is Boltzmanns constant and T is the
temperature in the Kelvin scale. Also, the electric field has been expressed as
the negative differential coefficient of the electrostatic potential V as &(x) =
—dV(x)/dx.

Integrating for potential V" from P to N side having potentials ¢, and ¢,,
respectively, we get

q dp
Poqy = [T 4.4
kT & fp P (44)

or

b~ ;) =ln(—) (4.5)
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Table 4.1 Glossary of Terms

Symbol Definition Unit

A Junction area, chip area cm?

A Impurity gradient cm™*

C; Depletion layer or junction capacitance of diode pF, F

D, Ambipolar diffusion constant cm?/sec

Dy, D, Dg Diffusion constants of minority carriers in the base, cm?/sec
collector and emitter

D, Diffusion constant of electrons cm?/sec

D, Diffusion constant of holes cm?/sec

D Half-width of intrinsic region of a PIN diode cm, pm

E, Energy gap at room temperature eV

E, FElectric field at the junction V/cm

E ... En Maximum electric field V/cm

& Electric field V/cm

F Function No unit

hgg Common-emitter current gain of transistor No unit

I Anode current of thyristor A

Ig, I, I Base, collector, and emitter currents of a transistor A

Ieo Collector current with emitter open A

ip Diode current A

Ips Drain-source current A

Ig Emitter current of a transistor A

Is Gate current of thyristor A

Toen Generation current A

Iy Cathode current of thyristor A

Ie Electron component of emitter current A

Ig Hole component of emitter current A

In Reverse leakage current of a diode A

I Saturation current of the diode A

J Current density A/cm?

Jns Jp Electron, hole current density A/cm?

7o(0), 7,(® Electron, hole current density at x =0 A/cm?

k Boltzmann’s constant J/K

L, Ambipolar diffusion length cm, pm

Ly, L¢, Lg Diffusion lengths of minority carriers in the base, cm?/sec
collector, and emitter

L,L, Electron, hole diffusion length cm, pm

M Collector multiplication factor No unit

n,p Electron, hole concentration em™?

Ny, Np Acceptor, donor doping concentration cm ™3

Ng Background doping concentration cm~*

ne, Rg Equilibrium densities of minority carriers in the cm?
collector and emitter

n; Intrinsic carrier concentration cm™?

Mo Electron concentration on the P side cm™?

n,(0) Electron concentration on the P side at x =0 em™3
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Table 4.1 (Continued)
Symbol Definition Unit
0; Depletion charge C
0] Electronic charge C
P Hole concentration cm 3
Ps Equilibrium hole concentration in the base cm™3
Pn Hole concentration on the N side cm™?
Ph Excess hole concentration on the N side over cm™3
thermal equilibrium value
Pno Equilibrium hole concentration on the N side cm™3
PO Hole concentration on the N side at x =0 cm 3
Dy Hole concentration on the P side cm 3
T Absolute temperature K
T Total N ™-base thickness cm, uwm
tas b, Delay and rise times jmsec
Vv Potential difference A%
U, External applied voltage A%
Ve Breakdown voltage \%
Ver Collector—base voltage \"
Ves Emitter—base voltage v
V- Voltage drop in the intrinsic region of PIN diode A"
s Voltage drop in the end N* region of PIN diode v
Vee Voltage drop in the end P* region of PIN diode \"
W Depletion layer width cm, pm
X4 Total depletion layer width cm, um
X, Depletion layer width on the N side cm, um
X, Depletion layer width on the P side cm, um
a Common-base current gain No unit
a, Common-base current gain of the PNP No unit
transistor of thyristor
a, Common-base current gain of the NPN No unit
transistor of thyristor
ar Base transport factor No unit
B Common-emitter current gain No unit
¥ Emitter injection efficiency No unit
&g Permittivity of free space F/cm
& Relative permittivity of silicon No unit
s oy Electron, hole mobilities cm?/V-sec
¢ Potential, thermal voltage (kT /q) v
bq Built-in potential v
bys d)p Potentials on the N and P sides A\
THL High-level lifetime msec
Ty Hole lifetime MSEC
Toc Space-charge generation lifetime usec
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Built-in potential of the N *
emitter / P-base junction = ?

Na=3x107cm~3 Np=1x102cm™3
Source
Gate

N~ Base

P* Substrate

Drain
Figure E4.1.1 IGBT structure for Example 4.1.

because [dx/x = In x. The symbols p, and p, denote the hole concentrations
on the P and N sides, respectively. p, =N, and because in a semiconductor
under thermal equilibrium the product of electron and hole concentrations
equals the square of the intrinsic carrier density, p, =n?/Np, where #, is the
intrinsic carrier concentration, this gives

Py

il (p") = E1:1(1\]“‘1\,‘3) (4.6)

—¢,=¢y=—1In
¢n d)p ¢0 q q n~2

1

where ¢, is the barrier or built-in potential.

Example 4.1 The N* emitter concentration of an IGBT is 1 X 10% ¢cm™~3 and the
P-base concentration is 3 X 10!7 ¢cm™% What is the built-in potential of the N*
emitter /P-base junction?

Figure E4.1.1 illustrates the IGBT. Built-in potential ¢, = (k7T /q)In(N,Np /n’)
= 0.02591n{(3 x 10'7 x 1 X 10%°) /(1.45 X 101°)%} = 1.023 V.

4.1.2 Depletion-Layer Width (x,) and Capacitance (C))

By charge neutrality condition, the charges on both sides of the junction must
be equal, that is,

qNDxn = _qNAxp (47)
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where g is the electronic charge. The electric field in the depletion region is
determined by integrating the negative depletion charge concentration. Ap-
plying the integral form of Gauss’ law, the peak electric field (E,), which
occurs at the junction, is given by

N, aox,

E, (4.8)

where ¢, is the relative permittivity of Si. When an external voltage v, is
applied to a PN junction, the potential drop across the depletion region is
found by integrating the negative electric field, leading to

Xp — X,
b= = —Eo 252 (49)
where
KT [ NN
%=—m(ﬁﬂ (4.10)
q 1

The symbol & denotes Boltzmann’s constant, and »; represents the intrinsic
carrier concentration. Simultaneous solution of Egs. (4.7), (4.8), and (4.9)
gives the widths of the depletion region in N-type and P-type regions as

2g)&, —y,)N,
x,,=\/ 065 b0 — %) Ny (@11)
qNp( Ny + Np)
and
28,8, —u,)N ‘
xp=_\/ 08s( o ) Np (4.12)
GNA(Na +Np)
from which the total depletion region width is
2g48, =, )( Ny + N,
xd=x,,+xp=\/ v2(bo — 5) (Na + Np) 1)
gNsNp,

x4 varies as the square root of the difference between built-in potential and
externally applied voltage. Also, x; =x, when N, > N, and x4 =x, when
Np > N,.

The dipole formed by the uncovered fixed ionic charges adjoining the
junction constitutes a capacitance C;, called the depletion-layer capacitance. It
is given by

C. 90;

ued | 4.14
i~ (4.14)
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where Q; is the depletion charge expressed as

2ge08,N\Np(do—1,)
N, + Ny

0, =[gAN, %, | = ¢ANpx, =A\/ (415)

from which Cj is found to be

go& N, N,
c,.=A\/ %% A p (4.16)

2(Ny + Np)(dg—1,)

4.1.3 Breakdown Voltage (V;)

From Eqgs. (4.8) and (4.11) or (4.12), the magnitude of electric field at the
junction is

E, = \/quAND(¢O—Ua) (4.17)

£08( Ny + Np)

The breakdown voltage (V) of a reverse-biased junction is governed by the
maximum electric field E,,, =3 X 10° V/cm which can be supported by the
depletion region,

SOES(NA + ND)EmaX2

~ 4.18
where it has been assumed that |v,|> ¢,. If N, > Ny = Nj,
o8 E 2
o Z0% B (4.19)

B 2gNy

where Nj is the ionized background doping density of the lightly doped side
in cm™3. Substituting the values, of the parameters in Eq. (4.19), we have

v 2.96 x 10" 40
B~ ND ( * )
For Si, the maximum electric field E is written as
4x10°
E,= (volts /cm) (4.21)
B

) N,
1 —3logyg 0%
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Since the avalanche process involves band-to-band excitations, the break-
down voltage increases with energy bandgap. An approximate universal
equation for the avalanche breakdown voltage of abrupt junction diodes
(valid for Si, Ge, and GaAs) is

E \¥2( N. \~34
VB=60(ﬁ) (To—?ﬁ') (volts) (4.22)

where E, is the room-temperature energy gap. For linearly graded junctions,

Eg 6/5 a -2/5
= — —_— It 4.23
Ve 60( 1.1) (3 x 1020) (volts) (4.23)

where a is the impurity gradient in cm ™4,

Example 4.2 1In a nonpunchthrough IGBT, the impurity dopant density of the N~
base is 1 X 10" cm™3 while that of the P base is 2 X 107 cm 3. Calculate the (a)
breakdown voltage using both Egs. (4.20) and (4.22); (b) the depletion layer width on
N side, (¢} the depletion layer width on P side, (d) the total depletion layer width and
(e) the undepleted length of the N~ base at 1200 V given that the total N~-base
thickness is 200 pm.

The nonpunchthrough IGBT is shown in Fig. E4.2.1

(@) Vg =296 x 10Y /Ny = 2.96 x 10V /(1 X 10') = 2960 V. Also, Vg = 60
(E,/1.1%2(Ng/10')73/% = 60(1 X 10 /10'6)%/* = 18974 V.

) x, = [{2e5e{dy — v, )NL}/{gNL(N, + NpW/2 =[{2 x 8.854 X 1071 X 11.9 X
1200 X 2 x 107} /{1.6 x 107" x 1 x 10" x (2 x 107 + 1 x
101)/% = 0.012568 cm = 125.7 wm.

PolySi Gate
Source ¥

No=3x10"7cm™3

L
“an

L
L

P* Substrate

—

Drain

Figure E4.2.1 IGBT structure for Example 4.2.
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(© x, = {205y — 1,IND}/{GNA(N, + NpNIV? = [{2 X 8.854 x 1071 x 11.9 X
1200 x 1 x 10} /{1.6 x 10" x 2 x 107 x (2 x 107 + 1 x
102 =628 X 107° cm = 6.3 X 1072 pm.

(d xg=x,+x,=1257 um + 63 X 107> = 125.76 wm.

(e) If ¢ is the total N~-base thickness, undepleted N ~-base width is x =1 —x, =
200 — 125.76 = 74.24 um.

Example 4.3 Given that the breakdown voltage ¥V of a P*N diode is inversely
proportional to the 3 /4ths power of the doping concentration Ny, of the lightly doped
side, and minimum width of drift region (W) varies as 7/6th power of breakdown
voltage. To support the voltage across the P* substrate /N~ base of an IGBT, the
N~-base doping concentration was 1 X 10 cm~2 and thickness =30 um. For the
same breakdown voltage, what thickness of N™ base will be necessary if a doping

concentration = 5 X 10'* cm 3 is used?
It is given that
Ve Ng¥* or Vg=k,N5** (E4.3.1)
Also,
Vea W7 or Vg=k,W7 (E43.2)

where k, and k, are constants. From these equations,
kWS =k, N5¥* or Wy=(ki/k,)*N5/® =k7/SN5"/®  (E43.3)
Since, for Np =1X 10" ecm™3, W; =30 um=30X10"* cm, k"¢ = {W, /N5 "%} =

{30 x 1074 /(1 X 10'4)~7/8} = 5.33 x 10° from which we have for Np =5 X 10'3 cm 3,
W, =k"/°N5"/% =533 x10° X (5 X 1013)77/8 = 5497 x 1073 cm =55 pm.

PolySi Gate

N~ Base
Np=1x10"cm3
(5x10™cm3?)

P* Substrate

Drain

Figure E4.4.1 |GBT for Example 4.4.
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Example 4.4 The doping concentration of the P* substrate in an NPT-IGBT is
5% 10 cm ™3 while the N-base doping density is 1 X 10'* cm ™3, Find the depletion
region width across the P*-substrate /N~ base without applying any voltage.

Figure E4.4.1 shows the NPT-IGBT. Barrier potential across the P*-
substrate /N -base junction is ¢, = (kT/q)In(N,Np/n.>) = 0.02591n{(5 X 10'° x
1 X 10%)/(1.45 X 10192} = 0.7977 V. x, = [{2epe,(dy — v )N}/
gNp(N, + Np/? =[{2 X 8.854 X 107 X 11.9 X 0.7977 X 5 X 10} /{1.6 X 10~ x
1 X 10 x (5 x10™ + 1 x 10*)}]'/2 =3.24 X 107* cm = 3.24 pum.
x, =[{2egeldy — v, )ND}AGNAN, + Np'/2 =[{2 X 8.854 X 1071 X 11.9 X 0.7977
X1x10"}/[1.6 X 10719 x5 x 10 x (5 X 10 +1 x 10™)}]'/2 =648 x 107 cm =
65X107% pum=0 um. ~.x4=x, +x,=3.24 um+0=3.24 um.

4.1.4 Current-Voltage (i,-v,) Equation

To derive the current—voltage characteristics of a PN junction, we examine
the minority-carrier concentrations for the forward-biased diode shown in
Fig. 4.4 [4, 5]. Application of forward bias v, causes minority-carrier injection
across the junction where they recombine with majority carriers. The shaded
regions indicate the excess minority-carrier concentrations on each side of
the junction, starting at the maximum values at x=0 and x’ =0, and
decreasing to the equilibrium value at large values of x and x'. The excess

ny(x')  pa(x)

pa(0)

Excess Hole

”D(O) Concentration

Excess Electron
Concentration

x' x' =0 x=0 X

Figure 4.4 Variation of minority carrier concentrations across a P-N junction under
forward-biased condition.
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hole concentration on the N side at x = 0 is written as [5]

pa(0) = a5 | (4.24)

where p,,=n’/Np is the equilibrium minority-carrier concentration in
N-side and ¢ is the thermal voltage = kT /q. This equation is obtained by
considering the second and third terms of Eq. (4.3) and replacing D,/u, by
kT /q. Integrating the modified equation dp/p = —dV /¢ across the junction,
we get

Pa(0) dp ndV ) 1 v
e = — or [lmp}=—[V], or
j;]no p j(; ¢ [ p]PnO ¢[ ]0

i (O) ! U, — 0 | pn(O) U,
np,(0)—Inp,,= or In =— or
d Po™ "% P | ¢

Pa(0)
pnO

Ua Ua
=CXP(E)' or p,(0) =pnoem(g)-

This equation is known as the law of the junction. It states that for a forward
bias v, > 0, with v, > ¢, the hole concentration p,(0) at the junction in the N
side is greatly increased over the thermal equilibrium concentration p.y. In
the same manner, excess electron concentration on the P side at x' =0 is
written as [5]

n,(0) =ny exp(%;’) (4.25)

where n =n?/N, is the equilibrium minority-carrier concentration in P
side.

The current flowing in the PN junction varies as the gradient of the excess
minority-carrier concentration at x =0 or x’'=0. The hole current density
flowing in N-type material is expressed by the diffusion equation as (Appen-
dix 4.1)

dp,

Jp(x) = —quE‘ o (426)

where D, is the diffusion coefficient of holes in N-type semiconductor.
Defining the excess hole concentration in N-type material as

Pa(x) =pa(x) — Pyo (4.27)



PN JUNCTION DIODE 169
we obtain from the solution of the continuity equation (Appendix 4.3)
9’Pa Pa—Paa _

2 2
ax Lp

0 (4.28)

Using the boundary condition of Eq. (4.28) given by Eq. (4.24) and p,ly-» =
Pro» We find that the decay of minority carriers away from the junction takes
place exponentially obeying the equation

Pi(x) =Pi0) exp(—Li) = {p(0) —pno}exp(— L—) (4.29)
p P

where L, is the diffusion length of holes in N-type material. By substituting
for p(0) from Eq. (4.24) into Eq. (4.29), we get

pa(x) =pno{e><p(%) - 1}6@(—1{;) (4.30)

Now the current density due to excess hole concentration in N side is
obtained from Eq. (4.26) as

dp,
Jp(0)=_qu; Y
o, | pafon( ) 1) |- | < 7
= — X | pooiexpl — ) —1iexp| —— -—
q P pO p ¢ Xp Lp Lp o
qupnO Uy
=P —] -1 431
. {exp( ) } (431)

In a similar fashion, the current density due to excess electron concentration
in P side is written as

7,(0) = qu”"" <exp( %) - 1} (4.32)

Assuming that the recombination in the space-charge region is negligibly
small, the total current density of the PN junction is the sum of J (0) and
J,(0). Then multiplying by the junction area A, the total current flowing in
the diode is given by

U,

in =Is{exp( 5) - 1} (4.33)
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where

Dppn(] + DnnpO ) (434)

L

I = qA(
P n
is a constant termed the safuration current of the diode. Equation (4.33) is the
celebrated Shockley equation describing the volt-ampere characteristic of a
PN junction diode.
To find the reverse leakage current of the diode, we note that the current
due to generation in the depletion region is given by

qAn,W

7.SC

(4.35)

gen

where W is the depletion layer width and 7, is the space-charge generation
lifetime. Total reverse current is the sum of diffusion components in the
neutral region and generation current in the depletion region, written as

D p, D.n
IR=Is+Igen=qA{( 2p0+ LPO

P n

nW
+ } (4.36)
Tsc

FExample 4.5 The dopant density of the N~ base in an IGBT is 5 X 10'® cm™>. The
recombination lifetime (7,) and space-charge generation lifetime (7,,) are measured to
be 10 usec and 500 usec, respectively. The chip area is 5 mm X 5 mm. Calculate the
reverse leakage current of the P*-substrate /N~ -base diode at 1500 V at three
different temperatures: (a) 300 K, (b) 400 K, and (c) 500 K. The formula for thermal
variation of intrinsic carrier concentration is n; = 3.87 X 10'67T1 exp(—7.02 x 10%) /T,
where T is the absolute temperature. Hole mobility varies with temperature as
495(T /300)~22. Carrier lifetime obeys the relation 7(T) = 7(300XT/300)'.

The IGBT is shown in Fig. E4.5.1. For a P*N diode, the leakage current equation
(4.36) becomes Iy =gA (Wn;/7,+ Dpni2 /L,Np).The temperature-dependent pa-
rameters are the intrinsic carrier density #;, hole diffusion coefficient Dy, space-charge

Source PolySi Gate

?

Leakage Current of N-
Base / P *-Substrate

N~ Base Diode at 1500 V (at 300,
Np=5x10"cm 3 | 400, and 500 K)

P Base P Base

7. = 10 usec

P* Substrate

Drain
Figure E4.5.1 |GBT for Example 4.5.
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Table E4.5.1 Temperature-Sensitive Parameters of Leakage Current

Serial Temperature n; Hp kT/q D, Tsc Ty L,
No. (K) (m™®) (m?/V-sec) (V)  (ecm?/sec) (psec) (psec) {cm)
1 300 1.38 x 1010 495 0.02588 12.81 500 10 1.13 x 1072
400 7.4x 102 262.87 0.0345 9.07 7698 154 118 x 1072
3 500 3.46 x 1014 160.89 0.0431 6.93 1075.8 215 1.22 X 1072

Table EA.5.2 Leakage Currents at Different Temperatures

Serial Temperature Iq
No. (X) A)
1 300 221 x1078
2 400 4,13 %1073
3 500 0.055

generation lifetime 7., and hole diffusion length L. Using the formulae for thermal
variation of various parameters, Einstein’s relation D, = u(kT/q) and diffusion
length L, = 1/(Dpfrp), the calculated values of the parameters at different tempera-
tures are given in Table E4.5.1.

At 1500 V, the depletion layer width W= {(2&y¢V,/(gNp)} = y{(2 x 8.854 X
107" % 11.9 X 1500 /(1.6 X 107" x 5 X 10"*)} = 198.77 X 10~* cm. On substituting
the above values in the I equation, the obtained leakage current values are compiled
in Table E4.5.2.

4.1.5 Reverse Recovery Characteristics

To study the turn-off switching transition of a power diode D, a DC source V'
is connected in series with a switch S (Fig. 4.5) [6]. Assuming that S has been
ON for a long time, a current  is established in the resistor—inductor (R-L)
circuit. Now, if the switch S is turned off, the current in the R-L circuit does
not immediately fall to zero due to energy storage in the inductance L. As
soon as the current tends to decay, the induced EMF in the inductance
forward biases the diode and the current freewheels—that is, continues to
flow in the R~L circuit. For large values of L, in concert with rapid toggling
of S, the current [ remains approximately constant.

When the switch is turned ON again at the instant ¢ = ¢;, current builds up
in the circuit comprising the DC source V and the switch S. The rate of
increase of i, (i.e., di /dt) is determined by the residual inductance in the
circuit loop consisting of V, D, and S. Constancy of the current I imposes the
constraint that the increase of i =the decrease of iy so that i, +i;=1.
Hence, diy/dt= —di,/dt. At the instant ¢ =1, the diode current decreases
to zero. But the diode continues to conduct in the reverse direction because
of the presence of excess minority carriers, which are pushed back across the
P-N junction. At ¢ =t,, the excess minority carriers are removed. Now the
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iy Transient

Reverse Recovery Time
te=1t3~ 1

to t, ty t,
Time

vy Transient

Reverse Voltage
Blocking Capability

(o)

Figure 4.5 Switching of a power diode: (a) Circuit for studying the switching behavior, and
{b) voltage and current waveforms for turn-off transition of a power diode.

reverse current begins falling toward zero and the diode recovers its reverse
voltage blocking capability. The current flowing from ¢, to ¢; may be viewed
as a charging current for the capacitance formed by the diode junction. At
t =t;, the diode junction capacitance is charged to the full reverse voltage
and the turn-off switching of the diode is completed. The reverse recovery
time ¢, = the time interval measured from the instant ¢, at which the forward
current becomes zero to the instant ¢, at which reverse voltage recovery is
completed.

4.2 P-I-N RECTIFIER
The PIN rectifier comprises a high-resistivity or low-doped N-region called

the intrinsic or I-region, sandwiched between P* and N* end regions [5].
During the forward conduction of the P*-I-N™ rectifier (Fig. 4.6), the



P-I-N RECTIFIER 173

Intrinsic (/) Region
or
N~ Base

Anode Cathode

ﬂ{"d}\ n=p _ n{+d}

Carrier Concentration (cm ~2)

Potential (Volts)

(c)

Figure 4.6 PIN rectifier: (a) Physical structure, (b) carrier distribution profile under high-level
injection, and (c) potential distribution at high injection.

intrinsic (7) region is flooded with minority-carrier holes. Under high-level
injection, the injected hole concentration is much greater than the back-
ground doping density. Conductivity modulation of the intrinsic region lowers
the resistance of this region and enables the device to carry a high current
during forward conduction. Charge neutrality condition in the N base re-
quires equality of electron and hole concentrations, n(x)=p(x). In the
steady state, the current flow takes place through recombination of holes and
electrons in the N~ base and the anode-cathode end regions. Assuming
negligible recombination in the end regions, the current density depends only
on recombination in the N™-base region. It is written as

= f_:dqux - f_*jq ") (437)

THL
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where R is the recombination rate, d is half-width of N -base region, and
7 1S the high-level lifetime. Taking 7, to be constant for varying carrier
densities, we obtain

n n 2gnd
de=g—[x]YG=q—[+d - (-d)] = —
HL HL HL

(4.38)

J=qn(x)f+d

THL * -

where n is the average carrier density. Considering the N~ base of PIN
rectifier, the continuity equation is

on n *n
Zoo=-—+p = (4.39)
ot THL ox

Since the ambipolar diffusion constant (see Note 1 at the end of this section)
is related to the ambipolar diffusion length as

L,=y/D,, (4.40)

we have
d’n n
*d? - Z? =0 (441)
Solution of this equation (Appendix 4.4) requires knowledge of boundary
conditions. This is obtained from current transport at P* and N* ends of the
diode. At x= +d,

J(+d) =qu,p(+d)é(+d) —qu%Lm =0 (4.42)
Because
£(+d) T (4.43)
q n(+d) dx|,__,

at x = +d, we have

J=I,(+d) =29D, (4.44)

x=+d

Similarly, at x = —d,

J=J(-d)=—2¢qD,— (4.45)

using the charge neutrality condition r(x) = p(x). For the derived boundary
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conditions, the solution of the continuity equation (4. 41) is expressed as
(Appendix 4.4)

. x - x
]THL COS z‘; 1 s L—a
"EPTo )T (4 2 d
sinh| — cosh| —

L L

s

(4.46)

a

Figure 4.6b shows the carrier distribution in the P-I-N rectifier structure. The
electron concentration is highest at the junction of N with N*(+d), and the
hole concentration is highest at the P*-N(—d) junction. The minimum
carrier concentration occurs near the cathode side due to different electron
and hole mobilities.

The voltage drop is found by estimating the electric field distribution. The
electric field is connected with the current J=J, +J; through the relations

J KT dn 4.47
= + — e .
n =qu,| né i (4.47)
and

kT dn
from which

J kT 1 dn
- (4.49)

§=_.___
q(pa+pp)n  2q n dx

remembering that charge neutrality must be obeyed. The first term on the
right-hand side of this equation represents ohmic voltage drop due to the
current flowing through the diode. The second term arises from the asym-
metric concentration gradient due to mobility difference between electrons
and holes. Then the integration of the electric field distribution ¢ given by
Eq. (4.49), using the carrier distribution, Eq. (4.46), yields the voltage drop
across the middle N base as (Appendix 4.5)

arctan

3 ( kT) sinh(d/L,)

V= —|—
" 2\ q | {1-(1/4)tanh?(d/L,)

X {sinh(d/La)\/l — (1/4)tanh*(d/L,) }

1 (E) {1+ (1/2) tanh?*(d/L,) }

2 1—(1/2) tanh?(d/L,)

(4.50)
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Independence of V- from current density J originates due to the increase
of carrier concentration with current density, nullifying the effect of J.
However, there is a drastic increase in V- as the ratio d /L, becomes high.
This is because the diffusion length becomes less than the half base width 4
so that conductivity modulation decreases.

Now let us focus our attention on the junction between P* anode and N~
base. If p, is the thermal-equilibrium minority carrier density in the N~ base
and V;," is the potential drop across P*-N~ junction, we may write

qVe
p(—d) =p, exp( a ) (4.51)
from which
kT —d) N,
Vo, = — 1n££——2—)—" (4.52)
q n;
Similarly,
- le n(+d) 453
N+~ q n Nd ( . )

Adding together Vp, and Vy, we get
kT { n(+d)n(—d) }

VP++VN+=7IH 2

n;

(4.59)

where charge-neutrality condition has been used. Finally, combining (V,, +
Vyx.) equation with V- and the carrier distribution equations, we can
express the current density of a forward-biased P-I-N diode at a given
applied voltage under the assumption of negligible recombination in the end
regions and Auger recombination (sece Note 2 at the end of this section) by
the expression (Appendix 4.6)

2qD,n; ( d v,
J= 1 F(——)exp(q ) (4.55)

where (Appendix 4.6)

qVn+
(d) d d) eXp(_ 2kT)
F|—|=— tanh| —
L L (La Y1 - (1/4)tanh*(d/L,)

a

(4.56)

a

The forward drop is low at large values of the function F(d/L,). The
maximum value of F(d/L,) occurs at d /L, = 1. At low values of d/L, <1,
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the junction drops dominate and the forward drop falls with rising d/L,
value. At high values of d /L, > 1, the middle region drop dominates and the
forward drop increases as the ratio d/L, becomes larger.

Note 1: Ambipolar Diffusion Constant and Ambipolar Mobility

At high injection levels, electron and hole transport cannot be treated separately
because the electrons move in a cloud of holes and conversely. A convenient
approach to handle this situation involves combination of continuity equation for
electrons with that for holes, and introduction of two new parameters, namely,
ambipolar mobility ., and ambipolar diffusion constant D,, as algebraic functions of
electron and hole mobilities and diffusivities. The defining equations for the ambipo-
lar parameters are

. —n
= Pt (P 1) (NL1)
Ry + Py
D.D(p+n
D,= M (N1.2)
nD, +pD,

where n and p are the total electron and hole concentrations, u, and u, are the
electron and hole mobilities, and D, and D, are the corresponding diffusivities. The
advantage gained by this approach is that the resulting single equation allows focusing
our attention on the minority carrier concentration, while the presence of majority
carrier concentration is automatically accounted for by the ambipolar parameters.

Note 2: Auger Recombination

This recombination mechanism entails the interaction of three free carriers—either
two electrons with one hole, or two holes with one electron. Two of these carriers
participate in the recombination process while the third carrier takes away the
momentum of the incoming carriers as well as the energy released during recombina-
tion. The necessity of simultaneous presence of three carriers increases the likelihood
of Auger recombination in heavily doped semiconductors. The associated lifetime
called the Auger recombination lifetime (7,) decreases as the square of the dopant
concentration. Auger recombination mechanism is the inverse of the impact ioniza-
tion which causes avalanche breakdown. In impact ionization, a carrier accelerated by
the electric field, gives rise to one or more carriers.

Example 4.6 1In a PT-IGBT, half-width of N base is 40 pm. The original carrier
lifetime is lowered from 10 usec to 1 usec and then to 0.5 wsec by electron
irradiation. What was the voltage drop across the middle N -base region initially and
after each step? Ambipolar diffusion coefficient is 18.34 cm?/sec.

The PT-IGBT is shown in Fig. E4.6.1. Initially, the diffusion length was L, =
V(D,7,) = (18.3¢ X 10 X 1075) = 0.01354 cm. So, the original value of d/L, ratio
was 40X 107%/0.01354 = 0.2954. For this d/L, ratio, the voltage drop across
the middle N~-base region is obtained from Eq. (4.50) as ¥V = 0.0259 X
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PolySi Gate
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I P A TR
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Figure E4.6.1 IGBT for Example 4.6.

[1.5sinh 0.2954 /{1 ~ 0.25 tanh?(0.2954)}] arctany/{1 — 0.25 tanh*(0.2954) sinh 0.2954} +
0.5 X 0.0259 X Inf{1 + 0.5 tanh?(0.2954) /{1 — 0.5 tanh?(0.2954)}] = 0.0118889 x 44.9113
+1.068 X 107% =0.535 V.

Similarly for 7,=1 usec, L,=4.28x10"° cm, d/L, ratio=0.9346, V=
0.0259 x [1.5sinh 0.9346 /{1 — 0.25 tanh? (0.9346)}] arctan y{1 — 0.25 tanh? (0.9346) sinh
0.9346} + 0.5 x 0.0259 X In[{1 + 0.5 tanh? (0.9346) /{1 — 0.5 tanh? (0.9346)}] = 0.0483 X
42,766 + 7.127 X 1073 = 20656 + 7.127 X 10 > =2.0727 V.

Likewise for 7, =05 psec, L, =3.03x 1073 d/L, ratio=132, V=
0.0259 x [1.5sinh 1.32 /{1 — 0.25 tanh? (1.32)}] arctany{1 — 0.25 tanh? (1.32) sinh 1.32} +
0.5 X 0.0259 X I[{1 + 0.5 tanh? (1.32) /{1 — 0.5 tanh? (1.32)}] = 0.083 X 39.375 +
0.0252775 = 3.268 + 0.0252775 = 3.293 V.

Example 4.7 1In the PIN rectifier of an IGBT, haif-width of N~ base equals the
diffusion length (70 wm). If for d /L, = 1, the function F(d/L,) is 0.25, evaluate the
current density flowing at a forward voltage of 500 mV.

—=70 um 0 +70 um

Figure E4.7.1 PIN rectifier of the IGBT of Example 4.7.

The PIN rectifier of the IGBT is shown in Fig. E4.7.1. Neglecting the recombination
in the end regions of the PIN diode, the current density is given by J=
(2gD,n,/AYF(d /L) explgV, /(kT)} = {(2 X 1.6 X 1071 X 18.34 x 1.45 X 10') /(70 X
107} x 0.25 X exp(0.2,/0.0259) = 3.0392 x 107° X 2.42 X 10® = 735.91 A /cm?.
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Figure 4.7 NPN bipolar transistor: {(a) Double-diffused structure, (b} triple-diffused structure,

and (c) circuit diagram symbol.
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4.3 BIPOLAR JUNCTION TRANSISTOR

High-power discrete transistors [8-12] with current ratings of several hun-
dred amperes and voltage ratings of several hundred volts are used as static
switches in power converters. Both NPN and PNP types are available, but the
ratings for NPN variety are higher. Figure 4.7a presents the junction struc-
ture of a double-diffused NPN transistor, Figure 4.7b shows the triple-dif-
fused or epitaxial NPN ftransistor, and Fig. 4.7c gives the circuit diagram
symbol of NPN device. In the triple-diffused transistor, an extra N layer is
formed on the backside of the N~ wafer to provide a low-resistance ohmic
contact between the collector region and the collector metal layer. In the
epitaxial transistor, the starting material is an N* substrate over which an
N~ layer is grown by epitaxy.

4.3.1 Static Characteristics and Current Gain

The static characteristics of the transistor are derived from the P-N junction
theory. The continuity and current density equations govern the characteris-
tics. The emitter and collector currents of a P-N-P transistor as a function of
applied voltages are given by

1E=4A(Dpp3)coth(1)

Ly Ly
X {exp( q:;B ) - 1} - sech(Lz){exp( q:]c,B )1}]
Dgng qVes 1
+ L. ){exp( T ) - } (4.57)
and
pi’B w
1 =qA( )cosech(f—)

e ol 22) ]
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where A is the cross-sectional area of the transistor, Dy, Dg, and D are
the minority-carrier diffusion coefficients: Lg, Ly, and L. are the minority-
carrier diffusion lengths in emitter, base and collector; ng, nc are the
equilibrium minority-carrier (electron) densities in the emitter and collector;
pp is the equilibrium minority-carrier density in the base; W is the base
width, and Vgz and Vo are the emitter-base and collector-base voltages.
The difference I — I = Iy appears as the base current.
The common-base current gain

- _ e (kg \[ahc\( ol (4.59)
FB oI alg |\ oLy |\ 9l ’

= Emitter injection efficiency (y) X Base transport factor (ay)

X Collector multiplication factor (M)
a=yarM (4.60)

For transistor operation at collector—base voltage << avalanche breakdown
voltage,

a=yar (4.61)

The parameter vy is given by

D\ (Ng\( W
““(Fp)(w—ﬁ)(z) (4.62)

where Dy is the minority-carrier (electron) diffusion coefficient in the
emitter, D, is the hole diffusion coefficient, Ny and Ny are the dopant
densities of the base and emitter, W is the base width, and Ly is the
minority-carrier diffusion length in the emitter. Also [5],

W2
2Ly

ar=1

(4.63)

This equation is derived in Appendix 4.8. To improve the injection efficiency
v, emitter doping must be much greater than base doping, but bandgap
narrowing and Auger recombination restrict y.

The static common-emitter current gain B equals hp = dl./3Ig. The
current gains « and B are related as follows [5]:

B= (4.64)
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Figure 4.8 Typical variation of common-emitter current gain he¢ of a transistor with collector
current.

The variation of current gain B with collector current I is shown in Fig.
4.8. At low collector current values, the recombination—generation current in
the emitter depletion region is small and the surface leakage current is much
greater than useful diffusion current of minority carriers across the base. As
a result, v is small and the gain is low. Bulk and surface trap minimization
improves B at low current levels. As collector current increases, B rises to a
high plateau. For still higher /- values, the injected minority-carrier density
in the base exceeds the majority-carrier density (high-level injection). Effec-
tive base concentration increases, lowering the injection efficiency. This
conductivity modulation is known as Webster’s effect [13]. In lightly doped
epitaxial transistors, the high-field region is relocated from N*-emitter /P-
base junction to N~ -epitaxial layer/N*-substrate junction of the N*-
emitter /P-base /N ~-epitaxial layer /N*-substrate power transistor structure
having epitaxial collector layer. Under high-level injection, the effective base
width increases from the P-base width to (P-base width + N-epitaxial layer
width). The classical concept of well-defined emitter-base and collector-base
transition regions no longer holds. Base width modulation is known as Kirk’s
effect [14]. Base widening results in decrease of B.

The basic model of a bipolar transistor is the Ebbers—Moll model [15]
consisting of two diodes connected back-to-back and two current sources
driven by the diode currents, assumed to have ideal characteristics. The
Gummel-Poon model [16] is based on an integral charge-control relation
relating the terminal electrical characteristics to base charge.

Example 4.8 Find the common-base current gain of the N*PN transistor in an
IGBT having N* layer concentration =1 X 10! cm™3, P-base concentration = 2 X
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Na=2x10"cm™  Ny=1x10"%cm™2
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Figure E4.81 IGBT for Example 4.8.

10" em~*, and P-base width =2 pm, given that hole diffusion coefficient in the
emitter = 1 cm?/sec, hole diffusion length in the emitter =1 wm, electron diffusion
coefficient in the base = 35 cm?/sec, and electron lifetime in base = 1 psec.

The IGBT and its structural parameters are shown in Fig. E4.8.1.

y=1-(1/35{(2x 10" em™*) /(1 x 10" ecm )} (2/1) = 0.998857
ap=1-2x 107 /[2{y(35 x 1 x 10-4)’}] = 0.9994286

a = yoap = 0.998286.

Example 4.9 Calculate the common-base current gain of the P*NP transistor in an
IGBT having P*-layer concentration =1 X 10! em ™3, N™-base concentration = 1 X
10 cm™3, and N~ base width = 80 um, given that electron diffusion coefficient in
the emitter =1 cm?/sec, electron diffusion length in the emitter =1 wm, hole
diffusion coefficient in the base = 12.4 cm?/sec, and hole lifetime in base = 10 psec.

PolySi Gate

P Base P Base

?
Common-Base Current

80 um N~ Base (Np=1x10"cm™?) Gain of the P*NP
Transistor
P* Substrate (N,=1x10"cm 3)! I

Drain

Figure E4.9.1 |GBT for Example 4.9.
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Figure E4.9.1 depicts the IGBT of this problem.
y=1-(1/12.4){(1 X 107 cm™?) /(1 X 10*° cm %)} (80/1) = 0.93548
2 _6 2
ar=1-(80x10-4) /[2{‘/(12.4 X 10x107°%) }] =0.7419

a=yarp=0.6941.

4.3.1 Power Transistor Switch

Here, Fig. 4.9a, the control input is applied at the base terminal, the control
circuit is connected between base and emitter, and the power terminals are
collector and emitter with the load resistance R and the DC supply voltage as
shown. The plots of collector current I, versus collector—emitter voltage
Vg, for different values of base drive Iy, are shown in Fig. 4.9b. These are
the output characteristics of the transistor. With reference to these character-
istics, the two states of transistor switch are:

(1) OFF State or Cut-off Condition: For base—emitter voltage Vgp <0,
base current Iy =0 and collector current I = 0.

(ii) ON State: Suppose V' =250 V, R =50 ohm and 7 = 0.4 A. Applying
Kirchhoff’s law to the power circuit loop, we have

Veg =V —I.R (4.65)

Choosing two points, Io=0, Vo=V and V=0, I.=V/R, gives us a
straight line representing the above equation. This straight line PQ is called
the load line, and its intersection (point X) with the output characteristics
(I3 = 0.4-A curve) yields the current through the switch (4 A) and the voltage
across it (55 V). For R=50 ohm, we find that load line intersects the
I; =0.4-A characteristic on the extreme left where the characteristics for
different I, values are overlapping each other, known as the saturation
region. In this condition, the voltage drop across the transistor is very small. It
is called the saturation voltage Vg, But it is readily obvious that for Ip
values, below a certain level, Vg, becomes very high, causing excessive
power dissipation. For ensuring a saturated ON state, sufficient base drive
must be provided. The minimum base current required to furnish a saturated
ON state is given by

I

I, =
® e

(4.66)
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Figure 4.9 Use of power transistor as a switch: (a) The switching circuit and (b) the output
characteristics and the load line.

where hgg is the common emitter current gain of the transistor. For adequate
safety margin, the circuit is made to operate with a high value of I and is
said to work with a “forced hgg.” Overdriving the base increases the turn-off
time due to the excessive minority-carrier injection from the emitter into the
base. A “proportional drive” is useful. Herein the base current increases or
decreases in accordance with the collector current magnitude.

4.3.2 Transistor Switching Times

The time instants marked in the turn-on and turn-off switching transitions
(Fig. 4.10) have the following meanings: #, (point O) is the instant at which
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Figure 4.10 Switching transitions of a transistor: (a) Turn-on transition and (b) turn-off
transition.

the base current pulse arrives and the turn-on process starts. ¢, (point A) is
the instant at which the collector current rises to 0.1 of its final value, and ¢,
(point B) is the instant at which it acquires 0.9 of the final value (point C). ¢,
(point D) is the instant at which turn-off is started by applying a small reverse
voltage on the base, producing a reverse base current due to excess minority
carriers in the base. After ¢,, this current persists for a short duration unless
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the minority carriers have decayed to zero. ¢, (point E) and ¢ (point F) are
the instants at which the collector current has fallen to 0.9 and 0.1 of its
ON-state value (point G).

With respect to the above time instants, the following time delays are
defined: Rise time (t,) =t, — t,, storage time (t,) =t, — t5, and fall time (t,;) =
ts—1,.

Peak Current
Peak Power

Second

Saturation Breakdown

Limit

Avalanche
Voltage
Breakdown

Cut-off \

Collector-Emitter Voltage V¢ (Volts)
(a

Collector-Emitter Current /¢ (A)

Ve (sustaining)

Collector-Emitter Current /¢ (A)

—-
BVCEO BVCEFI BVCEX

Collector-Emitter Voltage Vg (Volts)

(b)

Figure 4.11 (a) Reverse-biased safe operating area (RBSOA) of a power transistor showing
the various boundary lines and (b) limits of the avalanche breakdown voltage. Nomenclature:
VGE(sustaining) = Collector-to-emitter sustaining voltage, BVcgq = collector-to-emitter break-
down voltage with base terminal open, BVgg = collector-to-emitter breakdown voltage with
impedance R connected between base and emitter, BV g« = collector-to-emitter breakdown
voltage with base terminal shorted to emitter.
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4.3.3 Safe Operating Area (SOA)

Transitions between operating points occurring during switching or otherwise
must be confined within finite boundaries on the I versus Vg plane, called
the safe operating area (Fig. 4.11a), which has the limits as follows: (i) Cut-off
and Saturation Boundaries (OE and OA). Normal operation is restricted
above the cut-off line and to the right of the saturation line. (ii) Peak Current
Boundary (AB): This refers to the maximum permissible collector current.
(iii) Peak Power Boundary (BC): Collector power dissipation p,,. = VcgIc.

Gate (G) Cathode (K)

Anode (A)
(a)

A
(b)

Figure 4.12 Power thyristor: (a) Cross section and (b) circuit symbol.
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(iv) Second Breakdown Boundary (CD): This phenomenon occurs when volt-
age, current, and power dissipation, though simultaneously high, are below
the above-mentioned levels. For example, nonuniform current distribution
during turn-off transition produces local kot spots, causing transistor burnout.
(v) Avalanche Voltage Breakdown Boundary (DE): On increasing Vg, the
avalanche breakdown voltage is determined by the manner of connection of
the base terminal, Fig.4.11b. Breakdown voltage with base terminal open
(BVgo ) is less than breakdown voltage with base shorted to emitter (BV gy ).
Breakdown voltage (BVgg ) for intermediate values of base-to-emitter resis-
tance (R) lies between BV g, and BVgx. In all cases, after avalanche
breakdown has taken place, the voltage tends to remain constant at a
particular value called the sustaining voltage BV ops.

4.4 THYRISTOR

Power thyristors [17, 18] are available in current ratings from a few mil-
liamperes to 5000 A and voltage ratings more than 10,000 V, housed in
leaded plastic, stud-type, and disk-type or hockey-puck casings, according to
the ratings. Thyristors are classified as slow thyristors used for line commu-
tated converters working on low power-line frequencies (50-60 Hz) and fast
thyristors employed in force commutated converters at high switching fre-
quencies. The thyristor is a four-layer structure (Fig. 4.12) with three internal
junctions J,, J,, and J; connected in series and having three terminals: anode
(A) with metallic contact on the outer P layer, cathode (K) on the outer N
layer, and gate (G) on the inner P layer. A and K are the power terminals,
while the control signal is applied between G and K.

4.4.1 Operating States of Thyristor

The thyristor is a bistable switch with a low-impedance ON state and
high-impedance OFF state. Its static characteristics are shown in Fig. 4.13.

BVFa {Volts)

Figure 4.13 Static characteristics of a thyristor.
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Region O-A of the thyristor is the forward blocking state, Region A-B is the
negative resistance region, Region B-C is the forward conducting state, region
C-D is the reverse blocking state, and region D-E is the reverse breakdown
state. While there is only one ON state, namely, the forward conducting ON
state (B-C), there are two OFF states, namely, the forward blocking OFF
state (O-A) and reverse blocking OFF state (O-D). The gate can switch the
thyristor from the forward blocking OFF state to the forward conducting ON
state but cannot implement the reverse transition. Figure 4.14 displays the
biasing conditions in the three operating states of the thyristor.

In the reverse blocking OFF state (Fig. 4.14a), junctions J; and J, are
reverse-biased and J, is forward-biased so that the thyristor cannot conduct
except for the small leakage current. In practical thyristors, the reverse
blocking voltage is mainly decided by the junction J; because the breakdown
voltage of J; is very small in comparison.

In the forward blocking OFF state (Fig. 4.14b), J, is reverse-biased while
other junctions J; and J; are forward-biased. Practically, the forward and
reverse blocking voltages are identical unless specifically designed otherwise.
So the thyristor is a symmetrical voltage blocking device.

Switching of thyristor to the forward conducting ON state (Fig. 4.14c) is
understood by referring to the two-transistor analogy of the device (Fig.
4.15). Dissecting the thyristor into a combination of a PNP transistor Q, and
an NPN transistor Q, by an imaginary plane, as shown, initially the gate
current [ is zero and both the transistors Q,, Q, are in the nonconducting
state. On applying a small gate current, this current serves as the base
current /g, of transistor Q,. Therefore Q, starts conducting, resulting in a
collector current I~,. But the collector current I, acts as the base current
Iy, of transistor Q;. Due to the base current Iy, a collector current I,
starts to flow. This collector current /-, supplies the base current to transis-
tor Q,, further increasing I,. Thus within a few microseconds, a regenerative
mechanism is initiated driving both the transistors Q; and Q, into their
saturated ON states which are maintained even if the gate current is
withdrawn, provided that the current level of thyristor is above a minimum
limit called the holding current.

To analyze forward switching, we note that the base current Iy, of the
P-N-P transistor is given by

Iyy= (1= a)ly —Ieo, (4.67)

where «; is the common-base current gain of the P-N-P transistor, I, is the
anode current and I, is the collector—base reverse saturation current. This
base current is supplied by the collector of the N-P-N transistor. Now, the
collector current I, of the N-P-N transistor is expressed as

I = ayIx + 1o, (4.68)
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Figure 4.14 Different operating states of a thyristor: (a) Reverse blocking OFF state, (b)
forward blocking OFF state, and (c) forward conducting ON state.
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Figure 4.15 Two-transistor equivalent circuit of a thyristor.

where a, is the common-base current gain of the N-P-N transistor and I,
is collector—base reverse saturation current. Since Iy, =I-, we have

(L=ay) Iy — 1oy = ayIx + 1o, (4.69)
But I =1, + I, hence

I = alg +1Ico1 + 1o, (470)
A 1-(a;+a,) .
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The current gains «, and «, are functions of current I, and rise with
increasing current. When a; + a, =0, I, = «, forward breakover occurs and
the device behaves as a P-I-N diode.

4.4.2 di/dt Capability of Thyristor and Inability of Turn-Off by
Reverse Gate Current Pulse

A thyristor T may be imagined as comprising several elementary thyristors
T,, T,, Ts,..., Ty in parallel. When a gate current pulse is applied, first the
thyristor T; nearest to the gate electrode is turned on. Part of the current of
this thyristor goes to the gate of T,, causing it to turn on. Likewise, T, turns
on T;, and so on up to the Nth thyristor. Thus a finite time elapses before all
the constituent thyristors are turned on, making the device fully conducting.
Spreading of the current plasma is characterized by a spreading velocity [19].
Thus if the current in the external circuit rises faster than the speed at which
the switching progresses across the area of thyristor pellet, excessive current
density and hence local heating takes place in regions near the gate, resulting
in permanent device damage. This imparts to the thyristor a di/dt rating,
and this limit should not be exceeded for safe operation. This also explains
why the thyristor cannot be switched off through the gate electrode because
the gate electrode is away from a large part of the cathode area and is
therefore ineffective in controlling the same. By using an interdigitated
gate—cathode geometry or involute pattern [20], the di/dt rating of thyristor is
increased as the gate is distributed to lie within a short distance of the
cathode all over the pellet. Another method is to use an amplifying gate that
serves as a pilot device, turning on rapidly due to its small lateral dimensions
and sending a strong driving current to the main device. The higher this
driving current, the larger the initial turn-on area.

4.4.3 dv/dt Rating of Thyristor

When the forward applied voltage rises at a very fast rate dv/dt, the thyristor
is turned on even in the absence of a gate current pulse. This is because
during the forward blocking state (Fig. 4.14b) the junction J, is reverse-
biased, behaving as a charged capacitance C. A rapid dv/dt change produces
a capacitive displacement current Cdv /dt that turns on the thyristor like a gate
current pulse if its magnitude exceeds a threshold value. By using a shorted
emitter connection (Fig. 4.16), in which local short circuits are produced by
emitter metal overlap over the base regions of NPN transistor, the thyristor
current flows directly to the cathode terminal via an alternative path without
contributing to the gate current. This bypassing of current raises the dv/dt
threshold for false turn-on switching [21].
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G K

A

Figure 4.16 Shorted emitter construction of a thyristor to improve the di/dt capability.

Example 4.10 In an IGBT, the emitter of NPN transistor is short-circuited to its
base by a resistance R, =1 . If the current gain of the NPN transistor without
short-circuiting (R, = ®) is aypy and its current gain with short-circuiting is anpy, sc»
show that aypy sc I8 < aypy until the emitter—base junction of the NPN transistor
is forward-biased by a voltage Vg > 0.7 V. Given aypy = 0.99 and reverse saturation
current of emitter—base junction (/) is 10 pA.

Figure E4.10.1 gives the schematic representation of the IGBT for this example
with the shorting resistor R,, across the emitter-base diode of N*PN" transistor. On
forward-biasing the emitter—base junction of the NPN transistor at a voltage Vg, the
collector current is I =1, {exp(gVge/kT) — 1}. Also, the current flowing through
the shorting resistor Ry, is Iy = Vggp/R,. The current flowing at the emitter terminal
in the short-circuited transistor is Iy gc =Ic/anpn + Ir, Where aypy is the current
gain of the transistor without short-circuiting. So the current gain of the transistor
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anpy = 0.99
P Base P Base
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N~ Base

P* Substrate

Drain
Figure E4.10.1 IGBT for Example 4.10.

with short-circuiting is anpn sc = Io/Tg sc = Ie/Ug/anpn + Ir) = appnll /{1 +
(Ig anen)/Tel] = anpn/[1 + (Vge  anen)/AR Iy exp(qVpe/kT) — 1= 0.99/11 +
(0.99 Vi) /{1 X 107" exp(qVge/kT) — 1}]. Putting Ve = 0.5 V, we obtain aypxsc
=0.99/[1 + (0.99 x 0.5) /{1 x 10~ exp(0.5/0.0259) — 1}] = 4.82 X 10™3, which is
< aypy (= 0.99). Similarly for Vg = 0.6 V, anpysc = 0.161, which is again < aynpy
(= 0.99). Now for Vg = 0.7 V we obtain aypy sc = 0.8786, which is slightly less than
onpy (=0.99). But for Vg =0.8 V, we obtain aypygc=0.987, which is close to
anpy (= 0.99). Thus starting from 0 V, as the emitter—base voltage increases,
initially, most of the current flows through the resistor R, and the current gain of the
transistor is very small. But as soon as Vg exceeds 0.7 V, the emitter—base junction is
forward-biased, a large fraction of current flows through its emitter, and its current
gain approaches that of the non-short-circuited transistor.

4.4.4 Thyristor Turn-on and Turn-off Times

Looking at Fig. 4.17a, if ¢, is the instant at which the gate voltage V;; rises to
0.1 of its final value and if ¢, and ¢; are the instants at which the thyristor
current 7 rises to 0.1 and 0.9, respectively, of its final value, then we define
the following: Delay time t, =t, —t,; rise time ¢, =t, —¢,; and furn-on time
fon =t4+1,.

The thyristor is turned off by applying a reverse voltage across its main
terminals A and K. The turning off of a thyristor is similar to that of a diode,
as explained in Section 4.1.5. So the turn-off waveforms of the thyristor (Fig.
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Figure 4.17 Thyristor switching waveforms: (a) Turn-on and (b) turn-off.

4.17b) resemble those of the diode (Fig. 4.5) up to the instant ;. Turn-off
switching of a thyristor is completed only after it has regained its ability to
block forward voltage. But at instant ¢4, the thyristor has only recovered its
reverse blocking capability due to junction J,. The forward blocking capability
is due to junction J, and it takes a finite time for carriers to decay, by
recombination, after the reverse recovery transient. Therefore, the forward
blocking capability is recovered at the instant ¢, at which the voltage across
the thyristor is zero and the device starts becoming forward-biased. The
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Figure 4.18 (a) JFET cross-sectional view. (b) Static characteristics of JFET showing the
three operating regions.
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turn-off time is fypp =t, —¢;, where ¢, is the instant at which the forward
current becomes zero. It has been demonstrated that application of a
negative gate-to-cathode voltage speeds up the turn-off process of a thyristor.

4.5 JUNCTION FIELD-EFFECT TRANSISTOR (JFET)

The JFET (Fig. 4.18a) is a voltage-controlled resistor whose resistance is varied
by changing the width of the depletion layer extending into the channel
region [22-24]. It has three electrodes: the source, which acts as the origin of
carriers; the drain, which is a carrier sink; and the gate, which controls the
supply of carriers from source to drain. The source and drain make ohmic
contacts with the channel while the gate forms a rectifying junction with it.
The main device dimensions are: the channel or gate length (L), the channel
width (W), channel depth a, channel opening b, and depletion layer width h.

Figure 4.18b shows the current—voltage characteristics of the JFET. These
are a family of plots of drain—source current, i,g, with respect to drain—source
voltage vy for different values of the gate—source bias vgg. The characteris-
tics are divided into three regions: linear, saturation, and breakdown regions.
In the linear region, ipg & vpg. In the saturation region, ing is constant and
independent of v whereas in the breakdown region, i, increases steeply
with a small change of vpg.

In IGBTs, the JFET effect appears as a component of the ON resistance,
which was discussed in Section 3.4.1.

4.6 SUMMARIZING REMARKS

Embellishment of IGBT with various bipolar properties is fraught with both
(a) their merits of lower static losses and higher breakdown voltages and (b)
their demerits of larger dynamic losses. Every bipolar property must be
understood in the background of its impact on IGBT behavior to appreciate
how it can be molded to user’s requirement.

REVIEW EXERCISES

4.1 Name the important specifications of a power diode.
4.2 What are the two main packages used for power diodes?

4.3 Derive an equation for the built-in potential of a P-N junction in terms of the
dopant densities on the two sides.

4.4 Write the formulae for depletion layer width and capacitance of a reverse-
biased P-N junction, explaining the symbols.
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Give the equations for the avalanche breakdown voltage of abrupt and linearly
graded junctions.

Derive the Shockley equation for the volt—ampere characteristic of a diode.
Write the equation for the reverse leakage current showing its diffusion and
generation components.

Draw the turn-off switching waveform of a P-N junction diode and explain the
significance of each time segment in it. Define reverse recovery time of a diode.

Sketch the carrier distribution in a P-I-N rectifier. Indicate the regions of
highest electron and hole concentrations and minimum carrier concentration.

Distinguish a double-diffused bipolar transistor from a triple-diffused type.
What is the role of the N* layer on the backside of the latter.

How are the @ and B of a transistor related? Write the formulae for the
emitter injection efficiency y and the base transport factor a1 of a transistor.

Explain the Webster’s and Kirk’s effects in a bipolar transistor. How does the
current gain 8 of a transistor vary with the collector current? Give physical
reasons for each portion of the B-I curve.

Express the minimum base current to maintain a saturated ON-state of the BIT
in terms of its hpg. What is “forced hgg” operation of a transistor? What is the
disadvantage of overdriving a transistor?

Draw a representative safe operating area (SOA) of a bipolar transistor and
indicate the various boundaries on SOA. Point out the significance of each
boundary. Explain the concept of sustaining voltage BV g of a transistor.

Draw the turn-on and turn-off switching transitions of a transistor. Mark the
time instants for the different transitions taking place, and indicate the rise
time, storage time, and fall times of the transistor.

How does a line-commutated thyristor differ from a force-commutated thyris-
tor?

What are the three operating states of a thyristor? Show the biasing of the
different internal junctions in these three states.

Representing a thyristor as a pair of PNP and NPN transistors, explain how
regenerative action turns the device on.

Derive the equation describing the forward breakover of a thyristor when the
sum of the current gains of its two transistors approaches unity.

How does the finite plasma spreading velocity impose a di/dt limitation on the
thyristor. What special geometries are employed to improve the di/dt rating of
a thyristor?

Explain the false turning on of a thyristor due to rapid application of voltage.
How does a shorted emitter construction help in avoiding the thyristor turn-on
due to dV/dt effect.

Sketch the thyristor turn-on and turn-off switching characteristics and explain
the time delays experienced during both the transitions.
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4.22 Calculate the built-in potential of the N *-emitter /P-base junction of an IGBT

-3

in which the doping concentration of the N* emitter is 1.5 X 10 ¢m~3 and

that of the P base is 2.5 X 107 cm 37

4.23 In an NPT-IGBT, the impurity doping concentration of the N~ base is 2 X 10%*

cm ™3 while that of the P base is 4 X 10'” cm =3, The N~-base thickness is 180
pm. Find the (a) breakdown voltage, (b) the space-charge region thickness on
N side, (c) the space-charge region thickness on P side, (d) the total space-charge
region thickness, and (e) the undepleted length of the N~ base at 1000 V.

4.24 1In an IGBT, the P*-layer doping concentration is 1.9 X 10% ¢m 3, the N ~-base

concentration is 3 X 10" cm~3, and N -base thickness is 75 wm. Electron
diffusion constant in the emitter = 0.9 cm?/sec, electron diffusion length in the
emitter = 0.8 wm, hole diffusion constant in the base = 12 cmz/sec, and hole
lifetime in base =7 usec. Find the common-base current gain apyp Of the
P* NP transistor in the IGBT.
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APPENDIX 4.1: DRIFT AND DIFFUSION CURRENT DENSITIES

In a semiconductor, carrier transport takes place by two main mechanisms,
viz., drift under the influence of an applied electric field, and diffusion in a
concentration gradient.

Carrier Drift

Suppose an electric field ¢ is applied to a semiconductor bar of cross-sec-
tional area A4 and length L having a carrier concentration of » electrons per
unit volume (Fig. A4.1.1). If g is the charge and v, is the velocity of electron,

th
th

¢ electron current density is —qv,. Adding together the contributions from
e n electrons, the current density due to all the electrons contained in the

Concentration = n per cm?

Figure A4.1.1 Electron drift in a uniformly doped N-type semiconductor bar.
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unit volume is

n

Jo= 2 (—qu) = —gqnv, =qnp, ¢ (A4.1.1)
i=0

where p, is the electron mobility (defined as the average drift velocity v; per
unit applied electric field ¢). A similar expression can be written for the
holes remembering that the holes carry positive charge. Then, the current
density due to holes is

Jo =qpu, = qpp, & (A4.1.2)

where p is the number of holes per unit volume.
Combining together the electron and hole current densities given by Egs.
(A4.1.1) and (A4.1.2), the total current density J is

J=l,+J,=qnp, é+qpu,E=qé(np, +pu,) (A4.1.3)
where
Ny +pp, =0

denotes the conductivity of the semiconductor, and its reciprocal

1
p=—— Ad.1.4
np, + Pl ( )

is the resistivity.

Carrier Diffusion

This process takes place when there is a spatial variation of carrier concen-
tration in the semiconductor so that the carriers move from the region of
high concentration to one of low concentration. Let us consider a semicon-
ductor specimen at a uniform temperature (Fig. A4.1.2). Suppose the speci-
men has a varying electron concentration n(x) in the x-direction. The
uniformity of temperature implies that the electrons have the same thermal
energy. Let us calculate the average number of electrons crossing the plane
at x = 0 per unit area per unit time. As we know, the electrons are in a state
of random thermal motion with a thermal velocity v, and mean free path
! =uv,7,, where 7, is the mean free time. Since the electrons at the position
x= —/, one mean free path away on the left, are equally likely to move
toward the left or right, in time 7, half of these electrons will be able to cross
the plane x = 0. Then the average rate of electrons crossing the plane x =0
per unit area from the left side is

1 I 1
Fr=gn(=DT=3n(=0) v (A4.15)
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Conventional Current Direction

Direction of Electronic Current

n(/)

n(0)

Electron Concentration n{x), cm 2

-/ 0 +1/
Distance x

Figure A4.1.2 Variation of electron concentration with distance (/ is the electron mean free
path).

By Taylor series approximation, we have
! 0) -1 dn Ad.1.6
n(~1) =n(0) ~I— (A4.L6)
so that Eq. (A4.1.5) reduces to
1 dn
F1=E{n(0) ‘—la>'vth (A417)

Similarly, the rate of electron flow crossing the plane x =/ from the right
side is

1 1 1
=— — == . A4.1.
Fy=3n(0) = 370 oy (A4.18)
which becomes

1 dn
F2 = 5 {H(O) +17‘;} * U (A419)
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on applying the Taylor series. From Eqs. (A4.1.7) and (A4.1.9), the net rate
of electron flow from left to right is

1 dn 1 dn dn
F-F,=F= E{n(O) _le_} Uy — E{n(O) +l?d;} Uy, = ~U“‘IE
(A4.1.10)
This equation is recast as
dn dn
F= —uthl?i; = —D“E (A4.1.11)

where D, =uv,! is a constant known as the diffusion constant or diffusivity.
Because of the charge —g carried by an electron, the above electron flow
results in an electron current density

dn
J,=—gF = anE (A4.1.12)
Proceeding in identical fashion, the spatial variation of hole concentration
produces a corresponding hole current density
dp

J,=~qD, (A4.1.13)

Total Current Density Due to Drift and Diffusion

Applying Egs. (A4.1.1) and (A4.1.12), for electrons, we obtain

dn
Jo=qnp, £+ 4D, — (A4.1.14)

Similarly, from Egs. (A4.1.2) and (A4.1.14), we get for holes
(A4.1.15)

p
Jp=gqnu, € —aby—-

APPENDIX 4.2: EINSTEIN’S EQUATION

It is an important equation interrelating the two major phenomena of carrier
transport in semiconductors, drift and diffusion, characterized by the param-
eters mobility and diffusion constant, 1espectively.

From the law of equipartition of energy, we can write for the one-dimen-
sional case

Iy = kT (A42.1)
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where m, is the mass of electron, k£ is Boltzmann’s constant, and 7 is the
absolute temperature.

To calculate the drift velocityy; of an electron in an applied electric field
£, the impulse (product of force and time) applied to the electron during its
free flight between successive collisions (time = 7) is equated to the momen-
tum gained by the electron during the above period. Since the force acting on
the electron equals —g¢ and the momentum acquired by it is m_ v,, we have

—qér=m_y, (A4.22)
which gives
—q¢r
= A423
Uy m. ( )

From this equation, the drift velocity per unit applied electric field (—v,/¢)
or the electron mobility u, is

=2 Ad2.4
Hha £ ( )
Substituting for m, from Eq. (A4.2.1) into Eq. (A4.2.4), we get
2
Yq qT Uy 47
= -2 = A425
P'n g kT/Uch kT ( )
But 7=1/v,, so Eq. (A4.2.5) reduces to
2
v, T vy gl vaql
P . A L . (A4.2.6)
¢ kTUth le)[h kT

Substituting v,/ = D, from Eq. (A4.1.11) into Eq. (A4.2.6), we have

Dng D, _K A42.7
Mp = P or _[—L_n-—? ( )

A similar equation applies to holes:

L= (A4.2.8)

so that we can write, in general,

D kT
—=_ (A4.2.9)
M
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Figure A4.3.1 Infinitesimal slice of thickness dx.

APPENDIX 4.3: CONTINUITY EQUATION AND ITS SOLUTION

It is the overall governing equation for carrier drift, diffusion, and genera-
tion—recombination mechanisms in a semiconductor. Considering an in-
finitesimal slice (Fig. A4.3.1) of cross-sectional area A and thickness dx
located at x, the rate of change in the number electrons within the slice is
expressed as (Number of electrons entering the slice per unit time at
x) — (Number of electrons leaving the slice per unit time at x + dx) + (Rate
of electron generation in the slice — Rate of electron recombination in the
slice). This equality is mathematically expressed as

on J A J(x+dc)A
_Adx={ W(9) A To(x +dx)
dt —q -

+ (G, —R,)Adx (A43.1)

where G, is the generation rate and R is the recombination rate. By Taylor
series expansion,

n

J(x+dx) =7/ (x)+ p dx + - (A43.2)
x
From Egs. (A4.3.1) and (A4.3.2), we have
n_ 1% G,-r A433
—=——+(G, - 3.
=7t (@R (A433)

which is the continuity equation for electrons. Proceeding in the same
manner, the continuity equation for holes is

-R,) (A4.3.4)
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Now, in a semiconductor, the recombination rate of excess minority
carriers is proportional to the concentration of excess carriers. The constant
of proportionality is called the excess carrier lifetime (7). The recombination
rate of minority-carrier electrons (R) varies as the excess electron concen-
tration (n, —n,) where n, is the instantaneous electron concentration and
ny is the electron concentration at thermal equilibrium. It is expressed as

n,—n

R,=—2F (A43.5)
7

n
where the constant of proportionality is the electron lifetime =,. The equation
for the hole recombination rate R, is

R, =P Pw (A43.6)

P T,
where 7, is the hole lifetime. Applying egs. (A4.3.5) and (A4.3.6) and the
equations for electron and hole current densities J, and J,, given in Ap-
pendix 4.1, Egs. (A4.3.3) and (A4.3.4) are modified as

on o0& an *n n,.—n
P p P P p0
e L S ide G i S s ke LR VRS
gr  HPallegy T Ha ¢ dx ® oox? " T ( )
apn ‘9§ ‘?Pn azpn Pn — Pno
- — — —pu f—+D —— +G, - ——— (A438
at p‘ppn ax I“pg Ix P 0)(?2 P T ( )

p

Equations (A4.3.7) and (A4.3.8) are the continuity equations for electrons
and holes, respectively.

Let us focus our attention on Eq. (A4.3.8) under the assumption that no
generation current exists in the depletion region, that is, G, = 0. Further-
more, in the neutral N or P regions the electric field £= 0. For the steady
state, dp,/dt =0. Then Eq. (A4.3.8) is simplified to

9’py Do~ Puo

P 5x? 7,

=0 (A4.3.9)

or

(92 " Fn (92 ~ o
Po _PoPwo_o TP PoPo_o o (aq3.100)
dx Dpr ax Lp

where L, =/(D,r,) is the diffusion length of holes.
To solve this equation, we note that it is of the standard form

aD%y + bDy + cy = f( x) (A4.3.11)
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where a,b, and ¢ are constants, D =d/dx, D? =d?/dx*. Tts characteristic
equation is

ml—— =0 (A4.3.12)

Hence m = +1/L, and the solution is
D, =Aexp(m;x) + Bexp(m,x) (A4.3.13)

where m; = +1/L, and m,= —1/L, are the two values of m. Putting the
values of m, and m, into Eq. (A4.3.13), we get

X

x
D =Aexp(L ) +Bexp(—L—) (A4.3.14)

P P

Because p, cannot increase with x, the first term is physically untenable so
the solution of Eq. (A4.3.10) reduces to

X

Pn =Bexp(— ——) (A4.3.14)
L,

With the help of the boundary condition given by Eq. (4.24), at x = 0 we have
Ua

Po=Ps(0) =Pag exp{ ¢) —Bep(0)=B  (A43.15)

Substituting the value of B in Eq. (A4.3.14), we have
X
Pn=pa(0) exp( - ——) (A4.3.16)
LP

Hence, for the decay of minority carriers away from the junction we may
write

pa(x) =pi(0) CXP( - zx—) (A4.3.17)

where, as defined by Eq. (4.27), we obtain
Pu(x) =py(x) —Pao (A4.3.18)
Applying Eq. (A4.3.18) to x =0,

Pa(0) =p,(0) — pyo (A4.3.19)
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Substituting for p,(0) from Eq. (A4.3.19) into Eq. (A4.3.17),
' , x x
Po(x) =Pi(0) exp| ~ 7= | = {Ps(0) —puofexp| — 7| (A4.3.20)
P P

Now putting the value of p,(0) from Eq. (A4.3.15) into Eq. (A4.3.20), the
result is

() = (e ) oo -

P

=Pno{eXp(%) - 1) CXP( - Zx_) (A4.3.21)

which is Eq. (4.30).

APPENDIX 4.4: SOLUTION OF THE CONTINUITY EQUATION (4.41)
The general solution to the differential equation (4.41) is

n(x) =Acosh(Li) +Bsinh(%) (A4.4.1)

a a

where A and B are constants determined from the boundary conditions,
Eqs. (4.44) and (4.45), which may be rewritten as

dn d A4.4.2
dx l-va  2¢D, (Ad.4.2)
dan ! A44.3
dx x=—a h 2qu ( o )

By differentiation of Egs. (A4.4.1) at x= +d and —d, the following equa-
tions are obtained:

1 d
—{ Asinh|{ —
x=+d La a

! A sinh d + B cosh d A4.45
L sinh|{ - cos L (A4.4.5)

a

dn

dx

o

+Bcosh(1d—a)} (A4.4.4)

dn

dx
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Equating the right-hand side of Eq. (A4.4.4) with Eq. (A4.4.2) and that of Eq.
(A4.4.5) with Eq. (A4.4.3), we get

Asinh a B cosh 4 L Ad.46
— |+ —|= 4.
sin L cos I 24D, ( )
A sinh d B cosh 4 L A44.7
- — |+ — == 4.
sin L cos L 24D, ( )
Adding together Eqgs. (A4.4.6) and (A4.4.7), we obtain
2B cosh| L | = Lo [ LoD A448
cos L]~ 2 DD, (A4.4.8)
from which
JL(D,~D,)
= - A449
4¢D,D, cosh(d/L,) ( )
Subtracting Eq. (A4.4.7) from Eq. (A4.4.6), we get
2 Asinh ) WY A4.4.10
sin L)~ 2 D, D, (A4.4.10)
giving
JL(D,+D,
o(BDy * Do) (A4.4.11)

" 4gD, D, sinh(d/L,)

Substituting the values of the constants 4 and B from Egs. (A4.4.11) and
(A4.4.9) into Eq. (A4.4.1), we obtain

JL(D,+D,) x JL(D,-D,) x
n(x) = o T cosh| — | — > sinh| —
44D, D, sinh(d/L,) L, 4D, D, cosh(d/L,) L,
h X . h X
JL,(D,+D,\| " (L_) p,-p,\ "I, AL
~ 49\ DD (4 D, +D d (A4.4.12)
P sinh|[ — P/ cosh| —
L, L,
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In this equation,

IL,(D,+D,\ JL?[D,+D,\ JD,z,[D,+D, Ad4L
49\ D,D, | 4qL,\ D,D, | 4qL,\ D,D, (Ad.4.13)

using the relation
L,=+/D,, (A4.4.14)

where 7, is the ambipolar lifetime and D, is the ambipolar diffusion
coefficient given by

n+p 2n 2D, D,
D, = = = (A4.4.15)
n/D,+p/D, n/D,+n/D, D,+D,

since n = p. Also,

D,-D, 3D,-D, 2D
D,+D,  3D,+D, 4D,

p

1
5 (A4.4.16)

because the electron diffusion coefficient is approximately three times the
hole diffusion coefficient. Applying Egs. (A4.4.15) and (A4.4.16) to Eq.
(A4.4.13), we get

; 2D,D,
JD,7, { D, + D, _ D, +D, D, +D, _ JT, (A44.17)
2qL,\ D,D, 4qL, D,D, 2qL,

From Egs. (A4.4.12), (A4.4.13), (A4.4.16) and (A4.4.17), we obtain

|l

Iz cosh(

M) =\ 2
sinh cosh

(A4.4.18)

NE AT
h'a_mhlk
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APPENDIX 4.5: DERIVATION OF EQ. (4.50)

From Egs. (4.46) and (4.49) we have
KT ..qdn  2qL J

+d a
Edx = — — =
f fd q( un+up)n 2g '[—d n ot q(p,+ )

+d dx kT +d dn A45.1
X[_d cosh(x/L,) 1 sinh(x/L,) _Zf_d n (A45.1)

sinh(d/L,) T2 cosh(d/L,)

Let us first confine our attention on the first term of this equation. The
pre-integral expression in the first term is
2L} 1 2D, 1 2D, (A452)
THLLa (#’n+/‘1’p) THLLa (/‘Ln+l“'p) La( /Ln+#’p) o

where the substitutions L, = /(D,7,) and 75; = 7, have been used. Combin-
ing Egs. (A4.5.1) and (A4.5.2) we have

Ve - 2D, f+d dx _Ef+ddn
N L(matay)/oa [oosh(x/L,) 1sinh(x/L,)\ 2q/-4 n
sinh(d/L,) 2 cosh(d/L,)

(A45.3)
The first term of Eq. (A4.5.3) is expressed as
2D,
N L)
f+d dx
_a [ cosh(x/L,)cosh(d/L,) — 3sinh(x/L,)sinh(d/L,)
sinh(d/L,)cosh(d/L,)

2D

TS 8
+d sinh(d/L,) cosh(d/L,) dx

f_d {cosh(x/L,) cosh(d/L,) — 3sinh(x/L,) sinh(d/L,)}
2D,sinh(d/L,) ;+a dx

T Lt o) f_d {cosh(x/L,) — §sinh(x/L,) tanh(d/L,)}

(A4.5.4)
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This integral is converted into the form [dz/(z%+a?)=(1/a)tan"'(z/a) +
integration constant, by a transformation of variables achieved by putting
tanh(x/2L,) = t. Then cosech®{x/(2L,)} = coth®{x/Q2L)} —1=1/
tanh®{x /(2L,)} — 1 =1/t> — 1 =(1 — ¢?)/t%. Therefore, cosech’{x/(2L,)} =
vy —2)/t, and sinh{x/Q2L,)} =t/y(1 —t*). Now, cosh*(x/(2L,)} —
sinh*{x/QL )} =1. .cosh{x/(2L,)} =1+sinh?(x/QL,)}=1+¢*/(1 —¢?)
=(1-2+13)/(0 -t>)=1/(1—1t>). So, cosh{x/(2L,)} = 1//(1 — t?), giving
sinh(x/L,) = 2sinh{x/(2L,)}cosh{x /(2L )} = 2{t/y(1 — 21 /YA —t*)} =
2t/(1 —¢t?). Also, (coshx/L,)=cosh¥{x/(2L,)} + sinh®{x/QQL,)}=1,/1—
)+ /(1 —12) =1 +13)/A —t2). Again, dt/dx = (d/dx)[tanh{x/Q2L,)}]
= (1/2L)Isech¥{x/(2L)}] = (1/2L)I[[1 - tanh*(x/(2L)}]1 = (1/2L,)
(1 —1¢2). ~de/dt=2/(1—1t?). ..dx=2L,dt/(1—t?). Substituting the values
of cosh(x/L,), sinh(x/L,) and dr in Eq. (A4.2.4), we find that the first term
of Eq. (A4.5.3) is

dt
_ 4D, sinh(d/L,) f+d 172
(Mot+py) J-a (142 1 2t
- - —2—tanh(d/La) X Tti
4D,sinh(d/L, dt
- (d/L.) / j— (A4.5.5)
(B + 1) —a 1+t —tXtanh(d/L,)

The integral portion of Eq. (A4.5.5) is altered into the form

+d dt
f_d 1+¢*—t X tanh(d/L,)

+d dt
B f—d £ - 20 x Stanh(d/L,) + {3 tanh(d/L,)}* + 1 - {$tanh(d/L,))]

f+d
—-d

dt
-{t — Ltanh(d/L,)}) + {,/ 1 - itanh?(d/L,) }2]

1 can-1] 1= stanh(d/L,) (A4.5.6)
- an o
Y1 - ttanh?(d/L,) V1-itanh®(d/L,) ||,
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Equation (A4.5.5) becomes

4D, sinh(d/L,) 1
(Ho+pp)  3/1-Itanh?(d/L,)

et t — stanh(d/L,) "
an
y/1—1tanh?(d/L,) B

4D, sinh(d/L,) 1
("“n+/"‘p) Vl —%tanhz(d/La)

+d

X
tanh( ) — stanh(d/L,)
2L,
X [tan™!
y1 - jtanh®(d/L,)
-d
4D, sinh(d/L,) 1

(#a+ 1) /1 Lttanh?(d/L,) 8

i d d
1 ! =
tanh( 2L, ) stanh(d/L,) { tanh( Y3

\/1 — Ztanh?*(d/L,)
. tanh?{d/(2L,)} — ;tanh*(d/L,)
- 1 — $tanh?*(d/L,)

) — stanh(d/L,) }

a

tan

(A45.7)

by applying the formula tan™! 4 —tan™ !B =tan"}{(4 — B)/(1 — AB). On
further simplification, Eq. (A4.5.7) reduces to

4D, sinh(d/L,) 1
= X
(#a+pp) /1 - Ltanh?(d/L,)

d
2tanh
)

y1— itanh?(d/L,)

tan™
1
1- Ztanhz(d/La) —tanh?*{d/(2L,)} + stanh(d/L,)

1 — $tanh?*(d/L,)
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4D, sinh(d/L,) 1
= X
(#a+ 1) /1 - Ltanh?(d/L,)

d
2tanh(2—La)\/1 ~ Ytanh?(d/L,)
1 —tanh*{d/(2L,)}

-1

tan

4D, sinh(d/L,) 1
= X
(#o+my)  y/1-itanh?(d/L,)

d
2tanh(z)\/1 ~ tanh?(d/L,)

sech®{(d/(2L,)}

-1

tan

4D, sinh(d/L,) 1
= X
(#a+ 1) /1-Ltanh?(d/L,)

2sinh 4 h 4
sin 2La COS 2La
4D, sinh(d/L,) 1
— x
(Mo +ry)  y/1-1ltanh?(d/L,)

tan~!

)\/1 — ltanh?(d/L,) ]

d
tan™"|sinh| — Y1 - ltanh?(d/L,) (A4.5.8)
But
4 x 2D, D, s(k—T o B
4D, _ D,+D, _ q Myt Hp
(ot mp) (ot ay) (e + pp)
=8(EZ by _ k_T)X_M_
4 ) (matuy)’ 9] B+ i)

I
oo

()2l )2
a/ (@u,) 2w \La] 2\p/\gq

_3 k_T) (A4.5.9
-3 5.9)
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Substituting for (4D,)/(u, + u,) from Eq. (A4.5.9) into Eq. (A4.5.8) we get
the first term of Eq. (A4.5.1) as

3 kT sinh(d/L, d
= (d/L.) tan“[sinh(——)\/l — stanh*(d/L,)
2 q /1- ltanh?(d/L,) L,

(A4.5.10)

Now let us concentrate on the second term of Eq. (A4.5.1). This term is

Tad cosh(x/L,) 1 sinh(x/L,)
KT ,.q2qL, {sinh(d/La) "2 cosh(d/La)}

T 29 f_,, tad [cosh(x/L,) 1 sinh(x/L,)
2qL, { sinh(d/L,) 2 cosh(d/L,) }

+d

kT[ {cosh(x/La) _ 1 sinh(x/L,) }

" 24| \sinh(d/L,) 2 cosh(d/L,)

-d

kT cosh(d/L,) 1 sinh(d/L,)
T 2q “{ sinh(d/L,) 2 cosh(d/L,) }

| cosh(d/L,) 1 sinh(d/L,)
- sinh(d/L,) +_2- cosh(d/L,)

kT
= — z [ln{coth(d/La) — stanh( d/La)}
—In{coth(d/L,) + itanh(d/L,)}]

1
kT coth(d/L,) + -2—tanh( d/L,)

2q 1
coth(d/L,) — Etanh(d/La)

kT coth(d/L,){1 + jtanh®*(d/L,)}
= 2q | coth(d/L,){1 - Ltanh?(d/L,)}

kT 1 [1+itanh?(d/L,
-En{ stanh (d/ )} (A4.5.11)

q 1 - ltanh?(d/L,)
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Adding together the first and second terms of Eq. (A4.5.1), as given by Egs.
(A4.5.10) and (A4.5.11), we have

B E(k_T) sinh(d/L,)
v

Vy-= tan™! sinh(
2\ g //1- ttanh?(d/L,)

)\/1 — ltanh?(d/L,)

a

+

1
1 (kT 1+Etanh2(d/La)
- ( ——) In (A4.5.12)

1
2\ 4 1- 3 tanh*(d/L,)

APPENDIX 4.6: DERIVATION OF CURRENT DENSITY EQUATIONS
(4.55) AND (4.56)

From eq. (4.51), the injected hole concentration at the anode junction is

Vi
p(—4d) =poexp( qkT ) (Ad4.6.1)

where p, is the hole density in the N~ base at thermal equilibrium and V5,
is the potential drop across the anode junction. Similarly, the injected
electron concentration at the cathode junction is

n(+d) =n, exp( q:;* ) (A4.6.2)

where n is the electron density in the N™ base at thermal equilibrium and
Vn, s the potential drop across the cathode junction.
Multiplying Eqgs. (A4.6.1) and (A4.6.2), we obtain

qVp
p(=d) xn(+d) = pyexp| L2

qVn+ )

X ny exp( T

~pomesp{ (75 Vet V)| (A463)
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Applying Eq. (4.46) to x = —d, we get

h d inh a
md | VL) 1ML

—d) = -
P 4L\ (4 2 d
sinh —E— cosh| —

a

L
TaLJ d 1 d
coth| — | + —tanh T (Ad4.6.4)

" 2qL, L

a

Similarly, applying Eq. (4.46) to x = +d, we obtain

d (4
gy Tt L] 1%,
n(+d)=5.L _h(d) 2 h(d)
sin - COS —_—

L L,

a

Tt | (L) - L ann | 2 A465
= 24L, cot I —Etan I (A4.6.5)

a

cosh

Multiplying Eqgs. (A4.6.4) and (A4.6.5), we get

TaLJ ? d 1 d
p(—d)><n(+d)=(2qL ) {cothz(L—)—ZtanhZ(Z—)}

a

2
e d 1 1 (d
— _—t —_—
(ZqLa) AN V>
tanh 'L—

a

a

gl
B

2gL d
tanh?| —
I

(A4.6.6)

y ,) {I‘O'Bta“h“(%)}

2qL d
a h2
tan ( _L )

a
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Combining Eqgs. (A4.6.3) and (A4.6.6), we obtain

d
- 44 —
1 —0.25tanh (La )}

d
tanh?| —
an (La)

"

q
Poro €Xpi | = [ (Ve + Vi) 1 =
kT 2qL,

(A4.6.7)

Taking the square root of both sides and putting p,n, = n?, we get

d
1-0.25 tanh“(—)
q TaLJ L,
tanh| —
L

a

This gives the current density

d
2qL,n; tanh(L_a) q

J=
L 4 eXP{( 2kT
1 — 0.25 tanh* L_)

a

(Voo + Vi, )} (A46.9)
) |

Since the applied voltage V, = voltage drop across the anode junction (V. )
+ voltage drop in the middle N~ base (Vy_)+ voltage drop across the
cathode junction (Vy+), we can write

V,=Vp,+Vnt+ Vs (A4.6.10)
giving
Vet Vo=V~ Ve (A4.6.11)
so that
exp(Vp, +Vy,) =exp(V, —Vy_) =expV, —expVy_ (A4.6.12)
Furthermore,

2qL.n; 2qL.}n;, 2qD,,n, 2qD,n, | d
e e e W e e X M W (L—) (A4.6.13)

THL TuL L, T La d a
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where high-level lifetime 7,; has been taken to be equal to ambipolar
lifetime 7,. Equations (A4.6.9), (A4.6.12), and (A4.6.13) yield

d
2D, [ d ta“h(f;) AN
exp{| —=—=| - | =—=
4 \L, d (2kT) ( 2kT )
1-0.25 tanh4(—)

a

2‘11; % F({:) exp{—(q;:; )} (A4.6.14)
where
d\ (d ta"h(Li) 9v,
F(Z)=(L_a)\/ : exp(Zk*‘T) (A4.6.15)

1 —0.25tanh*| —
an (L)

APPENDIX 4.7: TRANSISTOR TERMINAL CURRENTS
[EQS. (4.57) AND (4.58)]

The excess hole concentration (A p) as a function of distance (x) in the base
is given by the solution of the diffusion equation

dAp Ap

where Ly is the diffusion length of holes in the base region. The solution of
this equation is expressed as

x x
Ap=K, exp(L—) +K, exp(—L—) (A4.7.2)
B B

where K, and K, are constants determined by the boundary conditions

Apli-o =A4pg (A4.7.3)
Apli-w = Apc (A4.7.4)

where Apy and Ap. are the hole concentrations on the emitter and
collector sides, respectively, and W is the base width. Applying Egs. (A4.7.3)
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and (A4.7.4) to Eq. (A4.7.2), we get

K, +K,=Apg (A4.7.5)

w w
K, exp(L—) +K, exp(—L—) =Apc (A4.7.6)
B : B

After solving these equations, we have

K = Apc— Apgexp(—W/Ly)
! exp(W/Lg) —exp(—W/Lg)

__Apeexp(W/Lg) —Apc
* exp(W/Lg) — exp(—W/Lp)

(A4.7.7)

(A4.7.8)

Substituting for K; and K, from Egs. (A4.7.7) and (A4.7.8) into Eq. (A4.7.2),
we obtain

Apc—Apgexp(—W/Ly) ( X )
Ap

" exp(W/Lg) —exp(—W/Lg) T\ Ly

Ly
N Apgexp(W/Lg) —Apc
exp(W/Lg) — exp(—W/Lg)

exp( - {;] (A4.7.9)

After solving for the excess hole distribution in the base, the emitter and
collector currents are determined from the gradient of the hole concentration
at the emitter and collector depletion region edges.

Now the hole current is expressed as

dAp dAp

I,= “qADpF = —qADB—d—x— (A4.7.10)
dAp

I,= _qADB_dx_

i{ Apc—Apgexp(-W/Ly) (i)
5dx \ exp(W/Ly) —exp(—W/Lg) T\ Ly

APEeXP(W/LB)“APc ex (__{_)}
oxp(W/Lg) —exp(—W/Lg) T\ Ly
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Apc—Apgexp(-W/Lg) e (_x_}( 1 )
exp(W/Ly) — exp(—~W/Lg) * ¥

Apgexp(W/Lg) —Apc p(_ x )( 1 ))

= _QADB{

exp(W/Ly) —exp(—W/Ly) '\ Ly
—gADy { Apcexp(x/Ly) — Appexp(—W/Ly)exp(x/Ly)
Ly exp(W/Lg) —exp(—W/Ly)
_ Apgexp(W/Lg) exp(—x/Lg) — Apc exp(—x/Lsg) }
exp(W/Lg) — exp(—W/Lg)
—gADy 1
X

Ly exp(W/Ly) —exp(—W/Lg)
X{Apcexp(x/Lg) — Apgexp(—W/Lg) exp(x/Lg)
+Apgexp(W/Ly) exp(—x/Ly) — Apcexp(—x/Ly)}
~gAD 1

Ly exp(W/Ly) —exp(—W/Lg)

Apglexp(—W/Lg)exp(x/Ly) + exp(W/Lg) exp(—x/Lp)}
—APC{CXP(x/LB) — exp( _x/LB)}

gADg
- 2L sinh(W/Ly) X [Apg{exp(—W/Lg) exp(x/Ly)
+exp(W/Ly) exp(—x/Ly)} — Apc{2cosh(x/Ly)}] (A4.7.11)

where the formula exp(z) — exp(—z) = 2sinh(z) has been applied.

IP|x=0 =l
gADyg
2Ly sinh(W/Ly)

_ gDy
"~ 2Lgsinh(W/Ly)

X [Apgl{exp(—W/Ly) + exp(W/Lg)} — 2Apc]

X {Apg X 2cosh(W/Ly) —2Apc}

= ( q/;fB ){coth(W/LB)ApE — Apc cosech(W/Ly)} (A4.7.12)

where I is the hole component of emitter current.
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At x=W,
Ip, ww =1 = -qADB
o 2Lgsinh(W/Lg)
Apglexp(—W/Lg) exp(W/Lg)

X | +exp(W/Ly) exp(—W/Ly)}
—Apc{2cosh(W/Ly)}

_ gADy

" 2Lgsinh(W/Ly)
_ [9A4Dy 1
| Ly )sinh(W/LB)

{Apg — Apccosh(W/Lg)} (A4.7.13)

where I is the hole component of collector current.
Now, the excess hole concentration Apg at the edge of the emitter-base
depletion region on the base side is given by

qVes
Ape=p(0) —pp =ppjexp| | 1 (A4.7.14)

where pgp is the equilibrium hole density in the base and Vg is the
emitter—base bias. Similarly, the excess hole concentration Ap. at the edge
of the collector~base depletion region on the base side is

qVes
Apc=p(W) —pp =ppiexp T |- 1 (A4.7.15)
where Vg is the collector—base bias.
Substituting for Apg from Eq. (A4.7.14) and A p. from Eq. (A4.7.15) into
Eqgs. (A4.7.12) and (A4.7.13) respectively, we obtain

AD v
T = (qLBB ) [COth(W/ fop B(eXp(qTTEE) ) 1}

_pB{exp(%a-) - l}cosech(W/LB)]
qADg py qVes
= (T) coth(W/LB)[{exp( T ) - 1}

—sech(W/Ly) {exp( q:;“ ) - 1}] (A4.7.16)
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and

e o) 2 s
_ (qADBpB ) [{exp qVEB ) _ 1}
Ly sinh( W/LB) kT

—cosh(W/LB)<exp( q:;" ) - 1}] (A4.7.17)

The electron current crossing from the base into the emitter at the
depletion region edge on the emitter side x = —xg is

gAD Ang
Liglh-—x, = ( I (A4.7.18)
E
where D and Ly are, respectively, the electron diffusion coefficient and
diffusion length in the emitter and Ang is the excess electron concentration
in the emitter. But

qVes
Ang=n(—xg) —ng =ng{exp al e 1 (A4.7.19)

From Egs. (A4.7.18) and (A4.7.19), we obtain

Liple= -y, = (iﬂ%) {exp( q:;" ) - 1} (A4.7.20)

Proceeding on similar lines, the electron current flowing from the base
into the collector across the depletion region edge on the collector side
xX=x¢ is

gAD:An;
Iclysxc = — TIo
where D, and L are, respectively, the electron diffusion coefficient and

diffusion length in the collector and An is the excess electron concentration
in the collector. But

(A4.7.21)

Anc=n(xc)—-nc=nc{exp( :; )—1} (A4.7.22)

Equations (A4.7.21) and (A4.7.22) give

Icli—sc = —(ngfﬁ)(exp(gg?i) - 1} (A4.7.23)
C
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Addition of Equations (A4.7.16) and (A4.7.20) gives the total emitter current

Ig=lp+1p= (E’%‘f‘fﬁ) coth(W/Lg)
qVes qVc
X {exp( T ) - 1} —sech(W/LB){exp( T ) - 1}]
gADgng qVes
+ (—————IE ){exp( T ) - 1} (A4.7.24)

Likewise, the total collector current is obtained by the addition of Egs.
(A4.7.17) and (A4.7.23):

[.= I = gADy py 1 ex (qVEB)_l
c= e T fuc Ly, |simn(W/Lp) |\"P\ &7

_cosh(W/LB){exp( q:;B ) B 1} ]

_ (%Z"C) {exp( q:;‘* ) - 1} (A4.7.25)

APPENDIX 4.8: COMMON-BASE CURRENT GAIN o, [EQ. (4.63)]

Let us consider the emitter base PN diode of a PNP transistor. The differen-
tial equation describing the injected excess hole concentration in the N
region is

(A4.8.1)

where D_ is the hole diffusion coefficient, 7, is the hole lifetime, and the
general hole concentration p is replaced by the excess hole concentration p
since p =p +p and the thermal equilibrium hole concentration p does not
change with distance. Then Eq. (A4.8.1) may be rewritten as

d*p P
= A4.8.2
dx? DT ( )

This is a simple differential equation describing the injected excess hole
concentration in the N region. The solution to this equation is the sum of two
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exponentials:

X x
p=C,exp|l — 1| +C,exp| - — A483
b R e

where C, and C, are constants to be determined from the boundary
conditions. The factor y(D,7,) has the dimensions of length and is called the
diffusion length L. (At x =L, the excess hole concentration is p,/e, and
therefore L, is the average range of the excess holes in the N region). In
terms of the hole diffusion length L, = /(D,1,), Eq. (A4.8.3) is altered to the
form

x

x
p=C, exp(L ) +C2exp(——) (A4.8.4)

L

P P

One of the boundary conditions is that p =0 at x = W = base width. Then

w w
0=C,exp T + C,exp - (A4.8.5)
P p

from which

_ C,exp(—W/L,) _
exp(W/L,)

C, = ~Cyexp(—2W/L,)  (A4.8.6)

The second boundary condition is as follows: at x=0, p=p,=excess
concentration of holes at the boundary of the depletion layer, that is, p = p,
at x = 0. Therefore, Eq. (A4.8.4) gives

bo=C+C, (A4.8.7)
Substituting the value of C; from Eq. (A4.8.6) into Eq. (A4.8.7), we get
Po= —Crexp(—2W/L;) +C, (A4.8.8)
yielding
Py

C, =
> 1—exp(—2W/L,)

(A4.8.9)

From Eqs. (A4.8.6) and (A4.8.9), we have

b
1—exp(—2W/L,)

C, = exp(—2W/L,) (A4.8.10)
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Putting the values of constants C, and C, from Egs. (A4.8.10) and (A4.8.9)
into Eq. (A4.8.4), we obtain

R Do X
- —2W/L il
P l—exp(—ZW/Lp)eXp( / P)CXP(LP)

Po x
+ - A48.11
1— exp(—2W/L,) eXp( L ) ( )

P

which is rearranged as

A —exp(x/L,)exp(—2W/L,) + exp(—x/L,)
p=h T en(—2W /L) (A4.8.12)

which represents the hole distribution between the depletion layer and the

ohmic contact.
Now, the base transport factor a is expressed as

dp
Hole current at W dx le—w
= = IS A4.8.13
T Hole current at emitter dp ( )
dx at emitter

Differentiating Eq. (A4.8.12),

A

dp Po

dr [1-exp(2W/L,)}

1
X {—exp(—ZW/Lp) X exp(x/L,) X L—p +exp(—x/L,) X — z;}

d_p = Po {exp(—ZW/Lp) X exp(x/L,) + exp( _x/Lp)}
dx  L{1-exp(2W/L,)}
(A4.8.14)
At x=0,
i .
P Po (exp(=2W/L,) x 1+1) (A4.8.15)

deleo L {1—exp(2W/L,))
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At x=W,

dp Po

dele-w L1 —exp(2W/L,))

x{exp(—2W/L,) X exp(W/L,) + exp(—W/L,)}
_ by

L,{1 - exp(2W/L,))
Do

= L@y, 2P (A4.8.16)

Inserting the values of dp/dx at x=0 and x=W into Eq. (A4.8.13), we
obtain

{exp(-W/L,) + exp(-W/L,)}

2exp(-W/L,) 1
“TT TS exp(—2W/L,) ~ 1+ exp(-2W/L,)
2exp(—W/L,)
1
" “exp(W/L,) +exp(-W/L,)  cosh(W/L,) (A4.8.17)
2
Now
x* x*
coshx=1+2—!+4—!+--- (A4.8.18)
Therefore,
x Xt - x?
——= (coshx)'=|1+ Frat| =l-5 (A4819)
because
A+x) " =1-x+x?—xP+x*— - =1-x (A4.8.20)
From Eqgs. (A4.8.17) and (A4.8.19), we get
W2
ap=1--— (A4.8.21)

P
L, may be replaced by Ly because they represent the same quantity. Then
W2
2L,

aT_

(A4.8.22)



PHYSICS AND MODELING
OF IGBT

An IGBT model must be able to simulate the IGBT or the circuit using this
component with adequate accuracy in a reasonable computation time. IGBT
modeling can be pursued along three different approaches: (i) Analytical
Device and Circuit Simulation: The IGBT is considered as a special connec-
tion of discrete components (PIN diode and MOSFET or MOSFET and
bipolar transistor). Appropriate parameters of these components are applied
to calculate the output characteristics. As a first step, the approach provides
physical understanding of device behavior. It is useful for simulating device
operation but not for construction of a circuit using the devices to emulate
IGBT curves. To study the IGBT as a circuit component, it is necessary to
extend the basic device model to include the device—circuit interactions for
IGBTs under general loading conditions. Role of snubber protection circuit
must also be analyzed. (ii) Numerical Device Simulation: Physical operation of
the device is described in terms of drift and diffusion equations. These are
called isothermal simulations. Together with the heat flow equation, elec-
trothermal, nonisothermal, or thermodynamic simulations are performed. Exact
knowledge of device structural parameters, doping profiles, carrier lifetimes,
and so on, is required along with a great deal of computational power. The
above-mentioned equations are solved in one, two or three dimensions.
The significant advantage gained is the precision or exactness of the results
but the simulations are usually lengthy and time-consuming, necessitating
patience and perseverance. (iii) External Behavior Modeling: Here we direct

The Insulated Gate Bipolar Transistor (IGBT) Theory and Design, By Vinod Kumar Khanna.
ISBN 0-471-23845-7 © 2003 Institute of Electrical and Electronics Engineers
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MOSFET
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Collector
Figure 5.1 Schematic diagram of IGBT as a combination of PIN rectifier and MOSFET.

our attention on only the input and output characteristics of the devices
without any concern for its internal structure and related effects. Such a
model is built up from steered voltage and current sources. This approach is
more suitable for complex circuit calculations.

5.1 PIN RECTIFIER-DMOSFET MODEL OF IGBT

It would be expedient to recall the IGBT equivalent circuits and circuit
models presented in Sections 1.5 and 1.7.

5.1.1 Basic Model Formulation

In this model (Fig. 5.1), the IGBT is seen as a series connection of PIN
rectifier and MOSFET [1]. The current—voltage characteristics of IGBT are
calculated by applying the equations for current conduction through the PIN
diode and the MOSFET derived in the preceding chapters. To apply these
equations, the common potential of these components, at region R in the
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structure, is used. The current density Jr and the voltage drop Vg across a
PIN rectifier are related as follows [Eq. (4.55)]:

2gD,n; d qVe
_ 5.1
Fmg F( L ) p( 2kT) (5-1)

a

The current injected by the P* substrate and entering the drift region from
the bottom is uniformly distributed in this region across the device cross
section over a considerable portion of the drift region. Let Z denote the
length perpendicular to the cross section of the linear IGBT cell. The current
density Ji is expressed in terms of the current [ as

ICE
-_— 5-2
=5 (52)
Combining Eqgs. (5.1) and (5. 2), we obtain
2kT Igd
= In e (5.3)
q 2qWyZD,n;F(d/L,)

As this current is constrained to flow through the MOSFET channel, the
output current Iy of the MOSFET can be written in terms of forward
potential drop across the MOSFET (V% \0s) and the gate-emitter voltage
Ve of the IGBT as [Eq. (3.22)]

FroxCox

zZ
Icg= —Lh—(VGE - VTh)VF,Mos (5-4)
C

where Vg o5 is used for Vg and Ly, is the channel length. This equation
naturally follows by recognizing that in the forward conduction mode, the
applied gate—emitter voltage is sufficiently high to make the forward drop
across the device low, that is, Vg — Vi, = Vi yos. Consequently, the MOS-
FET section of the IGBT is in the linear operating region. Algebraic
manipulation of I equation gives the voltage drop across the MOSFET
portion as

1% - ICE LCh
F.MOS Meys Con( VGE - VTh)

(5.5)

By adding the potential drops across the PIN rectifier and MOSFET por-
tions, the forward drop of IGBT is obtained as

( 2kT) { Igd N Iz L,
= n
& q 2qWxD,n;F(d/L,) PosCox Z(Ver = V)

(5.6)
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This equation allows us to calculate the output I.z—Vg characteristics of
IGBT at different gate bias voltages V. These characteristics show a
distinctive diode knee or kink below which negligible current flows because
there is no injection from P* substrate. This indicates the unsuitability of
using IGBTs in applications where forward drops below 0.7 V are necessary.
Above 0.7 V, the equation predicts an exponential increase of forward
current with voltage as in a PIN rectifier. Furthermore, the characteristics
are uniformly spaced, but in reality they tend to clump together at higher
gate voltages due to channel mobility reduction at high electric fields.

At low values of gate bias, V;;, appreciable voltage drop takes place in
the channel and the MOSFET portion of the IGBT limits the current.
Therefore collector current saturation occurs at a value

_ p‘nsCon 2
ICE - (VGE - VTh) (57)

The PIN rectifier-DMOSFET model of IGBT is able to provide an
explanation of the IGBT behavioral pattern with carrier lifetime variation.
This becomes apparent on analyzing the impact of L, on PIN rectifier
characteristics. It also allows the study of the influence of increasing the
breakdown voltage through the dependence of PIN rectifier characteristics
on N7 -base width and doping concentration. The principal shortcoming of
the model is that the hole component of collector—emitter current Iy
flowing into the P base below the N* emitter is neglected. Due consideration
of this component is taken in the bipolar transistor—-MOSFET model of
IGBT, which will be treated in the ensuing section.

5.1.2 Carrier Distribution in IGBT Drift Region in the ON State

The basic model outlined above assumes that the boundary conditions for
IGBTs are similar to those for the PIN rectifier in the forward conducting
state [1]. However, a major dissimilarity exists because the junction between
the N~ -drift region and P base of the IGBT is reverse-biased. Thus, the free
carrier concentration must fall to zero at this junction. So the conditions
prevailing in an IGBT are analogous to the PIN rectifier at high-level
injection, with the exception that free carrier density is zero at the junction
indicated. By performing a one-dimensional analysis from the P°-
substrate /N ~-drift region junction to N™-drift region/P-base junction, the
free carrier distribution in IGBT is obtained. This involves solving the
continuity equation [Eq. (4.28)] under steady-state conditions (Appendix 5.1).
This equation is

dp p

5.8
: LHL2 (>5)
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and the boundary conditions are: p(0) = hole concentration in the N™-drift
region at the junction between P* substrate and N™-drift region =p,,
p(d) = hole concentration in the N~-drift region at the junction between
N~-drift region and P base = 0. Then the solution is given by (Appendix 5.1)

_ posinh{(d—x)/L,}
P(¥) = = Goh(d/L)

(5.9)

In this solution, p, must be determined. Using the boundary conditions for
the hole and electron currents, p, is found out. In terms of the collector
current density J, these boundary conditions are specified as J (x)=0 at
x=0and J (x) =7 at x = 0. Employing these conditions, the equation for p,
is obtained as

JL,
Po= 2qu

d
tanh(L—a) (5.10)

Thus from Eq. (5.9), the expression for the carrier distribution in the drift
region is written as
b d—x
w, L,

p(x) = 2qD, cosh(d/L,)

(5.11)

The carrier distribution profile of IGBT is compared with the catenary
carrier distribution of PIN rectifier in Fig. 5.2. Near the junction between
N~-drift region/P* substrate, the two carrier distributions are identical. But

N ~-Drift Region/ _f;ﬁ
P-Base Junction

of IGBT

Carrier Concentration

Figure 5.2 Difference between ON-state carrier distribution in the PIN rectifier and IGBT.
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at the junction between N ~-drift region /P base, they are widely different. At
this junction, the carrier distribution in the IGBT falls to zero but that in the
PIN rectifier remains high. Naturally therefore, close to this junction, the
conductivity modulation effect in the IGBT is small but that in the PIN
rectifier is appreciably large. Consequently, the forward voltage of the IGBT
is larger than that of the PIN rectifier, and the JFET region in IGBT vastly
contributes to this potential drop.

Example 5.1 An IGBT is fabricated with a drift region thickness of 100 pm
(excluding the P base and N layers). Carrier lifetime in the N -drift region is 1 usec.
The IGBT is operated at a current density of 200 A/cm?. During operation, the
depletion layer extends into the drift region up to 3 pum. Plot the hole distribution
profile in the IGBT.

The IGBT structure is shown in Fig. E5.1.1. Here, J =200 A/cm?, d =100 X
107 cm, L,=y(D,r,)=(18.34xX1x107%)=4.283 X 10™® cm. Since D, =12.43
cm?/sec, for x= 0, we have from Egq. (5.11), p(x)={(200 X 4.283 % 10" %4
(2% 1.6 X107 x 12.43)){sinh{(100 — 3) x 10~* — 0} /(4.283 x 101 /[cosh{(100 — 3) X
1074 - 0}/(4.283 X 10731 =21 X 107 cm™3. Puiting x=10 pm, we get p(x)=
1.62 X 10Y7 cm~3, Similarly, putting successively x =20, 30, 40, 50, 60, 70, 80, 90, 95,
96.5, 96.8, 97 um, we get the corresponding values of p(x) that are compiled in Table
E5.1.1. The graph showing the carrier distribution is presented in Fig. E5.1.2.

Significance of This Example:. This example illustrates the carrier (hole) distribution
in the N~-drift region of an IGBT during the conducting state. This charge distribu-
tion determines the conductivity modulation of the N~-drift region and thereby the
forward voltage dropped across the IGBT. It is evident that the injected hole
concentration has the peak value in the vicinity of the junction between P* substrate
and N~-drift regions. This concentration falls as one recedes away from this junction.
So, the portion of the N ~-drift region farthest away from this junction contributes the
largest part to the forward drop. Furthermore, mainly the operating current density J,
the ambipolar diffusion length L,, and thickness of N~-drift region control the
injected hole distribution.

PolySi Gate

?
Hole Distribution
Profile

I N- Base TS pum
100 pm 7, =1 psec

J =200
A/cm?

P* Substrate \

Collector

Figure E5.1.1 IGBT for Example 5.1.
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Table E5.1.1 Hole Distribution at Different Distances
in the N ~-Drift Region of IGBT

Serial Distance Hole Concentration
No. x (pm) p(x),em™3
1 0 2.1 x 10V
2 10 1.62 x 10V
3 20 1.267 x 10'7
4 30 9.86 x 10'7
5 40 7.595 x 1016
6 50 5.745 x 1016
7 60 4.192 x 1016
8 70 2.904 x 1016
9 80 1.758 x 1016
10 90 7.084 x 10%°
11 95 2.016 x 10%
12 96.5 5.04 x 10™
13 96.8 2.015 x 1014
14 96.9 1.0075 x 10**
15 96.99 1.0075 x 1013
2.5% 1017 | T T | B — | T T T 1
2.0x 10V} -
1.5%x 10V} i
1.0x 107} .
5.0 x 10'8} -
0.0 F @ -
1 [} ] L - ) i | ] M | [ 1 [

0 20 40 60 80 100

Distance (micron)
Figure E5.1.2 Hole concentration profile.
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In the carrier distribution profile of a PIN rectifier in the ON state, the injected
carrier concentration first falls as in IGBT but begins to rise again as one approaches
the N layer. This happens because carrier injection occurs from both the P- and
N-end regions of the PIN rectifier into the intrinsic layer. This feature distinguishes
the IGBT from the PIN rectifier and accounts for the smaller forward voltage drop
obtained with a PIN rectifier than the IGBT.

5.1.3 Forward Voltage Drop of IGBT

Utilizing the ON-state carrier distribution in the drift region of 1GBT, the
forward voltage drop of the IGBT is derived by summing the contributions
from the junction between N-~drift region and P* substrate, the N -drift
region itself, and the MOSFET components (the channel, the JFET region,
and the accumulation region). Here we shall consider the junction and
N™-drift region components; the MOSFET components will be dealt with in
Section 5.2.2.

Potential Drop Across the Forward-Biased P * Substrate/N ~-Drift Re-
gion Junction. The equilibrium hole concentration in the N ~-drift region is
Pon-=n2/Np. Then the voltage drop across the forward-biased junction
between P* substrate and N™-drift region is expressed as [Eq. (4.6)]

kT Po )
Vpin=— ln( 5.12
PNT T Pox- (5.12)

Using the p, equation (5.10), we have

kT { JL,Np

d
Vyeny = — In{ ————— tanh| — 5.13
PR g T\ 2gD,nf (L)} (513)

Potential Drop Across the N ~-Drift Region. Voltage drop across the
N~-drift region of the IGBT is derived by integration of electric field
distribution through the drift region. For obtaining the electric field distribu-
tion, the high-level injection condition n(x)=p(x) is used along with the
current transport equations (Appendices 4.1 and 4.2):

kT dp
]p =qu, pE - 7 ?d; (5.14)
and
J E + KT dn 5.15
n_q""n n q dx ( . )
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In the drift layer, the total current density is expressed as
J=1J,(x) +J,(x) = Constant (5.16)
Based on the above equations, the electric field distribution is expressed as
J kT 1\(dap
L) e

E(x)=qp(un+up)_q pj\dx

Mn—up)
Mo T 1y

Substituting for p(x) from Eq. (5.11), we get
24, cosh(d/L,) L 1
(#q+pp) sinh{(d-x)/L,} = p,+ p, tanh{(d—x)/L,}
(5.18)

E(x) =

aL,

By integrating this equation from x=0 to x =d, the voltage drop in the
N-drift region is

Vo= TN 2 cosh(d/L,) Inftanh(d/2L,))

= —|———cos o) In{tan .

Mg Mot ug
My — My .
+ ————— In{sinh(d /L, 5.19
St infsion(d/L))| (519)

Example 5.2 In an IGBT, resistivity of the N ~-drift region is 30{2-cm, its thickness is
50 um and ambipolar diffusion length in this region is 30 pm. If P-base junction
depth X;p =3 um, calculate the total potential drop across the P*N junction and the
N ~drift region of IGBT operating at a forward voltage of 2 V and current density of
100 A /cm?,

Figure E5.2.1 shows the IGBT unit cell. Since, p=30 °-cm, Ny =1/(peu) =
1/(30Xx1.6 X107 x1350)=1.54x 10" cm~3. For operation at 2 V, quasi-neutral

Emitter PolySi Gate
| N/
3 P Base P Base ?
el + Potential Drop Across the
50 l P P*N Junction and N-
©m / Base Reglon
N~ Base
ﬁ/ p=30 Q-cm, L, =30 um
J =100 A/cm?, Ve =2V M
P* Substrate \

Collector

Figure E5.2.1 IGBT for Example 5.2.
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width of the N -drift region=50x 107* =3 X 107* — J/[{2£,(V — ¢)} /(gNp)] =
47%x107* — /[{2x8.854 X 10~ X 11.9X (2 — 0.7} /(1.6 X 10~ ¥ X 1.54 X 10¥*)] = 43.67 X
10™* cm. Now, voltage drop across the forward biased P™N junction is Vp,\ =
0.0259 In[{(100 x 30 x 10~* X 1.54 x 10')/(2 X 1.6 X 1071 x 12.43)1.45 X
1014)2} tanh{(43.67 X 10™%) /(30 X 10~ *)}] = 0.63781 V. Voltage drop across the N~-
drift region is V' = 0.0259{(2 X 480) /(1350 + 480)} cosh(43.67 /30} In{tanh(43.67 /60)}
+ {(1350 — 480) /(1350 + 480)} In{sinh(43.67 /30)}] = —0.005895 V. So the total volt-
age drop is 0.63781 — 0.005895 = 0.6319 V.

5.1.4 Two-Dimensional Models of Carrier Distribution
in the ON State

Carrier distribution in the N~ base of the IGBT results directly from
two-dimensional current flow [2]. Inspection of current flow in the IGBT
half-cell of Fig. 5.3 shows that electron and hole currents, J, and J,,
entering the N~ base at the P*-substrate /N ~-base junction at y =dy flow
homogeneously in the negative y-direction in both segments I and II of the
half-cell. The reverse-biased P-base /N -base junction collects the holes so
that the holes entering part IB at y =dj leave it at the P-base/N -base
junction at y =d but the holes entering part IIB and flowing into part [IA
cannot penetrate the accumulation layer at the gate (d. =y >0), so they
move laterally in the negative x direction. At the same time, under the
influence of the electric field at the P-base /N ™-base junction, the electrons
of part IB are compelled to flow laterally into part 1IB and then into IIA,
resulting in a high current density in this region. Because this elevated

X ¢ P* Collector

N +
Emitter

0

B

Figure 5.3 Two-dimensional current flow in the half-cell of a conventional IGBT.
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electron concentration, and hence high current density region, has a smaller
conductivity modulation in part II of the structure, a large voltage drop is
produced here. This voltage drop is reduced by increasing the gate length L
at a given half-cell width a. The outcome of this geometrical modification is
that the current crowding is weakened in the region underneath the gate. As
a result, the well-known “JFET effect,” producing a significant fraction of
the ON resistance, is decreased. Also, the conductivity modulation in this
high-current-density region is enhanced. Both these factors act in conjunction
to lower the conduction voltage drop.

To get a fundamental insight into the coupling of this electron and hole
current flow in the vicinity of the gate, various models have been proposed
based on two approaches. In the first approach, two one-dimensional models
are developed which are combined together by lateral electron flow in front
of the N* emitter and subsequently improved by considering lateral hole
flow also. In the second approach, solution of the Laplace equation in the N
base of IGBT, after simplifying the geometry by conformal mapping, leads to
a two-dimensional (2-D) model. The 2-D model gives accurate dependence of
carrier concentration in the proximity of the P base on L /a ratio with a
realistic carrier density at the gate. The IGBT half-cell is transferred to the
complex plane z=x+jy. By applying Schwarz—Christoffel Transformation
{3, 4], the appropriate region in the z plane is mapped into the upper half of
the image plane w =u + ju. A further such transformation maps the upper
half of the w plane onto the region of the image plane ¢ =r + js shown in
Fig. 5.4a. The interested reader may consult reference 2 to understand the
mapping process. This arrangement is interpreted as a trench-IGBT with a
cell width of 1, a base width sp, and a gate length ;. The carrier distribution
in a point (suppose X) of the ¢ plane comprises two parts. The first part is
proportional to the sum of the solid angles {2, under which the gates of the
periodically repeated trench cells appear in X. The second part varies
linearly with the distance s between X and the real r axis where the gates
and the emitters of the trench IGBT are situated. It has a positive or
negative sign depending upon the carrier concentration in the N~ base. The
obvious implication is that a horizontal carrier profile can be obtained in a
major part of the base. It is also possible to achieve a profile with carrier
concentration decreasing with increasing s values, which would give a higher
conductivity modulation in regions where the current density is large. This
will minimize the forward drop and thus improve the ON-state characteris-
tics. For example, by increasing (2;, the conductivity modulation in N~ base
is enhanced. Since (2, is proportional to r, a larger gate length is preferred.
This allows adjustments of the carrier profile in the N~ base through the
normalized length parameter Lj/a for conventional IGBT and rg for the
trench-IGBT. The trench IGBT structure displayed in Fig. 5.4b has an
extremely short emitter length. Numerical simulations have shown that the
carrier density near the gate is much higher than at the P* collector. Also, it
is approximately constant in the vicinity of the gate and exhibits a pro-



240 PHYSICS AND MODELING OF IGBT

js

t-Plane

Ise

.....

-(2+.~"G]—2—(2—r3) -1 =rIg 0 Ig 1 2—fG 2 2+rG

(a)

' P* Collector

N +
Emitter

(b)

Figure 5.4 Analysis of carrier distribution in a point X of the complex t-plane. Mapped
boundaries appear under the solid angles ;. Notation: t=r + js, image plane; rg, gate
length; sg, base width; s, distance between X and real axis; (};: solid angles under which
gates of trench cells appear in point X.

nounced fall near the emitter. Thus control of the & parameter Ay of the P*
collector along with the gate length offers a convenient way of adjustment of
the N™-base carrier profile and thereby static and dynamic properties of both
types of IGBTs. ON-state voltage drop, of a conventional IGBT, with
parameter values a =25 um, dy =250 um, d-=5 pum, and L;/a =025 is
2.12 V at 100 A/cm?, but the same can be decreased to 1.58 V by using an
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L /a ratio = 0.75 without altering the remaining device parameters [2]. The
reason of the smaller potential drop is the readjustment of the carrier profile
in the ON state, decreasing the JFET effect and increasing the conductivity
modulation in high current density zone of the IGBT cell, as outlined
previously.

If 2-D effects are neglected, a gross overestimation of the IGBT base
voltage drop results leading to erroneous prediction of ON-state voltage. An
analytical model for improved ON-state characteristics prediction has been
proposed [5], taking into account the 2-D effects in forward conduction as
well as temperature effects. The results of this model are in good agreement
with those of 3-D simulations and experiments. The model is useful for IGBT
structural optimization and circuit simulatjons.

5.2 BIPOLAR TRANSISTOR-DMOSFET MODEL OF IGBT BY
EXTENSION OF PIN RECTIFIER-DMOSFET MODEL

5.2.1 Forward Conduction Characteristics

This model [1-6] views the IGBT as a MOSFET driving a wide-base PNP
transistor in a Darlington configuration. Therefore the BJT equations are
used in conjunction with MOSFET equations to describe the /-V character-
istics. A close scrutiny of the IGBT structure (Fig.5.5a) keeping in mind its
MOSFET and PNP transistor components reveals that the emitter of the
PNP transistor is the collector of IGBT and collector of PNP transistor is the
P base of IGBT. So, in the ensuing discussion, the emitter, base, and
collector terminals must be related to the concerned transistor (PNP transis-
tor or IGBT). In the PNP transistor, the collector represents the drain of the
MOSFET. From this collector of the PNP transistor, electronic current
supplied by MOSFET channel enters the N~ base of this transistor. So, the
darkened boundary between collector and base of PNP transistor represents
the connection between the drain of MOSFET and base of PNP transistor.
During forward conduction of IGBT, this junction is reverse-biased, having
zero excess carrier concentration. The dark boundary is called the virtual base
contact of the PNP transistor (Fig. 5.5b). Electronic current entering the base
of the PNP transistor = Base current of this transistor = MOSFET drain
current, and Hole current entering the collector of PNP transistor = Collector
current of this transistor. Therefore the electron current I flowing through
the MOSFET channel of the IGBT (.e., the base current of PNP transistor)
is related to the hole current, I_, flowing across the PNP transistor (collector
current of this transistor) as [Eq. (4.64)}:

®pnp
Ip = Bene In = (_)In (520)

1—apyp

where Bpyp denotes the common-emitter current gain of PNP transistor and
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equals a/(1 — ). The emitter current, I, is obtained by adding the electron
and hole contributions as

I,
IE=In+Ip=m (5.21)

Due to the high input impedance of the MOS structure in an IGBT, gate
current I; is zero and the emitter current I approximately equals the
collector current I.. To derive the forward conduction characteristics of the
IGBT, replacing I by I, modifies the forward drop Eq. (5.6) based on the
PIN rectifier-DMOSFET model, yielding

_ ( ZkT) In Icgd + (1—apnp) e Ly
B q quRZDaniF(d/La) :u'nscon(VGE - VTh)

(5.22)

To examine how Eq. (5.22) is obtained, we note from Eq. (5.21) that I, =
(1 - appp)lg. In Eq. (5.6), we put (1 — apyp)le in place of I in the
second term because the collector current equals the emitter current due to
the absence of gate current component in the high input impedance MOS
structure. The overall impact is that the MOSFET channel current is a
fraction of the total collector—emitter current. The drawback of the PIN
rectifier—-MOSFET model becomes evident here because it assumes that the
full collector—emitter current flows through the MOSFET channel. But the
above substitution of (1 — apyp)X g in place of Iz is not necessary in
the first term of Eq. (5.6) because the voltage drop across the N ™-drift region
is approximated by that across a PIN rectifier with a current /- flowing
through it. A noteworthy observation is that the forward voltage drop across
the IGBT, computed from this equation, is smaller than that obtained from
the PIN rectifier—-DMOSFET model of the IGBT. This is due to the
collector current being subdivided between the MOSFET channel and P-base
region, as pointed out.

Besides the forward potential drop, the saturated drain current Iy, of
the IGBT and therefore the transconductance of IGBT, as calculated from
the bipolar transistor-DMOSFET model of IGBT, is different from that
given by the PIN rectifier-DMOSFET model. Upon decreasing the
gate—emitter bias to such a value that the voltage drop in the channel limits
the current flow, the electron current I, can be written as [Eq. (3.26)]:

:U'nsCon 2
I, = 2L, (VGE - VTh) (5-23)

Then from Egs. (5.23) and (5.21), we obtain

1w, Cy
1—app 2Lg,

Z 2
Ip=Ig = (Voe — V)
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This is the saturated collector current so that
1 pCxZ

—app 2Ly

Ice. o = 7 (Vo = Vm)* (5.24)

and the transconductance in the saturation region is expressed as

24 CE, sat 1 Png Cox Z
Gy = — = WV — V.
) 4 VGE Vps = Constant 1- XpNp 2I’Ch ( oF ™ )
1 Mg Cox Z
= (Voe = Vm) (5.25)

l—app L

It is obvious from this equation that the IGBT transconductance is compara-
tively higher than the MOSFET transconductance of same aspect ratio
because of multiplication by the factor 1/(1 — apyp). Since apyp =0.5, a
ratio of 2 between the two transconductance values is common.

Example 5.3 Employing the first-order PIN rectifiecr—-DMOSFET and bipolar tran-
sistor—MOSFET models of IGBT, calculate the ON-state voltage at current densities
0.1, 1, 10, 100, and 1000 A/cm® and plot the forward conduction characteristics
(current density—voltage) of an IGBT in which width of N™-drift region (d) is 50 pum,
channel length (L) is 2 pm, and gate oxide thickness (z,,) is 1000 A at a gate bias
of 10 V. The IGBT cell has a linear geometry. Its threshold voltage is 4 V. Distance
between adjacent P-base wells (Wg) is 6 pwm and total cell width (Wy + Wp) is 30 um.
It is given that D, =18.34 cm?®/sec. F(d/L,)=0.25, p, =500 cm?/V-sec, and
apnp = 0.5.

The schematic of IGBT unit cell is shown in Fig. E5.3.1. In 1 c¢m, the number of
cells =1,/(30 X 10~*) = 333.3. The Z value is 333.3 X 1 cm = 333.3 cm for a cell of
size 1 cm? Hence, Wi =13333X6X107* cm. Also, C, =8.854 X107 x3.9/
(1000 x 10~%) = 3.45306 X 10~ F/cm. Substituting the values in Eq. (5.6) for Jog =
0.1 A, we have Vi=2x0.0259In{(0.1 X 50X 10™*)/(2x 1.6 X 10~ x 6 X 10™* X

PolySi Gate

Forward
Conduction
Characteristics)
of the IGBT

58

% e W Wm0 )

)

N~ Base
J=0.1,1,10,1000 A/cm?
Vge =10V

P* Substrate

—

Collector

Figure E5.3.1 IGBT for Example 5.3.
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Table E5.3.1 Forward Drops Across IGBT at Different Current Densities

Serial Jer PIN Rectifier— Bipolar Transistor—
No. (Acm™?) DMOSFET Model DMOSFET Model
1 0.1 0.3044 0.3041
2 1.0 0.429 0.426
3 10 0.6 0.57
4 100 1.24 0.95
5 1000 6.57 3.68

333.3 X 333.3 X 18.34 X 1.45 X 1019 0.25} + (0.1 X 2 X 10~*) /(500 X 3.45306 X 10~ 8 x
333.3 X 6) = 0.3044 V. In this manner, V¢ is determined for I = 1, 10, 100, and 1000
A. Then the above calculations are repeated by applying Eq. (5.22). The values thus
obtained are presented in Table E5.3.1.

The above data are plotted with V' across the IGBT along the ordinate and Jg
along the abscissa. Then the X and Y axes are interchanged to convert the curves into
current density-forward voltage (J.g — Vg) characteristics, which are shown in
Fig. E5.3.2.

Bipolar Transistor-
DMOSFET Model

1000

@ soo } PIN Rectifier- |
“é& DMOSFET Model

<

§ 600} .
5

[&]

g

'E 400 o r
Y

<]

3 200} .
[e]

(&)

oy OO

1 10
Collector-Emitter Voitage (Volts)

Figure E5.3.2 Comparison of /-V characteristics of IGBT calculated from the two models.
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/\/ N- Base
/\ / 7, =0.9 usec
P* Substrate

Collector

Figure E5.4.1 IGBT for Example 5.4.

Example 5.4 (a) An IGBT with channel length of 1 um, channel width of 150 cm,
drift region thickness = 60 um, carrier lifetime = 0.9 usec, threshold voltage = 4.6 V,
and oxide capacitance per unit area = 1 X 1078 F/cm? is operating in the saturation
region. Calculate the collector current and transconductance at a gate drive of 11 V,
given that electron mobility in the inversion layer is 400 cm?/V-sec and ambipolar
diffusion coefficient is 18.34 cm?/sec.

(b) If in part (a) above, the chip temperature is 125 °C, what is the effect on rcg g
and g, for static conditions?

Figure E5.4.1 presents the cross-sectional diagram of IGBT unit cell.

For an assumed injection efficiency =1, apyp = @y = 1/cosh(W/L,) =
1/cosh{W /y(D,,)} = 1/[cosh{(60 X 10™*)/y/(18.34 X 0.9 X 10~6)] = 0.4341. Applying
Eq. (5.24) we get g, ={1/(1—0.4341)} X400 x 1 x 1078 X {150,/(2 % 10~ 4)} X
(11-4.6)*=217.14 A. By Eq. (5.25), g, ={1/(1-04341)} x 400X 1x107%x
{150 /(1 X 10~} x (11 — 4.6) = 67.86 QL.

(b) Thermal analysis is performed by applying the following temperature-depen-
dent properties of Si (Table E5.4.1):

Usmg the above data, Eq. (5.24) yields I o, = {1/(1 — 0.4273)} X 197.31 X 1 X
1078 x {150/(2 X 10~ *)} X (11 —3.718)>=137.02 A. By Eq. (5.25), g, ={1/(1—
0.4273)} X 197.31 X 1 X 1078 % {150 /(1 X 10~*)} X (11 - 3.718) = 37.63 Q %,
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Table E5.4.1 Variation of Si Properties with Temperature

247

Parameter
Serial Electrical Value at
No. Parameter Formula Used Application 125°C

1 Electron 1T = 1500 300/ T u,(398) = 1500 739.92
mobility X (300 /398)%5 cm?/V-sec

2 Holemobility  w,(T)=450(300/T)*  p,(398)=450 221.98

x(300,/398)%° cm?/V-sec

3 Electron fns(T)) = 400 300/ T)>°  12,(398) = 400 19731
mobility in the X (300,/398)*° em?/V-sec
inversion layer

4  Electron D, (T) = p,kT;/q D, (398) = 739.92 254
diffusion X138 %1073 cm? /sec
coefficient X398 /(1.6 X 1071%)

5 Hole D(T) = pkT;/q D,(398) = 221.98 7.62
diffusion x1.38x 10723 cm?/sec
coefficient %398 /(1.6 X 101%)

6  Ambipolar D(T) =2D,(T) D,(398) =2x 254 11.72
diffusion D(T) /{D(T) + X7.62/(25.4 + 7.62) cm?/sec
coefficient D(T)}

7 Ambipolar Tl = T (T/T M 75 (398) = 09X 107¢  1.375x 107
(high-level) where 7y, = 1.5 x (398 /300)'3 sec
lifetime

8  Threshold VilT) =Vqy + Viy V(398) = 4.6 3718V
voltage X(T — T,) where +(-9%x1073)

Vi = -9mV/K % (398 /300)

9  Ambipolar L,={(D,1,) L,=y(11.72x1.375 =40.15 pm
diffusion x1075)=4.015%x 1073
length (L,)

10 W/L, ratio — W/L,=60/40.15 1.4943

11 Current gain of  apyp = 1/cosh(W/L,) 1/cosh(W/L,) = 0.4273
PNP transistor 1/cosh(1.4943)

5.2.2 MOSFET Components of Forward Voltage Drop of IGBT

Voltage drop across the MOSFET within the IGBT structure is simply the
sum of voltage drops across the channel (Vy,), the JEFET region (Vyggr),
and the accumulation layer (V. ):

Vmosrer = Von + Viger + Vacc

The channel voltage drop is

VCh -

_ (1 = apnp ) LcnWean

Mg Cox( VGE - VTh )

(5.26)

(5.27)
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The voltage drop across the JFET region is

Vo pyrer (1 = aPNP)J(xp + WO)WCeH
IFET Lo —2x, — 2W,

(5.28)

where p;per is the resistivity of the JFET region, L is the gate length, xp is
depth of P base, and W is the zero-bias depletion region width. For IGBTSs
with low doping density of drift region, W, is large, leading to a high Viggr
value. Voltage drop across the accumulation layer is

K(1- aPNP)](LG - zxp - ZWO)WCelI

Vace = 5.29
Ace 2 q F‘nACox VGE ( )

The reader may notice the resemblance of these equations with the corre-
sponding equations for the MOSFET given in Section 3.4.1 [Egs. (3.33),
(3.35), and (3.34)].

Example 5.5 In an IGBT, the DMOSFET cell parameters are: half polySi gate
length =7 pm, half unit cell width =15 um, channel length =096 um, P-base
depth = 2.2 um, gate oxide thickness = 800 A, threshold voltage = 4 V, apyp = 0.55,
and pp, = 30 Q-cm. If the zero-bias depletion layer is 3 um, the gate bias is 15 V and
the current density is 100 A /cm?, compare the voltage drops across (i) the channel,
(ii) the JFET, and (iii) accumulation regions. Carrier mobility in the inversion layer is
400 cm?/V-sec and in the accumulation layer is 800 cm?/V-sec.

The IGBT half-cell is shown in Fig. E5.5.1. Oxide capacitance per unit area is
8.854 X 107 x 11.9/(800 x 1078) = 1.317 x 1077 F/cm?. The required potential
drops are determined below: (i) Vg, = {(1 — 0.55) X 100 X 0.96 X 1074 X 30 x 1074}/

PolySi Gate
Half PolySi Gate Length = 7 um

Vae=15V
t,.= 800 A
P Te—
2 pum g
$ ?
P Ba ;
_sy Voltage Drops Across
P*/ the Channel, JFET and
H Accumulation Regions
3pum S atJ =100 A /cm?
. N~ Base /
po =30 f1-cm I
8 4
15 pm =
P* Substrate
EETTEEEEET e
Collector

Figure E5.5.1 IGBT for Example 5.5.
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{400 X 1.317 X 1077 X (15 — 4)} = 0.0224 V. (i) Viggr = {30 X (1 — 0.55) X 100 X
22+3)X107*X30%x 1074 /{(14 -2 X 22 -2 %x3) X 107} =585 V. (i) Vycc=
0.6 X (1 —0.55)%x 100 X (14 —=2x 22 -2x3)x 107% x 30 x 10™*} /{2 X 800 X 1.317
X1077 X (15 — 4)} =0.01258 V.

5.2.3 Finite Collector Output Resistance of IGBT

It is expected that when the potential drop across the MOSFET channel is
> (Vgg — V), the collector—emitter current I will saturate and become
constant and invariant with ¥z changes. In practice, such saturation of I
is not observed. Instead, I slightly increases with V; , at high values of
Vcg- As a result, the collector output resistance does not become infinite but
is restricted to a finite value. There are two reasons for divergence from this
expected behavior, one due to the MOSFET component and the other due to
the bipolar component of the IGBT. As V increases, the MOSFET
channel length decreases. This is accompanied by a decrease in channel
resistance and rise of Iy with V. Furthermore, the rise of V¢ causes the
depletion region of the PNP transistor collector-base junction to stretch
whereby the undepleted base width of this transistor decreases, and hence
the current gain, apyp, increases. The rise of current gain apy, is brought
about by the decrease in undepleted base width W. The component of apyp
responsible for this effect is the base transport factor d; given by (Appendix

I-8)

where L, is the ambipolar diffusion length in the N ~-drift region. At a given
collector—emitter voltage Vg, the undepleted base width is written as
Wed-— | 20 (5.31)
gNp

where ¢, & are the permittivities of vacuum and Si, and N, the doping
concentration of N™-drift region of IGBT. Eventually, this increase of current
gain results in increase of I with V-, imparting to the IGBT, a finite value
of collector output resistance. At low Vg values, W is large and its variation
with Vi is imperceptible. So in this portion of I~V characteristics, the
effect of V¢ on W is insignificant. But at high V- values, W becomes small
and changes rapidly with V;. Consequently, the influence of Vg on W is
more marked.

Ignoring the effect of channel length reduction and considering only the
increase in current gain of the PNP transistor, the collector output resistance
of IGBT is given by the equation

pl dlce _ 1 &y & l"nscon(VGE_VTh)ZSinh(W/La) (5.32)
©  dVe 22V aNpVee Lo Ljcosh(W/L,) —1) '
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Differentiation of Eq. (5.24) and using Eq. (5.31) gives Eq. (5.32), as shown in
Example 5.6 below.

Example 5.6 If in Example 5.3, dopant density of N~ base = 1.54 X 101* cm ™3,
P-base junction depth = 3 pm, and ambipolar diffusion length = 30 pm, calculate and
plot the collector output resistance of the IGBT as a function of collector—emitter
voltage Vg for Vg =20, 50, 75, 100, 150, and 200 V. Ascertain the variation of
current gain apyp With Vg,

Taking the differential coefficient of Eq. (5.24) with respect to Vg, we have

ree = [{(d/chx-:)"‘PNP}/(1 — Qpnp )2] #osCo{ 2/ L)} (Voe — V)

= —{(1/L,)sinh(W/L,) /cosh(W/L,)*} x {cosh(W/L,)*} /{cosh(W/L,) — 1}" x

- %\/{(‘IND)/(Z":O%VCE)} {23035/(‘11\’1))} :u‘nscox{z/(ZLCh)}

1
X(Vor = Vn)' = 577 V{(e06)/ (aNpVee )} asCon(Z/Ln) Ve = V)’

xsinh(W/L,)/ [ L{cosh(W/L,) - 1}].

Now, at Vg = 20V, depletion layer depth is 20.847 um, undepleted base width W is
34.153 pm, and W/L, = 34.153 /30 = 1.138. Applying Eq. (5.32), we have

it ={1/(2 X 1.414)}/((8.854 X 107 X 11.9) /(8 X 1.6 X 1071 x 1.54 X 10" x 20)}

X 500 X 3.45306 X 10~ X 333.3 X (20 — 4)” X sinh(1.138)/

[2x 1074 x 30 x 10~ x {cosh(1.138) — 1)’ =15.2228 0.

Therefore 7, = 6.569 X 10~2 Q. Assuming an injection efficiency of unity, the current
gain = 1/{cosh(W/L,)} = 1 /{cosh(1.138)} = 0.581. Exactly the same sequence of steps
is followed to calculate the above parameters for the other V. values. The results of
these calculations are presented in Table E5.6.1, and the dependence of collector
output resistance on Vg is depicted in Fig. E5.6.1.

Table E5.6.1 Current Gain of PNP Transistor and Collector Output Resistance
of IGBT at Different Collector-Emitter Voltages

Undepleted Base
Serial Vg Depletion Layer WidthW=(50 W/L,

No. (volts) Width Wy (um) —3-W;)um Ratio r) apnp
1 20 12.85 34.15 1.138  6.569x 1072 0.581
2 50 20.53 26.47 0.882  4.82x1072 0.7066
3 75 25.33 21.67 0.7223 3236 X 1072 0.7859
4 100 29.14 17.86 0595  2.09%10°% 0.8457
5 150 35.73 11.27 0376 6.433x107% 0.933
6 200 41.28 572 0.191 9.683x107* 0.982
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Figure E5.6.1 Dependence of collector output resistance of IGBT on collector-emitter
voltage.

5.3 BIPOLAR TRANSISTOR-DMOSFET MODEL OF IGBT WITH
DEVICE-CIRCUIT INTERACTIONS

In this model [6-10], both the steady-state and transient operation of the
IGBT are analyzed, considering it as a circuit component. Analytical models,
mixed mode device-circuit simulations, or network models for a circuit
simulator are used for investigating the electrical behavior of the IGBT in a
power circuit.

5.3.1 Steady-State Forward Conduction State

Ambipolar Carrier Transport Equations and Coordinate System for
Analysis. The BIT in the IGBT is a lightly doped, wide-base, low-gain
device operating under high-level injection for practical current densities. So
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ambipolar transport equations are used for describing carrier transport, for
both steady-state and transient analysis. The electron current I, and hole
current I, are expressed as (Appendix 5.2)

I = ~—-—b Iog +gAD -—6 5.33
n 1 b CEI a (;x ( : )
and
I, = -——1 Ieg; —qAD —a | 5.34
h 1 ' b CEI q a ax ( * )

where b is the ambipolar mobility ratio = w,/u,, Icg is the total
collector—emitter current, g is the electronic charge, A is the active area of
the device, D is the ambipolar diffusivity, and p is the hole concentration.
The time-dependent ambipolar diffusion equation is written as (Appendix
5.3)

%A A 1 ¢A
P_Ap, Loy (535
ox L, D gt

a

where Ap is the excess hole concentration and L, is the ambipolar diffusion
length.

Figure 5.5¢ shows the rectangular Cartesian coordinate system used for
analyzing the PNP transistor. The emitter of this transistor ends at x = 0. Its
base extends from x=0 to x=d, and undepleted or quasi-neutral base
width at a given applied voltage stretches from x =0 to x= W. So, I,(W)
describes the PNP transistor base current and /(W) describes its collector
current.

Excess Carrier Concentration Ap(x) and Excess Carrier Base Charge
(Qg) . During forward operation, the depletion-layer width W, across the
reverse-biased collector—base junction of the PNP transistor is given by

W, =

\/Zsoss(Va+¢0) (5.36)

gNp

where V, is the applied voltage, ¢, is the built-in potential, and N, is the
N~-base doping concentration. This equation is obvious from Eq. (4.11).
Then quasi-neutral base width is given by

W=d-W, (5.37)
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Noting that Ap(x)=0 at x=W and solving the steady-state ambipolar
diffusion equation with A p(x)/dt =0 yields (Appendix 5.4)

W-x w
Ap(x) =posinh( 7 )/sinh(L—) (5.38)

where p, = Ap(x) at x =0, that is, p, = excess carrier concentration at the
base edge of the emitter—base junction of PNP transistor. Integration of
excess carrier concentration through the base gives the total excess .carrier
charge Oy in the base:

Ap(x)dx= P W T g
f p(x) ) SRR AN ¥ sin I
Sln La

e (i A2
bttt

sinh

" W 0 x 1 17
- — —|x

cos I cos I L |
W—x) ¥

p(]La W
0————.h W {—1+cosh(—l—a—)}
sin 7

POLa

7— [ - COSh( Ta—
sin L_

a a

POLa . 12 1
= —— h2 — 2
. (W){sm (2 a) cosh(2 a)
sinh| —

a

+ sinh? i + cosh? 4
sSin 2La COS. 2La

W

/

poL, %2 sinh2(

2
N w
2sinh ( ) cosh(

2L, 2
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where the formulae sinh(A4 — B) = sinh A cosh B — cosh A sinh B, cosh( A —
B) = cosh A cosh B — sinh A4 sinh B, [ sinh(au) du = (1/a) cosh au,
sinh*(A4/2) + cosh’(4/2) = 1, cosh A = sinh?(A4/2) — cosh’(A4/2), and
sinh A4 = 2 sinh( A /2) cosh( A /2) have been applied.

Therefore,

w
Qg =qp,AL, tanh(E) (5.39)

This equation serves the initial condition for dynamic analysis.
Base and Collector Currents of the PNP Transistor. Based on the quasi-

equilibrium approximation and under high-injection condition in the base,
the electron current injected into the emitter is simply (Appendix 5.5)

In|x=0 = Is

2
p—"2) (5.40)
where I, denotes the emitter electron saturation current. Utilizing the
ambipolar transport equations [Egs. (5.33) and (5.34)] and the equations for
Ap(x) [Eq. (638)] and I, (x =0), [Eq. (5.40)], we obtain the equations for
the base current I (x = W) of PNP transistor and for the collector current
I,(x =W), (Appendix 5.5):

2
Do qpyAD w 1
I 215(22— + ( L. ){COth(L—a) - —————Sinh(W/La) } (541)
and
2
| Po qpoAD \ [ coth(W/L,) 1
I _Is(bniz) + ( L ){ 5 + Soh(W/L) } (5.42)

The total collector current of IGBT is I.g =Ig + I, which is an initial
condition for transient analysis.

Emitter—Base Volitage Drop (Vg) of the PNP Transistor . It is the sum of
three components: (i) Potential drop across the emitter—base junction of this
transistor at high-level injection, (i) resistive drop across the conductivity-
modulated base, and (iii) diffusion potential resulting from carrier distribu-
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tion across the base under high-level injection, i.e.,

" (kT)1
=|—]In
EB q

P02 ) TcelW D, 1

Pyt Np
L |2 P (5.43)
(1 + l/b)“‘nAqneff My ND

2
n;

where n., = effective low-doped base doping concentration given by
(Appendix 5.6)

/4 \/ND2 +py cosech®(W/L,)
n f =
< o2L, . ‘/{ND2 +py-cosech?(W/L,)} tanh(W/2L,)
tanh™
an {Np + p, cosec(W/L,) tanh(W/2L,)

(5.44)

Example 5.7 For the IGBT described in Example 5.2, find the emitter—base voltage
Vep by applying Eq. (5.43).

By Eq. (5.10), p, = {(100 X 30 x 10*)/(2 X 1.6 x 10~ x 1.43)}
{sinh(43.67 /30)} /{cosh(4367 /30)} = 6.764 X 10'¢ cm™>. Now, the first term of Eq.
(5.43) is 0.0259 In{(6.764 X 10'°)2/(1.45 X 10'°)?} =0.7954 V. The third term is
(18.34 /1350) In{(6.764 X 10%° + 1.54 x 101%) /(1.54 X 10'4)} = 0.082697 V. Evaluation
of the second term requires the determination of n.. We note that W/L,=
43.67/30 = 1.456 and W/(Q2L,) = 43.67/60 = 0.7278. So, n.4 = [0.7278

\/ {(1.54 x 101)” + (6.764 x 10'®)” X cosech?(1.456)} ]/arctanh[‘/ {(1.54 x 104)°

+(6.764 % 1016)° x cosech2(1.456)} x tanh (0.7278) {(1.54 x 10™) + (6.764 X
10'%) tanh ((0.7278)}] = 8.42 x 10 cm~3. So, the second term = (100 X 43.67 X
1074)/(1.33 X 1350 X 1.6 X 107 x 8.42 X 10'°) = 0.18054 V. Thus the total voltage
drop Vg = 0.7954 + 0.18054 — 0.082697 = 0.8932 V.

Drain-Source Voltage Drop (Vs ) Across the MOSFET and the Forward
Voltage Drop (V) of the IGBT. (Vy;) = Emitter—base voltage drop (Vgg)
of the PNP transistor + Collector—base voltage drop across this transistor
(Vep), or

VCEI =Vgg + Vi (5-45)

The voltage Vg is the drain—source voltage (Vp,¢) across the MOSFET.
Because Iz =Iyoseer and the MOSFET is operating in the linear region
[Eq. (3.22)], we obtain

Ig

Viy = —————
P K(Vos —Vm)

(5.46)
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where
Z
K= Cox Mas| 7 (547)
L Ch

C, is the oxide capacitance per unit area, u, is the surface electron
mobility, Z is the channel width, and L, is the channel length. Thus the
IGBT ON-state voltage (Vg;) is explicitly expressed in terms of the collec-
tor—emitter current Iy =1Ig+ 1. and gate voltage Vg = Vg, assuming
Veg = 0. The equation for Vg is another initial condition for studying the

switching transient.

5.3.2 Dynamic Model of an IGBT and Its Switching Behavior

Reducing the gate—emitter voltage (Vg ) below the threshold level turns off
the IGBT. Then the MOSFET channel disappears and the base current I
supplied to PNP transistor is stopped, that is, I; becomes zero. The collector
current of the PNP transistor I starts falling through carrier decay in the
open-base bipolar transistor. Both the excess carrier base charge Q and the
IGBT collector voltage V; are time-varying quantities. In the sequence,
time-varying quantities will be marked by a prime to distinguish them from
steady-state parameters.

Figure 5.6 depicts the main capacitances associated with the IGBT. The
symbols are explained below. For the PNP transistor, Ccgg is the
collector—emitter redistribution capacitance:

w? Cpo @
C = =% 5.48
CER Weﬂ2 3gAWN,, ( )

W, is the effective width for base transport and N, is the collector—base
space-charge concentration. Cggy and Cgg, are the emitter—base junction
and diffusion capacitances, and Ry, is the conductivity-modulated base resis-
tance of PNP transistor given by

R /4
BT (1+1/b)p, Agn g

(5.49)

For the VDMOSFET, Cp; is the gate—drain overlap depletion capacitance:

Copr = —5, (5.50)
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Figure 5.6 (a) Bipolar and MOSFET components of the dynamic IGBT model. (b) Portion of
IGBT cross section showing the areas covered under Apg and Agp.

Cpg; is the drain—source overlap depletion capacitance:

Cogg=——— (5.51)
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Coxs is the gate oxide capacitance of the source overlap and C,; is the
source metallization capacitance. Cxg and Cy, are the main components of
the gate—source capacitance Cgs. The capacitance Cgxp is the gate oxide
capacitance of the drain overlap, a dominant component of gate—drain
capacitance Cgp.

A noteworthy observation is that during transient conditions, a quasi-static
(QS) approximation is not valid for the IGBT. This is so despite the fact that
rate of base charge variation is not very fast in PNP transistor. The violation
of quasi-static approximation originates from the difference in boundary
conditions on the electron and hole currents during the transient state from
those in the steady state. As a result, the shape of the excess carrier
distribution and the relation between current and total excess carrier base
charge differ between these states. This contradicts the assumption in the
quasi-static approximation, that the relation between current and total excess
carrier charge in the base remains the same during transient and steady
states. The dissimilarity arises due to the coupling of the electron and hole
transport for the low-gain, high injection conditions of the total collector
current I, such that neither can be treated independently. Under these
conditions, the electron and hole concentrations are nearly equal in magni-
tude. Interaction occurs between the electrons flowing from the collector side
of the base of PNP transistor toward the emitter and holes moving from the
emitter toward the collector side of the base. Owing to the coupling effect,
the collected hole current changes upon withdrawing from the MOSFET
electron current. This kind of coupling is, however, debilitated for high gain
or low-level injection cases. Furthermore, under common loading situations,
during transitions of the collector—-emitter voltage of IGBT, the depletion
layer width across the collector—base junction of PNP transistor changes at a
faster rate than the transit time of excess carriers through the base. So, the
rate of change of the quasi-neutral base width is more rapid than the base
transit speed, requiring a large proportion of current, for carrier redistribu-
tion, into the changing base width.

The collector—base depletion width decays with time, resulting in a transi-
tory variation in the quasi-neutral base width. The rate of change of the
quasi-neutral base width with time is expressed in terms of time rate of
change of collector-base voltage as

dw Cp v,
— -2 X (5.52)
dt gNp A dt

where C, = g,¢,4 /W, is the instantaneous collector—base depletion capaci-
tance. Consequently, the excess carrier base charge Q is driven into a
quasi-neutral base region, which shrinks with increase of voltage. This implies
that the ambipolar diffusion equation must be solved for the moving quasi-
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neutral base width boundary condition resulting in the equation

Py \(*¥* W=x xP\aw’
2 6 3w

32 =0 (1-37) [0 7

Integration of this equation through the base gives the total base charge
under transient conditions as Q' = gp, AW’ /2 and gives the transient collec-
tor current at x =W’ as

(5.53)

b )4DpQ’_ Qo 4w’ (5.5

1
I’ ! — Il
o(7") (1+b)CEI+(1+b W't 3w dt

The physical explanation of the three terms in this equation is given below:
The first term is a non-quasi-static term, representing the variation of
collector current of the IGBT with the instantaneous total current due to
electron and hole transport coupling. Because the second term is related
to the residual base charge and the applied collector—base voltage, it is
the charge-controlled component of the current. The third term causes
carrier redistribution for the moving boundary neutral base width boundary
condition.

5.3.3 State Equations for IGBT Turn-Off Transient
For zero MOSFET current, we obtain

1n|x=W = CBCJT (5-55)

Since the total current at x = W is the sum of electron and hole currents, we
have

r

N o) D 5.56
BCJT‘CEI“P() ()

Furthermore, because the excess carrier base charge decays by recombination
in the base and by electron current injection into the emitter, we can write

)2
Po

2
n;

@ __9

—_— -1
dt THL §

(5.57)

These equations are used to obtain dVy./dt and dQy/dt in terms of the
instantaneous values of I, Q and V.. The analysis yields the non-quasi-
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static voltage state and charge state equations as follows:

I 4DPQ’
v CEl T T
< - 4 o (5.58)
1 1+1/D)|1+ —m—
BCJ( / ) ( SqANDWI )
and
daQ’ ' 401
£ = — g - __% (5.59)
dt THL W/ fIZani
Note 1

For deriving Eq. (5.59), integration of Eq. (5.53) is performed through the base from
x =0 to x = W, remembering that for a constant collector voltage the second term in
Eq. (5.53) is zero. This gives pj in terms of the total excess carrier base charge Q';

W
w Q wr Do (W' po | %2
Ap' de=— =p] dx — — dx=p W — —|—
j(; ¥4 qA Poj;) W'j;) x Po w' 2]0
’ 12
’ ’ po W . ; 1
=poW¥ W 2 _ZPOW
Hence,
,_ 29
p0= qul

Substituting for pp in Eq. (5.57), we get Eq. (5.59)

dt THL

@ 2 (20 V(L o 4011,
8 qul

Z
n;

Note 2
To obtain Eq. (5.58), we begin by differentiating Eq. (5.53), giving

d . (oL Py \[(2x W' 3x2\dWw
4G} “"’0( _VV_')_ wD,\2 6 3w a
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At x=W',
d_ | Po po \(2W W 3W\aw’
a{“f’(")}FW'—‘W‘(WIDa) 2w @
__P (p N, W )d_W_
W' \ WD, 6 dt
20, 20
P Po \dW'  qAW' | qAW’ | AW’
~ w \sp,)] & = W 6D, | ar
20 Q AW
= — + -
gAW'* = 3gADW' dt
Substituting for (d/dx{A p’(x)} into Eq. (5.34), we obtain
1 20 Qo aw
Iy = ——Icg —gAD, x | — + —_—
R T TR T A T gD a
1 D, Q@ aw’
= Iog 22— — ———
1+b " "2 3w d
The ambipolar diffusivity is
_ 2D,D,
D,+D,
from which
D, 2D, 2 ) 1 ) b Do b
D. D.+D, . D, T "1+ O “27T3p™r
p n P l+—l)— 1+ -

Substituting for D, into the equation for I, and noting that I, = I.(W’), we arrive
at Eq. (5.54):

b
‘1462 @ aw
w'? W ar

L(W)=1I,= Ieg +2

1+b
1 ( b )4DPQ’ Q dw’

-y + | —— =
1+p 1+b) w? 3W dt
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Substituting for I(W’) into Eq. (5.56), we have
dVie L b \4D,0 Q@ 4w’
—_ =T —_ —_ —_— + —
dt L 1+p ® \i1+b) w? W &
b b \4D,Q @ dw’
CEI — (

= —_—— —_— + o
1+b 1+b) wr? W' at

1
BCJ

Employing Eq. (5.52), dW'/dt can be expressed in terms of dVyc/dt and putting
Cp = Cyeps

dVic b I b 4D, @ Cgog dVie
’ + ] — ——— e
BOV ar 1+6 ¥ {1 +b) W't 3W' gNp,A  dt
or
dVie Q Chgg dVic b b \4D,Q
ol | Yo g T 1)
dt W' gNpA dt 1+b 1+b) W
1 {I’ 4D, 0 }
= T\ e
1+ -
b
dVgc/dt is then
, 4D, 0
dVéC ICEI - Wrz

de 1 o
rall+ =1+ ———
b 3gAN W'
which is Eq. (5.58).
Figure 5.7 shows the schematic of the circuit for series resistor—inductor

load switching analysis. In this circuit, I is the total collector—emitter
current, R is the series load resistance and LL the series load inductance,

IGBT Van

Figure 5.7 Circuit configuration for series resistor inductor load switching.
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and V,, is the collector supply voltage. The state equation for this circuit is

iy 1 ) )
dt =Z(VAA_ICEIR_VA) (5.60)
where V, is the device collector voltage =V, (applied collector—base

voltage of the bipolar transistor) for high-voltage operation. The current and
voltage turn-off waveforms are derived [9] by integrating the above equation
simultaneously with the state equations of IGBT, Eq. (5.58) and Eq. (5.59).
The initial conditions are obtained from steady-state analysis. Using specific
values for R, V,,, and base lifetimes, the turn-off voltage waveforms are
calculated for various inductance values. Comparison with the measured
waveforms revealed that the model satisfactorily describes the transient
waveforms for general switching conditions. Further details can be found in
reference 9.

5.3.4 Simplified Model of dV/dt During Inductive Load Turn-off

The above model is a complex function of the redistribution and displace-
ment capacitances, which are not readily amenable to calculations. A simple
model has been proposed [11-13] for predicting the dV/dt of IGBT during
the current boundary phase in which the device carries the full-rated current
and the voltage across it rises to the bus voltage. Figure 5.8 shows the voltage
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Figure 5.8 Typical turn-off waveforms of the IGBT during the current boundary phase.
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waveforms for the current boundary phase during inductive load IGBT
turn-off for different lifetimes. For the asymmetric IGBT structure, the
carrier profile during the transient is approximated as a linear profile:

P =po[1 - 2] (5.61)

where p(W,) is the charge in the drift region at the depletion layer edge, p,
is the initial steady-state carrier distribution, W, is the width of the depletion
layer, and d is the drift region thickness. As the depletion boundary stretches
to support the voltage, the excess carriers present in the drift region are
swept out resulting in a current

r=atpm) 22 (5.62)

where dW,/dt is the rate of movement of the depletion boundary. It is
expressed in terms of the voltage supported across the depletion layer as

aw; £98, av
( (5.63)

dr  \ 2gNyV(t) \dr

where N, is the dopant density of the drift region and V(¢) is the voltage
supported across the depletion layer at time ¢. Combining Egs. (5.62) and
(5.63), we have

av J 2NV (1t
av _ T gNpV (1) (5.64)
dt qp(I/Vd) €08,
which reduces to the equation
dv Iy Npd
— -7 (5.65)
dt  gy&p,

with the help of Eq. (5.61). This equation shows that the variation of voltage
with time is linear during the current boundary phase. It is easy to see that
dV /dt changes with lifetime because p, is lifetime-dependent, as shown in
Fig. 5.8.

Example 5.8 In an IGBT, the dopant density of N -drift region is 1 X 10'* cm ™3,
and its thickness is 50 wm. The P-base junction depth is 3 um and the depletion layer
extends up to 3 um into the drift region. The operational current density is 300
A/cm?. Determine the voltage-time waveforms during inductive load turn-off for
ambipolar lifetime values of 2, 5, and 10 usec.



BIPOLAR TRANSISTOR-DMOSFET MODEL OF IGBT

Table E.5.8.1 Variation of Turn-off Voltage with Time

265

Serial Time Voltage for Voltage for Voltage for
No. ( pusec) T, =2 psec T, =5 psec 7, = 10 psec
1 0 0 0 0
2 0.05 22.06 20.21 19.58
3 0.1 44.11 40.41 39.15
4 0.15 66.17 60.62 58.73
5 0.2 88.23 80.83 78.3
6 0.25 110.28 101.03 97.88
7 03 132.34 121.24 117.45
8 0.35 154.4 141.44 137.03
9 0.5 220.57 202.1 195.8
10 0.75 330.85 303.1 293.63
11 1.0 441.13 404.13 391.51
500 v v
T, =2 usec
400 1
g 300 1
[72]
o
8
£
> 7,=5 psec
© 200 .
c
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Figure E5.8.1 Calculated dV /dt-time waveforms for inductive load turn-off.
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For 7,=2 psec, L, = \/(18.34 X 2X107%) =6.0564 X 10~> cm. Hole concen-
tration in the N -drift region at the junction between P* substrate and N -drift
region is p, = (300 X 6.0564 X 107%)/(2 X 1.6 X 107" X 12.43)[sinh{(50 — 3 — 3)
X 1074 /(6.0564 x 10~2)}]/[cosh{(50 — 3 — 3) X 10™*/(6.0564 X 107 3)}] = 2.84 x 10"
cm ™3, Proceeding in exactly the same manner for 7, =5 usec, we obtain L, = 9.576 X
1073 cm and p, = 3.1 X 107 cm 2. For 7, = 10 usec, we obtain L, = 0.01354 cm, and
Po=23.2%10" cm™3. Now, for 7, =2 usec, we get dV/dt=(300x 1 X 101 x 44 x
1074)/(8.854 X 1071 x 11.9 X 2.84 X 1017 x 1 X 10%) V/usec = 441.13 V/pusec.
Likewise for 7, = 5 usec, we obtain dV/dt = 404.13 V /usec, and for 7, = 10 usec, we
get dV/dt = 391.51 V /usec. The calculated values of voltages at different instants of
time are listed in Table E5.8.1, and the same are plotted in Fig. E5.8.1.

One-dimensional non-quasi-static analytical models are presented [12] for
describing the turn-off behavior of non-punchthrough IGBT (NPT-IGBT)
driven in a chopper circuit with a clamped inductive load (Fig. 5.9), under the
assumption of quasi-stationary conditions for the electron—hole plasma stored
in the N~ base. The turn-off process is analyzed by solving the ambipolar
diffusion equation and the ambipolar current equations, neglecting the

Figure 5.9 |GBT chopper circuit with clamped inductive load.
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recombination effects because the time interval examined is only a few
percent of the carrier lifetime in the N~ base. The ambipolar diffusion
equation is solved by the integral method. In the quasi-neutral base regions
where the carrier concentration alters rapidly with time, the carrier distribu-
tion is expressed as an nth-degree polynomial in space variables having
time-dependent coefficients. These regions are referred to as the boundary
layers, and the coefficients are evaluated by integrating the diffusion equa-
tion over the boundary layer, applying the charge conservation principle and
physical considerations of the carrier profile in the remaining quasineutral
part of N~ base. During the starting phase of turn-off, the accumulation
layer near the gate disappears, due to the action of the field-driven current.
This field-driven current is superimposed on the current components arising
from the load current. The additional current extracts electrons from the
semiconductor surface and transports holes toward it. During this extraction
phase, the collector-emitter current remains constant, but the
collector—emitter voltage rises. After this time domain, the tail phase com-
mences in which the collector—emitter current begins to decay and the load
current is increasingly forced through the diode. The electrons leaving the
N~ base are removed from the boundary of the collector space-charge
region, which expands accompanied by rise of collector—emitter voltage. The
quasi-neutral N™-base region is divided into two parts, namely, the layer in
which carrier extraction occurs and the one in which carrier concentration is
maintained constant. During both the extraction phase and the early tail
phase, analytical expressions are derived for the carrier profiles. The tran-
sient dependence of the collector—emitter voltage of the IGBT and the
power losses in the extraction phase are obtained. It is demonstrated that the
current decay mainly takes place due to the withdrawal of carriers from
the boundary of the collector depletion region and that the collector—emitter
current in the early tail phase is principally borne by electron flow.
Considering the extraction phase (Fig. 5.10a) during the action of the
inductive load, the collector—emitter current remains constant at the value
icg =i because the displacement current through the diode is negligibly
small. Furthermore, the ratio between the electron and hole currents at the
P*-collector/N~-base junction remains constant. Also, the absence of ugg
leads to withdrawal of electron support from the MOS segment of the IGBT.
The net result is that electrons leaving the N~ base are extracted from the
boundary of the collector—emitter depletion region. The accompanying en-
largement of the depletion region causes rise of collector—emitter voltage
Ucg- As shown in Fig. 5.10a, the quasi-neutral portion of the N~ base is
subdivided into two parts, namely, a boundary layer £(¢), which is subjected
to carrier extraction, and the remaining part in which the carrier profile
remains constant. The symbol y(¢) represents the position of the depletion
region DR at time ¢ > 0, and yp is its location at the end of the extraction
phase ¢ =tp,. The symbol p, denotes the carrier profile in the boundary
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Figure 5.10 Carrier profiles and boundary layers in the N~ base of IGBT during the: (a)
extraction phase and (b) early tail phase. Notation: £(t), Boundary layer of the quasi-neutral
portion of N~ base from which carriers are removed; £(t*) and &(t*), boundary layers; p,,
carrier profile in the layer £(t); pg + s,(y — w), initial carrier profile at =0 fory <y, ) + £(1);
yo{), position of depletion region at t = 0; y,r, position of depletion region at instant t = ty,,
t =ty,, instant at which early tail phase begins; t*, time scale (t* =t —ty).
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layer. The dashed line {p, + s,(y — w)} signifies the initial carrier profile at
t =0 for y <y (t) + £(¢). The equation for s, is [12]

p,
Y |p+200)

(5.66)

s0=

This equation results from the requirements of continuity of the carrier
profile at the location y(#) + £(¢), and the existence of the derivative with
respect to y. It is the actual carrier profile for # > 0 in the region y >y,(¢) +
£(t) of the quasi-neutral base unaffected by the carrier extraction. Thus the
parameters y,(t), e(¢), and p,(¢) describe device behavior in the extraction
phase. Assuming that the initial potential drop v is zero, the dependence
of voltage drop on time is expressed as

aNE Yo' (1)
26‘085

vee(t) = (5.67)

where gN{ is the charge density in the depletion region DR consisting of the
background dopant density N, and the hole concentration carrying the
current density j,, so that

Jo

qvpsat

Ng =Ny — (5.68)

where v, is the hole saturation velocity.

During the ensuing early tail phase (Fig. 5.10b), beginning at time ¢ =t
or at t* =0 in the time scale t* =t—1p,, there is a sharp decay of the
collector—emitter current iz as the load current is increasingly forced
through the diode, but the voltage v is constant. The behavior of IGBT is
determined by the simultaneous action of two phenomena: (i) Decay of
collector—emitter current density jog(¢*), primarily influenced by the carrier
extraction at the boundary of the depletion region DR. (i) Time-varying ratio
of hole and electron currents at the collector, related to the extraction of
carriers from the N7-base near the N~-base/P*-collector junction. Thus
two boundary layers £(¢*) and &8(¢*) approach toward each other with
increasing time #* until they eventually merge with each other, as illustrated
in Fig. 5.10b.

The steep decay of current j-g(¢*) in the early tail phase is described by
the simple equation

Jo(%) _ Jo/ (29D, s,) B
2gD,s,  e(t*)/&or

(5.69)
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where

b t
t* =/1+33—m———— 5.70
e(t*) /ey ‘/ 3 1+5b aOT2/2Dp ( )

Analysis of the transient development of electron, hole, and total current
densities at the collector shows that in the early tail phase, electrons mainly
carry the current. Furthermore, in the early tail phase, there is a possibility of
extraction of holes out of the N~ base over the P* collector yielding a
positive hole current density. From the direction of the electric field within
the collector—emitter depletion region DR, the electron current density
becomes zero at the boundary of DR. Thus the electrons can leave the N~
base at the metallurgical junction between N~ base and P* collector regions,
resulting in a time-dependent electron current density. On the other hand,
the holes are chiefly extracted from the N~ base by the total current density j
flowing at the collector—emitter DR boundary as a pure hole current. If hole
extraction differs from electron extraction, a hole current must flow across
the above metallurgical junction for maintaining quasi-neutrality. The sign of
this hole current is determined by the ratio j, /j; at the junction. In the early
tail phase, hole extraction at the metallurgical junction does occur, whereas
for larger time intervals #* the collector—emitter current is increasingly
conducted by holes.

5.3.5 Dynamic Electrothermal Model of IGBT

This model [14-23] contains four terminals: three electrical terminals and
one thermal terminal (Fig. 5.11). The electrical terminals are connected to
the component models of the electrical network. Similarly, the thermal
terminal is connected to the thermal network component models. The
electrical model is a temperature-dependent model. It computes the instanta-
neous device parameters in terms of the IGBT chip surface temperature at
that instant. It is based upon the temperature dependence of the IGBT
model parameters, as well as the variation of Si properties with temperature.
The thermal model determines the evolution of temperature distribution in
the thermal network and thereby calculates the instantaneous Si surface
temperature values, which are supplied to the electrical model. In this
manner, the dynamics of the electrothermal interactions are accounted for.
These simulations describe the IGBT chip surface temperature and the
change in electrical characteristics on device heating.

The thermal network component models are obtained from the heat
diffusion equation using the geometry of the component, material properties,
and so on. To determine the thermal field in a medium (i.e., the temperature
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Figure 5.11 Interaction of electrical and thermal networks through electrothermal models for
IGBT.

distribution), the heat diffusion equation in rectangular Cartesian coordi-
nates is expressed as [24]

0 oT d aT a aT T
——(k—)+—— k— +—(k—)+q=pcp—~ (5.71)
ax ax ay ay 0z 0z at

where k is the thermal conductivity of Si given by k(T) = 1.5486(300,/T)*/3,
g is the rate of generation of energy per unit volume of the medium (W /m?),
p is the mass density of the medium, and c,, is its specific heat. The product
pc, J/m*-K) is a measure of the ability of the material to store thermal
energy. It is called the volumetric heat capacity.

The heat diffusion equation is a statement of the law of conservation of
energy. Figure 5.12 illustrates a differential control volume dxdydz for
conduction analysis. The conduction rates g,, q,, and g, are the conduction
heat rates perpendicular to the control surfaces at x, y, and z coordinate
locations. The term (9/3yRXk(3T/dy} = total conduction heat flux into the
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q,+dz gy +dy

Figure 5.12 Differential control volume used for conduction analysis.

control volume for the y-coordinate. Hence,
a aT " "
% ka_y dy=qy—qy.ay (5.72)

where g¢" denotes the heat flux. Applying this interpretation, the heat
diffusion equation may be enunciated as follows: At any point in the medium,
the rate of energy transfer by conduction into a unit volume together with the
volumetric rate of generation of heat equals the rate of change of heat energy
stored within the volume.

The major contribution to heat produced in a semiconductor device
originates from the scalar product of the electric field E and the current
density J. In the IGBT, the power dissipated consists of three components:
(i