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Preface

With increased awareness of the adverse impact on the environment resulting from
carbon emissions into the atmosphere, there is a growing demand for improving the
efficiency of power electronic systems. Power semiconductor devices are recog-
nized as a key component of all power electronic systems. It is estimated that at
least 50 percent of the electricity used in the world is controlled by power devices.
With the wide spread use of electronics in the consumer, industrial, medical, and
transportation sectors, power devices have a major impact on the economy because
they determine the cost and efficiency of systems. After the initial replacement of
vacuum tubes by solid state devices in the 1950s, semiconductor power devices
have taken a dominant role with silicon serving as the base material. These devel-
opments have been referred to as the Second Electronic Revolution.

In the 1970s, the power MOSFET product was first introduced by International
Rectifier Corporation. Although initially hailed as a replacement for all bipolar
power devices due to its high input impedance and fast switching speed, the silicon
power MOSFET has successfully cornered the market for low voltage (<100 V)
and high switching speed (>100 kHz) applications but failed to make serious
inroads in the high voltage arena. This is because the on-state resistance of silicon
power MOSFETs increases very rapidly with increase in the breakdown voltage.
The resulting high conduction loss, even when using larger more expensive die,
degrades the overall system efficiency.

The large on-state voltage drop for high voltage silicon power MOSFETs and the
large drive current needed for silicon power bipolar transistors encouraged the
development of the insulated gate bipolar transistor (IGBT) [1]. First commercia-
lized in the early 1980s, the IGBT has become the dominant device used in all
medium and high power electronic systems in the consumer, industrial, transporta-
tion, and military systems, and even found applications in the medical sector. The
US Department of Energy has estimated that the implementation of IGBT-based
variable speed drives for controlling motors is producing an energy savings of over
2 quadrillion btus per year, which is equivalent to 70 Giga-Watts of power. This
energy savings eliminates the need for generating electricity from 70 coal-fired
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power-plants resulting in reducing carbon dioxide emissions by over one-Trillion
pounds each year.

With on-going investments in renewable energy sources such as wind and solar
power that utilize power semiconductor device in inverters, it is anticipated that
there will be an increasing need for technologists trained in the discipline of
designing and manufacturing power semiconductor devices. My recently published
textbook [2] provides a comprehensive analysis of the basic power rectifier and
transistor structures. This textbook has been complemented with a monograph on
“Advanced Power Rectifier Concepts” to familiarize students and engineering
professionals with structures that exhibit improved performance attributes.

This monograph introduces the reader to advanced power MOSFET concepts
that enable improvement of performance of these transistor structures. For the
convenience of readers, analysis of the basic transistor structures, with the same
voltage ratings as the novel device structures, have been included in the monograph
to enable comparison of the performance. As in the case of the textbook, analytical
expressions that describe the behavior of the advanced power MOSFET structures
have been rigorously derived using the fundamental semiconductor Poisson’s,
continuity, and conduction equations in this monograph. The electrical character-
istics of all the power MOSFETs discussed in this book can be computed using
these analytical solutions as shown by typical examples provided in each section. In
order to corroborate the validity of these analytical formulations, I have included
the results of two-dimensional numerical simulations in each section of the book.
The simulation results are also used to further elucidate the physics and point out
two-dimensional effects whenever relevant. Due to increasing interest in the utili-
zation of wide band-gap semiconductors for power devices, the book includes the
analysis of silicon carbide structures.

In the first chapter, a broad introduction to potential applications for power
devices is provided. The electrical characteristics for ideal power MOSFETs are
then defined and compared with those for typical devices. The second and third
chapters provide analyses of the planar DMOSFET structure and the trench-gate
UMOSFET structure with 30-V blocking capability, which can be used as a bench-
mark for understanding the improvements achieved using the advanced device
concepts. The analysis includes the on-resistance, the input capacitance, the gate
charge, and the output characteristics.

The next four chapters are devoted to various advanced power MOSFET struc-
tures that allow improvement in the performance of devices with 30-V blocking
capability. The fourth chapter discusses on the “Shielded Channel Planar Power
MOSFET” structure, which allows a significant reduction in the gate charge while
achieving a specific on-resistance close to that of the UMOSFET structure. The
fifth chapter discusses the power CC-MOSFET structure, which utilizes the two-
dimensional charge coupling effect to reduce the specific on-resistance by an order
of magnitude. This structure is favorable for use as a synchronous rectifier in the
sync-buck circuit topology used in voltage regulator modules for providing power
to microprocessors in computers.
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The next two chapters are devoted to high-voltage silicon device structures that
utilize the charge-coupling concept to reduce the resistance of the drift region. In
chapter six, the charge-coupling phenomenon is accomplished by using a graded
doping profile in conjunction with an electrode embedded in an oxide coated trench
to create the power GD-MOSFET structure. In chapter seven, the charge-coupling
phenomenon is accomplished with adjacent p-type and n-type layers in the drift
region to create the power SJ-MOSFET structure.

Chapter eight provides a detailed discussion of the body-diode within the various
silicon power MOSFET structures. The body-diode can be used in place of the fly-
back rectifier utilized in the H-bride circuit commonly used for motor control
applications. It is demonstrated in this chapter that the judicious utilization of a
Schottky contact within the power MOSFET cell structure can greatly improve the
reverse recovery behavior of the body-diode.

Improvement in the performance of high voltage power MOSFET structures can
also be achieved by replacing silicon with silicon carbide as the base material [3].
The much larger breakdown field strength for 4H-SiC allows increasing the doping
concentration in the drift region by a factor of 200-times while shrinking the
thickness of the drift region by one-order of magnitude. However, the silicon
power MOSFET structure must be modified to shield the gate oxide from the
much larger electric fields prevalent in silicon carbide to avoid rupture. In addition,
the base region must be shielded to avoid reach-through breakdown. The on-
resistance of these devices becomes limited by the channel resistance.

The final chapter provides a comparison of all the power MOSFET structures
discussed in this book. The devices are first compared for the 30-V rating suitable
for VRM applications and then with the 600-V rating suitable for motor control
applications. In addition, the performance of all the devices is compared over a
wide range of blocking voltages to provide a broader view.

I am hopeful that this monograph will be useful for researchers in academia and
to product designers in the industry. It can also be used for the teaching of courses
on solid state devices as a supplement to my textbook [2].

December, 2009 B. Jayant Baliga
Raleigh, NC
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Chapter 1
Introduction

Power devices are required for applications that operate over a broad spectrum of
power levels as shown in Fig. 1.1 [1]. Based up on this figure, the applications can
be broken down into several categories. The first category is applications that
require low operating current (typically less than 1 A) levels. These applications,
such as display drives, usually require a large number of transistors that must be
capable of blocking up to 300 V. The small size of the low-current transistors
allows their integration on a single chip with control circuits to provide a cost-
effective solution.

The second category is applications where the operating voltage of the power
circuit is relatively small (<100 V). Typical examples are automotive electronics
and power supplies used in desktop computers and laptops. Silicon power MOSFET
structures offer the best performance for these applications because of their low on-
resistance and fast switching speed. This monograph describes a variety of power
MOSFET structures that enable enhancement in their operating characteristics.

The third category is applications with high operating voltages (above 200 V).
Typical examples are lamp ballasts, consumer appliances that utilize motors, and
electric vehicle drives. The on-resistance of conventional silicon power MOSFET
structures is too large to serve these applications. Consequently, these applications
utilize silicon insulated gate bipolar transistors (IGBTs). The silicon IGBT com-
bines the physics of the MOSFET structure with the physics of the bipolar transistor
structure. Although the silicon IGBT has become ubiquitous for high voltage power
electronic applications, silicon power MOSFETs that utilize two-dimensional
charge coupling can be competitive with silicon IGBTs as shown in this mono-
graph. In addition, power MOSFET structures built using silicon carbide as the base
material have been shown to exhibit very promising characteristics for applications
that require blocking voltages of up to 5,000 V [2]. Consequently, this monograph
includes the discussion of the power MOSFET structures that are specially config-
ured to obtain a high performance from silicon carbide.

B.J. Baliga, Advanced Power MOSFET Concepts,
DOI 10.1007/978-1-4419-5917-1_1, # Springer ScienceþBusiness Media, LLC 2010
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1.1 Ideal Power Switching Waveforms

An ideal power device must be capable of controlling the flow of power to loads
with zero power dissipation. The loads encountered in systems may be inductive in
nature (such as motors and solenoids), resistive in nature (such as heaters and lamp
filaments), or capacitive in nature (such as transducers and LCD displays). Most
often, the power delivered to a load is controlled by turning-on a power switch on a
periodic basis to generate pulses of current that can be regulated by a control circuit.
The ideal waveforms for the power delivered through a power switch are shown in
Fig. 1.2. During each switching cycle, the switch remains on for a time up to tON
and maintains an off-state for the remainder of the period T. This produces pulses of
current that flow through the circuit as controlled by the turning-on of power
switches. For an ideal power switch, the voltage drop during the on-state is zero
resulting in no power dissipation. Similarly, during the off-state, the (leakage)
current in the ideal power switch is zero resulting in no power dissipation. In
addition, it is assumed that the ideal power switch makes the transition between
the on-state and off-state instantaneously resulting in no power loss as well.

Typical power MOSFET structures exhibit a finite voltage drop in the on-
state and leakage current flow in the off-state. In addition, the power MOSFET
structure exhibits power losses during the turn-on and turn-off transients. These
power losses are related to their large terminal capacitances which must be charged
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and discharged during each operating cycle. The novel power MOSFET structures
that are discussed in this monograph were created to reduce the on-resistance and
capacitance.

1.2 Ideal and Typical Power MOSFET Characteristics

The i–v characteristics of an ideal power switch are illustrated in Fig. 1.3. The ideal
transistor conducts current in the on-state with zero voltage drop and blocks voltage
in the off-state with zero leakage current. In addition, the ideal device can operate
with a high current and voltage in the active region with the saturated forward
current in this mode controlled by the applied gate bias. The spacing between the
characteristics in the active region is uniform for an ideal transistor indicating a gain
(transconductance) that is independent of the forward current and voltage.

The i–v characteristics of a typical power MOSFET structure are illustrated in
Fig. 1.4. This device exhibits a finite resistance when carrying current in the on-
state as well as a finite leakage current while operating in the off-state (not shown in
the figure because its value is much lower than the on-state current levels). The
breakdown voltage of a typical transistor is also finite as indicated in the figure with
‘BV’. The typical transistor can operate with a high current and voltage in the active
region. This current is determined by a gate voltage for a MOSFET as indicated in
the figure. It is desirable to have gate voltage controlled characteristics because the
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drive circuit can be integrated to reduce its cost. The spacing between the char-
acteristics in the active region is non-uniform for a typical MOSFET with a square-
law behavior for devices operating with channel pinch-off in the current saturation
mode. Recently, devices operating under a new super-linear mode have been pro-
posed and demonstrated for wireless base-station applications [3]. These devices
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exhibit an equal spacing between the saturated drain current characteristics as the
gate voltage is increased. This is an ideal behavior when the transistor is used for the
amplification of audio, video or cellular signals because it eliminates signal distor-
tion that occurs with the characteristics shown in Fig. 1.4.

1.3 Typical Power MOSFET Structures

Themost commonly used unipolar power transistor is the silicon powerMetal-Oxide-
Semiconductor Field-Effect-Transistor or MOSFET. Although other structures, such
as JFETs or SITs have been explored [4], they have not been popular for power
electronic applications because of their normally-on behavior. The commercially
available silicon power MOSFETs are based upon the structures shown in Fig. 1.5.
The D-MOSFET was first commercially introduced in the 1970s and contains a
‘planar-gate’ structure. The P-base region and the N+ source regions are self-aligned
to the edge of the polysilicon gate electrode by using ion-implantation of boron and
phosphorus followed by their respective drive-in thermal cycles. The n-type channel
is defined by the difference in the lateral extension of the junctions under the gate
electrode. The device supports positive voltage applied to the drain across the
P-base/N-drift region junction. The voltage blocking capability is determined by
the doping and thickness of the N-drift region. Although low voltage silicon power
MOSFETs have small on-resistances, the drift region resistance increases rapidlywith
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increasing blocking voltage limiting the performance of silicon power D-MOSFETs
to below 200 V.

The silicon U-MOSFET structure became commercially available in the 1990s.
It has a gate structure embedded within a trench etched into the silicon surface. The
N-type channel is formed on the side-wall of the trench at the surface of the P-base
region. The channel length is determined by the difference in vertical extension of
the P-base and N+ source regions as controlled by the ion-implant energies and
drive times for the dopants. The silicon U-MOSFET structure was developed to
reduce the on-state resistance by elimination of the JFET component within the
D-MOSFET structure.

1.4 Ideal Drift Region for Unipolar Power Devices

The power MOSFET structures discussed above contain a drift region which is
designed to support the blocking voltage. The properties (doping concentration and
thickness) of the ideal drift region can be analyzed by assuming an abrupt junction
profile with high doping concentration on one side and a low uniform doping
concentration on the other side, while neglecting any junction curvature effects
by assuming a parallel-plane configuration. The resistance of the ideal drift region
can then be related to the basic properties of the semiconductor material [5].

A Schottky rectifier structure is illustrated in Fig. 1.6. The solution of Poisson’s
equation in the voltage blocking mode leads to a triangular electric field distribu-
tion, as shown in Fig. 1.6, within a uniformly doped drift region with the slope of
the field profile being determined by the doping concentration. The same behavior
for the electric field profile occurs in the vertical power MOSFET structures as well.
The maximum voltage that can be supported by the drift region is determined by the
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maximum electric field (Em) reaching the critical electric field (Ec) for breakdown
for the semiconductor material. The critical electric field for breakdown and the
doping concentration then determine the maximum depletion width (WD).

The specific resistance (resistance per unit area) of the ideal drift region is
given by:

Ron:sp ¼
WD

qmnND

! "
(1.1)

where ND is the doping concentration of the drift region. Since this resistance was
initially considered to be the lowest value achievable with silicon devices, it has
historically been referred to as the ideal specific on-resistance of the drift region.
More recent introduction of the charge-coupling concept, described later in this
chapter, has enabled reducing the drift region resistance of silicon devices to
below the values predicted by this equation. The depletion width under breakdown
conditions is given by:

WD ¼ 2BV

EC
(1.2)

where BV is the desired breakdown voltage. The doping concentration in the drift
region required to obtain this breakdown voltage is given by:

ND ¼ eSE2
C

2qBV
(1.3)

Combining these relationships, the specific resistance of the ideal drift region is
obtained:

Ron#ideal ¼
4BV2

eSmnE3
C

(1.4)

The denominator of (1.4) eS mnE
3
C

# $
is commonly referred to as Baliga’s Figure

of Merit for Power Devices. It is an indicator of the impact of the semiconductor
material properties on the resistance of the drift region. The dependence of the drift
region resistance on the mobility (assumed to be for electrons here because in
general they have higher mobility values than for holes) of the carriers favors
semiconductors such as Gallium Arsenide. However, the much stronger (cubic)
dependence of the on-resistance on the critical electric field for breakdown favors
wide band gap semiconductors such as silicon carbide [2]. The critical electric field
for breakdown is determined by the impact ionization coefficients for holes and
electrons in semiconductors.

As an example, the change in the specific on-resistance for the drift region with
critical electric field and mobility is shown in Fig. 1.7 for the case of a breakdown

1.4 Ideal Drift Region for Unipolar Power Devices 7



voltage of 1,000 V. The location of the properties for silicon, gallium arsenide, and
silicon carbide are shown in the figure by the points. The improvement in drift
region resistance for GaAs in comparison with silicon is largely due to its much
greater mobility for electrons. The improvement in drift region resistance for SiC in
comparison with silicon is largely due to its much larger critical electric field for
breakdown. Based upon these considerations, excellent high voltage Schottky
rectifiers were developed from GaAs in the 1980s [6] and from silicon carbide in
the 1990s [7]. Interest in the development of power devices from wide-band-gap
semiconductors, including silicon carbide and gallium nitride, continues to grow.

1.5 Charge-Coupled Structures: Ideal Specific On-Resistance

The depletion region extends in one-dimension from a junction or Schottky
contact during the blocking mode for the conventional structure discussed in the
previous section. In the charge coupled structure, the voltage blocking capability
is enhanced by the extension of depletion layers in two-dimensions. This effect is
created by the formation of a horizontal Schottky contact on the top surface as
illustrated in Fig. 1.18 which promotes the extension of a depletion region along
the vertical or y-direction. Concurrently, the presence of the vertical P-N junction
created by the alternate N and P-type regions promotes the extension of a
depletion region along the horizontal or x-direction. These depletion regions
conspire to produce a two-dimensional charge coupling in the N-drift region
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which alters the electric field profile. A similar phenomenon can be induced in the
case of power MOSFET structures under the P-base region as discussed later in
this monograph.

The optimization of the charge coupled structure requires proper choice of the
doping concentration and thickness of the N and P-type regions. It has been found
that the highest breakdown voltage occurs when the charge in these regions is
given by:

Qoptimum ¼ 2qNDWN ¼ eSEC (1.5)

where q is the charge of an electron (1.6 $ 10–19 C), ND is the doping concentra-
tion of the N-Type drift region, WN is the width of the N-type drift region as shown
in Fig. 1.8, eS is the dielectric constant of the semiconductor, and EC is the critical
electric field for breakdown in the semiconductor. For silicon, the optimum charge is
found to be 3.11 $ 10–7 C/cm2 based upon a critical electric field of 3 $ 105 V/cm.
The optimum charge is often represented as a dopant density per unit area, in which
case it takes a value of about 2 $ 1012/cm2 for silicon. A slightly lower value for
the doping concentration in the drift region may be warranted as discussed later in
this section of the chapter.

The specific on-resistance for the drift region in the charge coupled structures is
given by:

RD;sp ¼ rDt
p

WN

! "
(1.6)

where rD is the resistivity of the N-type drift region, t is the trench depth and p is the
cell pitch. Here, the uniform electric field is assumed to be produced only along the
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Fig. 1.8 Basic charge coupled Schottky diode structure
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trench where the charge coupling occurs and the resistance of the remaining portion
of the N-drift region is neglected. Using the relationship between the resistivity and
the doping concentration, this equation can be written as:

RD;sp ¼
tp

q mNNDWN
(1.7)

Combining this expression with (1.5):

RD;sp ¼
2tp

mNQoptimum

(1.8)

If the electric field along the trench, at the on-set of breakdown in the charge
coupled device structure, is assumed to be uniform at a value equal to the critical
electric field of the semiconductor:

t ¼ BV

EC
(1.9)

Using this expression, as well as the second part of (1.5), in (1.8) yields:

RD;sp ¼
2BVp

mNeSE
2
C

(1.10)

This is a fundamental expression for the ideal specific on-resistance of vertical
charge coupled devices. By comparison of this expression with that for the one
dimensional case (see 1.4), it can be observed that the specific on-resistance for the
charge coupled devices increases linearly with the breakdown voltage unlike the
more rapid quadratic rate for the conventional drift region. In addition, it is worth
pointing out that the specific on-resistance for the drift region in the charge coupled
structure can be reduced by decreasing the pitch. This occurs because the doping
concentration in the drift region increases when the pitch is reduced in order to
maintain the same optimum charge. The larger doping concentration reduces the
resistivity and hence the specific on-resistance.

However, the analysis of the specific on-resistance for the drift region in charge
coupled device structures must be tempered by several considerations. Firstly, it
must be recognized that the mobility will become smaller when the doping concen-
tration becomes larger. Secondly, the critical electric field for breakdown becomes
smaller for the charge coupled structures because the high electric field in the
drift region extends over a larger distance producing enhanced impact ionization.
If a critical electric field for breakdown in the drift region for charge coupled
structures is reduced to 2 $ 105 V/cm, an optimum charge of 2.07 $ 10–7 C/
cm2, with a corresponding dopant density of about 1.3 $ 1012/cm2, is more appro-
priate for silicon.

In designing the drift region for charge coupled structures, it is important to
recognize that, unlike in the conventional one-dimensional case, the doping con-
centration of the drift region is dictated by the cell pitch and not the breakdown
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voltage. The breakdown voltage in the charge coupled structure is determined
solely by the depth of the trench used to provide the charge coupling effect and is
independent of the doping concentration of the N-drift region. In the case of silicon
charge coupled devices, the doping concentration for the N-type drift region is
provided in Fig. 1.9 for the case of equal widths for the N-type and P-type charge
coupling regions. For a typical cell pitch of 1 mm, the doping concentration in
the N-type drift region is about 2.5 $ 1016/cm3 when a critical electric field of
2 $ 105 V/cm is assumed.

It is interesting to compare the ideal specific on-resistance for the drift region in
the silicon charge coupled structures to that for the one-dimensional parallel-plane
case. This comparison is done in Fig. 1.10 using three values for the cell pitch in
the case of the charge coupled structures. The doping concentration in the N-drift
region increases when the cell pitch is reduced from 5 to 0.2 mm, as already shown
in Fig. 1.9, leading to a decrease in the specific on-resistance. The resulting
reduction of the mobility with increasing doping concentration was included during
the calculation of the specific on-resistance in Fig. 1.10. There is a cross-over in the
specific on-resistance for the two types of structures. For the cell pitch of 1 mm, the
cross-over occurs at a breakdown voltage of about 50 V. The cross-over moves to a
breakdown voltage of about 130 V when the cell pitch is increased to 5 mm, and
to about 20 V if a smaller cell pitch of 0.2 mm is used. Consequently, the charge
coupled structure is more attractive for reducing the specific on-resistance when the
cell pitch is smaller. This entails a more complex process technology with higher
attendant costs.

As a particular example, consider the case of silicon devices designed to support
200 V. In the case of the conventional structure with a one-dimensional junction,
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Fig. 1.9 Drift region doping concentration for the charge coupled structure
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the specific on-resistance of the drift region is found to be 3.4 mO cm2 if a critical
electric field for breakdown of 3 $ 105 V/cm is used. In contrast, the specific on-
resistance for the drift region of the charge coupled structure with a cell pitch of
1 mm is found to be only 0.43 mO cm2 if a critical electric field for breakdown of
2 $ 105 V/cm is used. In this calculation, a bulk mobility of 1,120 cm2/V s was
used corresponding to a doping concentration of 2.6 $ 1016/cm3 in the N-type
portion of the drift region. In this example, the drift region for the charge coupled
structure would have a thickness of 10 mm when compared with 12.5 mm needed in
the conventional structure.

1.6 Revised Breakdown Models for Silicon

In the textbook [1], the breakdown voltage for silicon devices was analyzed by
using the Fulop’s power law relating the impact ionization coefficient to the electric
field. The Fulop’s power law [8] for impact ionization in silicon is given by:

aB Sið Þ¼ 1.80 $10#35E7 (1.11)

The values for the impact ionization coefficient obtained by using this equation
are compared with the impact ionization coefficients measured for electrons and
holes in silicon [9] as represented by Chynoweth’s equation in Fig. 1.11. It can be
observed that Fulop’s power law falls between that for electrons and holes and
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consequently underestimates the values for the impact ionization coefficients for
electrons. This results in the prediction of larger breakdown voltages than in
actual devices when performing the analytical calculations as pointed out in the
textbook.

A better prediction of breakdown in silicon devices using analytical models can
be achieved by improving the match between the power law and the measured data
for impact ionization coefficients for electrons and holes in silicon. The proposed
Baliga’s power law for impact ionization in silicon is given by:

aB Sið Þ¼ 3.507 $10#35E7 (1.12)

From Fig. 1.11, it can be observed that this equation provides a larger value for
the impact ionization coefficients which will result in reducing the breakdown
voltage.

In the case of one-dimensional parallel-plane junctions discussed in Chap. 3 of
the textbook, the electric field takes a triangular distribution in the lightly doped
side of the P-N junction given by:

E xð Þ¼ # qND

eS
WD # xð Þ (1.13)

where WD is the depletion layer width, and ND is the doping concentration on the
lightly doped side of the junction. The breakdown voltage in this case is determined
by the ionization integral becoming equal to unity:
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Z WD

0

adx¼ 1 (1.14)

Substituting (1.12) into the above equation with the distribution given by (1.13), an
expression for the depletion layer width at breakdown can be obtained:

WPP;B Sið Þ¼ 2.404 $1010N
#7=8
D (1.15)

In contrast, the expression for the depletion layer width at breakdown obtained by
using Fulop’s power law is given by:

WPP;F Sið Þ¼ 2.67 $1010N
#7=8
D (1.16)

The depletion layer widths at breakdown obtained for silicon devices by using the
above equations can be compared in Fig. 1.12. The depletion layer widths com-
puted using Baliga’s power law are 11% smaller than those predicted by Fulop’s
power law.

The maximum electric field located at the P-N junction for the one-dimensional
parallel-plane case is given by:

EM ¼ qND

eS
WD (1.17)
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The critical electric field for breakdown of the one-dimensional parallel-plane
junction can be obtained by substituting the depletion layer width at breakdown
into this equation. In the case of Baliga’s power law, the critical electric field for
breakdown of the one-dimensional parallel-plane junction is given by:

EC;1D;B Sið Þ¼ 3; 700 N
1=8
D (1.18)

In contrast, in the case of Fulop’s power law, the critical electric field for break-
down of the one-dimensional parallel-plane junction is given by:

EC;1D;F Sið Þ¼ 4; 010 N
1=8
D (1.19)

The critical electric fields for breakdown of the one-dimensional parallel-plane
junction obtained for silicon devices by using the above equations can be compared
in Fig. 1.13. The critical electric fields for breakdown of the one-dimensional
parallel-plane junction computed using Baliga’s power law are 8.4% smaller than
those predicted by Fulop’s power law.

The one-dimensional parallel-plane breakdown voltage for abrupt P-N junctions
in silicon can be computed using the critical electric field and the depletion layer
width at breakdown:

BVPP ¼
1

2
EC;1DWPP (1.20)
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Using the equations derived above for the critical electric field and the depletion
layer width at breakdown with Baliga’s power law for the impact ionization
coefficients, the breakdown voltage of the one-dimensional parallel-plane junction
is given by:

BVPP;B Sið Þ¼ 4.45 $1013 N
#3=4
D (1.21)

In contrast, in the case of Fulop’s power law, the breakdown voltage of the one-
dimensional parallel-plane junction is given by:

BVPP;F Sið Þ¼ 5.34 $1013 N
#3=4
D (1.22)

The breakdown voltage of the one-dimensional parallel-plane junction obtained for
silicon devices by using the above equations can be compared in Fig. 1.14. The
breakdown voltages for the one-dimensional parallel-plane junction computed using
Baliga’s power law are 20% smaller than those predicted by Fulop’s power law.

The ideal specific on-resistance is defined as the resistance per unit area for the
drift region with the doping concentration and thickness corresponding to each
breakdown voltage. This resistance can be computed using:

Ron;sp(Ideal)¼
WPP

q mnND
(1.23)
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It is important to include the dependence of the mobility on the doping con-
centration when computing the ideal specific on-resistance. The ideal specific
on-resistance for silicon devices is slightly larger when the Baliga’s power law
for the impact ionization is utilized as compared with Fulop’s power law as shown
in Fig. 1.15. At breakdown voltages above 40 V, the mobility in silicon can be
assumed to be independent of the doping concentration. The ideal specific on-
resistance obtained by using Baliga’s power law for the impact ionization coeffi-
cients is then given by:

Ron;sp;B Sið Þ¼ 8.37 $10#9 BV2:5 (1.24)

In contrast, the ideal specific on-resistance obtained by using Fulop’s power law for
the impact ionization coefficients is given by:

Ron;sp;F Sið Þ¼ 5.93 $10#9 BV2:5 (1.25)

The ideal specific on-resistances for silicon devices computed using Baliga’s power
law are 40% larger than those predicted by Fulop’s power law.

The revised information provided above based up on using Baliga’s power law
for the impact ionization coefficients is intended to bring the analytical calculations
of breakdown voltages in silicon devices more in line with the results of numerical
simulations. This information can be used to compute the doping concentration and
thickness of the drift region to achieve a desired breakdown voltage for power
devices.
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1.7 Typical Power MOSFET Applications

Power MOSFETs are used to control power flow to loads. Two typical examples for
the application of high performance power MOSFETs are provided in this section
to emphasize the characteristics of importance from an application standpoint. The
first example is in the ‘Sync-Buck’ converter used to reduce the voltage from one
DC level to another smaller value. This circuit is popular for providing power to
microprocessors in computers and laptops. The second example is in variable speed
motor drives. This application is popular for operating induction motors with
variable loads leading to large gains in efficiency.

1.7.1 DC-DC Sync-Buck Converter

The sync-buck converter can be regarded as a DC-to-DC transformer because of its
ability to reduce a DC input voltage to a smaller DC output voltage. As mentioned
above, one popular application of the sync-buck converter is to provide power to
various loads inside a computer from the back-plane DC power supply. The back-
plane power supply has a typical voltage range of 17–20 V depending on the type of
computer. Loads, such as disk drives require a DC voltage of 5–12 V. In contrast,
integrated circuits in the computer, such as the microprocessor and graphics chips,
require a lower DC voltage in the range of 1–2 V.

The commonly used sync-buck topology used for the DC-to-DC voltage conver-
sion in computers is shown in Fig. 1.16. Due to the relatively low operating voltage
in this circuit, a power MOSFET is typically used as the switch in the high-side
location. When the transistor is turned on by the control circuit, current flows from
the DC input source through the inductor to the load connected at the output
terminals. When the transistor is switched off by the control circuit, the load current
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Fig. 1.16 Sync-buck DC-DC converter circuit
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circulates through the MOSFET connected on the low-side and the inductor. The
regulation of the DC output voltage can be achieved by adjusting the on-time of the
transistor [10]. The switching waveforms for the high-side transistor are similar
to those shown in Fig. 1.2. The waveforms for the low-side transistor are a comple-
ment of those for the high-side transistor. The efficiency of the sync-buck converter
is determined by the on-resistance and switching speed of the two transistors.

The low-side MOSFET is also referred to as a synchronous rectifier. The current
flow in the low-side MOSFET is in the opposite direction to the normal operation of
power MOSFET devices. If the low-side power MOSFET is turned on by the control
circuit, the current flow occurs with a voltage drop determined by the on-resistance
of the MOSFET structure. This voltage drop is usually much smaller than the built-in
potential of the junction between the P-base region and the N-drift region (called the
body-diode of the MOSFET). However, if the low-side MOSFET is not turned-on,
the current will flow through the body-diode. This not only increases power losses
due to the high on-state voltage drop of the P-N junction, it also severely slows down
the switching time due to the long reverse recovery time for the body-diode.

The high-side and low-side MOSFET devices cannot be simultaneously turned-
on during circuit operation to avoid short-circuiting the input power source. This
requires delaying the turn-on of the low-side transistor after the gate bias to the
high-side transistor has been turned-off. During this delay-time interval, the current
in the low-side MOSFET flows through its body-diode. This upsets high frequency
operation of the circuit. One method to overcome this problem is to connect an
external Schottky rectifier across the low-side switch. This has not been found to be
an effective solution because of the inductance between the low-side MOSFET and
the Schottky diode in the packages and circuit boards. An elegant solution to this
problem is to integrate the Schottky rectifier into the power MOSFET structure.
These MOSFET structures are also discussed in this monograph in Chap. 8.

1.7.2 Variable-Frequency Motor Drive

A significant increase in the efficiency for running motors can be achieved by using
variable-frequency motor drives, in place of constant speed drives, with dampers
to regulate the output. The most commonly used topology converts the constant
frequency input AC power to a DC bus voltage and then use an inverter stage to
produce the variable frequency output power [11]. The circuit diagram for a three-
phase motor drive system is shown in Fig. 1.17. Six IGBTs are used with six fly-back
rectifiers in the inverter stage to deliver the variable frequency power to the motor
windings. A pulse-width-modulation (PWM) scheme is used to generate the
variable frequency AC voltage waveform that is fed to the motor windings [12].

During each cycle of the PWM period, the current in the motor winding can
be considered to remain approximately constant. This allows linearization of the
waveforms for the current and voltage experienced by the IGBTs and the rectifiers.
Typical waveforms for the transistor and the fly-back diode are illustrated in
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Fig. 1.18. The large reverse recovery current typically observed in silicon P-i-N
rectifiers during the time interval from t1 to t3 produces high power dissipation not
only in the diodes but also in the transistors [1]. This power loss can be eliminated
by replacing the silicon P-i-N rectifiers with silicon carbide Schottky rectifiers.

With the availability of high voltage silicon carbide Schottky rectifiers, the
power loss in the motor control application becomes dominated by the on-state and
turn-off losses in the IGBTs [13]. The development of high performance power
MOSFETs can reduce these power losses making the motor drive more efficient.
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The on-resistances of the conventional silicon power MOSFET structures shown in
Fig. 1.5 are too large for typical high voltage motor drive applications, such as for
electric vehicles with a DC-bus voltage of 400 V, due to their high (600 V) blocking
voltage capability. The on-resistance of silicon power MOSFETs can be reduced by
using the charge coupling concept as discussed in this monograph. A reduction in the
on-resistance can also be achieved by replacing silicon with silicon carbide based
power MOSFET structures. Power MOSFET structures that are suitable for imple-
mentation in silicon carbide material are therefore also discussed in this monograph.

1.8 Summary

The desired characteristics for power MOSFET structures have been reviewed
in this chapter. The characteristics of typical devices have been compared with
those for the ideal case. The ability to reduce the on-resistance by using the two-
dimensional charge coupling effect has been described. Improved analytical expres-
sions for computation of the breakdown voltage in silicon devices have been derived
using a proposed Baliga’s power law for impact ionization coefficients. Typical
applications for the power MOSFETs have also been discussed to highlight the
device characteristics that are desired for the applications. Various power MOSFET
structures are discussed in detail in subsequent chapters of this book.
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Chapter 2
D-MOSFET Structure

The first power MOSFET structure commercially introduced by the power semi-
conductor industry was the double-diffused or D-MOSFET structure. The channel
length of this device could be reduced to sub-micron dimensions by controlling the
diffusion depths of the P-base and N+ source regions without resorting to expensive
lithography tools [1]. The device fabrication process relied up on the available
planar gate technology used to manufacture CMOS integrated circuits. These
devices found applications in power electronic circuits that operated at low
(<100 V) voltages. The fast switching speed and ruggedness of the D-MOSFET
structure were significant advantages compared with the performance of the avail-
able bipolar power transistor.

The physics of operation of the power D-MOSFET structure has been analyzed
in detail in the textbook [1]. In this chapter of the monograph, a brief description of
the device operation is provided for completeness and for contrasting it to the
advanced device structures that are discussed in later chapters. However, a detailed
discussion of the characteristics of a device rated for blocking 30 V is provided here
based up on the results of two-dimensional numerical simulations. These charac-
teristics will be used as a bench-mark for comparison with the characteristics of the
advanced power MOSFET structures described in other chapters.

2.1 The D-MOSFET Structure

A cross-section of the basic cell structure for the D-MOSFET structure is illustrated
in Fig. 2.1. This device structure is fabricated by starting with an N-type epitaxial
layer grown on a heavily doped Nþ substrate. The channel is formed by the
difference in lateral extension of the P-base and Nþ source regions produced by
their diffusion cycles. Both regions are self-aligned to the left-hand-side and right-
hand-side of the gate region during ion-implantation to introduce the respective
dopants. A refractory gate electrode, such as polysilicon, is required to allow
diffusion of the dopants under the gate electrode at elevated temperatures.
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Without the application of a gate bias, a high voltage can be supported in the
D-MOSFET structure when a positive bias is applied to the drain. In this case,
junction J1 formed between the P-Base region and the N-drift region becomes
reverse biased. The voltage is supported mainly within the thick lightly doped
N-drift region. Drain current flow in the D-MOSFET structure is induced by the
application of a positive bias to the gate electrode. This produces an inversion layer
at the surface of the P-base region under the gate electrode. This inversion layer
channel provides a path for transport of electrons from the source to the drain when
a positive drain voltage is applied.

After transport from the source region through the channel, the electrons enter
the N-drift region at the upper surface of the device structure. They are then
transported through a relatively narrow JFET region located between the adjacent
P-base regions within the D-MOSFET structure. The constriction of the current
flow through the JFET region substantially increases the internal resistance of the
D-MOSFET structure. A careful optimization of the gate width (WG) is required, in
order to minimize the internal resistance for this structure as discussed in the
textbook. In addition, it is customary to enhance the doping concentration in
the JFET region to reduce the resistance to current flow through this portion of
the device structure.

After being transported through the JFET region, the electrons enter the N-drift
region below junction J1. The current spreads from the relatively narrow JFET
region to the entire width of the cell cross-section. This non-uniform current
distribution within the drift region enhances its resistance making the internal
resistance of the D-MOSFET structure larger than the ideal specific on-resistance
of the drift region. The large internal resistance for the D-MOSFET structure has
provided motivation for the development of the trench-gate power MOSFET
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Channel
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Fig. 2.1 The D-MOSFET structure
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structure in the 1990s and the advanced power MOSFET structures discussed in this
monograph.

2.2 Power D-MOSFET On-Resistance

The power D-MOSFET structure is shown in Fig. 2.2 with its internal resistance
components. There are eight resistances that must be analyzed in order to obtain the
total on-resistance between the source and drain electrodes when the device is
turned-on. It is customary to analyze not only the resistance for a particular cell
design but also the specific resistance for each of the components by multiplying the
cell resistance with the cell area. The total on-resistance for the power MOSFET
structure is obtained by the addition of all the resistances because they are consid-
ered to be in series in the current path between the source and the drain electrodes:

RON ¼ RCS þ RNþ þ RCH þ RA þ RJFET þ RD þ RSUB þ RCD (2.1)

Each of the resistances within the power D-MOSFET structure is analyzed below
by using the procedure described in the textbook. In the textbook, it was demon-
strated that the contributions from the source contact resistance (RCS), the source
resistance (RN+), and the drain contact resistance (RCD) are very small and will
therefore be neglected in this and subsequent chapters.
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Fig. 2.2 Power D-MOSFET structure with its internal resistances
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The on-resistance of the basic structure for the power D-MOSFET device
has been analyzed in the textbook. Typical power D-MOSFET products include
a deep Pþ region as illustrated in Fig. 2.3 to improve their ruggedness and
safe-operating-area as discussed in the textbook. The analysis of the power
D-MOSFET structure in this monograph includes the presence of this deep Pþ

region. The blocking voltage for the device must be supported at the junction J3
between the P+ region and the N-drift region. The thickness of the N-drift region
below the deep P+ region must be sufficient to allow supporting the blocking
voltage. This increases the on-resistance contribution from the drift region as
discussed below.

A cross-section of the power D-MOSFET structure is illustrated in Fig. 2.4 with
various dimensions that can be used for the analysis of the on-resistance compo-
nents. Here, WCell is the pitch for the linear cell geometry analyzed in this section;
WG is the width of the gate electrode; WPW is the width of the polysilicon window;
WC is the width of the contact window to the N+ source and P-base regions; and WS

is the width of the photoresist mask used during the N+ source ion-implantation.
The junction depths of the P-base region and the deep P+ region are xJP and xJP+,
respectively.

In this monograph, the characteristics of advanced power MOSFET structures
with 30-V blocking capability will be analyzed for power supply applications. For
this voltage rating and the typical lithography design rules, the power D-MOSFET
structure has a cell pitch (WCELL) of 12 mm with a polysilicon gate width (WG) of
8 mm. Typical junction depths for the N+ source region, P-base region, and the P+

region are 0.5, 1.5, and 2.5 mm, respectively. The doping concentration of the
N-drift region required to achieve a 30-V blocking voltage capability, with an
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Fig. 2.3 Power D-MOSFET structure with deep P+ region
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80% reduction due to the edge termination, is 1.6 # 1016/cm3. The thickness of the
N-drift region required below the deep P+ region is 2.6 mm. It is worth pointing out
that the entire blocking voltage is not supported within the N-drift region because of
the graded doping profile of the P-base and the P+ regions. This allows increasing
the doping concentration and reducing the thickness of the N-drift region to achieve
a smaller specific on-resistance for the D-MOSFET structure.

The current flow pattern in the power D-MOSFET structure is indicated by the
shaded area in Fig. 2.4. In the first Model A for the specific on-resistance, it will be
assumed that the JFET region extends to the bottom of the deep P+ region.
Consequently, this model assumes that there is current constriction by the deep
P+ regions. In the model, it is assumed that the current spreads at a 45$ angle in the
drift region and then becomes uniformly distributed when it enters the N+ substrate.
For the dimensions provided above for the D-MOSFET structure with 30-V block-
ing voltage capability, the current does not spread across the entire region below the
windows in the gate electrode resulting in the current distribution shown in Fig. 2.4
by the shaded area.

An alternate Model B for the current distribution in the D-MOSFET structure is
illustrated in Fig. 2.5. In this model, it is assumed that the junction formed by the P+

regions (J3) is too far from the current path in the JFET region to contribute to
current constriction. The JFET current constriction is then assumed to be associated
only with the junction (J1) formed by the P-base region. The JFET region is
then assumed to extend to the bottom of the P-base region as shown in the figure
by the shaded area. This model produces a smaller contribution to the specific
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Fig. 2.4 Power D-MOSFET structure with current flow model A used for analysis of its internal
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on-resistance from the JFET region than Model A but the contribution from the drift
region is enhanced.

2.2.1 Channel Resistance

The contribution to the specific on-resistance from the channel in the D-MOSFET
structure is the same for models A and B. As derived in the textbook [1], the specific
on-resistance contributed by the channel in the power D-MOSFET structure is
given by:

RCH;SP ¼ LCHWCell

2mniCOX VG % VTHð Þ
(2.2)

In the case of the 30-V power MOSFET structures used for power supply applica-
tions, it is customary to provide the on-resistance at a gate bias of 4.5 and 10 V.
Assuming a gate oxide thickness is 500 Å, an inversion layer mobility of 450 cm2/V s
(to match the mobility used in the numerical simulations discussed later in this
section), and a threshold voltage of 2 V in the above equation for the power
D-MOSFET design with a cell width of 12 mm and gate electrode width of 8 mm,
the specific resistance contributed by the channel at a gate bias of 4.5 V is found to
be 0.784 mO cm2. The specific on-resistance of the D-MOSFET structure is
reduced to 0.245 mO cm2 when the gate bias is increased to 10 V.
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Fig. 2.5 Power D-MOSFET structure with current flow model B used for analysis of its internal
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2.2.2 Accumulation Resistance

In the power MOSFET structure, the current flowing through the inversion channel
enters the drift region at the edge of the P-base junction. The current then spreads
from the edge of the P-base junction into the JFET region. The current spreading
phenomenon is aided by the formation of an accumulation layer in the semicon-
ductor below the gate oxide due to the positive gate bias applied to turn-on the
device. The specific on-resistance contributed by the accumulation layer in the
power D-MOSFET structure is given by [1]:

RA;SP ¼ KA
WG % 2xJPð ÞWCell

4mnACOX VG % VTHð Þ
(2.3)

In writing this expression, a coefficient KA has been introduced to account for the
current spreading from the accumulation layer into the JFET region. A typical value
for this coefficient is 0.6 based upon the current flow observed from numerical
simulations of power D-MOSFET structures. The threshold voltage in the expres-
sion is for the on-set of formation of the accumulation layer. A zero threshold
voltage will be assumed here when performing the analytical computations. Note
that the junction depth of the P-base region (and not the P+ region) defines the
length of the accumulation region.

For the 30-V power D-MOSFET design with a cell width of 12 mm and gate
width of 8 mm, the specific resistance contributed by the accumulation layer at
a gate bias of 4.5 V is 0.294 mO cm2 if the P-base junction depth (xJP) is 1.5 mm
and the gate oxide thickness is 500 Å. An accumulation layer mobility of
1,000 cm2/V s was used in this calculation to match the mobility used in the
numerical simulations (discussed later in this section). When the gate bias is
increased to 10 V, the specific resistance contributed by the accumulation layer
is reduced to 0.132 mO cm2.

2.2.3 JFET Resistance

The electrons entering from the channel into the drift region are distributed into the
JFET region via the accumulation layer formed under the gate electrode. The
spreading of current in this region was accounted for by using a constant KA of
0.6 for the accumulation layer resistance. Consequently, the current flow through
the JFET region can be treated with a uniform current density. In the power
D-MOSFET structure, the cross-sectional area for the JFET region increases with
distance below the semiconductor surface due to the planar shape of the P-base
junction. However, in order to simplify the analysis, a uniform cross-section for the
current flow with a width ‘a’ will be assumed for the JFET region as illustrated by
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the shaded area in Figs. 2.4 and 2.5. The width of the current flow is related to the
device structural parameters:

a ¼ WG % 2xJP % 2W0ð Þ (2.4)

where W0 is the zero-bias depletion width for the JFET region. The depletion region
boundary is indicated in the figures with the dashed lines. In the models, it is
assumed that no current can flow through the depleted region because all the free
carriers have been swept out by the prevailing electric field across the junction. The
zero-bias depletion width (W0) in the JFET region can be computed by using the
doping concentrations on both sides of the junction:

W0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eSNAVbi

qNDJ NA þ NDJð Þ

s

(2.5)

where NA is the doping concentration in the P-base region and NDJ is the doping
concentration in the JFET region. In the above equation, the built-in potential is also
related to the doping concentrations on both sides of the junction:

Vbi ¼
kT

q
ln

NANDJ

n2i

" #
(2.6)

In practical devices, the P-base region is diffused into the N-drift region produc-
ing a graded doping profile. However, these expressions based upon assuming
a uniform doping concentration for the P-base region are adequate for analyti-
cal computations. It is common practice to enhance the doping concentration
for the JFET region above that for the drift region. It is therefore appropriate to
use the enhanced doping concentration (NDJ) of the JFET region in the above
expressions.

In Model A, the JFET region is assumed to extend to the bottom the P+ region.
The specific on-resistance contributed by the JFET region in the power D-MOSFET
structure can then be obtained by using:

RJFET;SP ¼ rJFETxJPþWCell

WG % 2xJP % 2W0ð Þ
(2.7)

where rJFET is the resistivity of the JFET region given by:

rJFET ¼ 1

qmnNDJ
(2.8)

where mn is the bulk mobility appropriate to the doping level of the JFET region.
Typical power D-MOSFET structures are fabricated by using a diffused JFET
doping profile with its maximum concentration at the surface and a depth
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approximately the same as the junction depth of the P-base region. In an analytical
model, it is convenient to use an average doping concentration for the JFET region.
The resistivity for the JFET region is found to be 0.269 O cm corresponding to an
average JFET doping concentration of 2.0 # 1016/cm3. The zero-bias depletion
width in the JFET region for this JFET doping concentration is 0.228 mm. For the
30-V power D-MOSFET design with a cell width of 12 mm and gate width of 8 mm,
the specific resistance contributed by the JFET region is found to be 0.178 mO cm2

based up on using the above parameters.
In Model B, the JFET region is assumed to extend to the bottom the P-base

region. The specific on-resistance contributed by the JFET region in the power
D-MOSFET structure can then be obtained by using:

RJFET;SP ¼ rJFETxJPWCell

WG % 2xJP % 2W0ð Þ (2.9)

For the 30-V power D-MOSFET design with a cell width of 12 mm and gate width
of 8 mm, the specific resistance contributed by the JFET region is found to be
0.107 mO cm2 based up on using the same parameters as for Model A. It can
be observed that the JFET resistance is smaller in Model B than for Model A due to
the shorter path for current flow in the vertical direction.

2.2.4 Drift Region Resistance

The resistance contributed by the drift region in the power D-MOSFET structure is
enhanced well above that for the ideal drift region due to current spreading from the
JFET region. The cross-sectional area for the current flow in the drift region
increases from the width ‘a’ of the JFET region as illustrated in Figs. 2.4 and 2.5
by the shaded area. Several models for this current spreading have been proposed in
the literature [2]. The current distribution model used in this monograph is based up
on a spreading angle of 45$.

In the case of Model A, the current spreads from the bottom of the P+ region as
shown in Fig. 2.4. The specific on-resistance contributed by the drift region in the
power D-MOSFET structure with this model is given by:

RD;SP ¼ rDWCell

2
ln

aþ 2t

a

$ %
(2.10)

For the parameters given above for this structure, the dimension ‘a’ in the equation
is found to be 2.54 mm. For the 30-V power MOSFET design with a cell width of
12 mm and gate width of 8 mm, the specific resistance contributed by the drift region
is then found to be 0.149 mO cm2 by using a resistivity of the drift region of
0.325 O cm based upon a doping concentration of 1.6 # 1016/cm3.
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In the case of Model B, the current spreads from the bottom of the P-base region
as shown in Fig. 2.5. The specific on-resistance contributed by the drift region in the
power D-MOSFET structure with this model is given by:

RD;SP ¼
rDWCell

2
ln

aþ 2 tþ xJPþ%xJPð Þ½ )
a

$ %
(2.11)

For the parameters given above for the 30-V power MOSFET design with a cell
width of 12 mm and gate width of 8 mm, the specific resistance contributed by the
drift region is then found to be 0.185 mO cm2 by using a resistivity of the drift
region of 0.325 O cm based upon a doping concentration of 1.6 # 1016/cm3.
Consequently, the drift region resistance contribution is larger for Model B than
for Model A.

2.2.5 N+ Substrate Resistance

When the current reaches the bottomof theN-drift region, it is very quickly distributed
throughout the heavily doped N+ substrate. The current flow through the substrate
can therefore be assumed to occur with a uniform cross-sectional area. Under this
assumption, the specific resistance contributed by the N+ substrate is given by:

RSUB;SP ¼ rSUBtSUB (2.12)

where rSUB and tSUB are the resistivity and thickness of the N+ substrate. The
contribution from the N+ substrate is therefore dependent up on the available
technology for reducing its thickness and resistivity while maintaining good man-
ufacturability. Since many manufacturers have reduced this contribution to well
below that from the other resistance contributions, the substrate contribution will be
assumed to be negligible in this monograph for all the power MOSFET structures.

2.2.6 Drain and Source Contact Resistance

During the initial development of power MOSFET products, the contact resistance
to the source region was performed using aluminum metallization. This method
resulted in relatively high contact resistance to the N+ source region. With the
advent of metal-silicides for ohmic contacts, the source contact resistance is now
much smaller than the other resistance components and can be neglected for all the
power MOSFET structures discussed in this monograph. The process technology
for making contacts to the drain regions has also evolved to the state that this
resistance can be neglected for power MOSFET structures.
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2.2.7 Total On-Resistance

The total specific on-resistance for the power D-MOSFET structure can be com-
puted by adding all the above components for the on-resistance. For the case of the
30-V power D-MOSFET design with a cell pitch (WCell) of 12 mm and gate width of
8 mm, the total specific on-resistance is found to be 1.405 mO cm2 at a gate bias of
4.5 V and 0.704 mO cm2 at a gate bias of 10 V by using Model A. For this cell
design, the total specific on-resistance is found to be 1.370 mO cm2 at a gate bias of
4.5 V and 0.669 mO cm2 at a gate bias of 10 V by using Model B. Consequently,
Model B predicts a smaller total specific on-resistance than Model A. The con-
tributions from each of the components of the on-resistance are summarized in
Figs. 2.6 and 2.7 for the two models.

The ideal specific on-resistance for a drift region is given by:

RIDEAL;SP ¼
WPP

q mnND
(2.13)

where WPP is the parallel-plane depletion width at breakdown, ND is the doping
concentration of the drift region to sustain the blocking voltage, and mn is the
mobility for electrons corresponding to this doping concentration. For the case of
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a blocking voltage of 30 V, the depletion width and doping concentration are found
to be 2.2 # 1016/cm3 and 1.4 mm, respectively. Using the electron mobility for this
doping level, the ideal specific on-resistance is found to be 0.034 mO cm2. Since the
device is constrained by the impact of an 80% reduction of breakdown voltage due
to the edge termination, it is worth computing the ideal specific on-resistance for
this case for comparison with the device. For the case of a blocking voltage of
37.5 V, the depletion width and doping concentration are found to be 1.6 # 1016/cm3

and 1.8 mm, respectively. Using the electron mobility for this doping level, the ideal
specific on-resistance is found to be 0.059 mO cm2. It can be observed that
the specific on-resistance for the D-MOSFET structure is far greater than these
ideal specific on-resistances.

2.2.7.1 Simulation Results

The results of two-dimensional numerical simulations on the 30-V power
D-MOSFET structure are described here to provide a more detailed understanding
of the underlying device physics and operation. The structure used for the numeri-
cal simulations had a drift region thickness of 2.6 mm below the P+ region with a
doping concentration of 1.6 # 1016/cm3. The P-base region and N+ source regions
had depths of 1.7 and 0.7 mm, respectively. The doping concentration in the JFET
region was enhanced by using an additional n-type doping concentration of
1 # 1016/cm3 with a depth of 1.5 mm. For the numerical simulations, half the cell
(with a width of 6 mm) shown in Fig. 2.1 was utilized as a unit cell that is
representative of the structure.

A three dimensional view of the doping distribution in the D-MOSFET structure
is shown in Fig. 2.8 from the left hand edge of the structure to the center of the
polysilicon gate region. The N+ source and P-base regions are aligned to the gate
edge, which is located at 2 mm from the left hand side. The structure also includes a
P+ region located at the left hand side to suppress the parasitic bipolar transistor.
The enhancement of the doping in the N-drift region near the surface is due to the
additional JFET doping.

The lateral doping profile taken along the surface under the gate electrode is
shown in Fig. 2.9. From the profile, it can be observed that the doping concentration
of the JFET region has been increased to 2.3 # 1016/cm3 due to the additional
doping. The lateral extension of the P-base and N+ source regions are 1.7 and
0.7 mm leading to a channel length of 1.0 mm. The surface concentration for the
P-base region was chosen to obtain a maximum compensated P-type doping
concentration in the channel of 1.0 # 1017/cm3.

The transfer characteristics for the D-MOSFET structure were obtained using
numerical simulations with a drain bias of 0.1 V at 300 and 400$K. The resulting
transfer characteristics are shown in Fig. 2.10. From this graph, a threshold voltage
of 3.1 and 2.6 V can be extracted at 300 and 400$K, respectively. The threshold
voltage decreases by 16% when the temperature increases. The specific on-
resistance can be obtained from the transfer characteristics at any gate bias voltage.
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For the case of a gate bias of 4.5 V and 300$K, the specific in-resistance is found
to be 1.382 mO cm2. For the case of a gate bias of 10 V and 300$K, the specific
in-resistance is found to be 0.717 mO cm2. These values are in close agreement with
either the Model A or Model B for the current distribution within the D-MOSFET
structure.

The on-state current flow pattern within the D-MOSFET structure at a small
drain bias of 0.1 V and a gate bias of 4.5 V is shown in Fig. 2.11. In the figure, the
depletion layer boundary is shown by the dotted lines and the junction boundary is
delineated by the dashed line. The depletion layer width (W0) in the JFET region is
about 0.2 mm in good agreement with the value computed using the analytical
model. It can be observed that the current flows from the channel and distributes
into the JFET region via the accumulation layer. Within the JFET region, the cross-
sectional area is approximately constant with a width (a/2) of 2.1 mm. From the
figure, it can be seen that the current spreading from the JFET region begins at
the depth of the P-base region rather than the deep P+ region. This indicates that
the Model B is more suitable than Model A for analysis of the on-resistance of the
D-MOSFET structure. The current spreads from the JFET region to the drift region
at a 45$ angle as assumed in the models.

In order to compare the on-resistance values extracted from the numerical
simulations with those predicted by the analytical models, it is necessary to extract
the mobility in the inversion and accumulation layers within the simulated
D-MOSFET structure. The channel and accumulation layer mobility were extracted
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by simulation of a long channel lateral MOSFET structure with the same gate oxide
thickness. The inversion layer mobility was found to be 450 cm2/V s while that for
the accumulation layer was found to be 1,000 cm2/V s at a gate bias of 10 V. These
values were consequently used in the analytical models when calculating the
specific on-resistance.

2.3 Blocking Voltage

The power D-MOSFET structure must be designed to support a high voltage in the
first quadrant when the drain bias voltage is positive. During operation in the blocking
mode, the gate electrode is shorted to the source electrode by the external gate bias
circuit. The application of a positive drain bias voltage produces a reverse bias across
junction J1 between the P-base region and the N-drift region, as well as across
junction J3 between the deep P+ region and the N-drift region. Most of the applied
voltage is supported across the N-drift region. The doping concentration of donors in
the N-epitaxial drift region and its thickness must be chosen to attain the desired
breakdown voltage. In devices designed to support low voltages (less than 50 V), the
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doping concentration of the P-base region is comparable to the doping concentration
of the N-drift region leading to a graded doping profile. Consequently, a significant
fraction of the applied drain voltage is supported across a depletion region formed in
the P-base region. The highest doping concentration in the P-base region is limited
by the need to keep the threshold voltage around 2 V to achieve a low on-resistance
at a gate bias of 4.5 V as discussed in the previous section.

For the allowable maximum P-base doping concentration, it is desirable to make
the depth of the P-base region as small as possible to reduce the channel length in
the power MOSFET structure. However, if the junction depth of the P-base region
is made too small, the depletion region in the P-base region will reach through to
the N+ source region leading to a reduced breakdown voltage. In the power
D-MOSFET structure, the gate region is not screened from the drain bias due to
cylindrical shape of the planar junctions. This results in significant depletion of
the P-base region making the channel length of this structure larger than that of the
advanced power MOSFET structures discussed in this monograph.

2.3.1 Impact of Edge Termination

In practical devices, the maximum blocking voltage (BV) of the power MOSFET is
invariably decided by the edge termination that surrounds the device cell structure.
The most commonly used edge termination for power D-MOSFET devices is based
up on floating field rings and field plates. The enhanced electric field at the
edges limits the breakdown voltage to about 80% of the parallel-plane breakdown
voltage (BVPP):

BVPP ¼ BV

0:8

" #
(2.14)

Consequently, the doping and thickness of the N-drift region must be chosen to
achieve a parallel-plane breakdown voltage that is 25% larger than the blocking
voltage for the device:

ND¼
4:45# 1013

BVPP

" #4=3

(2.15)

A common design error that can occur is to make the thickness of the drift region
below the P-N junction equal to the depletion width for the ideal parallel-plane
junction with the above doping concentration. In actuality, the maximum depletion
width is limited to that associated with the blocking voltage (BV) of the structure.
The thickness of the drift region required below the P-N junction is therefore less
than the depletion width for the ideal parallel-plane junction with the above doping
concentration, and is given by:
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t ¼ WD BVð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2eSBV
qND

s

(2.16)

The resistance of the drift region can be reduced by using this thickness rather than the
maximum depletion width corresponding to the doping concentration given by (2.15).

2.3.2 Impact of Graded Doping Profile

For power MOSFET structures with low (less than 50 V) breakdown voltages, the
doping concentration of the drift region is comparable to the doping concentration
of the P-base region. This produces a graded doping profile for the junction J1
between the P-base region and the N-drift region as illustrated in Fig. 2.12. In this
figure, the concentrations of the donors and acceptors are shown by the solid lines
while the dashed lines represent the net doping concentration after taking into
account compensation near the junctions.

The electric field developed across junction J1 during the blocking mode is also
illustrated in Fig. 2.12. Due to the graded doping profile, the electric field extends
on both sides of junction J1. The electric field in the P-base region supports a portion
of the applied positive drain voltage. This implies that the same breakdown voltage
can be achieved with a larger doping concentration and a smaller thickness for the
N-drift region. This improvement can be translated to increasing the breakdown
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Fig. 2.12 Doping profile and electric field distribution for the power MOSFET structure
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voltage at the edge termination if the P-base region is used at the edges of the power
MOSFET structure. A reduction of the resistance for the power MOSFET structure
can be achieved by taking into account the voltage supported within the P-base
region. An improvement in the specific on-resistance of 20% can be achieved by
taking into account the graded doping profile.

2.3.2.1 Simulation Results

The results of two-dimensional numerical simulations on the 30-V powerD-MOSFET
structure are described here to provide a more detailed understanding of the underly-
ing device physics and operation during the blocking mode. The structure used for the
numerical simulations had the same parameters as the structure described in the
previous section. The blocking characteristic for the D-MOSFET cell structure
is shown in Fig. 2.13 for 300$K. It can be observed that the cell is capable of supporting
42 V. This provides enough margin to achieve a device blocking voltage capability
of slightly over 30 V after accounting for the reduction due to the edge termination.

It is instructive to examine the potential contours inside the power D-MOSFET
structure when it is operating in the blocking mode. This allows determination of
the voltage distribution within the structure and the penetration of the depletion
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region in the P-base region with increasing drain bias voltage. The potential
contours for the D-MOSFET structure obtained using the numerical simulations
with zero gate bias and various drain bias voltages are shown in Figs. 2.14–2.17.
From these figures, it can be observed that the voltage distribution at the junction J1
between the P-base region and the N-drift region is similar when proceeding from
the surface towards the drain. This indicates that the surface region is not screened
from the drain bias by the junctions. Consequently, the depletion region in the
P-base region penetrates through a significant fraction of the P-base region when
the drain bias is increased to 30 V. Any decrease in the doping concentration of the
P-base region leads to reach-through breakdown limiting the ability to reduce the
threshold voltage. The advanced power MOSFET structures discussed in
subsequent chapters allow the screening of the semiconductor surface under the
gate from the drain potential allowing the formation of shorter channel lengths to
reduce the on-resistance.

It is insightful to also examine the electric field profile inside the power
D-MOSFET structure when it is operating in the blocking mode. The electric
field profile obtained through the junction between the deep P+ region and
the N-drift region is shown in Fig. 2.18. It can be observed that the maximum
electric field occurs as expected at the junction at a depth of 2.6 mm from the
surface. This figure demonstrates that a substantial portion of the voltage is
supported inside the P+ region due to its graded doping profile near the junction.
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The doping concentration for the N-drift region can be increased while achieving
the target blocking voltage capability due to this phenomenon. This allows reduc-
tion of the specific on-resistance for the power D-MOSFET structure.

The electric field profile taken through the middle of the gate electrode (at
# ¼ 6 mm) is provided in Fig. 2.19. It can be observed that the electric field in
the gate oxide is larger than in the semiconductor due to the difference in dielectric
constant for the two materials. A change in the slope of the electric field profile can
be observed close to the semiconductor surface due to the enhanced doping
concentration arising from the JFET doping. The electric field in the oxide increases
rapidly with increasing drain bias because the gate oxide is not shielded from the
drain potential. The high electric field in the gate oxide in the blocking mode has
been found to create reliability problems. The electric field in the gate oxide for the
power D-MOSFET structure is just below the limit for reliable operation allowing
stable device performance over long periods of time.

2.4 Output Characteristics

The output characteristics of the power D-MOSFET structure are important to the
loci for the switching waveforms when it is operating in power circuits. The
saturated drain current for the power MOSFET structure is given by:
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ID;sat ¼
ZmniCOX

LCH % DLCHð Þ
VG % VTHð Þ2 (2.17)

where DLCH is reduction in the channel length due to depletion of the P-base region
with increasing drain bias voltage. With sufficiently high doping concentration of
the P-base region, the modulation of channel length can be made sufficiently small
to ensure a high output resistance. The saturated drain current in the power
D-MOSFET structure then increases as the square of the gate bias voltage.

2.4.1 Simulation Example

The output characteristics of the 30-V power D-MOSFET structure were obtained
by using two-dimensional numerical simulations using various gate bias voltages.
All the device parameters used for these numerical simulations are the same as
those used in the previous sections. The output characteristics of the power
D-MOSFET obtained using the simulations are shown in Fig. 2.20. The structure
exhibits excellent current saturation with relatively flat output characteristics. The
traces for increasing gate bias voltages are non-uniformly spaced due to the square-
law behavior of the transfer characteristics.
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2.5 Device Capacitances

One of attractive features of all power MOSFET structures is unipolar current
transport. The absence of minority carrier injection allows interruption of the
current flow immediately after reduction of the gate bias below the threshold
voltage. Although this implies a very fast switching speed for the power MOSFET
structures, in practice the switching speed is limited by the device capacitances.
The input drive signal for a power MOSFET structure is applied to the gate
electrode, which is a part of a Metal-Oxide-Semiconductor sandwich. Due to
the small thickness of the gate oxide and large device active area, the MOS
sandwich comprises a significant capacitance. Analysis of this capacitance
requires taking into account the formation of a depletion layer in the semiconduc-
tor under certain bias conditions. The rate at which the power MOSFET structure
can be switched between the on- and off-states is determined by the rate at which
the input capacitance can be charged or discharged. In addition, the capacitance
between the drain and the gate electrodes has been found to play an important
role in determining the drain current and voltage transitions during the switching
event.

The capacitances within the power D-MOSFET structure have been analyzed in
detail in the textbook [1]. The specific input (or gate) capacitance for the power
D-MOSFET structure is given by:

CIN;SP ¼CNþ þCP þCSM ¼ 2xJP
WCell

eOX
tOX

" #
þ WG

WCell

eOX
tIEOX

" #
(2.18)

where tOX and tIEOX are the thicknesses of the gate and inter-electrode oxides,
respectively. For a 30-V power D-MOSFET structure with a cell pitch (WCELL in
Fig. 2.4) of 12 mm and gate electrode width of 8 mm, the input capacitance is found
to be 22 nF/cm2 for a gate oxide thickness of 500 Å and an inter-metal dielectric
thickness of 5,000 Å.

The capacitance between the gate and drain electrodes (also called the reverse
transfer capacitance) is determined by the width of the JFET region where the
gate electrode overlaps the N-drift region. The MOS structure in this portion of the
power D-MOSFET structure operates under deep depletion conditions when a
positive voltage is applied to the drain. The gate-drain capacitance for the power
D-MOSFET structure is given by:

CGD;SP ¼ WG % 2xPLð Þ
WCell

COXCS;M

COX þ CS;M

" #
(2.19)

where CS,M is the semiconductor capacitance under the gate oxide, which decreases
with increasing drain bias voltage. The specific capacitance of the semiconductor
depletion region can be obtained by computation of the depletion layer width.
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The depletion layer width in the semiconductor under the gate oxide can be
obtained using:

WD;MOS ¼
eS
COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
2VDC2

OX

qeSND

s

% 1

8
<

:

9
=

; (2.20)

The specific capacitance for the semiconductor is then obtained using:

CS;M ¼ eS
WD;MOS

(2.21)

The gate-drain (or reverse transfer) capacitance can be computed by using (2.19)
with the above equations to determine the semiconductor capacitance as a function
of the drain bias voltage.

The specific gate transfer capacitance obtained by using the above analytical
formulae is shown in Fig. 2.21 for the case of a power D-MOSFET structure with
12 mm cell pitch, and polysilicon window of 8 mm. This structure has a gate oxide
thickness of 500 Å and a lateral junction depth of 1.7 mm for the P-base region. The
gate-drain (reverse transfer) capacitance decreases with increasing drain bias volt-
age due to the expansion of the depletion region in the semiconductor. At a drain
bias of 20 V, the specific reverse transfer capacitance predicted by the analytical
model is 3.0 nF/cm2 for this design.
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The output capacitance for the power D-MOSFET structure is associated with
the capacitance of the junction between the P-base region and the N-drift region.
The specific junction capacitance is given by [1]:

CS;J ¼
eS

WD;J
(2.22)

where the depletion region thickness at the junction (WD,J) is related to the drain
bias voltage:

WD;J ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eS VD þ Vbið Þ

qND

s

(2.23)

This depletion layer width is larger than that under the gate oxide because all the
applied drain voltage must be supported across the P-N junction. The specific
output capacitance for the power D-MOSFET structure can then be obtained by
assuming (Model A in the textbook) that the area of the junction within the cell is
(WPW + 2xPL)Z:

CO ¼ WPW þ 2xPL
WCell

" #
CS;J (2.24)

where xPL is the lateral extension of the P-base region under the gate electrode.
The output capacitance obtained by using the above analytical model is shown in

Fig. 2.22 for the case of the 30-V power D-MOSFET structure with 12 mm cell pitch
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and polysilicon window of 8 mm. This structure has a gate oxide thickness of 500 Å
and a lateral junction depth of 1.7 mm for the P-base region. A built-in potential of
0.8 V was assumed for the P-base/N-drift junction, and the drift region has a doping
concentration of 1.6 # 1016/cm3. The specific output capacitance decreases with
increasing drain bias voltage due to the expansion of the depletion region under the
P-base region. At a drain bias of 20 V, the specific output capacitance predicted by
the analytical model for this structure is 5 nF/cm2.

2.5.1 Simulation Example

The capacitances of the 30-V power D-MOSFET structure were extracted using
two-dimensional numerical simulations on the structure with device parameters
described in the previous sections. The input capacitance was extracted by
performing the numerical simulations with a small AC signal superposed on the
DC gate bias voltage. The input capacitances obtained for the power D-MOSFET
structure are shown in Fig. 2.23 at a drain bias of 20 V. The input capacitance is
comprised of two components – the first is between the gate electrode and the
source electrode (CGS) while the second is between the gate electrode and the base
electrode (CGB). The total input capacitance can be obtained by the addition of
these capacitances because they are in parallel and share a common contact
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electrode in the actual power D-MOSFET structure. From the figure, a total specific
input capacitance of about 20 nF/cm2 is observed which is approximately indepen-
dent of the gate bias voltage. At gate bias voltages below the threshold voltage,
there is significant coupling between the P-base region and the gate electrode
leading to a large contribution to the input capacitance from this path. When the
gate bias voltage exceeds the threshold voltage, the inversion layer screens the
P-base region from the gate electrode and couples it with the N+ source region.
Consequently, the contribution from CGB decreases to zero while that from CGS

increases as the gate bias voltage is increased. The specific input capacitance
extracted from the numerical simulations is in excellent agreement with that
calculated with the analytical model.

The drain-gate (reverse transfer) capacitance can be extracted by performing the
numerical simulations with a small AC signal superposed on the DC drain bias
voltage. The values obtained for the 30-V power D-MOSFET structure are shown
in Fig. 2.24. The gate-to-drain and base-to-drain capacitances are shown in the
figure for comparison. Both of these capacitances decrease with increasing drain
bias voltage as expected from the analytical model. For this power D-MOSFET
structure, the reverse transfer (gate-drain) capacitance is comparable in magnitude
to the output (base-drain) capacitance. This implies a strong feedback path between
the drain and the gate electrodes which is detrimental to the switching speed and
power loss for the power D-MOSFET structure. The values for the reverse transfer
and output capacitances obtained by using the analytical models are in excellent
agreement with the simulation values.
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2.6 Gate Charge

It is standard practice in the industry to provide the gate charge for power MOSFET
structures as a measure of their switching performance. The gate charge can be
extracted by the application of a constant current source at the gate terminal while
turning-on the power MOSFET structure from the blocking state. The linearized
current and voltage waveforms observed during the turn-on process are illustrated
in Fig. 6.98 in the textbook [1]. The various components for the gate charge are also
defined in this figure. During the turn-on process, the gate current is used to charge
the capacitances CGS and CGD shown in Fig. 6.97. The most significant gate charge
components for assessing the performance of the power MOSFET structures are
QSW (the gate switching charge), QGD (the gate-drain charge), and QG (the total
gate charge). These components are given by [1]:

QGD ¼ 2KGqeSND

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
OX

qeSND

s

%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
OX

qeSND

s2

4

3

5 (2.25)

QSW ¼ CGS þ CGD VDSð Þ½ )

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JONWCellLCH

2mniCOX

s

þ 2KGqeSND

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
OX

qeSND

s

%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
OX

qeSND

s2

4

3

5 ð2:26Þ

QG ¼ CGS þ CGD VDSð Þ½ )VGP

þ 2KGqeSND

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
OX

qeSND

s

%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
OX

qeSND

s2

4

3

5

þ CGS þ CGD VONð Þ½ ) VG%VGPð Þ

(2.27)

The gate charge values obtained for the 30-V power D-MOSFET structure by
using the above equations are: QGD ¼ 216 nC/cm2; QSW ¼ 237 nC/cm2; and
QG ¼ 592 nC/cm2. It can be concluded that the gate-drain charge (QGD) is the
dominant portion (90%) of the gate switching charge (QSW).

Equations for the gate voltage, drain current, and drain voltage waveforms
obtained by using the analytical model are provided in the textbook [1]. The wave-
forms obtained for the 30-V power D-MOSFET structure with 12 mm cell pitch and
polysilicon gate width of 8 mm with a gate oxide thickness of 500 Å using these
equations are provided in Fig. 2.25. A gate drive current density of 0.17 A/cm2 was
used to turn on the device from a steady-state blocking voltage of 20 V to match the
results of two dimensional numerical simulations discussed below. The gate geom-
etry factor (KG) obtained for this structure using the structural dimensions is 0.38.

The gate voltage initially increases linearly with time. After reaching the thresh-
old voltage, the drain current can be observed to increase in a non-linear manner
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because the transconductance is a function of the gate bias voltage. The drain
current density increases until it reaches an on-state current density of 80 A/cm2.
This transition occurs rapidly when compared with the time taken for the drain
voltage to decrease during the next time interval. The on-state current density
determines the gate plateau voltage which has a value of 3.54 V. During the gate
voltage plateau phase, the drain voltage decreases in a non-linear manner until it
reaches the on-state voltage drop. After this time, the gate voltage again increases
but at a slower rate than during the initial turn-on phase.

2.6.1 Simulation Example

The gate charge for the 30-V power D-MOSFET structure was extracted by using
the results of two-dimensional numerical simulations of the cell described in the
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previous sections. The device was turned-on from blocking state with a drain bias of
20 V by driving it using a gate current of 1 # 10–8 A/mm (equivalent to 0.17 A/cm2

for the area of 6 # 10–8 cm2). Once the drain current density reached 80 A/cm2, the
drain current was held constant resulting in a reduction of the drain voltage.
The gate plateau voltage for this drain current density was found to be 3.5 V.
Once the drain voltage reached the on-state value corresponding to the gate plateau
voltage, the gate voltage increased to the steady-state value of 10 V.

The gate charge waveforms obtained by using an input gate current density
of 0.17 A/cm2 when turning on the power D-MOSFET structure from a blocking
state with drain bias of 20 V are shown in Fig. 2.26. The on-state current density is
80 A/cm2 at a DC gate bias of 10 V at the end of the turn-on transient. The gate
voltage increases at a constant rate at the beginning of the turn-on process as
predicted by the analytical model. When the gate voltage reaches the threshold
voltage, the drain current begins to increase. The drain current increases as
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predicted by the analytical model in a quadratic manner until it reaches the on-state
current density of 80 A/cm2.

Once the drain current reaches the on-state value, the gate voltage remains
constant at the plateau voltage (VGP). The plateau voltage for this structure is
3.5 V for the drain current density of 80 A/cm2 as governed by the transconductance
of the device. The drain voltage decreases during the plateau phase in a non-linear
manner. After the end of the plateau phase, the gate voltage again increases until it
reaches the gate supply voltage. Although the increase in gate voltage is non-linear
at the beginning of this transition it becomes linear over most of the time after the
plateau phase. The waveforms obtained using the analytical model (see Fig. 2.25)
are very similar in shape and magnitude to those observed in the numerical
simulations.

The values for the various components of the gate charge extracted from the
numerical simulations are compared with those calculated by using the analytical
model in Fig. 2.27. There is very good agreement between these values indicating
that the analytical model is a good representation of the physics of turn-on for
power D-MOSFET structure.

2.7 Device Figures of Merit

Significant power switching losses can arise from the charging and discharging of
the large input capacitance in power MOSFET devices at high frequencies. The
input capacitance (CIN) of the power MOSFET structure must be charged to the
gate supply voltage (VGS) when turning on the device and then discharged to 0 V
when turning off the device during each period of the operating cycle. The total
power loss can be obtained by summing the on-state power dissipation for a duty
cycle d ¼ tON/T and the switching power losses:

PT ¼ PON þ PSW ¼ dRONI
2
ON þ CINV

2
GSf (2.28)

Specific Gate 
Charge

Numerical 
Simulation 
(nC / cm2)

Analytical 
Model 

(nC / cm2)

QGS1 67 67.8

QGS2

QGS

QGD

QSW

QG

20 21.1

87 88.8

200 216

220 237

617 592

Fig. 2.27 Gate charge extracted from numerical simulations for the power D-MOSFET structure
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where RON is the on-resistance of the power MOSFET structure, ION is the on-state
current, and f is the operating frequency. In writing this equation, the switching
power losses due to the drain current and voltage transitions has been neglected. A
minimum total power loss occurs for each power MOSFET structure at an optimum
active area as shown in the textbook [1]. The on-state and switching power losses
are equal at the optimum active area. The optimum active area at which the power
dissipation is minimized is given by:

AOPT ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
RON;sp

CIN;sp

s
ION
VGS

" # ffiffiffi
d
f

s !

(2.29)

From the first term in this expression, a useful technology figure-of-merit can be
defined:

FOMðAÞ ¼ RON;sp

CIN;sp
(2.30)

In the power electronics community, there is trend towards increasing the operating
frequency for switch mode power supplies in order to reduce the size and weight of
the magnetic components. The ability to migrate to higher operating frequencies in
power conversion circuits is dependent on making enhancements to the power
MOSFET technology. From the above equations, an expression for the minimum
total power dissipation can be obtained [1]:

PT minð Þ ¼ 2IONVGS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dRON;spCIN;spf

p
(2.31)

A second technology figure of merit related to the minimum power dissipation can
be defined as:

FOMðBÞ ¼ RON;spCIN;sp (2.32)

In most applications for power MOSFET structures with high operating frequency,
the switching losses associated with the drain current and voltage transitions
become a dominant portion of the total power loss. The time period associated
with the increase of the drain current and decrease of the drain voltage is deter-
mined by the charging of the device capacitances. It is therefore common practice
in the industry to use the following figures-of-merit to compare the performance of
power MOSFET products [1]:

FOMðCÞ ¼ RON;spQGD;sp (2.33)

and

FOMðDÞ ¼ RON;spQSW;sp (2.34)
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Although FOM(D) encompasses both the drain current and voltage transitions, it is
customary to use FOM(C) because the gate-drain charge tends to dominate in the
switching gate charge. One advantage of using these expressions is that the figure-
of-merit becomes independent of the active area of the power MOSFET device.

The figures of merit computed for the power D-MOSFET structure discussed in
earlier sections of this chapter are provided in Fig. 2.28. The figure of merit
usually used for comparison of device technologies in the literature is FOM(C).
Most often, the value for this figure of merit at a gate bias of 4.5 V is utilized for
selection of devices in the voltage regulator module application.

2.8 Discussion

The characteristics of the power D-MOSFET structure has been reviewed in this
chapter. This structure has a relatively large specific on-resistance due to its high
channel and JFET resistance contributions. Moreover, its reverse transfer charge is
relatively large because of the open-junction structure below the gate region than
overlaps the drift region. Since the power D-MOSFET structure was developed first
from a historical perspective, it will be utilized as a bench mark for assessment of
the performance of the improved device structures in subsequent chapters.

For purposes of comparison with the power MOSFET structures discussed in
subsequent chapters, the analysis of the power DMOSFET structure is provided
here for a broad range of blocking voltages. In this analysis, the power DMOSFET
structure was assumed to have the following parameters: (a) N+ source junction
depth of 0.5 mm; (b) P-base junction depth of 1.5 mm; (c) P+ region junction depth of
2.5 mm; (d) gate oxide thickness of 500 Å; (e) polysilicon window width of 4 mm;
(f) JFET region doping concentration of 2 # 1016/cm3; (g) threshold voltage of
2 V; (h) gate drive voltage of 10 V; (i) inversion mobility of 450 cm2/V s; ( j)
accumulation mobility of 1,000 cm2/V s. The contributions from the contacts and
the N+ substrate were neglected during the analysis. The doping concentration and
thickness of the drift region were determined under the assumption that the edge
termination (in conjunction with the graded junction doping profiles) limits the
breakdown voltage to 90% of the parallel-plane breakdown voltage. The device
parameters pertinent to each blocking voltage are provided in Fig. 2.29. It can be

Figures of Merit VG = 4.5 V VG = 10 V 

FOM(A) (Ω2cm4s–1) 

FOM(C) (mΩ*nC) 

FOM(D) (mΩ*nC) 

64,000  32,000 

FOM(B) (ps) 30.9 15.5 

303 152 

333 167 

Fig. 2.28 Figures of merit for the power D-MOSFET structure
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observed that the doping concentration must be greatly reduced with increasing
blocking voltage capability while simultaneously increasing the thickness of the
drift region.

The gate electrode width was optimized for each breakdown voltage to achieve
the minimum specific on-resistance in the power D-MOSFET structure. The spe-
cific on-resistance obtained by using the analytical model for the power DMOSFET
structure as a function of the width of the gate electrode is shown in Fig. 2.30 for the
case of various breakdown voltages. Note that a logarithmic scale has been used for
the vertical axis because of the large range of values for the specific on-resistance.
The single zone model (see Fig. 6.39 in the textbook) was used for the 30-V power
D-MOSFET structure while the two zone model (see Fig. 6.41 in the textbook) was

Blocking Voltage
(V)

Drift Doping 
Concentration

(cm–3) 

Drift Region
Thickness
(microns) 

3

5

8

17 

26 

58 

30 1.6 × 1016

60 6.0 × 1015

100 3.0 × 1015

200 1.2 × 1015

300 6.8 × 1014

600 2.7 × 1014

1000 1.35 × 1014 105 

Fig. 2.29 Device parameters for the power D-MOSFET structures
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Fig. 2.30 Optimization of the specific on-resistance for the power D-MOSFET structures
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used for the rest of the higher voltage power D-MOSFET structures. From
Fig. 2.30, it can be observed that the minimum specific on-resistance occurs at a
larger optimum gate electrode width for the power D-MOSFET structures with
larger blocking voltages. The optimum gate electrode width and minimum specific
on-resistances for the power D-MOSFET structures are provided in Fig. 2.31. These
values can be compared with the ideal specific on-resistance obtained by using
Baliga’s power law for the impact ionization coefficients in Fig. 2.32. From this
figure, it can be concluded that the specific on-resistance for the D-MOSFET
structure is always larger than the ideal specific on-resistance. For blocking vol-
tages below 100 V, the specific on-resistance for the power D-MOSFET structure
becomes substantially larger than the ideal case.

Blocking Voltage 
(V)

Optimum 
Gate Width 
(microns) 

Specific On-
Resistance 
(mΩ-cm2)

30 7.0 0.687 

60 7.7 1.13 

100 8.7 2.14 

200 10.8 7.85 

300 12.7 19.4 

600 17.0 102 

1000 21.6 363 

Fig. 2.31 Optimized specific on-resistance for the power D-MOSFET structures
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Fig. 2.32 Specific on-resistance for the power D-MOSFET structures
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The specific gate transfer charge for the power D-MOSFET structures was
obtained by using the analytical model (see 2.25). During this analysis, the devices
were assumed to be operated at an on-state current density that results in a power
dissipation of 100 W/cm2 as determined by the specific on-resistance for each
device. The on-state current density values are provided in Fig. 2.33. The drain
supply voltage used for this analysis was chosen to be two-thirds of the breakdown
voltage. The drain supply voltage values are also provided in Fig. 2.33.

The specific gate transfer charge values calculated by using the analytical model
for the power D-MOSFET structure are given in Fig. 2.33 as a function of the
breakdown voltage. These values are also plotted in Fig. 2.34 as a function of the

Blocking Voltage 
(V)

Drain Supply
Voltage 
(Volts) 

On-State 
Current 
Density 

Specific Gate 
Transfer 
Charge 

(nC / cm2) 

30 20 1720 199

60 40 1110 203

100 67 652 211

200 133 402 223

300 200 276 226

600 400 137 230

1000 667 82.5 227

(A / cm2)

Fig. 2.33 Parameters used for gate transfer charge analysis for the power D-MOSFET structures
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Fig. 2.34 Specific gate transfer charge for the power D-MOSFET structures
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breakdown voltage. It can be observed that the gate transfer charge increases
gradually with increasing breakdown voltage. The specific gate transfer charge
increases in a linear fashion on this log-log graph for breakdown voltages ranging
from 120 to 1,000 V indicating a power law relationship. The power law relationship
that fits the data is shown in the figure by the dashed line. The equation for this line is:

QGD ¼ 2,350 BV%0:575 (2.35)

where the specific gate transfer charge has units of nC/cm2.
The figure-of merit (C) – product of the specific on-resistance and the specific

gate transfer charge – for the optimized power D-MODSFET structures was
obtained by determining the gate transfer charge for the cell with the optimum
gate width for each breakdown voltage using the analytical model (see 2.25).
During this analysis, the devices were assumed to be operated at an on-state current
density that results in a power dissipation of 100 W/cm2 as determined by the
specific on-resistance for each device. The resulting values for the FOM(C) are
plotted in Fig. 2.35 as a function of the breakdown voltage of the power D-
MOSFET structure. It can be observed that the FOM(C) increases in a linear
fashion on this log-log graph for breakdown voltages above 200 V indicating a
power law relationship. The power law relationship that fits the data is shown in the
figure by the dashed line. The equation for this line is:

FOM Cð Þ ¼ RON;spQGD;sp ¼ 0.005423 BV2:394 (2.36)

where the FOM(C) has units of mO nC.
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Fig. 2.35 Figure-of-merit (C) for the power D-MOSFET structures
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The values for the specific on-resistance, and FOM(C) provided here for the power
D-MOSFET structure are useful as a benchmark to assess the performance of the
powerMOSFET structures that are discussed in subsequent chapters. Since the power
D-MOSFET technologywas developed in the 1970s, the manufacturing capability for
these devices is mature leading to low device costs. Any advanced power MOSFET
devices must provide substantial improvements in the specific on-resistance and
FOM(C) in order to displace the power D-MOSFET structures in applications.
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Chapter 3
U-MOSFET Structure

As discussed in the previous chapter, the first power MOSFET structure commer-
cially introduced by the power semiconductor industry was the double-diffused or
D-MOSFET structure. The specific on-resistance of the D-MOSFET devices
designed for low blocking voltages was found to be constrained by the significant
channel resistance due to the low channel density and the JFET region contribution.

With the advent of trench technology developed for applications to the Dynamic
Random Access Memories (DRAMs), the power device community developed the
trench gate structure for power MOSFET devices. These devices are also called
U-MOSFET structures because of the shape of the gate region. The specific on-
resistance of the U-MOSFET structure is substantially smaller than that of the
D-MOSFET structure because the channel density can be made larger by using a
smaller cell pitch. Moreover, the U-MOSFET structure does not contain a JFET
region allowing further reduction of the specific on-resistance. By the mid-1990s,
most power device manufacturers were building their high performance power
MOSFET devices with the trench gate architecture.

3.1 The U-MOSFET Structure

A cross-section of the basic cell structure for the U-MOSFET structure [1]
is illustrated in Fig. 3.1. This device structure is fabricated by starting with an
N-type epitaxial layer grown on a heavily doped N+ substrate. The P-base region
is then formed across the active area of the device by ion implantation of boron
followed by a drive-in cycle. The N+ source regions are then produced by ion
implantation of phosphorus followed by its annealing process. A mask is required
during the ion-implantation of the N+ source regions to create the short between the
N+ source and P-base regions at the top of the mesa region. The trench is next formed
by reactive ion etching using a mask aligned to the N+ source mask to center it in
relation to the shorts. The surface of the trench must be smooth and free of damage in
order to obtain a good MOS interface with high channel inversion layer mobility.

B.J. Baliga, Advanced Power MOSFET Concepts,
DOI 10.1007/978-1-4419-5917-1_3, # Springer ScienceþBusiness Media, LLC 2010
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A high voltage can be supported in the U-MOSFET structure when a positive
bias is applied to the drain without the application of a gate bias (i.e. with gate
shorted to the source by the external drive circuit). In this case, junction J1 formed
between the P-Base region and the N-drift region becomes reverse biased. The
voltage is supported mainly within the thick lightly doped N-drift region. Drain
current flow in the U-MOSFET structure is induced by the application of a positive
bias to the gate electrode. This produces an inversion layer at the surface of the
P-base region under the gate electrode along the sidewalls of the trench. This
inversion layer channel provides a path for transport of electrons from the source
to the drain when a positive drain voltage is applied.

After transport from the source region through the channel, the electrons enter
the N-drift region at the bottom of the trench. The accumulation layer formed at the
bottom of the trench surface aids in the distribution of the carriers into the drift
region. The current spreads from the bottom of the trench to the entire width of the
cell cross-section. This non-uniform current distribution within the drift region
enhances its resistance making the internal resistance of the U-MOSFET structure
larger than the ideal specific on-resistance of the drift region.

The U-MOSFET cell pitch can be made much smaller than that for the
D-MOSFET structure due to the process technology and the absence of the JFET
region. The smaller cell pitch increases the channel density which reduces its
contribution to the specific on-resistance. However, the electric field at the junction
(J1) between the P-base region and the N-drift region is large in the U-MOSFET
structure. The large electric field at the junction promotes the extension of the
depletion region into the P-base region. Consequently, the channel length in
U-MOSFET devices must be made relatively large in order to suppress reach-
through breakdown which increases the channel resistance.

The large electric field at the junction produces a large electric field in the gate
oxide in the trenches especially at the corners in the U-MOSFET structure. This
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P-Base

Drain

Source

P-Base

N+ N+

Channel

J1

J2

Trench

Mesa

Gate

Fig. 3.1 The U-MOSFET structure
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creates reliability concerns due to generation of hot-electrons. This problem
has been addressed by the industry by the development of structures with rounded
surfaces at the bottom of the trench [2] as illustrated in Fig. 3.2. In spite of this
improvement, the electric field in the gate oxide is relatively large in the
U-MOSFET structure. In addition, the reverse transfer capacitance for the power
U-MOSFET structure is much greater than for the D-MOSFET structure. This
capacitance can be reduced by selectively increasing the oxide thickness at the
bottom of the trench surface as illustrated in Fig. 3.3 although this adds significant
complexity to the device fabrication process [3–5].

N+ Substrate

N-Drift Region

P-Base

Drain

Source

P-Base

N+ N+

J1

J2

Fig. 3.2 The U-MOSFET structure with rounded trench bottom surface
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Fig. 3.3 The U-MOSFET structure with thicker oxide at the trench bottom surface
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3.2 Power U-MOSFET On-Resistance

The power U-MOSFET structure is shown in Fig. 3.4 with its internal resistance
components [1]. The same internal resistances encountered in the power
D-MOSFET structure are present in the power U-MOSFET structure with the
exception of the JFET region resistance. The JFET region is eliminated within
the power U-MOSFET structure because the trench extends beyond the bottom
of the P-base region in order to form a channel connecting the N+ source region with
the N-drift region. The elimination of the JFET region allows a significant reduction
of the overall specific on-resistance for the power U-MOSFET structure not only
because its resistance is excluded but more importantly because the cell pitch can be
made much smaller than that of the power D-MOSFET structure. A smaller cell
pitch reduces the specific resistance contributions from the channel, accumulation
and drift regions.

The total on-resistance for the power U-MOSFET structure is obtained by the
addition of all the resistances because they are considered to be in series in the
current path between the source and the drain electrodes:

RON ¼ RCS þ RNþ þ RCH þ RA þ RD þ RSUB þ RCD (3.1)

Each of the resistances within the power U-MOSFET structure is analyzed below. It
is customary to utilize the linear cell surface topology for the power U-MOSFET
structure because the trench surface can be oriented in the preferred direction most
favorable for producing high quality etched surfaces.

A cross-section of the power U-MOSFET structure is illustrated in Fig. 3.5 with
various dimensions that can be used for the analysis of the on-resistance components.
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Fig. 3.4 Power U-MOSFET structure with its internal resistances
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The edges of the masks used to define the boundary for the N+ source ion implant and
the contact window are also shown in the figure by the dimensionWS andWC. These
edges decide the area available within the structure for making contact to the N+

source region. The position of the N+ source definition mask also determines
the length (LN+) of the N

+ source region. In addition, the current flow pattern in the
U-MOSFET structure is indicated by the shaded area in the figure. After entering the
drift region, the current is assumed to spread from the trench bottom at a 45# angle.
Since the mesa width is small, the current paths will usually overlap as illustrated in
the figure. Consequently, the area for current transport varies for a portion of the drift
region and then becomes uniform for the rest of the drift region.

In the textbook, it was demonstrated that the contributions from the source
contact resistance (RCS), the source resistance (RSN+), and the drain contact resis-
tance (RCD) are very small for the U-MOSFET structure and will therefore be
neglected in this chapter.

3.2.1 Channel Resistance

The power U-MOSFET structure shown in Fig. 3.5 contains channels formed on
both of the vertical sidewalls of the trench gate structure. The specific on-resistance
contributed by the channel in the power U-MOSFET structure is given by [1]:

Drain

Source

P-Base

N+ N+

t

x

tSUB

tT

WTWC /2 WM /2

WCell

dy

LD2

xJP LN+ LCH

WS /2

Gate

a y

XD

N-Drift Region

N+ Substrate

Fig. 3.5 Power U-MOSFET structure with current flow model used for analysis of its internal
resistances
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RCH;SP ¼ LCHWCell

2mniCOX VG $ VTHð Þ (3.2)

For the 30-V power U-MOSFET structure with a cell width of 3 mm, the specific
resistance contributed by the channel at a gate bias of 4.5 V is 0.201 mO cm2 if the
channel length is 0.9 mm and the gate oxide thickness is 500 Å. For this structure,
the specific resistance contributed by the channel at a gate bias of 10 V is
0.057 mO cm2. These values are much smaller than the channel contributions
within the power D-MOSFET structure. The reduction in the specific on-resistance
contributed by the channel in the U-MOSFET structure is due to the increase in the
channel density by a factor of four times.

3.2.2 Accumulation Resistance

In the power U-MOSFET structure, the current flowing through the inversion
channel enters the drift region without encountering a JFET region. The current
spreads from the edge of the P-base junction (J1) along the surface of the trench due
to the formation of an accumulation layer because of the positive gate bias. It is then
distributed into the drift region. The specific on-resistance contributed by the
accumulation layer in the power U-MOSFET structure is given by [1]:

RA;SP ¼ KA
LAWCell

2mnACOX VG $ VTHð Þ (3.3)

In this equation, a coefficient KA has been introduced to account for the current
spreading from the accumulation layer into the drift region. A typical value for this
coefficient is 0.6 based upon the current flow observed from numerical simulations
of power U-MOSFET structures. The threshold voltage in the expression is for the
on-set of formation of the accumulation layer, which will be assumed to zero in this
section.

For the 30-V power U-MOSFET structure with a cell width of 3 mm, the specific
resistance contributed by the accumulation layer at a gate bias of 4.5 V is 0.029
mO cm2 if the P-base junction depth (xJP) is 1 mm, the trench depth is 1.5 mm, and
the gate oxide thickness is 500 Å. This value is an order of magnitude smaller than
that for the power VD-MOSFET structure because the accumulation layer path (LA)
is only 1.0 mm in size and the cell pitch is much smaller for the U-MOSFET
structure. The specific resistance contributed by the accumulation layer is reduced
to 0.013 mO cm2 when the gate bias is increased to 10 V.

3.2.3 Drift Region Resistance

The resistance contributed by the drift region in the power U-MOSFET structure is
greater than that for the ideal drift region discussed earlier in the chapter due to
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current spreading from the trench surface into the drift region. The cross-sectional
area for the current flow in the drift region increases from the width ‘a’, which is the
width of the trench for the U-MOSFET structure, as illustrated in Fig. 3.5 by the
shaded area. The resistance of the drift region developed in this section is based
upon the current flow pattern shown in this figure. In this pattern, it is assumed that
the cross-section width (XD) for current flow increases at a 45# angle from the
bottom of the trench. It is also assumed that the width of the mesa region is
sufficiently small when compared with the thickness of the drift region to allow
the current flow paths to merge before the current reaches the N+ substrate. The
resistance of the drift region is now determined by two portions: a first portion with
a cross-sectional area that increases with the depth and a second portion with a
uniform cross-sectional area for the current flow.

The specific on-resistance contributed by the drift region in the power
U-MOSFET structure is given by [1]:

RD;SP ¼ rDWCell

2
ln

WT þWM

WT

! "
þ rD tþ xJP $ tT $

WM

2

# $
(3.4)

For the 30-V power U-MOSFET structure constructed using a drift region with
doping concentration of 1.6 ' 1016/cm3, a trench width of 1 mm, and a cell width
of 3 mm, the specific resistance contributed by the drift region calculated by using
the above model is 0.106 mO cm2. This is 50% smaller than the value for the 30-V
power D-MOSFET structure.

3.2.4 Total On-Resistance

The total specific on-resistance for the power U-MOSFET structure can be com-
puted by adding all the above components for the on-resistance. For the case of the
30-V power U-MOSFET design with a cell pitch (WCell) of 3 mm, trench width of
1 mm, a channel length of 0.9 mm and a threshold voltage of 2.3 V, the total specific
on-resistance is found to be 0.336 and 0.176 mO cm2 at gate bias of 4.5 and 10 V,
respectively. The contributions from each of the components of the on-resistance
are summarized in Fig. 3.6.
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VG = 4.5 V
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Accumulation (RA, SP)
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(mW–cm2) 

0.057
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0.106

0.176

0.201

0.029
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0.336

Fig. 3.6 On-resistance components within the 30-V Power U-MOSFET structure
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As discussed in Chap. 2, for the case of a blocking voltage of 30 V, the depletion
width and doping concentration for the ideal drift region are found to be
2.2 ' 1016/cm3 and 1.4 mm, respectively. Using the electron mobility for this
doping level, the ideal specific on-resistance for this case is found to be 0.034
mO cm2. Since the device is usually constrained by the impact of an 80% reduction
of breakdown voltage due to the edge termination, it is worth computing the ideal
specific on-resistance for this case for comparison with the device. For the case of a
blocking voltage of 37.5 V, the depletion width and doping concentration are found
to be 1.6 ' 1016/cm3 and 1.8 mm, respectively. Using the electron mobility for this
doping level, the ideal specific on-resistance is found to be 0.059 mO cm2. It can be
observed that the specific on-resistance for the U-MOSFET structure is only three
times the ideal specific on-resistance for the blocking voltage of 37.5 V for a gate
bias of 10 V. The specific on-resistance predicted by the analytical model is close to
that reported for fabricated devices [2].

3.2.4.1 Simulation Results

The results of two-dimensional numerical simulations on the 30-V power
U-MOSFET structure are described here to provide a more detailed understanding
of the underlying device physics and operation. The structure used for the numeri-
cal simulations had a drift region thickness of 3 mm below the junction (J1) between
the P-base region and the N-drift region with a doping concentration of 1.6 ' 1016/
cm3. The P-base region and N+ source regions had depths of 1.0 and 0.1 mm,
respectively. For the numerical simulations, half the cell (with a width of 1.5 mm)
shown in Fig. 3.1 was utilized as a unit cell that is representative of the structure.
The gate oxide was assumed to 500 Å with a uniform thickness on the trench
sidewalls and bottom surfaces. A three dimensional view of the doping distribution
in the U-MOSFET structure is shown in Fig. 3.7. The short between the N+ source
and P-base region is placed in the center of the mesa region.

The channel doping profile taken vertically along the surface of the trench is
shown in Fig. 3.8. The vertical extensions of the P-base and N+ source regions are
1.0 and 0.1 mm leading to a channel length of 0.9 mm. The surface concentration for
the P-base region was chosen to obtain a maximum compensated P-type doping
concentration in the channel of 1.0 ' 1017/cm3. This is sufficient to prevent reach-
through breakdown while obtaining an acceptable threshold voltage for the gate
oxide thickness of 500 Å.

The transfer characteristics for the U-MOSFET structure were obtained using
numerical simulations with a drain bias of 0.1 V at 300 and 400#K. The resulting
transfer characteristics are shown in Fig. 3.9. From this graph, a threshold voltage of
2.3 and 2.0 V can be extracted at 300 and 400#K, respectively. The threshold voltage
decreases by 15% when the temperature increases as in the case of the D-MOSFET
structure. The specific on-resistance can be obtained from the transfer character-
istics at any gate bias voltage. For the case of a gate bias of 4.5 V and 300#K, the
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specific in-resistance is found to be 0.280 mO cm2, while for the case of a gate bias
of 10 V and 300#K, the specific in-resistance is found to be 0.170 mO cm2. These
values are far smaller than those observed for the D-MOSFET structure. The
specific on-resistance obtained using the analytical model is larger than those
obtained from the numerical simulations for the gate bias of 4.5 V. This is associated
with several assumption used in the analytical model. Firstly, the threshold voltage
in the analytical model is assumed to be independent of the position along the
channel. In the device structure used for the numerical simulations, the threshold
voltage becomes smaller along the channel due to the reduced doping concentration
of the P-base region near the drift region. This will reduce the channel resistance
contribution for the device structure during the numerical simulations. Second, the
current spreads from the channel into the drift region from the bottom of the P-base
region rather than from the bottom of the trench.

The current spreading pattern in the U-MOSFET structure can be observed using
the current flow-lines shown in Fig. 3.10 at a small drain bias of 0.1 V and a gate
bias of 4.5 V. In the figure, the depletion layer boundary is shown by the dotted lines
and the junction boundary is delineated by the dashed line. From this figure, it can
be observed that the current spreading begins to occur from the junction between
the P-base region and the N-drift region reducing the drift region resistance.
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3.3 Blocking Voltage

The power U-MOSFET structure must be designed to support a high voltage in the
first quadrant when the drain bias voltage is positive. During operation in the
blocking mode, the gate electrode is shorted to the source electrode by the external
gate bias circuit. The application of a positive drain bias voltage produces a reverse
bias across junction J1 between the P-base region and the N-drift region. Most of the
applied voltage is supported across the N-drift region. The doping concentration of
donors in the N-epitaxial drift region and its thickness are chosen to attain the
desired breakdown voltage. In devices designed to support low voltages (less than
50 V), the doping concentration of the P-base region is comparable to the doping
concentration of the N-drift region leading to a graded doping profile. Con-
sequently, a significant fraction of the applied drain voltage is supported across a
depletion region formed in the P-base region. The highest doping concentration in
the P-base region is limited by the need to keep the threshold voltage around 2 V to
achieve a low on-resistance at a gate bias of 4.5 V as discussed in the previous
section.

For the allowable maximum P-base doping concentration, it is desirable to make
the depth of the P-base region as small as possible to reduce the channel length in
the power MOSFET structure. However, if the junction depth of the P-base region
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is made too small, the depletion region in the P-base region will reach through
to the N+ source region leading to a reduced breakdown voltage. In the power
U-MOSFET structure, significant depletion of the P-base region occurs making the
channel length of this structure larger than that of the advanced power MOSFET
structures discussed in this monograph.

3.3.1 Impact of Edge Termination

In practical devices, the maximum blocking voltage (BV) of the power MOSFET is
invariably decided by the edge termination that surrounds the device cell structure.
The most commonly used edge termination for power U-MOSFET devices is based
up on floating field rings and field plates. The enhanced electric field at the edges
limits the breakdown voltage to about 80% of the parallel-plane breakdown voltage
(BVPP). The doping and thickness for the N-drift region must be designed using the
same approach described earlier in Sect. 2.3.1 for the D-MOSFET structure in order
to minimize the resistance.

It is also important to shield the corners of the trenches at the edge termination to
avoid a severe reduction in the breakdown voltage [6]. The most suitable option is
to envelope the corners of the trenches at the edges with a deeper P+ diffusion. This
requires an additional process step during device fabrication.

3.3.2 Impact of Graded Doping Profile

For power MOSFET structures with low (less than 50 V) breakdown voltages, the
doping concentration of the drift region is comparable to the doping concentration
of the P-base region. This produces a graded doping profile for the junction J1
between the P-base region and the N-drift region as illustrated in Fig. 2.12.

The electric field developed across junction J1 during the blocking mode is also
illustrated in Fig. 2.12. Due to the graded doping profile, the electric field extends
on both sides of junction J1. The electric field in the P-base region supports a portion
of the applied positive drain voltage. This implies that the same breakdown voltage
can be achieved with a larger doping concentration and a smaller thickness for the
N-drift region. This improvement can be translated to increasing the breakdown
voltage at the edge termination if the P-base region is used at the edges of the power
MOSFET structure. A reduction of the resistance for the power MOSFET structure
can be achieved by taking into account the voltage supported within the P-base
region. An improvement in the specific on-resistance of 20% can be achieved by
taking into account the graded doping profile.
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3.3.2.1 Simulation Results

The results of two-dimensional numerical simulations on the 30 V power
U-MOSFET structure are described here to provide a more detailed understanding
of the underlying device physics and operation during the blocking mode. The
structure used for the numerical simulations had the same parameters as
the structure described in the previous section. The blocking characteristic for the
U-MOSFET cell structure is shown in Fig. 3.11 for 300#K. It can be observed that
the cell is capable of supporting 42 V. This provides enough margin to achieve a
device blocking voltage capability of slightly over 30 V after accounting for the
reduction due to the edge termination.

It is instructive to examine the potential contours inside the power U-MOSFET
structure when it is operating in the blocking mode. This allows determination of the
voltage distribution within the structure and the penetration of the depletion region
in the P-base region with increasing drain bias voltage. The potential contours for
the U-MOSFET structure obtained using the numerical simulations with zero gate
bias and various drain bias voltages are shown in Fig. 3.12–3.15. From these figures,
it can be observed that the depletion region in the P-base region penetrates through a
significant fraction of the P-base region when the drain bias is increased to 30 V.
Any decrease in the doping concentration of the P-base region leads to reach-
through breakdown limiting the ability to reduce the threshold voltage.
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It is insightful to also examine the electric field profile inside the power
U-MOSFET structure when it is operating in the blocking mode. The electric
field profile obtained through the junction between the P-base region and the
N-drift region is shown in Fig. 3.16. It can be observed that the maximum electric
field occurs as expected at the junction at a depth of 1.0 mm from the surface. This
figure demonstrates that a substantial portion of the voltage is supported inside the
P-base region due to its graded doping profile near the junction. The doping
concentration for the N-drift region can be increased while achieving the target
blocking voltage capability due to this phenomenon. This allows reduction of the
specific on-resistance for the power D-MOSFET structure.

The electric field profile taken through the middle of the gate electrode and
the trench (at ' ¼ 0 mm) is provided in Fig. 3.17. It can be observed that
the electric field in the gate oxide is larger than in the semiconductor due to the
difference in dielectric constant for the two materials. The electric field in the
oxide increases rapidly with increasing drain bias because the gate oxide is not
shielded from the drain potential. The electric field developed in the gate oxide at
the bottom of the trench is twice as large as that observed in the D-MOSFET
structure. The high electric field in the gate oxide in the blocking mode has been
found to create reliability problems. The electric field in the gate oxide for this
power U-MOSFET structure is above the limit for reliable operation over long
periods of time.
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The electric field in the semiconductor and the gate oxide is enhanced by the
sharp corner of the trench which extends into the drift region near the maximum
electric field generated at the junction between the P-base region and the N-drift
region. This can be observed in the electric field profiles taken along the vertical
direction along the surface of the trench in the U-MOSFET structure. These electric
field profiles are shown in Fig. 3.18 at various drain bias voltages. It can be
observed that the electric field at the corner of the trench, located at 1.5 mm from
the upper surface of the device, is greatly (more than two times) enhanced by the
sharp corner of the trench. The high electric field produces hot-electrons in the
vicinity of the channel which creates a shift in the threshold voltage during long
term operation of the device.

3.4 Output Characteristics

The output characteristics of the power U-MOSFET structure are important to the
loci for the switching waveforms when it is operating in power circuits. In the
power MOSFET structure, the saturated drain current is given by:

ID;sat ¼
ZmniCOX

LCH $ DLCHð Þ
VG $ VTHð Þ2 (3.5)

where DLCH is reduction in the channel length due to depletion of the P-base region
with increasing drain bias voltage. With sufficiently high doping concentration of
the P-base region, the modulation of channel length can be made sufficiently small
to ensure a high output resistance. The saturated drain current in the power
U-MOSFET structure then increases as the square of the gate bias voltage.

3.4.1 Simulation Example

The output characteristics of the 30-V power U-MOSFET structure were obtained
by using two-dimensional numerical simulations using various gate bias voltages.
All the device parameters used for these numerical simulations are the same as
those used in the previous sections. The output characteristics of the power
U-MOSFET obtained using the simulations are shown in Fig. 3.19. The structure
exhibits excellent current saturation with relatively flat output characteristics.
At any gate bias voltage, the saturated drain current density for the U-MOSFET
structure is much greater than that for the D-MOSFET structure due to the larger
transconductance originating from a much greater channel density. The traces for
increasing gate bias voltages are non-uniformly spaced due to the square-law
behavior of the transfer characteristics.
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3.5 Device Capacitances

As discussed in the previous chapter for the D-MOSFET structure, the rate at which
the power MOSFET structure can be switched between the on- and off-states is
determined by the rate at which its input capacitance can be charged or discharged.
In addition, the capacitance between the drain and the gate electrodes has been
found to play an important role in determining the drain current and voltage
transitions during the switching event.

The capacitances within the power U-MOSFET structure have been analyzed
in detail in the textbook [1]. The specific input (or gate) capacitance for the power
U-MOSFET structure is given by:

CIN;SP ¼ CNþ þCP þCSM¼
2xJP
WCell

eOX
tOX

# $
þ WT

WCell

eOX
tIEOX

# $
(3.6)

where tOX and tIEOX are the thicknesses of the gate and inter-electrode oxides,
respectively. For a 30-V power U-MOSFET structure with a cell pitch (WCELL in
Fig. 3.5) of 3 mm and P-base junction depth width of 1.0 mm, the input capacitance
is found to be 47 nF/cm2 for a gate oxide thickness of 500 Å and an inter-metal
dielectric thickness of 5,000 Å.

The capacitance between the gate and drain electrodes (also called the reverse
transfer capacitance) is determined by the width of the trench where the gate
electrode overlaps the N-drift region. The MOS structure in this portion of the
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power U-MOSFET structure operates under deep depletion conditions when a
positive voltage is applied to the drain. The gate-drain capacitance for the power
U-MOSFET structure is given by [1]:

CGD;SP ¼
WT þ 2 tT$xJPð Þ

WCell

! "
COXCS;M

COX þCS;M

# $
(3.7)

where CS,M is the semiconductor capacitance under the gate oxide, which decreases
with increasing drain bias voltage. The specific capacitance of the semiconductor
depletion region can be obtained by computation of the depletion layer width.
The depletion layer width in the semiconductor under the gate oxide can be obtained
using:

WD;MOS ¼
eS
COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
2VDC2

OX

qeSND

s

$ 1

8
<

:

9
=

; (3.8)

The specific capacitance for the semiconductor is then obtained using:

CS;M ¼ eS
WD;MOS

(3.9)

The gate-drain (or reverse transfer) capacitance can be computed by using (3.7)
with the above equations to determine the semiconductor capacitance as a function
of the drain bias voltage.

The specific gate transfer capacitance obtained by using the above analytical
formulae is shown in Fig. 3.20 for the case of a power U-MOSFET structure with
3 mm cell pitch, and trench width of 1 mm. This structure has a gate oxide thickness
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of 500 Å, a trench depth of 1.5 mm and P-base junction depth of 1.0 mm. The gate-
drain (reverse transfer) capacitance decreases with increasing drain bias voltage due
to the expansion of the depletion region in the semiconductor. At a drain bias of
20 V, the specific reverse transfer capacitance predicted by the analytical model is
5.4 nF/cm2 for this design.

The output capacitance for the power U-MOSFET structure is associated with
the capacitance of the junction between the P-base region and the N-drift region.
The specific junction capacitance is given by [1]:

CS;J ¼
eS

WD;J
(3.10)

where the depletion region thickness at the junction (WD,J) is related to the drain
bias voltage:

WD;J ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eS VD þ Vbið Þ

qND

s

(3.11)

This depletion layer width is larger than that under the gate oxide because all the
applied drain voltage must be supported across the P-N junction. The specific
output capacitance for the power U-MOSFET structure can then be obtained by
using [1]:

CO¼
WM$2KS tT$xJP$tOXð Þ

WCell

! "
CS;J (3.12)

where xJP is the junction depth of the P-base region.
The output capacitance obtained by using the above analytical model is shown in

Fig. 3.21 for the case of the 30-VpowerU-MOSFET structurewith 3 mmcell pitch and
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trenchwidth of 1 mm.This structure has a gate oxide thickness of 500 Å and a junction
depth of 1.0 mm for the P-base region. A built-in potential of 0.8Vwas assumed for the
P-base/N-drift junction, and the drift region has a doping concentration of 1.6 ' 1016/
cm3. The screening factor (KS) was assumed to be 1. The specific output capacitance
decreases with increasing drain bias voltage due to the expansion of the depletion
region under the P-base region. At a drain bias of 20V, the specific output capacitance
predicted by the analytical model for this structure is 3 nF/cm2.

3.5.1 Simulation Example

The capacitances of the 30-V power U-MOSFET structure were extracted using
two-dimensional numerical simulations on the structure with device parameters
described in the previous sections. The input capacitance was extracted by
performing the numerical simulations with a small AC signal superposed on the
DC gate bias voltage. The input capacitances obtained for the power U-MOSFET
structure are shown in Fig. 3.22 at a drain bias of 0 V. The input capacitance is
comprised of two components – the first is between the gate electrode and the
source electrode (CGS) while the second is between the gate electrode and the base
electrode (CGB). The total input capacitance can be obtained by the addition of
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these capacitances because they are in parallel and share a common contact
electrode in the actual power U-MOSFET structure. From the figure, a total specific
input capacitance of about 60 nF/cm2 is observed which is approximately indepen-
dent of the gate bias voltage. At gate bias voltages below the threshold voltage,
there is significant coupling between the P-base region and the gate electrode
leading to a large contribution to the input capacitance from this path. When the
gate bias voltage exceeds the threshold voltage, the inversion layer screens the
P-base region from the gate electrode and couples it with the N+ source region.
Consequently, the contribution from CGB decreases to zero while that from CGS

increases as the gate bias voltage is increased. The specific input capacitance
extracted from the numerical simulations is in excellent agreement with that
calculated with the analytical model.

The drain-gate (reverse transfer) capacitance can be extracted by performing the
numerical simulations with a small AC signal superposed on the DC drain bias
voltage. The values obtained for the 30-V power U-MOSFET structure are shown
in Fig. 3.23. The gate-to-drain and base-to-drain capacitances are shown in the
figure for comparison. Both of these capacitances decrease with increasing drain
bias voltage as expected from the analytical model. For this power U-MOSFET
structure, the reverse transfer (gate-drain) capacitance is larger in magnitude than
the output (base-drain) capacitance and much larger than that for the D-MOSFET
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structure. This implies a strong feedback path between the drain and the gate
electrodes which is detrimental to the switching speed and power loss for the
power U-MOSFET structure. The values for the reverse transfer and output
capacitances obtained by using the analytical models are in good agreement
with the simulation values.

3.6 Gate Charge

As mentioned in the previous chapter, it is standard practice in the industry to
provide the gate charge for power MOSFET structures as a measure of their
switching performance. The gate charge can be extracted by the application of a
constant current source at the gate terminal while turning-on the power MOSFET
structure from the blocking state. The most significant gate charge components for
assessing the performance of the power MOSFET structures are QSW (the gate
switching charge), QGD (the gate-drain charge), and QG (the total gate charge).
These components are given by [1]:

QGD ¼ 2KGqeSND

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
OX

qeSND

s

$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
OX

qeSND

s2

4

3

5 (3.13)

QSW ¼ CGS þ CGD VDSð Þ½ )

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JONWCellLCH

2 mniCOX

s

þ 2KGqeSND

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
OX

qeSND

s

$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
OX

qeSND

s2

4

3

5
(3.14)

QG ¼ CGS þ CGD VDSð Þ½ )VGP

þ 2KGqeSND

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
OX

qeSND

s

$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
OX

qeSND

s2

4

3

5

þ CGS þ CGD VONð Þ½ ) VG $ VGPð Þ

(3.15)

In these equations, the parameter KG is given by [1]:

KG ¼ WT þ 2 tT $ xP $ tOXð Þ
WCell

! "
(3.16)

where tOX is the gate oxide thickness. The gate geometry factor (KG) obtained for
this structure using the structural dimensions is 0.63.
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The gate charge values obtained for the 30-V power U-MOSFET structure
by using the above equations are: QGD ¼ 361 nC/cm2; QSW ¼ 376 nC/cm2; and
QG ¼ 1,159 nC/cm2. It can be concluded that the gate-drain charge (QGD) is the
dominant portion (90%) of the gate switching charge (QSW). The gate charge values
for the power U-MOSFET structure are twice the values for the power D-MOSFET
structure (see Chap. 2). Consequently, the improvement in the specific on-
resistance achieved with the power U-MOSFET structure is offset by the much
greater specific gate charge.

Equations for the gate voltage, drain current, and drain voltage waveforms
obtained by using the analytical model are provided in the textbook [1]. The
waveforms obtained for the 30-V power U-MOSFET structure with 3 mm cell
pitch and trench width of 1 mm with a gate oxide thickness of 500 Å using these
equations are provided in Fig. 3.24. A gate drive current density of 0.67 A/cm2 was
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Fig. 3.24 Analytically computed waveforms for the 30-V power U-MOSFET structure
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used to turn on the device from a steady-state blocking voltage of 20 V to match the
results of two dimensional numerical simulations.

The gate voltage initially increases linearly with time. After reaching the thresh-
old voltage, the drain current can be observed to increase in a non-linear manner
because the transconductance is a function of the gate bias voltage until it reaches
an on-state current density of 150 A/cm2. This transition occurs rapidly when
compared with the time taken for the drain voltage to decrease during the next
time interval. The on-state current density determines the gate plateau voltage
which has a value of 2.56 V. During the gate voltage plateau phase, the drain
voltage decreases in a non-linear manner until it reaches the on-state voltage drop.
After this time, the gate voltage again increases but at a slower rate than during the
initial turn-on phase.

3.6.1 Simulation Example

The gate charge for the 30-V power U-MOSFET structure was extracted by using
the results of two-dimensional numerical simulations of the cell described in the
previous sections. The device was turned-on from blocking state with a drain bias of
20 V by driving it using a gate current of 1 ' 10–8 A/mm (equivalent to 0.67 A/cm2

for the area of 1.5 ' 10–8 cm2). Once the drain current density reached 150 A/cm2,
the drain current was held constant resulting in a reduction of the drain voltage. The
gate plateau voltage for this drain current density was found to be 2.7 V. Once the
drain voltage reached the on-state value corresponding to the gate plateau voltage,
the gate voltage increased to the steady-state value of 10 V.

The gate charge waveforms obtained by using an input gate current density of
0.67 A/cm2 when turning on the power U-MOSFET structure from a blocking state
with drain bias of 20 V are shown in Fig. 3.25. The on-state current density is
150 A/cm2 at a DC gate bias of 10 V at the end of the turn-on transient. The gate
voltage increases at a constant rate at the beginning of the turn-on process as
predicted by the analytical model. When the gate voltage reaches the threshold
voltage, the drain current begins to increase. The drain current increases very
rapidly as predicted by the analytical model until it reaches the on-state current
density of 150 A/cm2.

Once the drain current reaches the on-state value, the gate voltage remains
constant at the plateau voltage (VGP). The plateau voltage for this structure is
2.7 V for the drain current density of 150 A/cm2 as governed by the transconduc-
tance of the device. The drain voltage decreases during the plateau phase in a non-
linear manner. After the end of the plateau phase, the gate voltage again increases
until it reaches the gate supply voltage. Although the increase in gate voltage is non-
linear at the beginning of this transition it becomes linear over most of the time after
the plateau phase. The waveforms obtained using the analytical model are very
similar in shape and magnitude to those observed in the numerical simulations.
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The values for the various components of the gate charge extracted from the
numerical simulations are compared with those calculated by using the analytical
model in Fig. 3.26. There is good agreement between these values indicating that
the analytical model is a reasonable representation of the physics of turn-on for
power U-MOSFET structure.

3.7 Device Figures of Merit

Significant power switching losses can arise from the charging and discharging of
the large input capacitance in power MOSFET devices at high frequencies. The
input capacitance (CIN) of the power MOSFET structure must be charged to the
gate supply voltage (VGS) when turning on the device and then discharged to 0 V
when turning off the device during each period of the operating cycle. The total
power loss can be obtained by summing the on-state power dissipation for a duty
cycle d ¼ tON/T and the switching power losses:

PT ¼ PON þ PSW ¼ dRONI
2
ON þ CINV

2
GS f (3.17)

where RON is the on-resistance of the power MOSFET structure, ION is the on-state
current, and f is the operating frequency. In writing this equation, the switching
power losses due to the drain current and voltage transitions has been neglected. A
minimum total power loss occurs for each power MOSFET structure at an optimum
active area as shown in the textbook [1]. The on-state and switching power losses
are equal at the optimum active area. The optimum active area at which the power
dissipation is minimized is given by:

AOPT ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
RON;sp

CIN;sp

s
ION
VGS

# $ ffiffiffi
d
f

s !

(3.18)

From the first term in this expression, a useful technology figure-of-merit can be
defined:

FOMðAÞ ¼ RON;sp

CIN;sp
(3.19)

In the power electronics community, there is trend towards increasing the operating
frequency for switch mode power supplies in order to reduce the size and weight of
the magnetic components. The ability to migrate to higher operating frequencies in
power conversion circuits is dependent on making enhancements to the power
MOSFET technology. From the above equations, an expression for the minimum
total power dissipation can be obtained [1]:

PT minð Þ ¼ 2IONVGS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dRON;spCIN;spf

p
(3.20)
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A second technology figure of merit related to the minimum power dissipation can
be defined as:

FOMðBÞ ¼ RON;spCIN;sp (3.21)

In most applications for power MOSFET structures with high operating frequency,
the switching losses associated with the drain current and voltage transitions
become a dominant portion of the total power loss. The time period associated
with the increase of the drain current and decrease of the drain voltage is deter-
mined by the charging of the device capacitances. It is therefore common practice
in the industry to use the following figures-of-merit to compare the performance of
power MOSFET products [1]:

FOMðCÞ ¼ RON;spQGD;sp (3.22)

and

FOMðDÞ ¼ RON;spQSW;sp (3.23)

Although FOM(D) encompasses both the drain current and voltage transitions, it is
customary to use FOM(C) because the gate-drain charge tends to dominate in the
switching gate charge. One advantage of using these expressions is that the figure-
of-merit becomes independent of the active area of the power MOSFET device.

The figures of merit computed for the power U-MOSFET structure discussed in
earlier sections of this chapter are provided in Fig. 3.27. The figure of merit usually
used for comparison of device technologies in the literature is FOM(C). Most often,
the value for this figure of merit at a gate bias of 4.5 V is utilized for selection of
devices in the voltage regulator module application. In comparison with the power
D-MOSFET structure (see Chap. 2), the power U-MOSFET structure has a FOM(C)
at a gate bias of 4.5 V which is 2.4-times superior to the power D-MOSFET structure.
In addition, the FOM(A) for the power U-MOSFET structure is a factor of nine times
smaller than that for the power D-MOSFET structure. This implies a reduction in the
active area by a factor of three times for the power U-MOSFET structure.

Figures of Merit VG = 4.5 V VG = 10 V

FOM(A) (W2cm4s–1)

FOM(B) (ps)

FOM(C) (mW*nC)

FOM(D) (mW*nC)

7,085 3,720

15.6 8.2

120 63

125 66

Fig. 3.27 Figures of merit for the power U-MOSFET structure
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3.8 Thick Trench Bottom Oxide Structure

The power U-MOSFET structure discussed in the previous sections has a very low
specific on-resistance due to the high channel density and the elimination of the
JFET resistance. However, it has a large reverse transfer capacitance and reverse
transfer gate charge that has an adverse impact on the switching performance.
These disadvantages can be overcome by selectively increasing the thickness of
the oxide at the bottom of the trench as illustrated in the device structure shown in
Fig. 3.3 [3–5]. However, the thicker oxide at the bottom of the trenches increases
the accumulation layer resistance. This produces an increase in the specific on-
resistance for the power U-MOSFET structure.

3.8.1 On-Resistance

In the power U-MOSFET structure with the thick trench bottom oxide, only the
accumulation layer resistance is impacted by the larger oxide thickness at the
bottom of the trench. The specific on-resistance contributed by the accumulation
layer in the power U-MOSFET structure with the thick oxide at the trench bottom
can be obtained using:

RA;SP ¼ KA
LAWCell

2mnACOX;TB VG $ VTHð Þ
(3.24)

In this equation, the capacitance COX,TB is the specific capacitance obtained using
the thickness (tOX,TB) of the trench bottom oxide. A typical trench bottom oxide
thickness obtained by using the LOCOS process is 1,500 Å [3].

For the 30-V power U-MOSFET structure with a trench bottom oxide thickness
of 1,500 Å and a cell width of 3 mm, the specific resistance contributed by the
accumulation layer at a gate bias of 4.5 V increases to 0.087 mO cm2 while the
specific resistance contributed by the accumulation layer is increased to 0.039
mO cm2 for the gate bias of 10 V. The total specific on-resistance for the power
U-MOSFET structure with a trench bottom oxide thickness of 1,500 Å and a cell
width of 3 mm then increases to 0.394 mO cm2 for the gate bias of 4.5 V and
0.202 mO cm2 for the gate bias of 10 V. This increase is about 15% over the power
U-MOSFET structure without the thick oxide at the bottom of the trench.

3.8.2 Reverse Transfer Capacitance

The capacitance between the gate and drain electrodes (the reverse transfer capaci-
tance) is determined by the width of the trench where the gate electrode overlaps the
N-drift region. The oxide capacitance for the MOS structure in this portion of the
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power U-MOSFET structure with the thick oxide at the bottom of the trench is
reduced. The gate-drain capacitance for the power U-MOSFET structure with the
thick oxide at the bottom of the trenches can be obtained using:

CGD;SP¼
WTþ2 tT$xJPð Þ

WCell

! "
COX;TBCS;M

COX;TBþCS;M

# $
(3.25)

where COX,TB is the specific oxide capacitance for the thick oxide and CS,M is
the semiconductor capacitance under the oxide, which decreases with increasing
drain bias voltage. The specific capacitance of the semiconductor depletion region
can be obtained by using the same formulae as in the previous U-MOSFET
structure.

The specific gate transfer capacitance obtained by using the above analytical
formula is shown in Fig. 3.28 for the case of a power U-MOSFET structure with
3 mm cell pitch, and trench width of 1 mm. This structure has a trench bottom oxide
thickness of 1,500 Å, a trench depth of 1.5 mm and P-base junction depth of
1.0 mm. The gate-drain (reverse transfer) capacitance decreases with increasing
drain bias voltage due to the expansion of the depletion region in the semicon-
ductor. For purposes of comparison, this graph includes the reverse transfer
capacitance for the power U-MOSFET structure with the gate oxide at the bottom
of the trench. It can be observed that the reverse transfer capacitance is reduced by
the thicker trench bottom oxide. The reduction is most effective at low drain bias
voltages.
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3.8.3 Gate Charge

As mentioned in the previous chapter, it is standard practice in the industry to
provide the gate charge for power MOSFET structures as a measure of their
switching performance. The most significant gate charge components for asses-
sing the performance of the power MOSFET structures are QSW (the gate switch-
ing charge), QGD (the gate-drain charge), and QG (the total gate charge). These
components for the power U-MOSFET structure with the thick trench bottom
oxide are:

QGD ¼ 2KGqeSND

COX;TB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
2VDSC

2
OX;TB

qeSND

s

$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
2VONC

2
OX;TB

qeSND

s2

4

3

5 (3.26)

QSW ¼ CGS þ CGD VDSð Þ½ )

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JONWCellLCH

2mniCOX

s

þ 2KGqeSND

COX;TB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
2VDSC

2
OX;TB

qeSND

s

$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
2VONC

2
OX;TB

qeSND

s2

4

3

5
(3.27)

QG ¼ CGS þ CGD VDSð Þ½ )VGP

þ 2KGqeSND

COX;TB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
2VDSC

2
OX;TB

qeSND

s

$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
2VONC

2
OX;TB

qeSND

s2

4

3

5

þ CGSþCGD VONð Þ½ ) VG$VGPð Þ

(3.28)

In these equations, the parameter KG is altered due to the thicker oxide at the trench
bottom surface to:

KG ¼
WT þ 2 tT $ xP $ tOX;TB

& '

WCell

! "
(3.29)

where tOX,TB is the thickness of the trench bottom oxide.
The gate voltage waveform obtained for the power U-MOSFET structure with

the thicker trench bottom oxide by using the analytical model is provided in
Fig. 3.29 for the case of a gate current density of 0.67 A/cm2. The time duration
for the plateau in the gate voltage is reduced when compared with the structure
without the thicker oxide at the trench bottom surface. The gate charge values
obtained for the 30-V power U-MOSFET structure with a trench bottom oxide
thickness of 1,500 Å by using the above equations are: QGD ¼ 258 nC/cm2;
QSW ¼ 272 nC/cm2; and QG ¼ 849 nC/cm2. The gate-drain gate charge for the
power U-MOSFET structure with the thick trench bottom oxide is reduced by 25%
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compared with the previous power U-MOSFET structure. A greater reduction in the
gate-drain charge has been achieved by not only increasing the oxide thickness at
the bottom of the trench but by increasing the depth of the P-base region relative to
the trench depth [3]. This approach has to be undertaken at the peril of increasing
the on-resistance because of introducing a JFET effect in the U-MOSFET structure.

3.8.4 Device Figures-of-Merit

The figures of merit computed for the power U-MOSFET structure with the 1,500-
Å thick oxide at the trench bottom by using the results of the analytical models are
provided in Fig. 3.30. Only a modest 20% improvement in the figures-of-merit is
predicted by the analytical models due to the increase in the on-resistance. How-
ever, larger improvements are observed with the simulations. Further, improved
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figures of merit have been reported for fabricated devices by using more aggressive
processing techniques such as increased P-base region depth and increase in the
oxide thickness on the sidewalls of the trench only near the bottom surface.

3.8.4.1 Simulation Results

The results of two-dimensional numerical simulations on the 30-V power
U-MOSFET structure with a thicker oxide at the bottom of the trench are described
here to provide a more detailed understanding of the improvement in performance.
The structure used for the numerical simulations had a drift region thickness of
3 mm below the junction (J1) between the P-base region and the N-drift region with
a doping concentration of 1.6 ' 1016/cm3. The P-base region and N+ source
regions had depths of 1.0 and 0.1 mm, respectively. For the numerical simulations,
half the cell (with a width of 1.5 mm) shown in Fig. 3.3 was utilized as a unit cell
that is representative of the structure. The gate oxide was assumed to 500 Å on the
trench sidewalls and 1,500 Å on the trench bottom surface. The doping concentra-
tion profiles for this U-MOSFET structure was kept identical to that of the structure
with uniform oxide thickness in the trench.

The transfer characteristics for the U-MOSFET structure with thicker trench
bottom oxide were obtained using numerical simulations with a drain bias of 0.1 V
at 300 and 400#K. The resulting transfer characteristics are shown in Fig. 3.31.
From this graph, a threshold voltage of 2.3 and 2.0 V can be extracted at 300 and
400#K, respectively – the same values as for the device without the thicker trench
bottom oxide. The specific on-resistance can be obtained from the transfer char-
acteristics at any gate bias voltage. For the case of a gate bias of 4.5 V and 300 #K,
the specific in-resistance is found to be 0.284 mO cm2, while for the case of a gate
bias of 10 V and 300 #K, the specific in-resistance is found to be 0.172 mO cm2.
These values are very close to the values for the power U-MOSFET structure
without the thick trench bottom oxide.

The specific on-resistance obtained using the analytical model indicates an
increase in the specific on-resistance for the power U-MOSFET structure with the
thick trench bottom oxide. This is associated with an increase in the contribution
from the accumulation layer. As pointed out earlier for the power U-MOSFET
structure with uniform oxide thickness, the current begins to spread into the drift
region from the channel. This phenomenon ameliorates the impact of the thicker
oxide at the bottom of the trench surface.

The current spreading pattern in the U-MOSFET structure with the thicker oxide
on the trench bottom surface can be observed using the current flow-lines shown in
Fig. 3.32 at a small drain bias of 0.1 V and a gate bias of 4.5 V. In the figure, the
depletion layer boundary is shown by the dotted lines and the junction boundary is
delineated by the dashed line. From this figure, it can be observed that the current
spreading begins to occur from the junction between the P-base region and the
N-drift region reducing the drift region resistance. Based up on these observations,
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it can be concluded that the accumulation layer resistance can be neglected in the
analytical model for the power U-MOSFET structure.

The electric field profile taken through the middle of the gate electrode and the
trench (at' ¼ 0 mm) is provided in Fig. 3.33. It can be observed that the electric field
in the trench bottom oxide is reduced to half that observed for the power U-MOSFET
structure with uniform (500 Å) oxide thickness in the trench. The electric field in the
oxide for the power U-MOSFET structure with the thicker oxide at the trench bottom
is within the limit for reliable operation over long periods of time.

The drain-gate (reverse transfer) capacitance can be extracted by performing the
numerical simulations with a small AC signal superposed on the DC drain bias
voltage. The values obtained for the 30-V power U-MOSFET structure with thicker
oxide at the trench bottom surface are shown in Fig. 3.34. The gate-to-drain and
base-to-drain capacitances are shown in the figure for comparison. Both of these
capacitances decrease with increasing drain bias voltage as expected from
the analytical model. For this power U-MOSFET structure, the reverse transfer
(gate-drain) capacitance is still larger in magnitude to the output (base-drain)
capacitance and much larger that for the D-MOSFET structure. However, the
reverse transfer capacitance is reduced when compared with the power U-MOSFET
structure with uniform trench oxide thickness. The values for the reverse transfer
and output capacitances obtained by using the analytical model for the power
U-MOSFET structure with the thicker trench bottom oxide is in good agreement
with the simulation values.
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The gate charge for the 30-V power U-MOSFET structure with thick trench
bottom oxide was extracted by using the results of two-dimensional numerical
simulations of the cell described above. The device was turned-on from blocking
state with a drain bias of 20 V by driving it using a gate current of 1 ' 10–8 A/mm
(equivalent to 0.67 A/cm2 for the area of 1.5 ' 10–8 cm2). Once the drain current
density reached 150 A/cm2, the drain current was held constant resulting in a
reduction of the drain voltage. The gate plateau voltage for this drain current
density was found to be 2.8 V. Once the drain voltage reached the on-state value
corresponding to the gate plateau voltage, the gate voltage increased to the steady-
state value of 10 V.

The gate charge waveforms obtained by using an input gate current density of
0.67 A/cm2 when turning on the power U-MOSFET structure from a blocking state
with drain bias of 20 V are shown in Fig. 3.35. The on-state current density is
150 A/cm2 at a DC gate bias of 10 V at the end of the turn-on transient. The gate
voltage increases at a constant rate at the beginning of the turn-on process as
predicted by the analytical model. When the gate voltage reaches the threshold
voltage, the drain current begins to increase. The drain current increases very
rapidly as predicted by the analytical model until it reaches the on-state current
density of 150 A/cm2.

Once the drain current reaches the on-state value, the gate voltage remains
constant at the plateau voltage (VGP) (Fig. 3.35). The plateau voltage for this
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structure is 2.8 V for the drain current density of 150 A/cm2 as governed by the
transconductance of the device. The drain voltage decreases during the plateau
phase in a non-linear manner. After the end of the plateau phase, the gate voltage
again increases until it reaches the gate supply voltage. Although the increase in
gate voltage is non-linear at the beginning of this transition it becomes linear over
most of the time after the plateau phase. The waveforms obtained using the
analytical model are very similar in shape and magnitude to those observed in the
numerical simulations.

The values for the various components of the gate charge extracted from the
numerical simulations are compared with those calculated by using the analytical
model in Fig. 3.26. The analytical model predicts a 15% larger value for the gate
transfer charge than observed in the simulations. There is good agreement
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between the values for the other gate charge components indicating that the
analytical model is a good representation of the physics of turn-on for power
U-MOSFET structure.

3.9 High Voltage Devices

The characteristics of a 600-V power U-MOSFET structure are described in this
section for comparison with the performance of the power GD-MOSFET and power
SJ-MOSFET structures that are discussed in later chapters. The analytical formula-
tions presented in the previous sections for the power U-MOSFET structure are
applicable for any breakdown voltage design when appropriate values for the
device parameters are used during the computations. The values computed with
the analytical models, provided in the last section of this chapter for devices with
various blocking voltages, are in excellent agreement with the simulation results.
This section will therefore focus on the results of two-dimensional numerical
simulations for the 600-V power U-MOSFET structure.

3.9.1 Simulation Results

The breakdown voltage for the power U-MOSFET structure can be increased by
reducing the doping concentration and increasing the width of the drift region. The
same cell structure can be utilized for the higher breakdown voltage structures as
used previously for the 30-V device. A doping concentration of 2.7 ' 1014/cm3 and
a thickness of 60 mm is appropriate for the drift region in the case of a breakdown
voltage of 600 V. The doping profile used in the simulations of the 600-V power
U-MOSFET structure is shown in Fig. 3.37.

The blocking characteristic for the 600-V power U-MOSFET cell structure is
shown in Fig. 3.38 at 300#K. It can be observed that the blocking voltage exceeds

Specific Gate 
Charge

Numerical
Simulation
(nC / cm2)

Analytical 
Model

(nC / cm2)
QGS1

QGS2

QGS

QGD

QSW

QG

100 118

13 13.5

113 131

220 258

223 271

927 849

Fig. 3.36 Gate charge extracted from numerical simulations for the power U-MOSFET structure
with thick trench bottom oxide
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600 V for the chosen doping profile. For purposes of comparison with the high
voltage power MOSFET structures in subsequent chapters, it is instructive to
examine the potential contours inside the power 600-V U-MOSFET structure
when it is operating in the blocking mode. The potential contours obtained using
the numerical simulations with zero gate bias and a drain bias voltage of 600 V
for the 600-V U-MOSFET structure are shown in Fig. 3.39. It can be observed that
the potential lines are flat indicating nearly parallel-plane breakdown within the
device cell structure. However, the potential lines are much closer together at the
top of the structure when compared with the vicinity of the N+ substrate indicating a
non-uniform electric field distribution.

The electric field profiles along the vertical direction through the center of the
mesa region are shown in Fig. 3.40 for the 600-V power U-MOSFET structure. The
electric field has a triangular shape representative of a one-dimensional junction for
all applied drain bias voltages. The electric field at the vicinity of the P-N junction is
2.1 ' 105 V/cm at a drain bias of 600 V (just prior to breakdown). This magnitude
of the electric field is in excellent agreement with the value for the critical electric
field in the case of triangular electric field distribution predicted by the analytical
model (see Fig. 1.13) for a 600-V device.

The transfer characteristics for the 600-V U-MOSFET structure were obtained
using numerical simulations with a drain bias of 0.1 V at 300 and 400#K. The
resulting transfer characteristics are shown in Fig. 3.41. The specific on-resistance
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Fig. 3.39 Potential contours in the 600-V U-MOSFET structure
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can be obtained from the transfer characteristics at any gate bias voltage. For the case
of a gate bias of 10 V and 300#K, the specific in-resistance is found to be
94.1 mO cm2. Since the ideal specific on-resistance for a 600 V device obtained
using Baliga’s power law for the impact ionization coefficients is 73.9 mO cm2, the
specific on-resistance of the power U-MOSFET structure approaches close to this
ideal limit for silicon. One reason for this good performance is the low channel
resistance contribution making the drift region resistance dominant as can be inferred
from the very flat transfer characteristics at gate bias voltages above 3 V.

The gate charges for the 600-V power U-MOSFET structure were extracted by
using the results of two-dimensional numerical simulations. The device was turned-
on from blocking state with a drain bias of 400 V by using a gate current of
1 ' 10–8 A/mm (equivalent to 0.67 A/cm2 for the area of 1.5 ' 10–8 cm2). Once
the drain current density reached the on-state value (34 A/cm2) corresponding to a
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on-state power dissipation of 100 W/cm2, the drain current was held constant
resulting in a reduction of the drain voltage. Once the drain voltage reached the
on-state value corresponding to the gate plateau voltage, the gate voltage increased
to the steady-state value of 10 V. The gate charge waveforms obtained by using the
numerical simulations are shown in Fig. 3.42.

The values for the various components of the gate charge extracted from
the numerical simulations for the 600-V power U-MOSFET structure are: QGS1 ¼
60 nC/cm2; QGS2 ¼ 7 nC/cm2; QGD ¼ 267 nC/cm2; QSW ¼ 67 nC/cm2; and
QG ¼ 1,070 nC/cm2. These values are smaller than those obtained for the 30-V
power U-MOSFET structure because of the smaller doping concentration in the drift
region for the 600-V device structure.

The Figure-of-Merit FOM(C) for the 600-V power U-MOSFET structure can be
obtained using the results of the numerical simulations provided above. The Figure-
of-Merit FOM(C) for the 600-V power U-MOSFET structure at a gate bias of 10 V
is found to be 26,630 mO nC.

3.10 Inductive Load Turn-Off Characteristics

High voltage power MOSFET devices are often used for adjustable speed motor
drives which behave as inductive loads. The basic half-bridge circuit utilized in
these applications is shown in Fig. 10.1 of the textbook [1]. The waveforms for the
current and voltage in the power switch are shown in Fig. 10.2 of the textbook. High
power dissipation occurs during each turn-off event due to the simultaneous high
current and voltage during the transient. This power loss is usually characterized as
an energy loss per cycle.

The operation of a power MOSFET device in an inductive load circuit is
illustrated in Fig. 3.43. The textbook provides a description of the basic operation
of this circuit. After carrying the load current during its duty cycle, the power
MOSFET device is switched off to transfer the current back to the free wheeling
diode. Prior to the turn-off transient, the device is operating in its on-state because
switch S1 is closed and switch S2 is open. These initial conditions are defined by:
vG ¼ VGS; iD ¼ IL; and vD ¼ VON(VGS). In order to initiate the turn-off process,
switch S1 is opened and switch S2 is subsequently closed by the control circuit. The
gate electrode of the power MOSFET device is then connected to the source via the
gate resistance to discharge its capacitances. However, no changes in the drain
current or voltage can occur until the gate voltage reaches the magnitude required to
operate the power MOSFET device at a saturated drain current equal to the load
current. (The small increase in the drain voltage, due to the increase in on-resistance
resulting from the reduction of the gate bias voltage, has been neglected here). This
gate plateau voltage is given by:

VGP ¼ VTH þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JD;ONWCellLCH

mniCOX

s

(3.30)
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where COX is the gate oxide capacitance. During this time interval, the gate-drain
capacitance CGD(VON) remains constant because the drain voltage is constant.
Consequently, the time constant for discharging the gate of the power MOSFET
device is RG*[CGS þ CGD(VON)] and the gate voltage decreases exponentially with
time as given by:

vG tð Þ ¼ VGSe
$t=RG;SP CGSþCGD VONð Þ½ ) (3.31)

The time t4 (using the notation from the textbook) for reaching the gate plateau
voltage can be obtained by using this equation with (3.30) for the plateau voltage:

t4 ¼ RG;SP CGS þ CGD VONð Þ½ )ln VGS

VGP

! "
(3.32)

This time can be considered to a turn-off delay time before the drain voltage begins
to increase after the turn-off is initiated by the control circuit.

The drain voltage begins to increase at time t4 but the drain current remains
constant at the load current IL because the current cannot be transferred to the diode
until the voltage at the drain of the MOSFET device exceeds the supply voltage VDS

by one diode drop to forward bias the diode. Since the drain current density is

nDCGD
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Inductance
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nG
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S2

Gate Drive Circuit

Fig. 3.43 Power MOSFET device operating in an inductive load circuit
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constant, the gate voltage also remains constant at the gate plateau voltage. Conse-
quently:

JGP ¼ VGP

RG;SP
(3.33)

Since all of the gate current is used to discharge the gate-drain capacitance during
the plateau phase because there is no change in the voltage across the gate-source
capacitance:

JGP ¼ CGD;SP
dvD
dt

(3.34)

where CGD,SP is the specific gate transfer capacitance of the power MOSFET
structure which is a function of the drain voltage. This voltage dependence of the
gate transfer capacitance was not taken into account in the derivation provided in
the textbook but is important to include here to allow comparison of the behavior of
various power MOSFET structures.

The specific gate transfer capacitance of the power U-MOSFET structure can be
taken into account by using the gate oxide capacitance, the semiconductor capaci-
tance under the gate oxide and the relative area of the trench region:

CGD;SP ¼ WT

WCell

# $
COXCS;M

COX þ CS;M

# $
(3.35)

where the specific semiconductor capacitance is given by:

CS;M ¼ eS
WD;M

(3.36)

In this equation, the depletion width under the MOS gate region can be obtained by
using:

WD;M ¼ eS
COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2vD tð ÞC2
OX

qeSND

s

$ 1

8
<

:

9
=

; (3.37)

Combining the above relationships yields the following differential equation for the
voltage increase phase of the turn-off transient:

dt ¼ WT

WCell

# $
COX

JGP

dvDffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2vD tð ÞC2

OX

qeSND

r (3.38)

108 3 U-MOSFET Structure



Integration of this equation yields:

t$ t4ð Þ ¼ WT

WCell

# $
2qeSND

JGPCOX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2vD tð ÞC2
OX

qeSND

s

$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
OX

qeSND

s2

4

3

5 (3.39)

The voltage rise-time, i.e. the time taken for the voltage to increase from the on-
state voltage drop (VON) to the drain supply voltage (VDS) can be derived from the
above expression:

tV;OFF ¼ WT

WCell

# $
2qeSND

JGPCOX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
OX

qeSND

s

$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
OX

qeSND

s2

4

3

5 (3.40)

The voltage waveform during the rise-time can also be derived from (3.39):

vD tð Þ ¼ qeSND

JGPC
2
OX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
OX

qeSND

s

þ WCell

WT

# $
JGPCOX

2qeSND
t

2

4

3

5
2

$ 1

8
<

:

9
=

; (3.41)

At the end of the plateau phase (at time t5), the load current begins to transfer from
the power MOSFET device to the free wheeling diode. Since the drain voltage
remains constant, the gate-drain capacitance can also be assumed to remain con-
stant during this phase. The current flowing through the gate resistance (RG)
discharges both the gate-drain and gate-source capacitances leading to an exponen-
tial fall in gate voltage from the plateau voltage:

vG tð Þ ¼ VGPe
$ t$t5ð Þ=RG;SP CGSþCGD VDSð Þ½ ) (3.42)

The drain current follows the gate voltage as given by:

JD tð Þ ¼ gm vG tð Þ $ VTH½ ) ¼ mniCOX

2LCHWCell
vG tð Þ $ VTH½ )2 (3.43)

The drain current decreases rapidly with time due to the exponential reduction of
the gate voltage, as given by (3.42), during the current fall phase. The drain current
becomes equal to zero when the gate voltage reaches the threshold voltage. The
current fall time can therefore be obtained from (3.42):

tI;OFF ¼ RG;SP CGS þ CGD VDSð Þ½ )ln VGP

VTH

# $
(3.44)
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Specific capacitances should be used in this expression for computation of the
current fall time. Beyond this point in time, the gate voltage decreases exponen-
tially until it reaches zero. The time constant for this exponential decay is different
from the initial phase due to the smaller gate-drain capacitance.

The largest power dissipation during the turn-off transient occurs during the
drain voltage rise-time time interval (tV,OFF). The turn-off energy loss per cycle can
be obtained using:

EOFF ¼ 1

2
JONVDS tV;OFF þ tI;OFF

& '
(3.45)

under the assumption that the drain current and voltage excursions are approxi-
mately linear with time.
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In the case of the 600-V power U-MOSFET structure, the typical drain supply
voltage is 400 V. Using the specific on-resistance for this device of 94 mO cm2 with
an on-state power dissipation of 100 W/cm2, the on-state current density is found to
be 33 A/cm2. The on-state voltage drop at this current density is 3.1 V. The device
structure has a cell pitch of 3 mmwith a mesa width of 2 mm, trench depth of 1.5 mm,
and a gate oxide thickness of 500 Å. The drift region has a doping concentration of
2.7 ' 1014/cm3 and thickness of 60 mm. The specific gate resistance used in the
turn-off circuit was assumed to have a value of 1.5 O cm2.

Using the above parameters, the specific gate reverse transfer capacitance
computed by using (3.7) at the on-state voltage drop is 41.6 and 0.16 nF/cm2 at
the drain supply voltage. Using these values in (3.32), the time (t4) to reach the gate
plateau voltage is found to be 0.209 ms. Using these parameters in (3.40), the
voltage rise-time is computed as 0.167 ms. Using these parameters in (3.44), the
current fall-time is computed as 0.011 ms. It can be observed that the current fall
time is much smaller than the voltage rise-time. The energy loss per cycle obtained
by using these values for the voltage rise-time and current fall-time in (3.45) is
1.17 mJ/cm2. The waveforms that can be generated by using the above equations
are shown in Fig. 3.44.

3.10.1 Simulation Results

The results of two-dimensional numerical simulations on the turn-off of the 600-V
power U-MOSFET structure are described below. The drain supply voltage was
chosen as 400 V for the turn-off analysis. During the turn-off simulations, the gate
voltage was reduced to zero with a gate resistance of 1 ' 108 O mm for the 1.5 mm
half-cell structure, which is equivalent to a specific gate resistance of 1.5 O cm2. The
current density was initially held constant at an on-state current density of 33 A/cm2

allowing the drain voltage to rise to the drain supply voltage. The drain supply voltage
was then held constant allowing the drain current density to reduce to zero.

The turn-off waveforms obtained for the 600-V power U-MOSFET structure
by using the numerical simulations are shown in Fig. 3.45. The gate voltage
initially reduces to the gate plateau voltage corresponding to the on-state current
density. The drain voltage then increases from the on-state voltage drop to the
drain supply voltage. After this, the drain current rapidly falls to zero. The drain
voltage rise-time (t5 – t4) can be observed to be much greater than the drain
current fall time (t6 – t5). The drain voltage rise-time obtained from the simula-
tions of the power U-MOSFET structure is 0.185 ms and the drain current fall-time
obtained from the simulations is 0.01 ms. The shape of the waveforms predicted by
the analytical model (see Fig. 3.44) for the gate voltage, drain voltage and drain
current are in good agreement with the simulation results. The numerical values
predicted for the analytical model for the voltage rise-time and the drain fall-time
are also in good agreement with those observed in the numerical simulations
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allowing an accurate computation of the energy loss per cycle for the power
U-MOSFET structure.

3.11 Discussion

The characteristics of the power U-MOSFET structure has been reviewed in this
chapter. The specific on-resistance for this device structure is significantly reduced
when compared with the power D-MOSFET structure due to its high channel density
and the elimination of the JFET resistance contribution. The reduced specific on-
resistance for the power U-MOSFET structure allows fabrication of devices with
smaller active area to achieve the same absolute value for the on-resistance.
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However, the reverse transfer capacitance and gate charge for the power U-
MOSFET structure are twice as large as for the power D-MOSFET structure.
Despite the larger capacitance and gate charge per unit area, the figures-of-merit
for the power U-MOSFET structure are superior to those for the power D-MOSFET
structure. Consequently, the power U-MOSFET structure has supplanted the power
D-MOSFET structure in high frequency power circuits such as the voltage regulator
modules for supply power to microprocessors.

The switching performance and figures-of-merit for the power U-MOSFET
structure can be enhanced by the use of a thicker oxide on the trench bottom
surface. The thicker oxide serves to reduce the gate-drain capacitance especially
at low drain bias voltages. This leads to a smaller gate-transfer charge which is
beneficial to achieving better figures-of-merit.

For purposes of comparison with the power D-MOSFET structures in the
preceding chapter, the analysis of the power U-MOSFET structure is provided
here for a broad range of blocking voltages. In this analysis, the power U-MOSFET
structure was assumed to have the following parameters: (a) N+ source junction
depth of 0.1 mm; (b) P-base junction depth of 1.0 mm; (c) gate oxide thickness of
500 Å; (d) trench width of 1.0 mm; (e) mesa width of 2.0 mm; (f) threshold voltage
of 2 V; (g) gate drive voltage of 10 V; (h) inversion mobility of 450 cm2/V s; (i)
accumulation mobility of 1,000 cm2/V s. The contributions from the contacts and
the N+ substrate were neglected during the analysis. The doping concentration and
thickness of the drift region were determined under the assumption that the edge
termination (in conjunction with the graded junction doping profiles) limits the
breakdown voltage to 90% of the parallel-plane breakdown voltage. The device
parameters pertinent to each blocking voltage are provided in Fig. 3.46. These
values are the same as those used for the analysis of the power D-MOSFET
structure in Chap. 2. It can be observed that the doping concentration must be
greatly reduced with increasing blocking voltage capability while simultaneously
increasing the thickness of the drift region.

Blocking Voltage 
(V)

Drift Doping 
Concentration 

(cm–3) 

Drift Region 
Thickness 
(microns) 

3

5

8

17 

26 

58 

30 1.6 × 1016

60 6.0 × 1015

100 3.0 × 1015

200 1.2 × 1015

300 6.8 × 1014

600 2.7 × 1014

1000 1.35 × 1014 105 

Fig. 3.46 Device parameters for the power U-MOSFET structures
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In the power U-MOSFET structure, the smallest specific on-resistance is
obtained when the trench and mesa width are minimized within the constraints
of processing and lithography considerations. Consequently, a single device cell
structure with a trench width of 1 mm and a mesa width of 2 mm (cell pitch of
3 mm) will be utilized here for the analysis of devices with various breakdown
voltages. A two zone model for the resistance of the drift region was utilized for
the analysis of the specific on-resistance. The specific on-resistances computed
using the analytical model for the power U-MOSFET structures are provided in
Fig. 3.47.

The specific on-resistance for the power U-MOSFET structure can be compared
with the ideal specific on-resistance (obtained by using Baliga’s power law for the
impact ionization coefficients) in Fig. 3.48. From this figure, it can be concluded
that the specific on-resistance for the U-MOSFET structure is always larger than
the ideal specific on-resistance. For blocking voltages below 50 V, the specific
on-resistance for the power U-MOSFET structure becomes substantially larger than
the ideal case. At a blocking voltage of 30 V, the specific on-resistance is about
three times larger than the ideal specific on-resistance obtained by using Baliga’s
power law for the impact ionization coefficients.

The specific gate transfer charge for the power U-MOSFET structures was
obtained by using the analytical model (see 3.26). During this analysis, the devices
were assumed to be operated at an on-state current density that results in a power
dissipation of 100 W/cm2 as determined by the specific on-resistance for each
device. The on-state current density values are provided in Fig. 3.49. The drain
supply voltage used for this analysis was chosen to be two-thirds of the breakdown
voltage. The drain supply voltage values are also provided in Fig. 3.49.

The specific gate transfer charge values calculated by using the analytical model
for the power U-MOSFET structure are given in Fig. 3.49 as a function of the
breakdown voltage. These values are also plotted in Fig. 3.50 as a function of the
breakdown voltage. It can be observed that the gate transfer charge decreases
gradually with increasing breakdown voltage. The specific gate transfer charge
decreases in a linear fashion on this log-log graph for breakdown voltages ranging

Blocking Voltage 
(V)

Cell Pitch 
(microns) 

Specific On-
Resistance 
(mΩ -cm2)

30 3.0

3.0

3.0

3.0

3.0

3.0

3.0

0.171 

60 0.525

1.43 100

200 6.92

300 18.2

600 100
1000 360

Fig. 3.47 Optimized specific on-resistance for the power U-MOSFET structures
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from 100 to 1,000 V indicating a power law relationship. The power law relation-
ship that fits the data is shown in the figure by the dashed line. The equation for this
line is:

QGD ¼ 689BV$0:18 (3.46)

where the specific gate transfer charge has units of nC/cm2.
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Fig. 3.48 Specific on-resistance for the power U-MOSFET structures

Blocking Voltage 
(V)

Drain Supply
Voltage 
(Volts) 

On-State 
Current 
Density 
(A / cm2) 

Specific Gate 
Transfer 
Charge

(nC / cm2) 

30 20 765 356

60 40 436 325

100 80 264 300

200 133 120 269

300 200 74 247

600 400 32 218

1000 667 17 198

Fig. 3.49 Parameters used for gate transfer charge analysis for the power U-MOSFET structures
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The figure-of merit (C) – product of the specific on-resistance and the specific
gate transfer charge – for the power U-MOSFET structures was obtained by using
the specific gate transfer charge and specific on-resistance values provided above.
During this analysis, the devices were assumed to be operated at an on-state
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current density that results in a power dissipation of 100 W/cm2 as determined by
the specific on-resistance for each device. The resulting values for the FOM(C) are
plotted in Fig. 3.51 as a function of the breakdown voltage of the power
U-MOSFET structure. It can be observed that the FOM(C) increases in a linear
fashion on this log-log graph for breakdown voltages above 100 V indicating a
power law relationship. The power law relationship that fits the data is shown in
the figure by the dashed line. The equation for this line is:

FOM Cð Þ ¼ RON;spQGD;sp ¼ 0.0113 BV2:267 (3.47)

where the FOM(C) has units of mO nC. The specific on-resistance and FOM(C)
discussed here for the power U-MOSFET structure will be compared with those for
the power D-MOSFET and other structures in the final chapter of the book.
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Chapter 4
SC-MOSFET Structure

As discussed in Chap. 2, the first power MOSFET structure commercially intro-
duced by the power semiconductor industry was the D-MOSFET structure with
the planar gate architecture. The fast switching speed and ruggedness of the
D-MOSFET structure were significant advantages compared with the performance
of the available bipolar power transistor. In order to reduce the specific on-resis-
tance of the structure, the planar gate topology was replaced with a trench gate
topology in the 1990s by creating the power U-MOSFET structure. The significant
reduction of the specific on-resistance achieved using this approach has been
described in Chap. 3. It has been found that the high input capacitance and large
gate transfer charge for the power U-MOSFET structure offsets the benefits of the
low specific on-resistance in high frequency applications such as the voltage-
regulator-modules (VRMs) used to provide power to microprocessors.

Recently, significantly enhanced performance has been achieved in a planar gate
power MOSFET structure by shielding the channel region from the drain. This
shielded-channel power MOSFET structure (the SC-MOSFET) is the subject of this
chapter. Although many aspects of operation of this device are similar to those
already described for the power D-MOSFET structure, the SC-MOSFET structure
contains a shielding junction with a unique JFET region doping profile to achieve a
specific on-resistance close to that observed for the power U-MOSFET structure
while also obtaining a reduced input capacitance and a very low gate transfer
charge. This structure can be fabricated by using standard planar processes like
the power D-MOSFET structure which reduces the complexity and cost in relation
to the power U-MOSFET structure.

Commercially available power SC-MOSFET structures have been bench-
marked against commercially available power U-MOSFET structure for the VRM
applications and found to enable a significant improvement in efficiency for DC-to-DC
power conversion at high frequencies. These devices are of interest for applications
in laptops and servers where heat management becomes an important issue during
operation.

B.J. Baliga, Advanced Power MOSFET Concepts,
DOI 10.1007/978-1-4419-5917-1_4, # Springer ScienceþBusiness Media, LLC 2010
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4.1 The SC-MOSFET Structure

A cross-section of the basic cell structure for the SC-MOSFET structure [1] is
illustrated in Fig. 4.1. This device structure is fabricated by starting with an N-type
epitaxial layer grown on a heavily doped Nþ substrate. As in the case of the power
D-MOSFET structure, the channel is formed by the difference in lateral extension
of the P-base and Nþ source regions produced by their diffusion cycles. Both
regions are self-aligned to the left-hand-side and right-hand-side of the gate region
during ion-implantation to introduce the respective dopants. A refractory gate
electrode, such as polysilicon, is required to allow diffusion of the dopants under
the gate electrode at elevated temperatures. The unique aspect of the power
SC-MOSFET structure is the addition of a Pþ screening region which is located
at a larger depth than the P-base region.

In the power D-MOSFET structure, it is customary to choose the energy
of the ion-implants for the dopants so that their highest concentration lies at
the surface of the silicon. In contrast, a retrograde doping profile, with the peak
doping concentration located below the silicon surface, is employed for the Pþ

region and the JFET region in the power SC-MOSFET structure. In addition,
the Pþ region is driven-in further than the P-base region so that it extends further
under the gate electrode than the P-base region [2]. A relatively small spacing
between the Pþ shielding regions is utilized in the power SC-MOSFET structure
when compared with the power D-MOSFET structure to reduce the cell pitch
to values comparable to those for the power U-MOSFET structure. In order
to prevent a high JFET resistance, the doping concentration of the JFET region
is enhanced by utilizing a n-type ion-implant with a relatively high doping
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Fig. 4.1 The SC-MOSFET structure
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concentration with its peak located at the same depth as the peak doping concen-
tration of the Pþ shielding regions.

The physics of operation of the power SC-MOSFET structure is similar to that
for the power D-MOSFET structure. Without the application of a gate bias, a high
voltage can be supported in the SC-MOSFET structure when a positive bias is
applied to the drain. In this case, junction J1 formed between the Pþ shielding
region and the N-drift region becomes reverse biased. The voltage is supported
mainly within the thick lightly doped N-drift region. The space between the Pþ

shielding regions and the doping concentration of the JFET region are designed so
that a potential barrier forms between the Pþ shielding regions at a low drain bias
voltage. The potential barrier shields the region under the gate oxide (marked A in
Fig. 4.1) reducing the potential supported across the P-base region. This enables
reduction of the channel length without encountering reach-through breakdown in
the power SC-MOSFET structure. The channel length for the power SC-MOSFET
structure can be made smaller than that for the power U-MOSFET structure
producing a reduction in the specific on-resistance that compensates for the resis-
tance contribution from the JFET region.

Drain current flow in the SC-MOSFET structure is induced by the application of
a positive bias to the gate electrode. This produces an inversion layer at the surface
of the P-base region under the gate electrode. The threshold voltage for the power
SC-MOSFET structure can be controlled by adjusting the dose for the boron ion-
implantation for the P-base region. The energy for the boron ion-implantation for
the P-base region is chosen to maintain its peak concentration at the surface of the
silicon. The inversion layer channel provides a path for transport of electrons from
the source to the drain when a positive drain voltage is applied.

After transport from the source region through the channel, the electrons enter
the N-drift region at the upper surface of the device structure. They are then
transported through a relatively narrow JFET region located between the adjacent
Pþ shielding regions within the SC-MOSFET structure. The constriction of the
current flow through the JFET region increases the internal resistance of the
SC-MOSFET structure. A careful optimization the retrograde doping concentration
profile in the JFET region is necessary to reduce the resistance to current flow
through this portion of the device structure.

After being transported through the JFET region, the electrons enter the N-drift
region below junction J1. The current spreads from the relatively narrow JFET
region to the entire width of the cell cross-section. This non-uniform current
distribution within the drift region enhances its resistance making the internal
resistance of the SC-MOSFET structure larger than the ideal specific on-resistance
of the drift region. The small cell-pitch for the power SC-MOSFET enables
reducing the drift region resistance closer to that for the ideal case than for the
power D-MOSFET structure. This requires utilizing a relatively smaller window
between the polysilicon gate regions than in the case of the power D-MOSFET
structure, which is possible because a separate mask is not required to define the
ion-implantation boundary for the Pþ shielding regions in the power U-MOSFET
structure.
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4.2 Power SC-MOSFET On-Resistance

The components of the on-resistance for the power SC-MOSFET structure are the
same as those already described for the power D-MOSFET structure. The total
on-resistance for the power SC-MOSFET structure is obtained by the addition of
all the eight resistances because they are considered to be in series in the current
path between the source and the drain electrodes:

RON ¼RCS þRNþ þRCH þRA þRJFET þRD þRSUB þRCD (4.1)

Each of the resistances within the power SC-MOSFET structure are analyzed below
by using the procedure described in the textbook [3]. In the textbook, it was
demonstrated that the contributions from the source contact resistance (RCS), the
source resistance (RNþ), and the drain contact resistance (RCD) are very small and
will therefore be neglected in this chapter. As in the case of the power D-MOSFET
and U-MOSFET structures, the substrate contribution will also be excluded for the
comparison of devices.

A cross-section of the power SC-MOSFET structure is illustrated in Fig. 4.2 with
various dimensions that can be used for the analysis of the on-resistance compo-
nents. Here, WCell is the pitch for the linear cell geometry analyzed in this section;
WG is the width of the gate electrode; WPW is the width of the polysilicon window;
WC is the width of the contact window to the Nþ source and P-base regions; andWS
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is the width of the photoresist mask used during the Nþ source ion-implantation.
The junction depths of the P-base region and the deep Pþ shielding region are xJP
and xJP+, respectively.

In this monograph, the characteristics of power SC-MOSFET structure with 30-V
blocking capability will be analyzed for power supply applications. For this voltage
rating and the 1-mm lithography design rules, the power SC-MOSFET structure has
a cell pitch (WCELL) of 3 mm with a polysilicon gate width (WG) of 1 mm. Typical
junction depths for the Nþ source region and P-base region are 0.075 and 0.235 mm,
respectively, leading to a channel length of only 0.16 mm. This short channel length
is possible due to the shielding of the channel region in the power SC-MOSFET
structure. The Pþ shielding region is formed by using high energy ion-implantation
of boron leading to its peak concentration located below the surface at a depth of
0.3 mm. Due to the range of the ion-implantation and the subsequent diffusion
during the annealing process, the vertical junction depth of the Pþ shielding region
is typically 0.6 mm. In contrast, the lateral extension of the Pþ shielding region
under the gate electrode is only 0.265 mm.

The doping concentration of the N-drift region required to achieve a 30-V
blocking voltage capability, with an 80% reduction due to the edge termination,
is 1.6 # 1016/cm3. The thickness of the N-drift region required below the Pþ

shielding region is 2.6 mm. It is worth pointing out that the entire blocking voltage
is not supported within the N-drift region because of the graded doping profile of
the Pþ shielding region. This allows increasing the doping concentration and
reducing the thickness of the N-drift region to achieve a smaller specific
on-resistance for the D-MOSFET structure.

In the power SC-MOSFET structure, the energy for the ion-implantation of the
P-type dopant (boron) for formation of the Pþ shielding region is chosen so that the
peak doping concentration lies about 0.3 mm below the silicon surface. The poly-
silicon thickness must be sufficient to prevent the boron from penetration to the
silicon surface during this process. The maximum concentration for the Pþ shield-
ing region is limited to about 1 # 1018/cm3 to prevent significant contribution to
the channel doping concentration. This is sufficient in magnitude to reduce the
resistance of the base region for obtaining excellent ruggedness in the power
SC-MOSFET structure because the Pþ shielding region extends below the entire
length of the Nþ source region. The energy for the N-type dopant (phosphorus) used
to form the JFET region is chosen so that its peak lies at the same depth as the Pþ

shielding region. Its maximum doping concentration is chosen based upon a trade-
off between reducing the JFET resistance contribution and shielding the P-base
region from the drain potential.

The current flow pattern in the power SC-MOSFET structure is indicated by the
shaded area in Fig. 4.2. In the model for the specific on-resistance, it will be assumed
that the JFET region extends to the bottom of the Pþ shielding region. In themodel, it
is assumed that the current spreads at a 45$ angle in the drift region. Due to the small
size of the polysilicon window in the power SC-MOSFET structure, the current flow
pattern overlaps for a part of the drift region similar to the case of the power
U-MOSFET structure. The current is uniformly distributed in the Nþ substrate.
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4.2.1 Channel Resistance

The contribution to the specific on-resistance from the channel in the SC-MOSFET
structure is smaller than in the power D-MOSFET and U-MOSFET structures due
to the shorter channel length. Based up on the analysis in the textbook [3] for the
power D-MOSFET structure, the specific on-resistance contributed by the channel
in the power SC-MOSFET structure is given by:

RCH;SP ¼ LCHWCell

2mniCOX VG % VTHð Þ (4.2)

In the case of the 30-V power MOSFET structures used for power supply
applications, it is customary to provide the on-resistance at a gate bias of 4.5
and 10 V. Assuming a gate oxide thickness is 500 Å, an inversion layer mobility
of 450 cm2/V s (to match the mobility used in the numerical simulations discussed
later in this section), and a threshold voltage of 2.5 V in the above equation for the
power SC-MOSFET design with a cell width of 3 mm and gate electrode width of
1 mm, the specific resistance contributed by the channel at a gate bias of 4.5 V is
found to be 0.039 mO cm2. The specific on-resistance of the SC-MOSFET
structure is reduced to 0.010 mO cm2 when the gate bias is increased to 10 V.
These values are much smaller than those for the power D-MOSFET and
U-MOSFET structures due to the combination of a very short channel length
and a small cell pitch.

4.2.2 Accumulation Resistance

In the power MOSFET structure, the current flowing through the inversion channel
enters the drift region at the edge of the P-base junction. The current then spreads
from the edge of the P-base junction into the JFET region. The current spreading
phenomenon is aided by the formation of an accumulation layer in the semicon-
ductor below the gate oxide due to the positive gate bias applied to turn-on the
device. The specific on-resistance contributed by the accumulation layer in the power
SC-MOSFET structure is given by the same formulation derived for the power
D-MOSFET structure in the textbook [3]:

RA;SP ¼ KA
WG % 2xJPð ÞWCell

4mnACOX VG % VTHAð Þ (4.3)

In writing this expression, a coefficient KA has been introduced to account for the
current spreading from the accumulation layer into the JFET region. A typical value
for this coefficient is 0.6 based upon the current flow observed from numerical
simulations of power D-MOSFET structures. The threshold voltage (VTHA) in the
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expression is for the on-set of formation of the accumulation layer. A zero threshold
voltage will be assumed here when performing the analytical computations. Note
that the junction depth of the P-base region (and not the Pþ region) defines the
length of the accumulation region.

For the 30-V power SC-MOSFET design with a cell width of 3 mm and gate width
of 1 mm, the specific resistance contributed by the accumulation layer at a gate bias of
4.5 V is 0.0078 mO cm2 if the P-base junction depth (xJP) is 0.235 mm and the gate
oxide thickness is 500 Å. An accumulation layer mobility of 1,000 cm2/V s was used
in this calculation to match the mobility used in the numerical simulations (discussed
later in this section). When the gate bias is increased to 10 V, the specific resistance
contributed by the accumulation layer is reduced to 0.0035 mO cm2. These values are
also much smaller than those for the power D-MOSFET and U-MOSFET structures
due to the combination of a short accumulation layer length and a small cell pitch.

4.2.3 JFET Resistance

The electrons entering from the channel into the drift region are distributed into
the JFET region via the accumulation layer formed under the gate electrode.
The spreading of current in this region was accounted for by using a constant KA

of 0.6 for the accumulation layer resistance. Consequently, the current flow through
the JFET region can be treated with a uniform current density. In the power
SC-MOSFET structure, the cross-sectional area for the JFET region is the smallest
at the depth at which the Pþ shielding region has its highest concentration. Conse-
quently, this width will be used for the analytical model in order to simplify the
analysis by using a uniform cross-section for the current flow with a width ‘a’ for
the JFET region as illustrated by the shaded area in Fig. 4.2. The width of the
current flow is related to the device structural parameters:

a ¼ WG%2xJPþL % 2W0ð Þ (4.4)

where W0 is the zero-bias depletion width for the JFET region, and xJP+L is the
lateral extension of the Pþ shielding region under the gate electrode. The depletion
region boundary is indicated in the figures with the dashed lines. In the models, it is
assumed that no current can flow through the depleted region because all the free
carriers have been swept out by the prevailing electric field across the junction. The
zero-bias depletion width (W0) in the JFET region can be computed by using the
doping concentrations on both sides of the junction:

W0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eSNAVbi

qNDJ NA þ NDJð Þ

s

(4.5)

where NA is the doping concentration in the Pþ shielding region and NDJ is
the doping concentration in the JFET region. In the above equation, the built-in
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potential is also related to the doping concentrations on both sides of the
junction:

Vbi ¼
kT

q
ln

NANDJ

n2i

" #
(4.6)

Since the JFET region is assumed to extend to the bottom the Pþ shielding
region, the specific on-resistance contributed by the JFET region in the power
SC-MOSFET structure can then be obtained by using:

RJFET;SP ¼ rJFETxJPþWCell

WG % 2xJPþL % 2W0ð Þ (4.7)

where rJFET is the resistivity of the JFET region given by:

rJFET ¼ 1

qmnNDJ
(4.8)

where mn is the bulk mobility appropriate to the doping level of the JFET region. In
the power SC-MOSFET structure, the JFET region has a retrograde doping profile
with its maximum concentration (typically 1.5 # 1017/cm3) at the same depth as
the Pþ shielding region. In an analytical model, it is convenient to use an average
doping concentration for the JFET region which is slightly less than its peak doping
concentration. The resistivity for the JFET region is then found to be 0.066 O cm
corresponding to an average JFET doping concentration of 1.3 # 1017/cm3. The
zero-bias depletion width in the JFET region for this JFET doping concentration is
0.0935 mm. For the 30-V power SC-MOSFET design with a cell width of 3 mm and
gate width of 1 mm, the specific resistance contributed by the JFET region is found
to be 0.042 mO cm2 based up on using the above parameters. This value is much
smaller than that for the power D-MOSFET structure due to the short cell pitch.

4.2.4 Drift Region Resistance

The resistance contributed by the drift region in the power SC-MOSFET structure
is enhanced above that for the ideal drift region due to current spreading from
the JFET region. The cross-sectional area for the current flow in the drift region
increases from the width ‘a’ of the JFET region as illustrated in Fig. 4.2 at a
spreading angle of 45$. Due to the small polysilicon window size in the power
SC-MOSFET structure, the current paths overlap in the drift region.

The specific on-resistance contributed by the drift region in the power
SC-MOSFET structure is given by the expression derived in the textbook [3] for
high voltage D-MOSFET structures:

RD;SP ¼
rDWCell

2
ln

WCell

a

$ %
þ rD t% a

2
%WCell

2

" #
(4.9)
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For the parameters given above for this structure, the dimension ‘a’ in the equation
is found to be 0.283 mm. For the 30-V power SC-MOSFET design with a cell width
of 3 mm and gate width of 1 mm, the specific resistance contributed by the drift
region is then found to be 0.1465 mO cm2 by using a resistivity of the drift region of
0.325 O cm based upon a doping concentration of 1.6 # 1016/cm3.

4.2.5 Total On-Resistance

The total specific on-resistance for the power SC-MOSFET structure can be computed
by adding all the above components for the on-resistance. For the case of the 30-V
power SC-MOSFET design with a cell pitch (WCell) of 3 mm and gate width of 1 mm,
the total specific on-resistance is found to be 0.235 mO cm2 at a gate bias of 4.5 V and
0.202 mO cm2 at a gate bias of 10 V by using the analytical model. The contributions
from each of the components of the on-resistance are summarized in Fig. 4.3. The
specific on-resistance for the power SC-MOSFET structure is found to be smaller than
that for the power D-MOSFET and the U-MOSFET structures at a gate bias of 4.5 V.

The ideal specific on-resistance for a drift region is given by:

RIDEAL;SP ¼ WPP

qmnND
(4.10)

where WPP is the parallel-plane depletion width at breakdown, ND is the doping
concentration of the drift region to sustain the blocking voltage, and mn is the
mobility for electrons corresponding to this doping concentration. For the case of
a blocking voltage of 30 V, the depletion width and doping concentration are found
to be 2.2 # 1016/cm3 and 1.4 mm, respectively. Using the electron mobility for this
doping level, the ideal specific on-resistance is found to be 0.034 mO cm2. Since the
device is constrained by the impact of an 80% reduction of breakdown voltage due
to the edge termination, it is worth computing the ideal specific on-resistance for
this case for comparison with the device. For the case of a blocking voltage of
37.5 V, the depletion width and doping concentration are found to be 1.6 # 1016/cm3

and 1.8 mm, respectively. Using the electron mobility for this doping level, the ideal
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Fig. 4.3 On-resistance components within the 30-V power SC-MOSFET structure
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specific on-resistance is found to be 0.059 mO cm2. In spite of its planar gate
topology, the specific on-resistance for the SC-MOSFET structure is much closer to
these ideal specific on-resistances than the power D-MOSFET and the U-MOSFET
structures for the gate bias of 4.5 V.

4.2.5.1 Simulation Results

The results of two-dimensional numerical simulations on the 30-V power
SC-MOSFET structure are described here to provide a more detailed understanding
of the underlying device physics and operation. The structure used for the numeri-
cal simulations had a drift region thickness of 2.6 mm below the Pþ shielding region
with a doping concentration of 1.6 # 1016/cm3. The P-base region and Nþ source
regions had depths of 0.235 and 0.075 mm, respectively. The Pþ shielding region
had a depth of 0.60 mmwith its peak doping concentration located at 0.30 mm below
the silicon surface. The doping concentration in the JFET region was enhanced by
using a retrograde n-type doping profile with a peak concentration of 1.5 # 1017/cm3

with a depth of 0.3 mm. For the numerical simulations, half the cell (with a width of
1.5 mm) shown in Fig. 4.1 was utilized as a unit cell that is representative of the
structure.

A three dimensional view of the doping distribution in the SC-MOSFET struc-
ture is shown in Fig. 4.4 from the left hand edge of the structure to the center of the
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polysilicon gate region. The Nþ source, P-base, and Pþ shielding regions are all
aligned to the gate edge, which is located at 1 mm from the left hand side. The
enhancement of the doping in the N-drift region near the surface is due to the
additional JFET doping which can be observed to have a retrograde profile.

The lateral doping profile taken along the surface under the gate electrode is
shown in Fig. 4.5. From the profile, it can be observed that the doping concentration
of the JFET region has been increased to 7 # 1016/cm3 at the surface due to the
additional doping from the N-type ion-implant. The lateral extensions of the P-base
and Nþ source regions under the gate electrode are 0.235 and 0.075 mm leading to a
channel length of only 0.16 mm. The surface concentration for the P-base region
was chosen to obtain a maximum compensated P-type doping concentration in the
channel of about 1.5 # 1017/cm3.

The vertical doping profile taken at two positions within the power SC-MOSFET
structure are provided in Fig. 4.6. From the profile taken at # ¼ 0 mm in the middle
of the polysilicon window (dashed line), it can be observed that the doping concen-
tration of the Pþ shielding region has a maximum value of 9 # 1017/cm3 at a depth of
0.3 mm. The JFET region doping profile is shown by the solid line at the middle of the
gate electrode (# ¼ 1.5 mm). It can be observed that the doping concentration of the
JFET region has a maximum value of 1.5 # 1017/cm3 at a depth of 0.3 mm.
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In order to analyze the space between the Pþ shielding regions, the lateral doping
profile under the gate electrode taken at a depth of 0.3 mm within the power
SC-MOSFET structure is provided in Fig. 4.7. It can be observed that the Pþ

shielding region extends to a distance of 0.265 mm from the edge of the gate
electrode. This distance is larger than the extension of 0.235 mm by the P-base
region from the edge of the gate electrode. The larger extension of the Pþ shielding
region provides the desired shielding of the surface under the gate oxide from the
drain potential.

The transfer characteristics for the SC-MOSFET structure were obtained using
numerical simulations with a drain bias of 0.1 V at 300 and 400$K. The resulting
transfer characteristics are shown in Fig. 4.8. From this graph, a threshold voltage of
2.5 and 2.0 V can be extracted at 300 and 400$K, respectively. The threshold
voltage decreases by 20% when the temperature increases similar that observed
for the power D-MOSFET structure. The specific on-resistance can be obtained
from the transfer characteristics at any gate bias voltage. For the case of a gate bias
of 4.5 V and 300$K, the specific in-resistance is found to be 0.242 mO cm2. For the
case of a gate bias of 10 V and 300$K, the specific in-resistance is found to be
0.212 mO cm2. These values are in very close agreement with the results obtained
from the analytical model.

The on-state current flow pattern within the SC-MOSFET structure at a small
drain bias of 0.1 V and a gate bias of 4.5 V is shown in Fig. 4.9. In the figure, the
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depletion layer boundary is shown by the dotted lines and the junction boundary is
delineated by the dashed line. The depletion layer width (W0) in the JFET region is
about 0.1 mm in good agreement with the value computed using the analytical
model. It can be observed that the current flows from the channel and distributes
into the JFET region via the accumulation layer. Within the JFET region, the cross-
sectional area is approximately constant with a width (a/2) of 0.15 mm in good
agreement with the assumptions used in the analytical model. From the figure, it can
be seen that the current spreads from the JFET region to the drift region at a
45$ angle as assumed in the models. Due to small polysilicon window size, the
current flow becomes uniform at a depth of 2 mm for a portion of the drift region
consistent with the analytical model.

In order to compare the on-resistance values extracted from the numerical
simulations with those predicted by the analytical models, it is necessary to extract
the mobility in the inversion and accumulation layers within the simulated
D-MOSFET structure. The channel and accumulation layer mobility were extracted
by simulation of a long channel lateral MOSFET structure with the same gate oxide
thickness. The inversion layer mobility was found to be 450 cm2/V s while that for
the accumulation layer was found to be 1,000 cm2/V s at a gate bias of 10 V. These
values were consequently used in the analytical models when calculating the
specific on-resistance.
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4.3 Blocking Voltage

The power SC-MOSFET structure must be designed to support a high voltage in the
first quadrant when the drain bias voltage is positive. During operation in the blocking
mode, the gate electrode is shorted to the source electrode by the external gate bias
circuit. The application of a positive drain bias voltage produces a reverse bias across
junction J1 between the P

þ shielding region and theN-drift region.Most of the applied
voltage is supported across the N-drift region. The doping concentration of donors in
the N-epitaxial drift region and its thickness must be chosen to attain the desired
breakdown voltage. In the powerD-MOSFET structure, the gate region is not screened
from the drain bias due to cylindrical shape of the planar junctions. This results in
significant depletion of the P-base region making the channel length of the structure
large. In contrast, the Pþ shielding region in the power SC-MOSFET structure creates
a potential barrier in the JFET region and screens the region under the gate electrode
from the drain potential. The reduced potential at the upper surface allows reduction of
the channel lengthwithout reach-through problems and also a reduces the electric field
in the gate oxide enhancing the reliability.

4.3.1 Impact of Edge Termination

In practical devices, the maximum blocking voltage (BV) of the power MOSFET is
invariably decided by the edge termination that surrounds the device cell structure.
The most convenient edge termination for power SC-MOSFET devices is based up
on floating field rings and field plates. With this design, the enhanced electric field
at the edges limits the breakdown voltage to about 80% of the parallel-plane
breakdown voltage (BVPP):

BVPP ¼ BV

0:8

" #
(4.11)

Consequently, the doping and thickness of the N-drift region must be chosen to
achieve a parallel-plane breakdown voltage that is 25% larger than the blocking
voltage for the device:

ND ¼ 4:45# 1013

BVPP

" #4=3

(4.12)

The thickness of the drift region required below the Pþ shielding region is less than
the depletion width for the ideal parallel-plane junction with the above doping
concentration, and is given by:

t ¼ WD BVð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2eSBV
qND

s

(4.13)
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The resistance of the drift region can be reduced by using this thickness rather than
the maximum depletion width corresponding to the doping concentration given by
(4.12).

4.3.1.1 Simulation Results

The results of two-dimensional numerical simulations on the 30-V power
SC-MOSFET structure are described here to provide a more detailed understanding
of the underlying device physics and operation during the blocking mode. The
structure used for the numerical simulations had the same parameters as
the structure described in the previous section. The blocking characteristic for the
SC-MOSFET cell structure is shown in Fig. 4.10 at 300$K. It can be observed that
the cell is capable of supporting 41 V. This provides enough margin to achieve a
device blocking voltage capability of slightly over 30 V after accounting for the
reduction due to the edge termination.

It is instructive to examine the potential contours inside the power SC-
MOSFET structure when it is operating in the blocking mode. This allows
determination of the voltage distribution within the structure and the penetration
of the depletion region in the P-base region with increasing drain bias voltage.
The potential contours for the SC-MOSFET structure obtained using the numeri-
cal simulations with zero gate bias and various drain bias voltages are shown in
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Figs. 4.11–4.14. From these figures, it can be observed that the voltage distribution
at the junction J1 between the Pþ shielding region and the N-drift region changes
when proceeding from the surface towards the drain. This indicates that the surface
region is screened from the drain bias by the Pþ shielding region. Consequently,
there is very little increase in the depletion of the P-base region when the drain bias
is increased to 30 V. The screening phenomenon in the power SC-MOSFET
structure allows utilization of a very short channel length which reduces the specific
on-resistance.

It is insightful to also examine the electric field profile inside the power
SC-MOSFET structure when it is operating in the blocking mode. The electric
field profile obtained through the junction between the Pþ shielding region and the
N- drift region is shown in Fig. 4.15. It can be observed that the maximum electric
field occurs as expected at the junction at a depth of 0.6 mm from the surface.

The electric field profile taken through the middle of the gate electrode (at
X ¼ 1.5 mm) is provided in Fig. 4.16. It can be observed that the electric field
exhibits a maximum below the surface at a depth of about 1 mm. This reduces the
electric field at the surface under the gate oxide when compared with the power
D-MOSFET and U-MOSFET structures. Further, the electric field in the gate oxide
is much smaller than that observed in the power D-MOSFET and U-MOSFET
structures. The low electric field in the gate oxide for the power SC-MOSFET
structure indicates very reliable operation allowing stable device performance over
long periods of time.
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4.4 Output Characteristics

The output characteristics of the power SC-MOSFET structure are important to the
loci for the switching waveforms when it is operating in power circuits. Due
to shielding of the P-base region, the power SC-MOSFET structure exhibits
super-linear transfer characteristics [3]. The saturated drain current for the power
SC-MOSFET structure is then given by:

IDsat ¼ Cox VG % VTð Þ vsat;nZ (4.14)

With sufficiently high doping concentration of the P-base region, the modulation of
channel length can be made sufficiently small to ensure a high output resistance. In
the power SC-MOSFET structure, the Pþ shielding region suppresses the depletion
of the P-base region with increasing drain bias voltage. This is beneficial for
obtaining a reasonable output resistance despite the very short channel length in
the device. The short channel length in the power SC-MOSFET structure produces
a high transconductance which is beneficial for reducing switching losses. The
saturated drain current in the power SC-MOSFET structure increases linearly with
the gate bias voltage.
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4.4.1 Simulation Example

The output characteristics of the 30-V power SC-MOSFET structure were obtained
by using two-dimensional numerical simulations using various gate bias voltages.
All the device parameters used for these numerical simulations are the same as
those used in the previous sections. The output characteristics of the power
SC-MOSFET obtained using the simulations are shown in Fig. 4.17. The traces
for increasing gate bias voltages are nearly uniformly spaced indicating super-linear
[3] behavior of the transfer characteristics. When compared with the power
D-MOSFET and U-MOSFET structures, the power SC-MOSFET structure exhibits
a gradual transition from the on-state to the current saturation regime due to the
voltage drop produced in the JFET region at high current densities.

4.5 Device Capacitances

For the power MOSFET structures, the switching speed is limited by the device
capacitances in practical applications as previously discussed in Chap. 2. The rate at
which the power MOSFET structure can be switched between the on- and off-states
is determined by the rate at which the input capacitance can be charged or
discharged. In addition, the capacitance between the drain and the gate electrodes
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has been found to play an important role in determining the drain current and
voltage transitions during the switching event.

The capacitances within the power SC-MOSFET structure can be analyzed using
the same approach used in the textbook [3] for the power D-MOSFET structure.
The specific input (or gate) capacitance for the power SC-MOSFET structure is
given by:

CIN;SP ¼CNþ þCP þCSM ¼ 2xJP
WCell

eOX
tOX

" #
þ WG

WCell

eOX
tIEOX

" #
(4.15)

where tOX and tIEOX are the thicknesses of the gate and inter-electrode oxides,
respectively. The junction depth for the P-base region is much smaller in the power
SC-MOSFET structure when compared with the power D-MOSFET structure
resulting in a smaller input capacitance. For a 30-V power SC-MOSFET structure
with a cell pitch (WCELL in Fig. 4.2) of 3 mm and gate electrode width of 1 mm, the
input capacitance is found to be 13 nF/cm2 for a gate oxide thickness of 500 Å and
an inter-metal dielectric thickness of 5,000 Å. This value is substantially smaller
than 22 nF/cm2 for the power D-MOSFET structure and 47 nF/cm2 for the power
U-MOSFET structure. This reduces the power requirements and losses in the gate
drive circuit needed for the power SC-MOSFET structure.

The capacitance between the gate and drain electrodes (also called the reverse
transfer capacitance) is determined by the width of the JFET region where the gate
electrode overlaps the N-drift region. The MOS structure in this portion of the power
SC-MOSFET structure operates under deep depletion conditions when a positive
voltage is applied to the drain. As in the case of the power D-MOSFET structure, the
gate-drain capacitance for the power SC-MOSFET structure is given by:

CGD;SP ¼ WG % 2xPLð Þ
WCell

COXCS;M

COX þ CS;M

" #
(4.16)

where CS,M is the semiconductor capacitance under the gate oxide, which decreases
with increasing drain bias voltage. The specific capacitance of the semiconductor
depletion region can be obtained by computation of the depletion layer width. The
depletion layer width in the semiconductor under the gate oxide can be obtained
using:

WD;MOS ¼
eS
COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDC
2
OX

qeSNDJ

s

% 1

8
<

:

9
=

; (4.17)

where NDJ is the effective doping concentration of the semiconductor below the
gate oxide for the retrograde doping profile. The specific capacitance for the
semiconductor is then obtained using:

CS;M ¼ eS
WD;MOS

(4.18)
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The gate-drain (or reverse transfer) capacitance can be computed by using (4.18)
with the above equations to determine the semiconductor capacitance as a function
of the drain bias voltage.

However, in the case of the power SC-MOSFET structure, the above equation is
only valid until the depletion region from the Pþ screening regions pinches-off the
JFET region. Once this occurs, the gate-drain capacitance decreases drastically
because the gate is screened from the drain. The drain voltage at which the JFET
region is pinched-off is given by:

VP;JFET ¼
qNDJ;Peak

8eS
WG%2xJPþLð Þ2 (4.19)

where NDJ,Peak is the peak doping concentration for the retrograde doping profile.
For a typical power SC-MOSFET design with peak JFET region doping concen-

tration (NDJ,Peak) of 1.5 # 1017/cm3, gate width (WG) of 1 mm, and Pþ screening
region lateral junction depth of 0.265 mm, the JFET region pinch-off voltage is
6.4 V. The effective doping concentration for the JFET region in this case is
1.2 # 1017/cm3. After the JFET region is pinched-off, the gate-drain capacitance
is determined by the edge of the depletion region located below the Pþ screening
region. This distance below the gate oxide is given by:

WS ¼ xJPþ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2eSVD

qND

s

(4.20)

The specific capacitance for the semiconductor below the gate oxide can then be
obtained using (4.18) with the width WS. The specific gate transfer capacitance
obtained by using the above analytical formulae is shown in Fig. 4.18 for the case of
a power SC-MOSFET structure with 3 mm cell pitch, and polysilicon window of
2 mm. The gate-drain (reverse transfer) capacitance decreases gradually with
increasing drain bias voltage due to the expansion of the depletion region in the
semiconductor under the gate oxide until the drain bias reaches 6 V. Once the JFET
region pinches-off at a drain bias of 6.3 V, the specific reverse transfer capacitance
drops drastically which is beneficial for reducing the gate transfer charge. Despite
this sharp reduction in the reverse transfer capacitance predicted by this model, the
actual reverse transfer capacitance in devices is found to decrease to a much greater
degree after the JFET region is pinched-off [4]. This effect can be accounted for by
reducing the effective area for the gate region using a screening factor (KS) as
shown in Fig. 4.18.

The output capacitance for the power SC-MOSFET structure is associated with
the capacitance of the junction between the P-base region and the N-drift region.
Due to pinch-off of the JFET region with increasing drain bias voltage, it is
necessary to examine the change in the depletion region boundary with applied
voltage. The depletion layer boundary inside the power SC-MOSFET structure
prior to the pinch-off of the JFET region is shown in Fig. 4.19 by the dashed lines. It
can be observed that the depletion region has a vertical boundary inside the JFET
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region and a horizontal boundary below the Pþ screening region. The capacitances
associated with each of these regions are indicated in the figure as CS1 and CS2. The
specific junction capacitance associated with the JFET region is given by:

CS1;SP ¼
eS
WDJ

2xJPþ
WCell

" #
(4.21)

where the depletion region thickness (WDJ) in the JFET region is related to the drain
bias voltage:

WDJ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eS VD þVbið Þ

qNDJ

s

(4.22)

where NDJ is the average doping concentration of the JFET region. The specific
junction capacitance associated with the bottom of the Pþ screening region is given
by [3]:

CS2;SP ¼
eS

WDD

WPW þ 2xJPþL

WCell

" #
(4.23)

where the depletion region thickness (WDD) in the drift region is related to the drain
bias voltage:

WDD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eS VDþVbið Þ

qND

s

(4.24)

where ND is the doping concentration of the drift region.
The specific output capacitance for the power SC-MOSFET structure can then

be obtained by combining the above values:

CO;SP ¼ CS1;SP þ CS2;SP (4.25)

The output capacitance obtained by using the above analytical model is shown in
Fig. 4.20 for the case of the 30-V power SC-MOSFET structure with 3-mm cell
pitch and polysilicon window of 2 mm. This structure has a gate oxide thickness of
500 Å and a lateral junction depth of 0.265 mm for the Pþ screening region. A built-
in potential of 0.8 V was assumed for the P-base/N-drift junction, and the drift
region has a doping concentration of 1.6 # 1016/cm3. An effective doping concen-
tration of 1.2 # 1017/cm3 was assumed for the JFET region. The figure includes the
contributions from the two components of the output capacitance. It can be
observed that the specific output capacitance decreases with increasing drain bias
voltage due to the expansion of the depletion region in the JFET region and under
the Pþ screening region. At a drain bias of 6.4 V, the JFET region is pinched-off
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resulting in the merging of the depletion regions in the JFET region. The output
capacitance then reduces abruptly to that associated with the Pþ screening region.
At a drain bias of 20 V, the specific output capacitance predicted by the analytical
model for this structure is 6 nF/cm2.

4.5.1 Simulation Example

The capacitances of the 30-V power SC-MOSFET structure were extracted using
two-dimensional numerical simulations on the structure with device parameters
described in the previous sections. The input capacitance was extracted by
performing the numerical simulations with a small AC signal superposed on the
DC gate bias voltage. The input capacitances obtained for the power SC-MOSFET
structure are shown in Fig. 4.21 at a drain bias of 20 V. The input capacitance is
comprised of two components – the first is between the gate electrode and the
source electrode (CGS) while the second is between the gate electrode and the base
electrode (CGB). The total input capacitance can be obtained by the addition of
these capacitances because they are in parallel and share a common contact ele-
ctrode in the actual power SC-MOSFET structure. From the figure, a total specific
input capacitance of about 13 nF/cm2 is observed at a gate bias of 4.5 V – close to
that predicted by the analytical model.

The drain-gate (reverse transfer) capacitance can be extracted by performing the
numerical simulations with a small AC signal superposed on the DC drain bias
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voltage. The values obtained for the 30-V power SC-MOSFET structure are shown
in Fig. 4.22. The gate-to-drain and base-to-drain capacitances are shown in the
figure for comparison. Both of these capacitances decrease with increasing drain
bias voltage until about 7 V and then fall abruptly as expected from the analytical
model based up on the pinch-off of the JFET region. It can be observed from this
figure that the reverse transfer (gate-drain) capacitance becomes extremely small in
magnitude when compared to the output (base-drain) capacitance for the power
SC-MOSFET structure. This implies a greatly reduced feedback path between the
drain and the gate electrodes which is beneficial to the switching speed and power
loss for the power SC-MOSFET structure. The values for the reverse transfer and
output capacitances obtained by using the analytical models are in good agreement
with the simulation values. The reverse transfer capacitance for the power SC-
MOSFET structure is also shown in Fig. 4.23 to provide a more detailed view of its
small values at high drain bias voltages.

The extremely small reverse transfer capacitance for the power SC-MOSFET
structure has been experimentally observed in the SSCFET products [4]. The
datasheets also show the abrupt reduction of the reverse transfer and output
capacitances after the drain bias increases beyond the pinch-off of the JFET region.
The ten-times smaller ratio of the reverse transfer to the input capacitance for the
SC-MOSFET structure when compared with the D-MOSFET and U-MOSFET
structures provides strong immunity to [dV/dt] induced turn-on when the device
is operated in VRM applications.
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4.6 Gate Charge

It is standard practice in the industry to provide the gate charge for power MOSFET
structures as a measure of their switching performance. The gate charge can be
extracted by the application of a constant current source at the gate terminal while
turning-on the power MOSFET structure from the blocking state. The linearized
current and voltage waveforms observed during the turn-on process are illustrated
in Fig. 6.98 in the textbook [3]. The various components for the gate charge are also
defined in this figure.

The gate charge components for the power SC-MOSFET structure are given by
similar equations. However, adjustments must be made because the gate transfer
capacitance for this device structure is close to zero during the transition from a
drain bias of VDS to the pinch-off voltage (VP,JFET) for the JFET region. Due to the
nearly zero gate transfer capacitance, an instantaneous drop in drain voltage from
VDS to VP,JFET can occur at the beginning of the gate plateau phase. After this, the
gate transfer capacitance is given by (4.16) including the impact of the screening
factor (KS). The gate transfer charge corresponding to the transition where the drain
voltage changes from VP,JFET to VON is given by:

QGD ¼ 2KGqeSNDJ

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VP;JFETC
2
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qeSNDJ

s

%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
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qeSNDJ

s2

4

3

5 (4.26)

The other components of the gate charge are similar to those already provided in the
textbook:

QSW ¼QGS2 þQGD (4.27)

QG ¼ CGS þCGD VDSð Þ½ )VGP þQGD þ CGS þCGD VONð Þ½ ) VG %VGPð Þ (4.28)

The gate charge values obtained for the 30-V power SC-MOSFET structure
with source electrode in the trenches by using the above analytical equations are:
QGD ¼ 90.4 nC/cm2; QSW ¼ 92 nC/cm2; and QG ¼ 333 nC/cm2. The gate transfer
charge for the power SC-MOSFET structure is much smaller than that for the power
MOSFET structures discussed in the previous chapters. It can be concluded that the
power SC-MOSFET structure is well suited for high frequency applications where
both the specific on-resistance and switching losses must be optimized.

Equations for the gate voltage, drain current, and drain voltage waveforms
obtained by using the analytical model are provided in the textbook [3]. However,
the drain voltage waveform for the power SC-MOSFET structure must be reformu-
lated because the gradual transition occurs from the pinch-off voltage for the JFET
region to the on-state voltage drop. Due to the very small reverse transfer capaci-
tance for the power SC-MOSFET structure at larger drain bias voltages, the drain
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voltage first reduces abruptly from VDS to VP,JFET. After this, the drain voltage is
determined by the gate transfer capacitance given by (4.16):

vD tð Þ¼ qeSNDJ

2C2
OX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VP;JFETC
2
Ox

qeSNDJ

s

% JGCOX t% t2ð Þ
2KGq eSNDJ

2

4

3

5
2

%1

8
<

:

9
=

; (4.29)

from t ¼ t2 to t ¼ t3.
The waveforms obtained for the 30-V power SC-MOSFET structure – using 3-mm

cell pitch, gate width of 1 mm, and a gate oxide thickness of 500 Å – using these
equations are provided in Fig. 4.24. A gate drive current density of 0.67 A/cm2 was
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Fig. 4.24 Analytically computed waveforms for the 30-V power SC-MOSFET structure
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used to turn on the device from a steady-state blocking voltage of 20 V to match the
results of two dimensional numerical simulations discussed below. The specific
input capacitance was assumed to be 15 nF/cm2.

The gate voltage initially increases linearly with time. After reaching the thresh-
old voltage, the drain current can be observed to increase very quickly because of
the large transconductance for this device structure. The drain current density
increases until it reaches an on-state current density of 150 A/cm2. The on-state
current density determines the gate plateau voltage which has a value of 1.31 V for
a threshold voltage of 1.2 V at this drain bias. During the gate voltage plateau phase,
the drain voltage drops abruptly from the drain supply voltage of 20 V to the JFET
region depletion voltage of 6.4 V. The drain voltage then decreases in a non-linear
manner until it reaches the on-state voltage drop. After this time, the gate voltage
again increases but at a slower rate than during the initial turn-on phase due to the
larger gate transfer capacitance.

4.6.1 Simulation Example

The gate charge for the 30-V power SC-MOSFET structure was extracted by using
the results of two-dimensional numerical simulations of the cell described in the
previous sections. The device was turned-on from blocking state with a drain bias of
20 V by driving it using a gate current of 1 # 10–8 A/mm (equivalent to 0.67 A/cm2

for the area of 1.5 # 10–8 cm2). Once the drain current density reached 150 A/cm2,
the drain current was held constant resulting in a reduction of the drain voltage. The
gate plateau voltage for this drain current density was found to be 1.7 V. Once the
drain voltage reached the on-state value corresponding to the gate plateau voltage,
the gate voltage increased to the steady-state value of 10 V.

The gate charge waveforms obtained by using an input gate current density of
0.67 A/cm2 when turning on the power SC-MOSFET structure from a blocking
state with drain bias of 20 V are shown in Fig. 4.25. The on-state current density is
150 A/cm2 at a DC gate bias of 10 V at the end of the turn-on transient. The gate
voltage increases at a constant rate at the beginning of the turn-on process as
predicted by the analytical model. When the gate voltage reaches the threshold
voltage, the drain current begins to increase. The drain current increases very
rapidly until it reaches the on-state current density of 150 A/cm2.

Once the drain current reaches the on-state value, the gate voltage remains
approximately constant at the plateau voltage (VGP). The plateau voltage for this
structure is 1.7 V for the drain current density of 150 A/cm2 as governed by the
transconductance of the device. The drain voltage drops abruptly from the supply
voltage of 20 V of about 6.5 V (the JFET pinch-off voltage) as predicted by the
analytical model. The drain voltage then decreases during the plateau phase in a
non-linear manner. After the end of the plateau phase, the gate voltage again
increases until it reaches the gate supply voltage. The waveforms obtained using
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the numerical simulations show a significant increase in the gate voltage during the
plateau phase of the waveform. This indicates a reduction of the transconductance
of the SC-MOSFET structure as the drain voltage is decreasing from 20 V to the on-
state voltage drop. This change in transconductance with drain bias is evident in the
output characteristics previously shown in Fig. 4.17.

The values for the various components of the gate charge extracted from the
numerical simulations are compared with those calculated by using the analytical
model in Fig. 4.26. There is excellent agreement between these values indicating
that the analytical model is a good representation of the physics of turn-on for
power SC-MOSFET structure. It can be concluded from these gate charge values
that the SC-MOSFET structure has much superior switching performance when
compared with the D-MOSFET and U-MOSFET structures.
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Fig. 4.25 Turn-on waveforms for the 30-V power SC-MOSFET structure
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4.7 Device Figures of Merit

Significant power switching losses can arise from the charging and discharging of
the large input capacitance in power MOSFET devices at high frequencies. The
input capacitance (CIN) of the power MOSFET structure must be charged to the
gate supply voltage (VGS) when turning on the device and then discharged to 0 V
when turning off the device during each period of the operating cycle. The total
power loss can be obtained by summing the on-state power dissipation for a duty
cycle d ¼ tON/T and the switching power losses:

PT ¼ PON þ PSW ¼ dRONI
2
ON þ CINV

2
GS f (4.30)

where RON is the on-resistance of the power MOSFET structure, ION is the on-state
current, and f is the operating frequency. In writing this equation, the switching
power losses due to the drain current and voltage transitions has been neglected.
A minimum total power loss occurs for each power MOSFET structure at an
optimum active area as shown in the textbook [3]. The on-state and switching
power losses are equal at the optimum active area. The optimum active area at
which the power dissipation is minimized is given by:

AOPT ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
RON;sp

CIN;sp

s
ION
VGS

" # ffiffiffi
d
f

s !

(4.31)

From the first term in this expression, a useful technology figure-of-merit can be
defined:

FOMðAÞ ¼ RON;sp

CIN;sp
(4.32)

Specific Gate 
Charge

Numerical
Simulation
(nC / cm2)

Analytical 
Model

(nC / cm2)
QGS1

QGS2

QGS

QGD

QSW

QG

23 18.1

16 1.6

39 19.8

73 90.4

89 92.0

360 332.7

Fig. 4.26 Gate charge extracted from numerical simulations for the power SC-MOSFET structure
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In the power electronics community, there is trend towards increasing the
operating frequency for switch mode power supplies in order to reduce the size
and weight of the magnetic components. The ability to migrate to higher operating
frequencies in power conversion circuits is dependent on making enhancements to
the power MOSFET technology. From the above equations, an expression for the
minimum total power dissipation can be obtained [3]:

PT minð Þ ¼ 2IONVGS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dRON;spCIN;spf

p
(4.33)

A second technology figure of merit related to the minimum power dissipation can
be defined as:

FOMðBÞ ¼ RON;spCIN;sp (4.34)

In most applications for power MOSFET structures with high operating fre-
quency, the switching losses associated with the drain current and voltage transi-
tions become a dominant portion of the total power loss. The time period associated
with the increase of the drain current and decrease of the drain voltage is deter-
mined by the charging of the device capacitances. It is therefore common practice
in the industry to use the following figures-of-merit to compare the performance of
power MOSFET products [3]:

FOMðCÞ ¼ RON;spQGD;sp (4.35)

and

FOMðDÞ ¼ RON;spQSW;sp (4.36)

Although FOM(D) encompasses both the drain current and voltage transitions, it is
customary to use FOM(C) because the gate-drain charge tends to dominate in
the switching gate charge. One advantage of using these expressions is that the
figure-of-merit becomes independent of the active area of the power MOSFET
device.

The figures of merit computed for the power SC-MOSFET structure discussed in
earlier sections of this chapter are provided in Fig. 4.27. The figure of merit usually

Figures of Merit VG = 4.5 V VG = 10 V

18,080 15,500

FOM(B) (ps) 3.06 2.63

21.2 18.2

21.5 18.5

FOM(A) (Ω2cm4s–1)

FOM(C) (mΩ∗nC)

FOM(D) (mΩ∗nC)

Fig. 4.27 Figures of merit for the power SC-MOSFET structure
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used for comparison of device technologies in the literature is FOM(C). Most often,
the value for this figure of merit at a gate bias of 4.5 V is utilized for selection of
devices in the voltage regulator module application. In comparison with the power
D-MOSFET structure (see Chap. 2), the power SC-MOSFET structure has a FOM
(C) that is 14-times smaller. In comparison with the conventional power
U-MOSFET structure (see Chap. 3), the power SC-MOSFET structure has a
FOM(C) that is 5.7-times smaller. In comparison with the power U-MOSFET
structure with thicker oxide at the trench bottom surface (see Chap. 3), the power
SC-MOSFET structure has a FOM(C) that is 4.8-times smaller. Consequently, the
power SC-MOSFET structure offers significant improvement in circuit perfor-
mance while utilizing a simple planar fabrication process.

4.8 Discussion

The physics of operation and resulting electrical characteristics of the power
SC-MOSFET structure have been described in this chapter. The specific on-resistance
for this device structure is significantly reduced when compared with the power
D-MOSFET structure due to its very short (shielded) channel length, enhanced
doping concentration in the JFET region using a retrograde doping profile, and
small cell pitch. The specific on-resistance for the power SC-MOSFET structure is
comparable to that of the power U-MOSFET structure. In addition, the reverse
transfer capacitance and gate charge for the power SC-MOSFET structure are much
smaller than those for the power D-MOSFET and U-MOSFET structures. Conse-
quently, the figure-of-merit FOM(C) for the power SC-MOSFET structure is
superior to that for the power D-MOSFET and U-MOSFET structures. The com-
mercially developed devices [4] have been found to exhibit the characteristics
described in this chapter using analytical models and numerical simulations. They
have been found to improve the efficiency of Voltage-Regulator-Modules by over
5% especially under higher operating frequencies.

For purposes of comparison with the power MOSFET structures discussed in
subsequent chapters, the analysis of the power SC-MOSFET structure is provided
here for a broad range of blocking voltages. In this analysis, the power
SC-MOSFET structure was assumed to have the following parameters: (a) Nþ

source junction depth of 0.075 mm; (b) P-base junction depth of 0.235 mm; (c) Pþ

region junction depth of 0.6 mm; (d) gate oxide thickness of 500 Å; (e) polysilicon
window width of 2 mm; (f) JFET region doping concentration of 1.3 # 1017/cm3;
(g) threshold voltage of 2 V; (h) gate drive voltage of 10 V; (i) inversion mobility of
450 cm2/V s; ( j) accumulation mobility of 1,000 cm2/V s. The contributions from
the contacts and the Nþ substrate were neglected during the analysis. The doping
concentration and thickness of the drift region were determined under the assump-
tion that the edge termination (in conjunction with the graded junction doping
profiles) limits the breakdown voltage to 90% of the parallel-plane breakdown
voltage. The device parameters pertinent to each blocking voltage are provided in
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Fig. 4.28. It can be observed that the doping concentration must be greatly reduced
with increasing blocking voltage capability while simultaneously increasing the
thickness of the drift region.

The gate electrode width was optimized for each breakdown voltage to achieve
the minimum specific on-resistance in the power SC-MOSFET structure. The
specific on-resistance obtained by using the analytical model for the power
SC-MOSFET structure as a function of the width of the gate electrode is shown
in Fig. 4.29 for the case of various breakdown voltages. Note that a logarithmic
scale has been used for the vertical axis because of the large range of values for the
specific on-resistance. The two zone model (see Fig. 6.41 in the textbook) was used
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Fig. 4.28 Device parameters for the power SC-MOSFET structures
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for all of the power SC-MOSFET structures because of the small width of the
polysilicon window. From Fig. 4.29, it can be observed that the minimum specific
on-resistance occurs at a larger optimum gate electrode width for the power
SC-MOSFET structures with larger blocking voltages.

The optimum gate electrode width and minimum specific on-resistances for the
power SC-MOSFET structures are provided in Fig. 4.30. The optimum gate elec-
trode width for the power SC-MOSFET structures is much smaller than that for
the power D-MOSFET structure due to the unique retrograde JFET region doping
profile with much larger doping concentration. However, a small gate width (1 mm)
is preferable for reducing the gate transfer charge. The specific on-resistance values
for this case can be compared with the ideal specific on-resistance obtained by using
Baliga’s power law for the impact ionization coefficients in Fig. 4.31. From this
figure, it can be concluded that the specific on-resistance for the SC-MOSFET
structure is always larger than the ideal specific on-resistance. For blocking voltages
below 60 V, the specific on-resistance for the power SC-MOSFET structure
becomes substantially larger than the ideal case.

The specific gate transfer charge for the power SC-MOSFET structures was
obtained by using the analytical model (see 4.26). During this analysis, the devices
were assumed to be operated at an on-state current density that results in a power
dissipation of 100 W/cm2 as determined by the specific on-resistance for each
device. The on-state current density values are provided in Fig. 4.32. The drain
supply voltage used for this analysis was chosen to be two-thirds of the breakdown
voltage. The drain supply voltage values are also provided in Fig. 4.32.

The specific gate transfer charge values calculated by using the analytical model
for the power SC-MOSFET structure are given in Fig. 4.32 as a function of the
breakdown voltage. These values are also plotted in Fig. 4.33 as a function of the
breakdown voltage. It can be observed that the gate transfer charge decreases
gradually with increasing breakdown voltage until a breakdown voltage of 300 V.
The specific gate transfer charge then decreases drastically at higher breakdown
voltages. This behavior occurs because the on-state voltage drop for the power
SC-MOSFET begins to approach the pinch-off voltage for the JFET region as the

Blocking Voltage 
(V)

Optimum
Gate Width
(microns)

Specific On-
Resistance
(mW-cm2)

30 0.149

60 0.503

100 1.40

200 6.83

300 18.0

600 99.6
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2.2
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5.9

8.2

10.4 359

Fig. 4.30 Optimized specific on-resistance for the power SC-MOSFET structures
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breakdown voltage is increased above 300 V. No power law fit is appropriate for
this behavior.

The figure-of merit (C) – product of the specific on-resistance and the specific
gate transfer charge – for the optimized power SC-MOSFET structures was
obtained by determining the gate transfer charge for the cell with a gate width of
1 mm using the analytical model (see 4.26). During this analysis, the devices were
assumed to be operated at an on-state current density that results in a power
dissipation of 100 W/cm2 as determined by the specific on-resistance for each
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(V)

Drain Supply 
Voltage
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Current 
Density 
(A / cm2)

Specific Gate 
Transfer 
Charge 
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30 20 697 88

60 40 407 86

100 67 249 83

200 133 116 74

300 200 72.5 65

600 400 31.3 38

1000 667 16.6 3.8

Fig. 4.32 Parameters used for gate transfer charge analysis for the power SC-MOSFET structures
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device. A gate width of 1 mmwas used for the power SC-MOSFET structure, rather
than the optimum gate width for achieving minimum specific on-resistance,
because the device was developed for applications such as VRMs where low gate
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charge (and consequently low FOM(C)) is required. The resulting values for the
FOM(C) are plotted in Fig. 4.34 as a function of the breakdown voltage of the power
SC-MOSFET structure. It can be observed that the FOM(C) increases in a linear
fashion on this log-log graph for breakdown voltages ranging from 60 to 600 V
indicating a power law relationship. The power law relationship that fits the data is
shown in the figure by the dashed line. The equation for this line is:

FOM Cð Þ¼RON;spQGD;sp ¼ 0.01152 BV2:032 (4.37)

where the FOM(C) has units of mO nC. The FOM(C) has a smaller value than
predicted by the power law fit for the 1,000-V device because the on-state
voltage drop at the operating current density is very close to the JFET pinch-
off voltage.
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Chapter 9
SiC Planar MOSFET Structures

In Chap. 1, it was demonstrated that the specific on-resistance of power MOSFET
devices can be greatly reduced by replacing silicon with wide band gap semicon-
ductors. Among wide band gap semiconductors, the most progress with creating
power MOSFET structures has been achieved using silicon carbide. Silicon carbide
power device structures have been discussed in detail in a previous book [1]. In that
book, it was shown that the conventional planar power D-MOSFET structure,
developed and widely utilized for silicon, is not suitable for the development of
silicon carbide devices. Two problems are encountered when utilizing the conven-
tional power D-MOSFET structure for silicon carbide. The first problem is the
much larger threshold voltage required to create an inversion layer in silicon
carbide due to its much greater band gap. The doping concentration required in
the P-base region to achieve a typical threshold voltage of 2 V is so low that the
device cannot sustain a high blocking voltage due to reach-through of the depletion
layer in the base region. The second problem is the very high electric field generated
in the gate oxide because the electric field in the silicon carbide drift region under
the gate is an order to magnitude larger than for silicon devices. This leads to
rupture of the gate oxide at large blocking voltages.

For a planar power MOSFET structure, these issues can be addressed in a
satisfactory manner by shielding the channel from the high electric field developed
in the drift region. The concept of shielding of the channel region in a planar power
MOSFET structure was first proposed [2] at PSRC in the early 1990s with a U.S.
patent issued in 1996. The shielding was accomplished by formation of either a P+

region under the channel or by creating a high resistivity conduction barrier region
under the channel. The shielding approach also allowed the creation of a new power
MOSFET structure called the ACCUFET where an accumulation layer is utilized to
create the channel. The accumulation mode of operation allows achieving the
desired typical threshold voltage and also provides a much larger channel mobility
to reduce the channel resistance contribution.

In this chapter, the basic principles of operation of the shielded planar inversion-
mode and accumulation-mode silicon carbide power MOSFET structures are
described. The impact of shielding on ameliorating the reach-through breakdown
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in silicon carbide is described. The difference between the threshold voltage for
inversion and accumulation mode silicon carbide structures is then analyzed based
up on fundamental considerations. The results of the analysis of the shielded planar
silicon carbide MOSFET structures by using two-dimensional numerical simula-
tions are described in this chapter as in the case of all the silicon devices. It is shown
that the shielding concept also enables reduction of the electric field developed in
the gate oxide leading to the possibility of fully utilizing the breakdown field
strength of the underlying semiconductor drift region. The shielded accumula-
tion-mode MOSFET structures (named the ACCUFET) discussed in this chapter
have very promising characteristics for high voltage motor control applications.

9.1 Shielded Planar Inversion-Mode MOSFET Structure

The basic structure of the shielded planar inversion-mode power MOSFET struc-
ture is shown in Fig. 9.1. The structure contains a sub-surface P+ shielding region
which extends under both the N+ source region and the P-base region. The P+

shielding region is shown to extend beyond the edge of the P-base region in the
figure. However, the P-base and the P+ shielding region can also be formed by using
a self-aligned ion-implantation process. The space between the P+ shielding
regions, indicated in the figure as the JFET region, is optimized to obtain a low
specific on-resistance while simultaneously shielding the gate oxide interface and
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Fig. 9.1 Shielded planar inversion-mode power MOSFET structure
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the P-base region from the high electric field in the drift region. A potential barrier
is formed at location A after the JFET region becomes depleted by the applied drain
bias in the blocking mode. This barrier prevents the electric field from becoming
large at the gate oxide interface and at the P-base/N-drift junction. When a positive
bias is applied to the gate electrode, an inversion layer channel is formed at the
surface of the P-base region in the structure enabling the conduction of drain current
with a low specific on-resistance. The specific on-resistance of the silicon carbide
inversion-mode power MOSFET structure is limited by the channel resistance as
described below.

9.1.1 Blocking Mode

In the forward blocking mode of the silicon carbide shielded planar inversion-mode
power MOSFET structure, the voltage is supported by a depletion region formed on
both sides of the P+ region/N-drift junction. The maximum blocking voltage is
determined by the electric field at this junction becoming equal to the critical
electric field for breakdown if the parasitic N+/P/N bipolar transistor is completely
suppressed. This suppression is accomplished by short-circuiting the N+ source and
P+ regions using the source metal as shown on the upper left hand side of the cross-
section. If the doping concentration of the P+ region is large, the reach-through
breakdown problem is completely eliminated. In addition, the high doping concen-
tration in the P+ region promotes the depletion of the JFET region at lower drain
voltages providing enhanced shielding of the channel and gate oxide.

In the conventional power D-MOSFET structure, the minimum P-base thick-
ness and doping concentration are constrained by the reach-through limitation.
This does not occur in the silicon carbide shielded planar inversion-mode power
MOSFET structure due to shielding of the P-base region from the drain potential
by the P+ shielding region. This allows reducing the channel length to less than
1 mm. In addition, the doping concentration of the P-base region can be reduced to
achieve a desired threshold voltage without reach-through induced breakdown.
The smaller channel length and threshold voltage reduce the channel resistance
contribution.

As in the case of the planar silicon power D-MOSFET structure, the maximum
blocking voltage capability of the silicon carbide shielded inversion-mode planar
MOSFET structure is determined by the drift region doping concentration and
thickness. However, to fully utilize the high breakdown electric field strength
available in silicon carbide, it is necessary to screen the gate oxide from the high
field within the semiconductor. In the shielded planar MOSFET structure, this is
achieved by the formation of a potential barrier at location A by the depletion of the
JFET region at a low drain bias voltage. The maximum electric field in the gate
oxide can be made not only below its rupture strength but lower than values
required for reliable operation over long time durations.
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9.1.1.1 Simulation Results

The results of two-dimensional numerical simulations on the 600 V shielded
4H-SiC planar power MOSFET structure are described here to provide a more
detailed understanding of the underlying device physics and operation during the
blocking mode. The structure used for the numerical simulations had a drift
region thickness of 4 mm below the P+ shielding region with a doping concentration
of 5 " 1016 cm#3. The P+ region extended from a depth of 0.2 to 1.0 mm with a
doping concentration of 1 " 1019 cm#3. The P-base and N+ source regions were
formed within the 0.2 mm of the N-drift region located above the P+ region. The
doping concentration of the P-base region was 5 " 1016 cm#3. For the numerical
simulations, the cell structure (with a width of 4 mm) illustrated in Fig. 9.1 was
utilized as a unit cell that is representative of the structure. Due to high doping
concentration in the drift region for the 600-V 4H-SiC devices, the doping concen-
tration in the JFET region was not enhanced as is usually required for silicon
devices.

A three dimensional view of the doping distribution in the 600 V shielded 4H-
SiC planar power MOSFET structure is shown in Fig. 9.2 with the upper surface of
the structure located on the right hand side in order to display the doping concen-
tration in the vicinity of the channel. The highly doped P+ shielding region is
prominently located just below the surface. The P-base region can be observed to
have a much lower doping concentration. The junction between the P-base region
and N-JFET region is also visible.
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The lateral doping profile taken along the surface of the 600 V shielded 4H-SiC
planar power MOSFET structure is shown in Fig. 9.3. From the profile, it can be
observed that the channel extends from 2 to 3 mm creating a channel length of 1 mm
in the P-base region. The doping concentration of the JFET region is the same as
that of the N-drift region. The N+ source region and the P+ contact region for
shorting the source to the base region are visible on the left-hand-side. All the
regions were defined with uniform doping with abrupt interfaces between them due
to the low diffusion rates for dopants in 4H-SiC material.

The vertical doping profile taken at two positions within the 600 V shielded
4H-SiC planar power MOSFET structure are provided in Fig. 9.4. From the profile
taken at x = 1 mm through the N+ source region (solid line), it can be observed that
the doping concentration of the P+ shielding region has a maximum value of
1 " 1019 cm#3 at a depth ranging from 0.2 to 1.0 mm. The P-base region is
located between the N+ source region and the P+ shielding region with a doping
concentration of 5 " 1016 cm#3. From the profile taken at x = 4 mm (dashed
line), it can be observed that the JFET region has doping concentration of
5 " 1016 cm#3.

The blocking characteristics for the 600 V shielded 4H-SiC planar power
MOSFET structure were obtained by using zero gate bias. Due to the very small
intrinsic concentration in 4H-SiC, no substantial leakage current is observed at room
temperature. This also confirms that the reach-through of the P-base region has
been suppressed by the P+ shielding region. The potential contours within the
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shielded 4H-SiC planar power MOSFET structure at a drain bias of 600 V are
provided in Fig. 9.5. It can be observed that the drain voltage is supported below
the P+ shielding region. The potential contours do not extend into the P-base region
indicating that it is shielded from the drain potential by the P+ shielding region. The
potential contours are crowding at the edge of the P+ shielding region indicating an
enhanced electric field. This can be clearly observed in Fig. 9.6 which provides a
three-dimensional view of the electric field distribution. In this figure, it can also be
observed that the electric field in the JFET region, andmost importantly at the surface
under the gate oxide, has been greatly reduced by the presence of the P+ shielding
region.

It is insightful to examine the electric field profile in the JFET region within the
600 V shielded 4H-SiC planar power MOSFET structure when it is operating in the
blocking mode. The electric field profiles obtained through the middle of the JFET
region are shown in Fig. 9.7 at various drain bias voltages. It can be observed that
the maximum electric field in the JFET region occurs at a depth of 1.5 mm from the
surface. This reduces the electric field at the surface under the gate oxide to about
one-third of the electric field in the bulk below the P+ shielding region. Conse-
quently, the electric field in the gate oxide is reduced to about 3 " 106 V/cm. The
low electric field in the gate oxide for the 600 V shielded 4H-SiC planar power
MOSFET structure prevents gate oxide rupture and allows stable device perfor-
mance over long periods of time. An even further reduction of electric field in the
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gate oxide can be achieved by reducing the width of the JFET region at the expense
of a small increase in the on-resistance.

9.1.2 Threshold Voltage

The threshold voltage of the power MOSFET devices is an important design
parameter from an application stand-point. A minimum threshold voltage must be
maintained at above 1 V for most system applications to provide immunity against
inadvertent turn-on due to voltage spikes arising from noise. At the same time, a
high threshold voltage is not desirable because the voltage available for creating the
charge in the channel is determined by (VG – VTH) where VG is the applied gate bias
voltage and VTH is the threshold voltage. Most power electronic systems designed
for high voltage operation (the most suitable application area for silicon carbide
devices) provide a gate drive voltage of only up to 10 V. Based upon this criterion,
the threshold voltage should be kept at 2 V in order to obtain a low channel
resistance contribution.

For the inversion-mode shielded planar MOSFET structure, the threshold volt-
age can be modeled by defining it as the gate bias at which on-set of strong
inversion begins to occur in the channel. This voltage can be determined using [3]
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VTH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4eSkTNA lnðNA=niÞ

p

Cox
þ 2kT

q
ln

NA

ni

" #
(9.1)

where NA is the doping concentration of the P-base region, k is Boltzmann’s
constant, and T is the absolute temperature. The presence of positive fixed oxide
charge shifts the threshold voltage in the negative direction by

DVTH ¼ QF

Cox
(9.2)

A further shift of the threshold voltage in the negative direction by 1 V can be
achieved by using heavily doped N-type polysilicon as the gate electrode as
routinely done for silicon power MOSFET structures.

The analytically calculated threshold voltage for 4H-SiC inversion-mode
MOSFET structures are provided in Fig. 9.8 for the case of a gate oxide thickness
of 0.05 mm as a function of the P-base doping concentration with the inclusion of
a metal-semiconductor work-function difference of 1 V. It can be observed that
the model predicts a threshold voltage of about 6.5 V even for a relatively low
P-base doping concentration of 5 " 1016 cm#3. It is difficult to reduce the thresh-
old voltage below 3 V for the inversion-mode structure. This is one reason for
the development of accumulation-mode power MOSFET structures for silicon
carbide.
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9.1.3 On-State Resistance

In the silicon carbide shielded inversion-mode planar MOSFET structure, current
flow between the drain and source can be induced by creating an inversion layer
channel on the surface of the P-base region. The current flows through the channel
formed due to the applied gate bias into the JFET region via the accumulation
layer formed above it under the gate oxide. It then spreads into the N-drift region at
a 45' angle and becomes uniform through the rest of the structure. The total on-
resistance for the silicon carbide shielded inversion-mode planar SiC MOSFET
structure is determined by the resistance of the components in the current path

Ron;sp ¼RCH þRA þRJFET þRD (9.3)

where RCH is the channel resistance, RA is the accumulation region resistance, RJFET

is the resistance of the JFET region, RD is the resistance of the drift region after
taking into account current spreading from the JFET region. For consistency with
previous chapters, the resistance of the N+ substrate has been omitted in the above
analysis even though the substrate contribution for 4H-SiC can be very large unless
its thickness is reduced to below 50 mm. The resistances can be analytically modeled
by using the current flow pattern indicated by the shaded regions in Fig. 9.9.
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9.1.3.1 Channel-Resistance

For the shielded planar SiC MOSFET structure with the P-base region, the specific
channel resistance is given by

RCH ¼ LCHWCellð Þ
2 minvCoxðVG # VTHÞ

(9.4)

where LCH is the channel length as shown in Fig. 9.9, minv is the mobility for
electrons in the inversion layer channel, Cox is the specific capacitance of the gate
oxide, VG is the applied gate bias, and VTH is the threshold voltage. Although an
inversion layer mobility of 165 cm2/V-s has been observed in lateral MOSFET
structures [4], the inversion layer mobility in high voltage 4H-SiC power MOSFET
structure [5] is usually only 10–20 cm2/V-s. The relatively low inversion layer
mobility makes the channel resistance component dominant in the shielded planar
SiC MOSFET structure.

In the case of the 600 V shielded planar 4H-SiC MOSFET structure, the cell
width will be assumed to be 8 mm with a channel length of 1 mm. The threshold
voltage for the inversion mode structure is 4.5 V despite the low doping concentra-
tion of 5 " 1016 cm#3 for the P-base region. Using a gate oxide thickness is 500 Å,
and an inversion layer mobility of 12 cm2/V-s in the above equation, the specific
resistance contributed by the channel at a gate bias of 10 V is found to be
8.88 mO cm2. This value is much larger than the ideal specific on-resistance of
0.0262 mO cm2 for the drift region of a 600-V 4H-SiC device.

9.1.3.2 Accumulation-Resistance

In the shielded planar SiC MOSFET structure, the current flowing through the
inversion channel enters the JFET region at the edge of the P-base junction. The
current spreads downwards from the edge of the P-base junction into the JFET
region. The current spreading phenomenon is aided by the formation of an accu-
mulation layer in the semiconductor below the gate oxide due to the positive gate
bias applied to turn-on the device. The specific on-resistance contributed by the
accumulation layer in the shielded planar SiC MOSFET structure is given by

RA;SP ¼ KA
WJWCell

4mnACOX VG # VTHð Þ
(9.5)

In writing this expression, a coefficient KA has been introduced to account for the
current spreading from the accumulation layer into the JFET region. A typical value
for this coefficient is 0.6 based upon the current flow observed from numerical
simulations of shielded planar SiC MOSFET structures. The threshold voltage in
the expression is for the on-set of formation of the accumulation layer. A zero
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threshold voltage will be assumed here when performing the analytical computa-
tions. Note that the width of the JFET region defines the length of the accumulation
region.

In the case of n-channel 4H-SiC MOSFET structures, accumulation layer mobi-
lity values of 100–200 cm2/V-s have been experimentally observed [6]. Using an
accumulation layer mobility of 180 cm2/V-s for the 600-V shielded planar SiC
MOSFET structure with a cell width of 8 mm and JFET width of 2 mm, the specific
resistance contributed by the accumulation layer at a gate bias of 10 V is found to be
0.196 mO cm2 if the gate oxide thickness is 500 Å.

9.1.3.3 JFET-Resistance

The electrons entering from the channel into the drift region are distributed into the
JFET region via the accumulation layer formed under the gate electrode. The
spreading of current in this region was accounted for by using a constant KA of
0.6 for the accumulation layer resistance. Consequently, the current flow through
the JFET region can be treated with a uniform current density. In the shielded planar
SiC MOSFET structure, the cross-sectional area for the JFET region is uniform
with the width given by

a ¼ WJ # 2W0ð Þ (9.6)

where W0 is the zero-bias depletion width for the JFET region. The zero-bias
depletion width (W0) in the JFET region can be computed by using its doping
concentrations on both sides of the junction

W0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2eSVbi

qNDJ

s

(9.7)

where NDJ is the doping concentration in the JFET region. The built-in potential is
also related to the doping concentrations on both sides of the junction

Vbi ¼
kT

q
ln

NANDJ

n2i

" #
(9.8)

where NA is the doping concentration in the P+ shielding region. Compared with
silicon devices, the built-in potential for 4H-SiC is about 3-times larger.

The specific on-resistance contributed by the JFET region in the shielded planar
SiC MOSFET structure can be obtained by using

RJFET;SP ¼ rJFETtPþWCell

WJ # 2W0ð Þ (9.9)
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where rJFET is the resistivity of the JFET region given by

rJFET ¼ 1

qmnNDJ
(9.10)

where mn is the bulk mobility appropriate to the doping level of the JFET region. In
the case of the 600-V shielded planar 4H-SiC MOSFET structure with a doping
concentration of 5 " 1016 cm#3 in the N-drift and JFET regions, the resistivity for
the JFET region is found to be 0.156 O cm. The zero-bias depletion width in the
JFET region for this JFET doping concentration is 0.254mm based up on a built-in
potential of 3 V. For the 600-V shielded planar SiC MOSFET structure with a cell
width of 8 mm and JFET width of 2 mm, the specific resistance contributed by the
JFET region is found to be 0.067 mO cm2 based up on using the above parameters
with a P+ region thickness (tP+) of 0.8 mm.

9.1.3.4 Drift-Resistance

The resistance contributed by the drift region in the shielded planar SiC MOSFET
structure is enhanced above that for the ideal drift region due to current spreading
from the JFET region. The cross-sectional area for the current flow in the drift
region increases from the width ‘a’ of the JFET region at a 45' angle as illustrated in
Fig. 9.9 by the shaded area. For the 600-V shielded planar SiC MOSFET structure,
the current paths in the drift region overlap at a depth of WP+/2 from the bottom of
the P+ shielding region. The specific on-resistance contributed by the drift region
with this model is given by

RD;SP ¼
rDWCell

2
ln

aþWPþ

a

$ %
þ rD t # WPþ=2ð Þ½ ) (9.11)

For the parameters given above for this structure, the dimension ‘a’ in the
equation is found to be 1.49 mm. For the 600-V shielded planar 4H-SiC MOSFET
structure with a cell width of 8 mm and JFET width of 2 mm, the specific resistance
contributed by the drift region is then found to be 0.117mO cm2 by using a resistivity
of the drift region of 0.156 O cm (based upon a doping concentration of
5 " 1016 cm#3) and a drift region thickness of 4 mm below the P+ shielding region.

9.1.3.5 Total On-Resistance

The total specific on-resistance for the 600-V shielded planar 4H-SiC MOSFET
structure with a cell width of 8 mm and JFET width of 2 mm is obtained by adding
the above components of the resistances within the device structure. For a gate bias
of 10 V, the total specific on-resistance is found to be 9.26 mO cm2. The channel
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resistance constitutes 96% of the total specific on-resistance due to the poor
mobility for the electrons in the inversion layer. The specific on-resistance for the
600-V shielded planar 4H-SiC MOSFET structure is an order of magnitude smaller
than that for the silicon 600-V power D-MOSFET and U-MOSFET structures.
However, specific on-resistances lower than those of the 600-V shielded planar
4H-SiC MOSFET structure can be obtained by using the silicon 600-V GD-
MOSFET and SJ-MOSFET structures. Consequently, the 600-V shielded 4H-SiC
power MOSFET structure is not competitive with the best silicon technology unless
the channel mobility can be improved.

The impact of changing the width of the JFET region on the specific on-
resistance of the shielded planar 4H-SiC MOSFET structure can be determined
by using the above analytical model. The results obtained for the case of a 600-V
device structure with a P+ shielding region width of 6 mm are provided in Fig. 9.10.
For this analysis, an inversion layer mobility of 12 cm2/V-s was used. It can be
observed that the specific on-resistance goes through a minimum as the width of the
JFET region is increased. At very small widths for the JFET region, the resistance
from the JFET region and the drift region become comparable to the channel
contribution producing an increase in the total specific on-resistance. When the
width of the JFET region is increased beyond 1 mm, the channel resistance becomes
dominant producing a monotonic increase in the specific on-resistance. The
increase in the specific on-resistance between a JFET width of 1 and 2 mm is
relatively small. Consequently, this width can be optimized from the point of
view of shielding the gate oxide and P-base region from the high electric fields in
the drift region.
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9.1.3.6 Impact of Breakdown Voltage

The specific on-resistance for the shielded planar 4H-SiC MOSFET structure is
plotted in Fig. 9.11 as a function of the breakdown voltage by using the analytical
model. In performing the modeling, it is important to recognize that the thickness of
the drift region (parameter ‘t’ in Fig. 9.9) can become smaller than half the width of
the P+ shielding region at lower breakdown voltages. Under these conditions, the
current does not distribute across the entire drift region under the P+ shielding
region. The device parameters used for the plot are: channel inversion mobility of
12 cm2/V-s; a fixed JFET doping concentration of 5 " 1016 cm#3; a width of 6 mm
for the P+ shielding region; a width of 2 mm for the JFET region; a cell width of
8 mm; gate bias of 10 V; threshold voltage of 4.5 V; and a gate oxide thickness of
500 Å. From Fig. 9.11, it can be seen that specific on-resistance of 4H-SiC shielded
planar MOSFET structure is limited by the channel resistance for breakdown
voltages below 3,000 V due to the poor inversion layer mobility. The drift region
resistance can be observed to be close to the ideal specific on-resistance over most
the range of breakdown voltages. The total specific on-resistance of the 4H-SiC
shielded planar MOSFET structure approaches that of the drift region only when
the breakdown voltage exceeds 10,000 V.

9.1.3.7 Simulation Results

The transfer characteristic for the 600-V shielded 4H-SiC planar power MOSFET
structure was obtained using numerical simulations with a drain bias of 0.1 V at
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300'K. The device parameters for the structure used for the numerical simulations
were provided in the Sect. 9.1.1. The channel mobility was degraded during the
simulations to about 12 cm2/V-s. The resulting transfer characteristic is shown in
Fig. 9.12. From this graph, a threshold voltage of 4.5 can be extracted at 300'K.
This demonstrates that the threshold voltage is relatively large for the inversion-
mode 4H-SiC power MOSFET structure despite the low (5 " 1016 cm#3) doping
concentration for the P-base region. For the case of a gate bias of 10 V and 300'K,
the specific on-resistance is found to be 9.17 mO cm2 providing validation of the
analytical model. The linear increase in drain current with gate voltage indicates
that the channel resistance is dominant in the 600-V shielded 4H-SiC planar power
MOSFET structure.

The on-state current flow pattern within the 600-V shielded 4H-SiC planar
power MOSFET structure at a small drain bias of 0.1 V and a gate bias of 10 V is
shown in Fig. 9.13. In the figure, the depletion layer boundary is shown by the
dotted lines and the junction boundary is delineated by the dashed line. The
depletion layer width (W0) in the JFET region is about 0.25 mm in good
agreement with the value computed using the analytical model. It can be
observed that the current flows from the channel and distributes into the JFET
region via the accumulation layer. Within the JFET region, the cross-sectional
area is approximately constant with a width (a/2) of 0.75 mm. From the figure, it
can be seen that the current spreads from the JFET region to the drift region at a
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45' angle as assumed in the model and becomes uniform for the last 1 mm of the
drift region.

9.1.4 Capacitances

The capacitances within the shielded planar 4H-SiC MOSFET structure can be
analytically modeled using the same approach as used for the power SC-MOSFET
structure in Chap. 4. The specific input (or gate) capacitance for the shielded planar
4H-SiC MOSFET structure is given by

CIN;SP ¼CNþ þCP þCSM ¼ WG#WJð Þ
WCell

eOX
tOX

" #
þ WG

WCell

eOX
tIEOX

" #
(9.12)

where tOX and tIEOX are the thicknesses of the gate and inter-electrode oxides,
respectively. For a 600-V shielded planar 4H-SiC power MOSFET structure with
a cell width (WCELL in Fig. 9.9) of 8 mm, JFET region width of 2 mm, and gate
electrode width of 5 mm, the specific input capacitance is found to be 30 nF cm#2 for
a gate oxide thickness of 500 Å and an inter-metal dielectric thickness of 5,000 Å.
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The capacitance between the gate and drain electrodes (also called the reverse
transfer capacitance) is determined by the width of the JFET region where the gate
electrode overlaps the N-drift region. The MOS structure in this portion of the
shielded planar 4H-SiC power MOSFET structure operates under deep depletion
conditions when a positive voltage is applied to the drain. As in the case of the
power SC-MOSFET structure, the gate-drain capacitance for the shielded planar
4H-SiC MOSFET power structure is given by

CGD;SP ¼
WG#WJð Þ
WCell

COXCS;M

COX þCS;M

" #
(9.13)

where CS,M is the semiconductor capacitance under the gate oxide, which decreases
with increasing drain bias voltage. The specific capacitance of the semiconductor
depletion region can be obtained by computation of the depletion layer width. The
depletion layer width in the semiconductor under the gate oxide can be obtained
using

WD;MOS ¼
eS
COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDC
2
OX

q eSNDJ

s

# 1

8
<

:

9
=

; (9.14)

where NDJ is the doping concentration of the JFET region. The specific capacitance
for the semiconductor is then obtained using

CS;M ¼ eS
WD;MOS

(9.15)

The gate-drain (or reverse transfer) capacitance can be computed by using (9.13)
with the above equations to determine the semiconductor capacitance as a function
of the drain bias voltage.

However, as in the case of the power SC-MOSFET structure, the above equation
is only valid until the depletion region from the P+ shielding regions pinches-off the
JFET region in the shielded planar 4H-SiC power MOSFET structure. The gate-
drain capacitance then decreases at a different rate because the gate is screened
from the drain. The drain voltage at which the JFET region is pinched-off is
given by

VP;JFET ¼
qNDJ

8 eS
W2

J (9.16)

For the 600-V shielded planar 4H-SiC power MOSFET structure with JFET region
doping concentration (NDJ) of 5 " 1016 cm#3 and JFET width (WJ) of 2 mm, the
JFET region pinch-off voltage is 46.5 V. After the JFET region is pinched-off, the
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gate-drain capacitance is determined by the edge of the depletion region located
below the P+ shielding region. This distance below the gate oxide is given by

WS ¼ tPþ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2eSVD

qND

s

(9.17)

The specific capacitance for the semiconductor below the gate oxide can then be
obtained using (9.15) with the width WS.

The output capacitance for the shielded planar 4H-SiC power MOSFET struc-
ture is associated with the capacitance of the junction between the P+ shielding
region and the N-drift region. Due to pinch-off of the JFET region with increasing
drain bias voltage, it is necessary to examine the change in the depletion region
boundary with applied voltage. The depletion layer boundary inside the shielded
planar 4H-SiC power MOSFET structure prior to the pinch-off of the JFET region
is similar to that previously shown by the dashed lines in Fig. 4.19 for the power
SC-MOSFET structure. It can be observed that the depletion region has a vertical
boundary inside the JFET region and a horizontal boundary below the P+ shielding
region. The capacitances associated with each of these regions are indicated in the
figure as CS1 and CS2. The specific junction capacitance associated with the JFET
region is given by

CS1;SP ¼
eS
WDJ

2LPþ

WCell

" #
(9.18)

where the depletion region thickness (WDJ) in the JFET region is related to the drain
bias voltage

WDJ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eS VD þVbið Þ

qNDJ

s

(9.19)

The specific junction capacitance associated with the bottom of the P+ shielding
region is given by [1]

CS2;SP ¼
eS

WDD

WPþ

WCell

" #
(9.20)

where the depletion region thickness (WDD) in the drift region is related to the drain
bias voltage

WDD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eS VD þVbið Þ

qND

s

(9.21)
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where ND is the doping concentration of the drift region. The specific output
capacitance for the shielded planar 4H-SiC power MOSFET structure can then be
obtained by combining the above values

CO;SP ¼CS1;SP þCS2;SP (9.22)

9.1.5 Gate Charge

The gate charge components for the shielded planar 4H-SiC power MOSFET
structure are given by similar equations to those derived in Chap. 4 for the power
SC-MOSFET structure. The gate transfer capacitance for this device structure
is small during the transition from a drain bias of VDS to the pinch-off voltage
(VP,JFET) for the JFET region. Due to the small gate transfer capacitance, a more rapid
drop in drain voltage occurs from VDS to VP,JFET at the beginning of the gate plateau
phase. If the screening effect is neglected, the gate transfer charge corresponding to
the transition where the drain voltage changes from VDS to VON is given by

QGD ¼ 2KGqeSND

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
OX

q eSND

s

#

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
GOX

q eSND

s2

4

3

5 (9.23)

where the parameter KG is given by

KG ¼ WG#WJð Þ
WCell

(9.24)

The other components of the gate charge are similar to those already provided in the
textbook [3]

QSW ¼QGS2 þQGD (9.25)

QG ¼ CGS þCGD VDSð Þ½ )VGP þQGD þ CGS þCGD VONð Þ½ ) VG#VGPð Þ (9.26)

Equations for the gate voltage, drain current, and drain voltage waveforms for
the shielded planar 4H-SiC power MOSFET structure are similar to those derived in
Chap. 4 for the power SC-MOSFET structure. If the screening effect is neglected,
the drain voltage is determined by the gate transfer capacitance given by (9.13)

vD tð Þ¼ qeSND

2C2
OX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
Ox

q eSND

s

# JGCOX t#t2ð Þ
2KGq eSND

2

4

3

5
2

#1

8
<

:

9
=

; (9.27)

from t ¼ t2 to t ¼ t3.
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9.1.5.1 Simulation Example

The gate charge for the 600-V shielded 4H-SiC planar power MOSFET structure
was extracted by using the results of two-dimensional numerical simulations of the
cell described in the previous sections. The device was turned-on from blocking
state with a drain bias of 400 V by driving it using a gate current of 1 " 10#8 A/mm
(equivalent to 0.25 A cm#2 for the area of 4 " 10#8 cm2). Once the drain current
density reached 125 A cm#2, the drain current was held constant resulting in a
reduction of the drain voltage. The gate plateau voltage for this drain current
density was found to be 8.2 V due to the poor transconductance of the device as a
result of the low inversion layer mobility. Once the drain voltage reached the on-
state value corresponding to the gate plateau voltage, the gate voltage increased to
the steady-state value of 10 V.
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Fig. 9.14 Turn-on waveforms for the 600-V shielded 4H-SiC planar power MOSFET structure
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The gate charge waveforms obtained by using an input gate current density of
0.25 A cm#2 when turning on the 600-V shielded 4H-SiC planar power MOSFET
structure from a blocking state with drain bias of 400 V are shown in Fig. 9.14. The
on-state current density is 125 A cm#2 at a DC gate bias of 10 V at the end of the
turn-on transient. The gate voltage increases at a constant rate at the beginning of
the turn-on process as predicted by the analytical model. When the gate voltage
reaches the threshold voltage, the drain current begins to increase. The drain current
increases relatively slowly until it reaches the on-state current density of
125 A cm#2 when compared with other high voltage silicon power MOSFET
structures due to the low transconductance of the device.

Once the drain current reaches the on-state value, the gate voltage remains
approximately constant at the plateau voltage (VGP). The plateau voltage for this
structure is a relatively large value of 8.2 V for the drain current density of
125 A cm#2 due to the poor transconductance of the device. The drain voltage
drops rapidly from the supply voltage of 400 V of about 50 V (the JFET pinch-off
voltage) as predicted by the analytical model. The drain voltage then decreases
during the plateau phase in a non-linear manner. After the end of the plateau phase,
the gate voltage again increases until it reaches the gate supply voltage.

The values for the various components of the gate charge extracted from the
numerical simulations are provided in Fig. 9.15. The gate transfer charge for
the 600-V shielded 4H-SiC planar power MOSFET structure is close to that of
the 600-V D-MOSFET and U-MOSFET structures, and significantly larger than
that of the 600-V power GD-MOSFET and SJ-MOSFET structures.

9.1.6 Device Figures of Merit

The figures of merit (defined in the previous chapters of the book) computed for the
600-V shielded planar 4H-SiC power MOSFET structure are provided in Fig. 9.16.
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Fig. 9.15 Gate charge extracted from numerical simulations for the 600-V shielded 4H-SiC planar
power MOSFET structure
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The figure of merit usually used for comparison of device technologies in the
literature is FOM(C). In comparison with the 600-V power D-MOSFET and
U-MOSFET structures, the 600-V shielded planar 4H-SiC power MOSFET structure
has a FOM(C) that is an order of magnitude smaller. However, in comparison with
the 600-V power GD-MOSFET and SJ-MOSFET structures, the 600-V shielded
planar 4H-SiC power MOSFET structure has a FOM(C) that is five-times larger.
Consequently, 600-V shielded planar 4H-SiC power MOSFET structure offers
significant improvement in circuit performance compared with the conventional
silicon power MOSFET structures but is not competitive with the new silicon
power MOSFET technology based up on the charge coupling concept. This conclu-
sion is a consequence of the low inversion layer mobility.

9.1.7 Inductive Load Turn-Off Characteristics

As discussed in preceding chapters, high voltage power MOSFET devices are often
used in adjustable speed motor drives which behave as inductive loads. The
operation of the shielded planar 4H-SiC power MOSFET structure in an inductive
load circuit can be analyzed using the same approach as used for the power SJ-
MOSFET structure. The gate plateau voltage for the shielded planar 4H-SiC power
MOSFET structure is given by

VGP ¼ VTH þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JD;ONWCellLCH

mniCGOX

s

(9.28)

where CGOX is the gate oxide capacitance. The time constant for discharging
the gate of the shielded planar 4H-SiC power MOSFET structure is RG,SP*
[CGS þ CGD(VON)] and the gate voltage decreases exponentially with time as
given by

vG tð Þ¼VGSe
#t=RG;SP CGSþCGD VONð Þ½ ) (9.29)
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Fig. 9.16 Figures of merit for the 600-V 4H-SiC shielded planar MOSFET structures
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The time t4 (using the notation from the textbook) for reaching the gate plateau
voltage can be obtained by using this equation with (9.28) for the plateau voltage

t4 ¼RG;SP CGS þCGD VONð Þ½ )ln VGS

VGP

$ %
(9.30)

This time can be considered to a turn-off delay time before the drain voltage begins
to increase after the turn-off is initiated by the control circuit.

The drain voltage begins to increase at time t4 but the drain current remains
constant at the load current IL because the current cannot be transferred to the diode
until the voltage at the drain of the MOSFET device exceeds the supply voltage
VDS by one diode drop to forward bias the diode. Since the drain current density
is constant, the gate voltage also remains constant at the gate plateau voltage.
Consequently

JGP ¼
VGP

RG;SP
(9.31)

where RG,SP is the specific gate resistance. Since all the gate current is used to
discharge the gate-drain capacitance during the plateau phase because there is no
change in the voltage across the gate-source capacitance

JGP ¼CGD;SP
dvD
dt

(9.32)

where CGD,SP is the specific gate transfer capacitance of the power MOSFET
structure which is a function of the drain voltage. This voltage dependence of the
gate transfer capacitance was not taken into account in the derivation provided in
the textbook but is important to include here to allow comparison of the behavior of
various power MOSFET structures.

For simplicity of analysis, it will be assumed that any screening effect can be
ignored. The gate transfer capacitance for the shielded planar 4H-SiC power
MOSFET structure is then given by

CGD;SP ¼
WG#WJð Þ
WCell

COXCS;M

COX þCS;M

" #
(9.33)

Using this expression in (9.32) yields the following differential equation for the
voltage increase phase of the turn-off transient

dt ¼ WG#WJ

WCell

" #
1

JGP

CGOXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2vD tð ÞC2

GOX

q eSND

r

2

664

3

775dvD (9.34)
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Integration of this equation yields

t # t4ð Þ¼ WG#WJ

WCell

" #
4qeSND

JGPCGOX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2vD tð ÞC2
GOX

q eSND

s

#

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
GOX

q eSND

s2

4

3

5 (9.35)

In the case of the shielded planar 4H-SiC power MOSFET structure, the
drain voltage increases from the on-state voltage drop (VON) until it reaches the
drain-supply voltage (VDS). The voltage rise-time, i.e. the time taken for the voltage
to increase from the on-state voltage drop (VON) to the drain supply voltage (VDS)

tV;OFF ¼ t5#t4ð Þ¼ WG#WJ

WCell

" #
4qeSND

JGPCGOX

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
GOX

q eSND

s

#

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
GOX

q eSND

s #

(9.36)

A closed form solution for the rise in the drain voltage can be obtained from (9.35)

vD tð Þ¼ qeSND

2C2
GOX

("
JGPCGOX

4q eSND

WCell

WG#WJ

" #
t# t4ð Þ

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
GOX

q eSND

s #2
#1

)

(9.37)

This equation describes the increase in the drain voltage from the on-state voltage
drop until it reaches the drain supply voltage. The drain voltage has an approxi-
mately quadratic shape as a function of the time after t4.

At the end of the plateau phase (at time t5), the load current begins to transfer
from the power MOSFET device to the free wheeling diode. Since the drain voltage
remains constant, the gate-drain capacitance can also be assumed to remain con-
stant during this phase. The current flowing through the gate resistance (RG)
discharges both the gate-drain and gate-source capacitances leading to an exponen-
tial fall in gate voltage from the plateau voltage

vG tð Þ¼VGPe
# t#t5ð Þ=RG;SPCGS (9.38)

The drain current follows the gate voltage as given by

JD tð Þ¼ gm vG tð Þ#VTH½ ) ¼ mniCOX

LCHWCell
vG tð Þ#VTH½ )2 (9.39)

The drain current decreases rapidly with time due to the exponential reduction of
the gate voltage, as given by (9.38), during the current fall phase. The drain current
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becomes equal to zero when the gate voltage reaches the threshold voltage. The
current fall time can therefore be obtained from (9.38)

tI;OFF ¼RG;SPCGSln
VGP

VTH

" #
(9.40)

Specific capacitances should be used in this expression for computation of the
current fall time. Beyond this point in time, the gate voltage decreases exponen-
tially until it reaches zero. The time constant for this exponential decay is different
from the initial phase due to the smaller gate-drain capacitance.

The turn-off energy loss per cycle can be obtained using

EOFF ¼
1

2
JONVDS tV;OFF þ tI;OFF

& '
(9.41)

under the assumption that the drain current and voltage excursions are approxi-
mately linear with time. The energy loss during the voltage rise-time interval is
comparable to the energy loss during the current fall-time interval for the shielded
planar 4H-SiC power MOSFET structure.

9.1.7.1 Simulation Results

The results of two-dimensional numerical simulations on the turn-off of the 600 V
shielded 4H-SiC planar power MOSFET structure are described here. The drain
supply voltage was chosen as 400 V for the turn-off analysis. During the turn-off
simulations, the gate voltage was reduced to zero with a gate resistance of
1 " 108 O mm for the 4 mm half-cell structure, which is equivalent to a specific
gate resistance of 4 O cm2. The current density was initially held constant at an on-
state current density of 104 A cm#2 allowing the drain voltage to rise to the drain
supply voltage. The drain voltage was then held constant allowing the drain current
density to reduce to zero.

The turn-off waveforms obtained for the 600-V shielded 4H-SiC planar power
MOSFET structure by using the numerical simulations are shown in Fig. 9.17. The
gate voltage initially reduces to the gate plateau voltage corresponding to the on-
state current density. The drain voltage then increases quadratically from the on-
state voltage drop to the drain supply voltage as predicted by the analytical model.
After this, the drain current reduces exponentially. The drain current fall time is
much larger than observed for the silicon devices due to the poor transconductance
of the shielded 4H-SiC planar power MOSFET structure. The drain voltage rise-
time (t5 # t4) and the drain current fall time (t6 # t5) are comparable for the
shielded 4H-SiC planar power MOSFET structure. The drain voltage rise-time
obtained from the simulations of the 600-V shielded 4H-SiC planar power
MOSFET structure is 0.13 ms and the drain current fall-time obtained from the
simulations is 0.06 ms. The energy loss per cycle for the shielded 4H-SiC planar
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power MOSFET structure computed by using the values from the simulations is
3.95 mJ cm#2. This value is ten-times larger than that observed for the 600-V silicon
power SJ-MOSFET structure and twice as large as that observed for the 600-V
silicon power GD-MOSFET structure.

9.1.8 Body-Diode Characteristics

The shielded planar 4H-SiC power MOSFET structure has an internal body-diode
formed between the P+ shielding region and the N-drift region. The on-state voltage
drop for this body diode is about 3 V compared with 1 V for silicon devices.

G
at

e 
V

ol
ta

ge
 (

V
ol

ts
)

D
ra

in
 C

ur
re

nt
 

D
en

si
ty

 (
A

/c
m

2 )

150

0

D
ra

in
 V

ol
ta

ge
 (

V
ol

ts
)

JON

VDS

Time (microseconds)

t4 t6
0

t5

500

0
0.2 0.4 0.6

10

0

0.8 1.0

Fig. 9.17 Turn-off waveforms for the 600-V shielded 4H-SiC planar power MOSFET structure
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Large power loss occurs when the body diode is carrying current in the third quadrant
for the shielded planar 4H-SiC power MOSFET structure. Consequently, it is neces-
sary to connect a 4H-SiC Schottky rectifier in anti-parallel with the shielded planar
4H-SiC power MOSFET structure to carry the current in the third quadrant. The
Schottky diode can be integrated into the shielded planar 4H-SiC power MOSFET
structure. In this case, the P+ shielding region can be utilized to protect the Schottky
contact by forming a junction-barrier controlled Schottky (JBS) rectifier.

9.2 Shielded Planar ACCUFET Structure

The basic structure of the shielded planar ACCUFET structure is shown in Fig. 9.18.
Unlike the shielded planar inversion-mode power MOSFET structure, there is no
P-base region in this structure. Instead, a lightly doped N-base region is utilized. As in
the case of the shielded planar inversion-mode power MOSFET structure, the
structure contains a sub-surface P+ shielding region which extends under both the
N+ source region and the N-base region. The extension of the P+ shielding region
beyond the edge of the N+ source region defines the channel length. The doping
concentration and thickness of the N-base region are chosen so that it is completely
depleted by the built-in potential of the junction formed between the P+ shielding
region and the N-base region. This ensures normally-off operation where the device
can support a large drain bias voltage when the gate bias voltage is zero.

N+ SOURCE N-BASE

SOURCE 

DRAIN

N-DRIFT REGION

N+ SUBSTRATE

P+SHIELDING REGION

P+

JFET REGION

A

GATE

Fig. 9.18 Shielded planar accumulation-mode power MOSFET structure
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The space between the P+ shielding regions, indicated in the figure as the
JFET region, is optimized to obtain a low specific on-resistance while simulta-
neously shielding the gate oxide interface and the N-base region from the high
electric field in the drift region. A potential barrier is formed at location A after
the JFET region becomes depleted by the applied drain bias in the blocking
mode. This barrier prevents the electric field from becoming large at the gate
oxide interface.

When a positive bias is applied to the gate electrode, an accumulation layer
channel is formed at the surface of the N-base region in the shielded planar
accumulation-mode power MOSFET structure enabling the conduction of drain
current with a low specific on-resistance. The name for this device derives from the
formation of the accumulation layer channel. The specific on-resistance for the
shielded planar accumulation-mode power MOSFET structure is less than that for
the inversion-mode structure because of a lower threshold voltage and a larger
mobility for electrons in an accumulation layer. Since the specific on-resistance for
the 4H-SiC planar power MOSFET structure was demonstrated to be limited by the
channel resistance, a reduction of the channel resistance achieved with the shielded
planar accumulation-mode power MOSFET structure creates devices with superior
specific on-resistance.

9.2.1 Blocking Mode

In the forward blocking mode of the silicon carbide shielded planar accumulation-
mode power MOSFET structure, the voltage is supported by a depletion region
formed on both sides of the P+ region/N-drift junction. The maximum blocking
voltage is determined by the electric field at this junction becoming equal to the
critical electric field for breakdown if the parasitic N+/P/N bipolar transistor is
completely suppressed. This suppression is accomplished by short-circuiting the
N+ source and P+ regions using the source metal as shown on the upper left hand
side of the cross-section. If the doping concentration of the P+ region is large, the
reach-through breakdown problem is completely eliminated. In addition, the high
doping concentration in the P+ region promotes the depletion of the JFET region
at lower drain voltages providing enhanced shielding of the channel and
gate oxide.

In the silicon carbide planar accumulation-mode power MOSFET structure,
shielding of the N-base region from the drain potential by the P+ shielding region
allows reducing the channel length to less than 1 mm. In addition, the doping
concentration of the N-base region can be adjusted to achieve any desired threshold
voltage. The smaller channel length and threshold voltage, as well as the larger
mobility for electrons in an accumulation layer, reduce the channel resistance
contribution.

As in the case of the planar silicon power D-MOSFET, the maximum blocking
voltage capability of the silicon carbide shielded accumulation-mode planar

9.2 Shielded Planar ACCUFET Structure 505



MOSFET structure is determined by the drift region doping concentration and
thickness. However, to fully utilize the high breakdown electric field strength
available in silicon carbide, it is necessary to screen the gate oxide from the high
field within the semiconductor. In the shielded planar MOSFET structure, this is
achieved by the formation of a potential barrier at location A by the depletion of the
JFET region at a low drain bias voltage. The maximum electric field in the gate
oxide can be made not only below its rupture strength but lower than values
required for reliable operation over long time durations.

9.2.1.1 Simulation Results

The results of two-dimensional numerical simulations on the 600 V shielded 4H-
SiC planar power ACCUFET structure are described here to provide a more
detailed understanding of the underlying device physics and operation during
the blocking mode. As in the case of the inversion-mode device structure, the
600-V ACCUFET structure used for the numerical simulations had a drift region
thickness of 4 mm below the P+ shielding region with a doping concentration
of 5 " 1016 cm#3. The P+ region extended from a depth of 0.2 to 1.0 mm with a
doping concentration of 1 " 1019 cm#3. The N-base and N+ source regions were
formed within the 0.2 mm of the N-drift region located above the P+ region. The
doping concentration of the N-base region was kept at the same value as the drift
region (5 " 1016 cm#3). In general, the doping concentration for the N-base region
can be adjusted independently by using the shallow ion-implantation of phosphorus.
For the numerical simulations, the cell structure (with a width of 4 mm) illustrated
in Fig. 9.18 was utilized as a unit cell that is representative of the structure. Due to
high doping concentration in the drift region for the 600-V 4H-SiC devices, the
doping concentration in the JFET region was not enhanced as is usually required for
silicon devices.

A three dimensional view of the doping distribution in the 600 V shielded
4H-SiC planar power ACCUFET structure is shown in Fig. 9.19 with the upper
surface of the structure located on the right hand side in order to display the doping
concentration in the vicinity of the channel. The highly doped P+ shielding region is
prominently located just below the surface. The N-base region can be observed to
have a much lower doping concentration. Unlike the inversion-mode device, there
is no junction between the N-base region and N-JFET region.

The lateral doping profile taken along the surface of the 600 V shielded 4H-SiC
planar power ACCUFET structure is shown in Fig. 9.20. The channel extends from
2 to 3 mm creating a channel length of 1 mm because the P+ shielding region extends
to 3 mm. The doping concentration of the JFET region is the same as that of the N-
drift region. The N+ source region and the P+ contact region for shorting the source
to the base region are visible on the left-hand-side. All the regions were defined
with uniform doping with abrupt interfaces between them due to the low diffusion
rates for dopants in 4H-SiC material. The vertical doping profile within the 600 V
shielded 4H-SiC planar power ACCUFET structure is similar to that previously
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shown in Fig. 9.4. The N-base region is located between the N+ source region and
the P+ shielding region with a doping concentration of 5 " 1016 cm#3 and thick-
ness of 0.1 mm.

The blocking characteristics for the 600 V shielded 4H-SiC planar power
ACCUFET structure were obtained by using zero gate bias. Due to the very
small intrinsic concentration in 4H-SiC, no substantial leakage current is observed
at room temperature. This also confirms that the bulk channel through of the
N-base region has been suppressed due to its depletion by the P+ shielding region.
The potential contours within the shielded 4H-SiC planar power ACCUFET
structure at a drain bias of 600 V are provided in Fig. 9.21. It can be observed
that there is no junction between the base region and the JFET region in this
structure. It can be observed that the drain voltage is supported below the P+

shielding region. The potential contours do not extend into the N-base region
indicating that it is shielded from the drain potential by the P+ shielding region.
The potential contours are crowding at the edge of the P+ shielding region
indicating an enhanced electric field. This can be clearly observed in Fig. 9.22
which provides a three-dimensional view of the electric field distribution. In this
figure, it can also be observed that the electric field in the JFET region, and most
importantly at the surface under the gate oxide, has been greatly reduced by the
presence of the P+ shielding region.
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It is insightful to examine the electric field profile in the JFET region within the
600 V shielded 4H-SiC planar power ACCUFET structure when it is operating in
the blocking mode. The electric field profiles obtained through the middle of the
JFET region are shown in Fig. 9.23 at various drain bias voltages. It can be observed
that the maximum electric field in the JFET region occurs at a depth of 1.5 mm from
the surface. This reduces the electric field at the surface under the gate oxide to
about one-third of the electric field in the bulk below the P+ shielding region.
Consequently, the electric field in the gate oxide is reduced to about 3 " 106 V/cm.
The low electric field in the gate oxide for the 600 V shielded 4H-SiC planar power
ACCUFET structure prevents gate oxide rupture and allows stable device perfor-
mance over long periods of time. An even further reduction of electric field in the
gate oxide can be achieved by reducing the width of the JFET region at the expense
of an increase in the on-resistance.

The results of the numerical simulations on the blocking characteristics of the
600 V shielded 4H-SiC planar power ACCUFET structure demonstrate that the
structure behaves in a similar manner to the inversion-mode device. This allows
taking advantage of an accumulation-mode channel for reducing the channel
resistance.

9.2.2 Threshold Voltage

As discussed in the previous section, the threshold voltage for high voltage power
MOSFET devices must be kept at about 2 V in order to obtain a low channel
resistance contribution. This is difficult to achieve with an inversion-mode channel
in silicon carbide devices. The band bending required to create a channel in the
accumulation-mode planar MOSFET is much smaller than required for the inver-
sion mode device. This provides the opportunity to reduce the threshold voltage
while obtaining the desired normally-off device behavior. A model for the threshold
voltage of accumulation-mode MOSFET structures has been developed [7] using
the electric field profile shown in Fig. 9.24 when the gate is biased at the threshold
voltage.

In Fig. 9.24, the electric fields in the semiconductor and oxide are given by

E1 ¼
Vbi

WN
# qNDWN

2eS
(9.42)

E2 ¼
Vbi

WN
þ qNDWN

2eS
(9.43)

Eox ¼
eS
eox

E1 (9.44)
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Note that this model is based upon neglecting any voltage supported within the P+

region under the assumption that it is very heavily doped. Using these electric
fields, the threshold voltage is found to be given by

VTH ¼fMS þ
eSVbi

eoxWN
# qNDWN

2 eox

" #
tox (9.45)

P+Oxide

Eox E2

E1

Gate N-Base Region

tox WN

Fig. 9.24 Electric field profile for the accumulation-mode MOSFET structure
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The first term in this equation accounts for the work function difference between the
gate material and the lightly doped N-base region. The second term represents
the effect of the built-in potential of the P+/N junction that depletes the N-base
region.

The analytically calculated threshold voltage for 4H-SiC accumulation-mode
MOSFET structure are provided in Fig. 9.25 for the case of a gate oxide thickness of
0.05 mm, and N-base thickness of 0.2 mm as a function of the N-base doping
concentration with the inclusion of a metal-semiconductor work-function differ-
ence of 1 V. A strikingly obvious difference from the behavior of inversion-mode
devices is a decrease in the threshold voltage for the accumulation-mode structure
with increasing doping concentration in the N-base region. This occurs due to the
declining influence of the built-in potential of the P+/N junction at the gate oxide
interface when the doping concentration of the N-base region is increased. Of
course, the most important benefit of the accumulation-mode structure is that
lower threshold voltages can be achieved than in the inversion-mode structures.
For the chosen thickness of the N-base region, the desired threshold voltage of 2 V
can be obtained for the accumulation-mode structure by using an N-base doping
concentration of 5 " 1016 cm#3.

9.2.3 On-State Resistance

The current flow path in the silicon carbide shielded accumulation-mode planar
MOSFET structure is identical to that shown in Fig. 9.9 for the shielded inversion-
mode planar MOSFET structure. The current flows through the channel formed
due to the applied gate bias into the JFET region via the accumulation layer
formed above it under the gate oxide. It then spreads into the N-drift region at a
45' angle and becomes uniform through the rest of the structure. The total
on-resistance for the silicon carbide shielded accumulation-mode planar SiC
MOSFET structure is determined by the resistance of the components in the
current path

Ron;sp ¼RCH þRA þRJFET þRD (9.46)

where RCH is the channel resistance, RA is the accumulation region resistance,
RJFET is the resistance of the JFET region, RD is the resistance of the drift region
after taking into account current spreading from the JFET region. For consistency
with previous chapters, the resistance of the N+ substrate has been omitted in the
above analysis even though the substrate contribution for 4H-SiC can be very large
unless its thickness is reduced to below 50 mm.

The resistances in the shielded accumulation-mode planar MOSFET structure
can be analytically modeled by using the current flow pattern indicated by the
shaded regions in Fig. 9.9. With the exception of the channel, all the other
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resistance components are identical to those already provided for the shielded
inversion-mode planar MOSFET structure in the previous section. Consequently,
only the channel resistance component will be analyzed in this section for the
shielded accumulation-mode planar MOSFET structure. The impact of the improved
channel resistance on the total specific on-resistance of the shielded accumulation-
mode planar MOSFET structure is also provided here.

9.2.3.1 Channel-Resistance

For the shielded accumulation-mode planar MOSFET structure with the N-base
region, the specific channel resistance is given by

RCH ¼ LCHWCellð Þ
2 maccCoxðVG#VTHÞ

(9.47)

where LCH is the channel length as shown in Fig. 9.9, macc is the mobility for
electrons in the accumulation layer channel, Cox is the specific capacitance of the
gate oxide, VG is the applied gate bias, and VTH is the threshold voltage. Accumu-
lation layer mobility values ranging from of 100 to 200 cm2/V-s have been observed
in lateral MOSFET structures [6]. The relatively high accumulation layer mobility,
together with a smaller threshold voltage, reduces the channel resistance compo-
nent in the shielded planar ACCUFET structure.

In the case of the 600 V shielded planar ACCUFET structure, the cell width will
be assumed to be 8 mm with a channel length of 1 mm. The threshold voltage for the
accumulation-mode structure is 2 V based up on using a doping concentration of
5 " 1016 cm#3 for the N-base region. Using a gate oxide thickness is 500 Å and an
inversion layer mobility of 180 cm2/V-s in the above equation, the specific resis-
tance contributed by the channel at a gate bias of 10 V is found to be 0.407 mO cm2.
This value is an order of magnitude smaller than that for the inversion-mode
structure.

9.2.3.2 Total On-Resistance

The total specific on-resistance for the 600-V shielded planar 4H-SiC ACCUFET
structure with a cell width of 8 mm and JFET width of 2 mm is obtained by adding
all the components of the resistances within the device structure. For a gate bias of
10 V, the total specific on-resistance is found to be 0.767 mO cm2. The channel
resistance constitutes only 53% of the total specific on-resistance due to the
improved mobility for the electrons in the accumulation layer. The specific on-
resistance for the 600-V shielded planar 4H-SiC ACCUFET structure is an order
of magnitude smaller than that for 600-V shielded planar 4H-SiC MOSFET
structure. Consequently, the specific on-resistance for the 600-V shielded planar
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4H-SiC ACCUFET structure is two orders of magnitude smaller than that for the
silicon 600-V power D-MOSFET and U-MOSFET structures. Even compared
with the silicon 600-V GD-MOSFET and SJ-MOSFET structures, the specific on-
resistance for the 600-V shielded planar 4H-SiC ACCUFET structure is about
five-times smaller. Consequently, the 600-V shielded planar 4H-SiC ACCUFET
structure is superior to the best silicon technology because of the improved
channel resistance.

The impact of changing the width of the JFET region on the specific on-
resistance of the shielded planar 4H-SiC ACCUFET structure can be determined
by using the above analytical model. The results obtained for the case of a 600-V
device structure with a P+ shielding region width of 6 mm are provided in Fig. 9.26.
For this analysis, an accumulation layer mobility of 180 cm2/V-s was used. It can be
observed that the specific resistance of the channel is now comparable to those of
the other components in the structure. The specific on-resistance goes through a
minimum at a larger width of the JFET region when compared with the inversion-
mode structure due to the larger channel mobility. The JFET width can be opti-
mized between 1 and 2 mm from the point of view of shielding the gate oxide and
N-base region from the high electric fields in the drift region.

9.2.3.3 Impact of Breakdown Voltage

The specific on-resistance for the shielded planar 4H-SiC MOSFET structure is
plotted in Fig. 9.27 as a function of the breakdown voltage by using the analytical
model. In performing the modeling, it is important to recognize that the thickness of
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the drift region (parameter ‘t’ in Fig. 9.9) can become smaller than half the width of
the P+ shielding region at lower breakdown voltages. Under these conditions, the
current does not distribute across the entire drift region under the P+ shielding
region. The device parameters used for the plot are: channel inversion mobility of
180 cm2/V-s; a fixed JFET doping concentration of 5 " 1016 cm#3; a width of
6 mm for the P+ shielding region; a width of 2 mm for the JFET region; a cell width
of 8 mm; gate bias of 10 V; threshold voltage of 2 V; and a gate oxide thickness of
500 Å. From Fig. 9.27, it can be seen that specific on-resistance of 4H-SiC shielded
planar ACCUFET structure is limited by the channel resistance for breakdown
voltages below 1,000 V. However, the specific on-resistance obtained for the 4H-
SiC shielded planar ACCUFET structure is an order of magnitude smaller than that
for the 4H-SiC shielded planar MOSFET structure. The drift region resistance can
be observed to be close to the ideal specific on-resistance when the breakdown
voltage exceeds 1,000 V. The total specific on-resistance of the 4H-SiC shielded
planar ACCUFET structure approaches that of the drift region only when the
breakdown voltage exceeds 5,000 V.

9.2.3.4 Simulation Results

The results of two-dimensional numerical simulations on the 600-V shielded 4H-
SiC planar power MOSFET structure are described here to provide a more detailed
understanding of the underlying device physics and operation. The device para-
meters for the structure used for the numerical simulations were provided in the
Sect. 9.2.1.
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The transfer characteristic for the 600-V shielded 4H-SiC planar power ACCU-
FET structure was obtained using numerical simulations with a drain bias of 0.1 V
at 300'K. The channel mobility was adjusted during the simulations to 180 cm2/V-s.
The resulting transfer characteristic is shown in Fig. 9.28. From this graph, a
threshold voltage of 2 can be extracted at 300'K. This demonstrates that an
optimum threshold voltage can be obtained in the accumulation-mode 4H-SiC
power MOSFET structure by proper choice of the doping concentration for the
N-base region (5 " 1016 cm#3 in this case). The threshold voltage predicted by the
analytical model (see Fig. 9.25) is in very good agreement with the value extracted
from the numerical simulations. For the case of a gate bias of 10 V and 300'K, the
specific in-resistance is found to be 0.772 mO cm2 providing validation of the
analytical model. The continuous increase in drain current with gate voltage
indicates that the channel resistance is still dominant in the 600-V shielded 4H-
SiC planar power ACCUFET structure even though the specific on-resistance has
been greatly reduced.

The on-state current flow pattern within the 600-V shielded 4H-SiC planar
power ACCUFET structure at a small drain bias of 0.1 V and a gate bias of 10 V is
shown in Fig. 9.29. In the figure, the depletion layer boundary is shown by the
dotted lines and the junction boundary is delineated by the dashed line. The
depletion layer width (W0) in the JFET region is about 0.25 mm in good agreement
with the value computed using the analytical model. It can be observed from this
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figure that the channel current is confined to a very thin accumulation layer
formed at the surface. No current flows through the bulk portion of the N-base
region demonstrating that the ACCUFET structure is not a bulk channel device.
It can also be observed that the current flows from the channel and distributes into
the JFET region via the accumulation layer. Within the JFET region, the cross-
sectional area is approximately constant with a width (a/2) of 0.75 mm. From the
figure, it can be seen that the current spreads from the JFET region to the drift
region at a 45' angle as assumed in the model and becomes uniform for the last
1 mm of the drift region.

9.2.4 Capacitances

The capacitances within the shielded planar 4H-SiC ACCUFET structure can be
analytically modeled using the same approach as used for the shielded planar 4H-
SiC MOSFET structure. The specific input (or gate) capacitance for the shielded
planar 4H-SiC ACCUFET structure is given by

CIN;SP ¼CNþ þCP þCSM ¼ WG#WJð Þ
WCell

eOX
tOX

" #
þ WG

WCell

eOX
tIEOX

" #
(9.48)
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where tOX and tIEOX are the thicknesses of the gate and inter-electrode oxides,
respectively. For a 600-V shielded planar 4H-SiC power ACCUFET structure with
a cell width (WCELL in Fig. 9.9) of 8 mm, JFET region width of 2 mm, and gate
electrode width of 5 mm, the specific input capacitance is found to be 30 nF cm#2

for a gate oxide thickness of 500 Å and an inter-metal dielectric thickness of
5,000 Å.

The capacitance between the gate and drain electrodes (also called the reverse
transfer capacitance) is determined by the width of the JFET region where the gate
electrode overlaps the N-drift region. The MOS structure in this portion of the
shielded planar 4H-SiC power ACCUFET structure operates under deep depletion
conditions when a positive voltage is applied to the drain. The gate-drain capaci-
tance for the shielded planar 4H-SiC ACCUFET power structure is given by

CGD;SP ¼
WG #WJð Þ
WCell

COXCS;M

COX þCS;M

" #
(9.49)

where CS,M is the semiconductor capacitance under the gate oxide, which decreases
with increasing drain bias voltage. The specific capacitance of the semiconductor
depletion region can be obtained by computation of the depletion layer width. The
depletion layer width in the semiconductor under the gate oxide can be obtained
using

WD;MOS ¼
eS
COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDC
2
OX

q eSNDJ

s

# 1

8
<

:

9
=

; (9.50)

where NDJ is the doping concentration of the JFET region. The specific capacitance
for the semiconductor is then obtained using

CS;M ¼ eS
WD;MOS

(9.51)

The gate drain (or reverse transfer) capacitance can be computed by using (9.49)
with the above equations until the JFET region is completely depleted. It then
abruptly reduces to nearly zero.

The output capacitance for the shielded planar 4H-SiC power ACCUFET struc-
ture is associated with the capacitance of the junction between the P+ shielding
region and the N-drift region. Due to pinch-off of the JFET region with increasing
drain bias voltage, it is necessary to examine the change in the depletion region
boundary with applied voltage. The depletion layer boundary inside the shielded
planar 4H-SiC power ACCUFET structure prior to the pinch-off of the JFET region
is similar to that previously shown by the dashed lines in Fig. 4.19 for the power
SC-MOSFET structure. It can be observed that the depletion region has a vertical
boundary inside the JFET region and a horizontal boundary below the P+ shielding
region. The capacitances associated with each of these regions are indicated in the
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figure as CS1 and CS2. The specific junction capacitance associated with the JFET
region is given by

CS1;SP ¼
eS
WDJ

2LPþ

WCell

" #
(9.52)

where the depletion region thickness (WDJ) in the JFET region is related to the drain
bias voltage

WDJ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eS VD þVbið Þ

qNDJ

s

(9.53)

The specific junction capacitance associated with the bottom of the P+ shielding
region is given by [1]

CS2;SP ¼
eS

WDD

WPþ

WCell

" #
(9.54)

where the depletion region thickness (WDD) in the drift region is related to the drain
bias voltage

WDD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eS VD þVbið Þ

qND

s

(9.55)

where ND is the doping concentration of the drift region. The specific output
capacitance for the shielded planar 4H-SiC power ACCUFET structure can then
be obtained by combining the above values

CO;SP ¼CS1;SP þCS2;SP (9.56)

9.2.5 Gate Charge

The gate charge components for the shielded planar 4H-SiC power ACCUFET
structure are given by similar equations to those derived for the shielded planar 4H-
SiC power MOSFET structure. If the screening effect is neglected, the gate transfer
charge corresponding to the transition where the drain voltage changes from VDS to
VON is given by

QGD ¼ 2KGqeSND

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
OX

q eSND

s

#

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
GOX

q eSND

s2

4

3

5 (9.57)
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where the parameter KG is given by

KG ¼ WG#WJð Þ
WCell

(9.58)

The other components of the gate charge are similar to those already provided in the
textbook [3]

QSW ¼QGS2 þQGD (9.59)

QG ¼ CGS þCGD VDSð Þ½ )VGP þQGD þ CGS þCGD VONð Þ½ ) VG #VGPð Þ (9.60)

Equations for the gate voltage, drain current, and drain voltage waveforms for
the shielded planar 4H-SiC power ACCUFET structure are similar to those derived
in Chap. 4 for the power SC-MOSFET structure. If the screening effect is neglected,
the drain voltage is determined by the gate transfer capacitance given by (9.49)

vD tð Þ¼ qeSND

2C2
OX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
Ox

q eSND

s

# JGCOX t#t2ð Þ
2KGq eSND

2

4

3

5
2

#1

8
<

:

9
=

; (9.61)

from t ¼ t2 to t ¼ t3.

9.2.5.1 Simulation Example

The gate charge for the 600-V shielded 4H-SiC planar power ACCUFET structure
was extracted by using the results of two-dimensional numerical simulations of the
cell described in the previous sections. The device was turned-on from blocking
state with a drain bias of 400 V by driving it using a gate current of 1 " 10#8 A/mm
(equivalent to 0.25 A cm#2 for the area of 4 " 10#8 cm2). Once the drain current
density reached 320 A cm#2, the drain current was held constant resulting in a
reduction of the drain voltage. The gate plateau voltage for this drain current
density was found to be 3.8 V due to the improved transconductance of the device
as a result of the high accumulation layer mobility. Once the drain voltage reached
the on-state value corresponding to the gate plateau voltage, the gate voltage
increased to the steady-state value of 10 V.

The gate charge waveforms obtained by using an input gate current density of
0.25 A cm#2 when turning on the 600-V shielded 4H-SiC planar power MOSFET
structure from a blocking state with drain bias of 400 V are shown in Fig. 9.30. The
on-state current density is 320 A cm#2 at a DC gate bias of 10 V at the end of the
turn-on transient. The gate voltage increases at a constant rate at the beginning of
the turn-on process as predicted by the analytical model. When the gate voltage
reaches the threshold voltage, the drain current begins to increase. The drain current
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increases more rapidly than in the case of the inversion-mode structure until it
reaches the on-state current density of 320 A cm#2 due to the improved transcon-
ductance of the device.

Once the drain current reaches the on-state value, the gate voltage remains
approximately constant at the plateau voltage (VGP). The plateau voltage for this
structure is 3.8 V even for the larger drain current density of 320 A cm#2 due to the
improved transconductance of the device. The drain voltage drops rapidly from the
supply voltage of 400 V of about 50 V (the JFET pinch-off voltage) as predicted by
the analytical model. The drain voltage then decreases during the plateau phase in a
non-linear manner. After the end of the plateau phase, the gate voltage again
increases until it reaches the gate supply voltage.
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The values for the various components of the gate charge extracted from the
numerical simulations are provided in Fig. 9.31. These gate transfer charge for
the 600-V shielded 4H-SiC planar power ACCUFET structure is close to that of the
600-V D-MOSFET and U-MOSFET structures, and slightly larger than that of
the 600-V power GD-MOSFET and SJ-MOSFET structures.

9.2.6 Device Figures of Merit

The figures of merit (defined in the previous chapters of the book) computed for
the 600-V shielded planar 4H-SiC power ACCUFET structure are provided in
Fig. 9.32. The figure of merit usually used for comparison of device technologies
in the literature is FOM(C). In comparison with the 600-V power D-MOSFET and
U-MOSFET structures, the 600-V shielded planar 4H-SiC power ACCUFET struc-
ture has a FOM(C) that is 150-times smaller. Even in comparison with the 600-V
power GD-MOSFET and SJ-MOSFET structures, the 600-V shielded planar
4H-SiC power ACCUFET structure has a FOM(C) that is three-times smaller.
Consequently, 600-V shielded planar 4H-SiC power MOSFET structure offers
significant improvement in circuit performance compared with the conventional
power MOSFET structure and is superior to the new silicon power MOSFET
technology based up on the charge coupling concept.

Specific Gate
Charge

Numerical
Simulation
(nC / cm2)

QGS1

QGS2

QGS

QGD

QSW

QG

53

60

113

188

248

625

Fig. 9.31 Gate charge extracted from numerical simulations for the 600-V shielded 4H-SiC planar
power ACCUFET structure

Figures of Merit VG = 10 V 

FOM(A) (Ω2cm4s–1) 25,567

FOM(B)(ps) 23

FOM(C) (mΩ*nC) 144

FOM(D) (mΩ*nC) 190

Fig. 9.32 Figures of merit for the 600-V 4H-SiC shielded planar ACCUFET structures
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9.2.7 Inductive Load Turn-Off Characteristics

As discussed in preceding chapters, high voltage power MOSFET devices are often
used in adjustable speed motor drives which behave as inductive loads. The
operation of the shielded planar 4H-SiC power ACCUFET structure in an inductive
load circuit can be analyzed using the same approach as used for the shielded planar
4H-SiC power MOSFET structure. The gate plateau voltage for the shielded planar
4H-SiC power ACCUFET structure is given by

VGP ¼VTH þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JD;ONWCellLCH

maccCGOX

s

(9.62)

where CGOX is the gate oxide capacitance. The time constant for discharging the
gate of the shielded planar 4H-SiC power ACCUFET structure is RG,SP*[CGS +
CGD(VON)] and the gate voltage decreases exponentially with time as given by

vG tð Þ¼VGSe
#t=RG;SP CGSþCGD VONð Þ½ ) (9.63)

The time t4 (using the notation from the textbook) for reaching the gate plateau
voltage can be obtained by using this equation with (9.62) for the plateau voltage

t4 ¼RG;SP CGS þCGD VONð Þ½ )ln VGS

VGP

$ %
(9.64)

This time can be considered to a turn-off delay time before the drain voltage begins
to increase after the turn-off is initiated by the control circuit.

The drain voltage begins to increase at time t4 but the drain current remains
constant at the load current IL because the current cannot be transferred to the diode
until the voltage at the drain of the MOSFET device exceeds the supply voltage
VDS by one diode drop to forward bias the diode. Since the drain current density
is constant, the gate voltage also remains constant at the gate plateau voltage.
Consequently

JGP ¼
VGP

RG;SP
(9.65)

where RG,SP is the specific gate resistance. Since all the gate current is used to
discharge the gate-drain capacitance during the plateau phase because there is no
change in the voltage across the gate-source capacitance

JGP ¼CGD;SP
dvD
dt

(9.66)

where CGD,SP is the specific gate transfer capacitance of the power MOSFET
structure which is a function of the drain voltage. This voltage dependence of the
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gate transfer capacitance was not taken into account in the derivation provided in
the textbook but is important to include here to allow comparison of the behavior of
various power MOSFET structures.

For simplicity of analysis, it will be assumed that any screening effect can be
ignored. The gate transfer capacitance for the shielded planar 4H-SiC power
ACCUFET structure is then given by

CGD;SP ¼
WG # WJð Þ

WCell

COXCS;M

COX þCS;M

" #
(9.67)

Using this expression in (9.66) yields the following differential equation for the
voltage increase phase of the turn-off transient

dt ¼ WG#WJ

WCell

" #
1

JGP

CGOXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2vD tð ÞC2

GOX

q eSND

r

2

664

3

775dvD (9.68)

Integration of this equation yields

t # t4ð Þ¼ WG#WJ

WCell

" #
4qeSND

JGPCGOX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2vD tð ÞC2
GOX

q eSND

s

#

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
GOX

q eSND

s2

4

3

5 (9.69)

In the case of the shielded planar 4H-SiC power ACCUFET structure, the drain
voltage increases from the on-state voltage drop (VON) until it reaches
the drain-supply voltage (VDS). The voltage rise-time, i.e. the time taken for
the voltage to increase from the on-state voltage drop (VON) to the drain supply
voltage (VDS)

tV;OFF t5#t4ð Þ¼ WG#WJ

WCell

" #
4qeSND

JGPCGOX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VDSC
2
GOX

q eSND

s

#

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
GOX

q eSND

s2

4

3

5

(9.70)

A closed form solution for the rise in the drain voltage can be obtained from
(9.69)

vD tð Þ¼ qeSND

2C2
GOX

JGPCGOX

4q eSND

WCell

WG#WJ

" #
t#t4ð Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2VONC
2
GOX

q eSND

s2

4

3

5
2

#1

8
<

:

9
=

;

(9.71)
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This equation describes the increase in the drain voltage from the on-state voltage
drop until it reaches the drain supply voltage. The drain voltage has an approxi-
mately quadratic shape as a function of the time after the time t4.

At the end of the plateau phase (at time t5), the load current begins to transfer
from the power MOSFET device to the free wheeling diode. Since the drain voltage
remains constant, the gate-drain capacitance can also be assumed to remain con-
stant during this phase. The current flowing through the gate resistance (RG)
discharges both the gate-drain and gate-source capacitances leading to an exponen-
tial fall in gate voltage from the plateau voltage

vG tð Þ¼VGPe
# t#t5ð Þ=RG;SPCGS (9.72)

The drain current follows the gate voltage as given by

JD tð Þ¼ gm vG tð Þ#VTH½ ) ¼ mniCOX

LCHWCell
vG tð Þ#VTH½ )2 (9.73)

The drain current decreases rapidly with time due to the exponential reduction of
the gate voltage, as given by (9.72), during the current fall phase. The drain current
becomes equal to zero when the gate voltage reaches the threshold voltage. The
current fall time can therefore be obtained from (9.72)

tI;OFF ¼ RG;SPCGSln
VGP

VTH

" #
(9.74)

Specific capacitances should be used in this expression for computation of
the current fall time. Beyond this point in time, the gate voltage decreases expo-
nentially until it reaches zero. The time constant for this exponential decay is
different from the initial phase due to the smaller (zero) gate-drain capacitance.

The turn-off energy loss per cycle can be obtained using

EOFF ¼
1

2
JONVDS tV;OFF þ tI;OFF

& '
(9.75)

under the assumption that the drain current and voltage excursions are approxi-
mately linear with time. The energy loss during the voltage rise-time interval is
comparable to the energy loss during the current fall-time interval for the shielded
planar 4H-SiC power MOSFET structure.

9.2.7.1 Simulation Results

The results of two-dimensional numerical simulations on the turn-off of the 600 V
shielded 4H-SiC planar power MOSFET structure are described here. The drain
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supply voltage was chosen as 400 V for the turn-off analysis. During the turn-
off simulations, the gate voltage was reduced to zero with a gate resistance of
1 " 108 O mm for the 4 mm half-cell structure, which is equivalent to a specific gate
resistance of 4 O cm2. The current density was initially held constant at an on-state
current density of 360 A cm#2 allowing the drain voltage to rise to the drain supply
voltage. The drain supply voltage was then held constant allowing the drain current
density to reduce to zero.

The turn-off waveforms obtained for the 600-V shielded 4H-SiC planar power
ACCUFET structure by using the numerical simulations are shown in Fig. 9.33.
The gate voltage initially reduces to the gate plateau voltage corresponding to the
on-state current density. The drain voltage then increases quadratically from the on-

G
at

e 
V

ol
ta

ge
 (

V
ol

ts
)

10

0

D
ra

in
 C

ur
re

nt
D

en
si
ty

 (
A

/c
m

2 )

500

0

D
ra

in
 V

ol
ta

ge
 (

V
ol

ts
)

500

JON

VDS

Time (microseconds)
1.0

t4 t6
0

0
t5

0.80.60.40.2

Fig. 9.33 Turn-off waveforms for the 600-V shielded 4H-SiC planar power ACCUFET structure
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state voltage drop to the drain supply voltage as predicted by the analytical model to
the drain supply voltage. After this, the drain current reduces exponentially. The
drain voltage rise-time (t5 # t4) and the drain current fall time (t6 # t5) are compa-
rable for the shielded 4H-SiC planar power ACCUFET structure. The drain voltage
rise-time obtained from the simulations of the 600-V shielded 4H-SiC planar power
ACCUFET structure is 0.21 ms and the drain current fall-time obtained from the
simulations is 0.09 ms. The energy loss per cycle for the shielded 4H-SiC planar
power MOSFET structure computed by using the values from the simulations is
21.6 mJ cm#2. This value is much larger than that observed for the 600-V silicon
power SJ-MOSFET structure and the 600-V silicon power GD-MOSFET structure.

9.2.8 Body-Diode Characteristics

The shielded planar 4H-SiC power ACCUFET structure has an internal body-diode
formed between the P+ shielding region and the N-drift region. The on-state voltage
drop for this body diode is about 3 V compared with 1 V for silicon devices. A large
power loss would occur when this body diode is carrying current in the third
quadrant for the shielded planar 4H-SiC power ACCUFET structure. However, as
the forward bias for the junction between the P+ shielding region and the N-drift
region increases, the depletion width in the N-base region, at its junction with the P+

shielding region, shrinks. The reduction of the depletion region opens a bulk current
conduction path in the N-base region which bypasses the junction. The on-state
voltage drop for the current flow in the third quadrant for the shielded planar 4H-
SiC power ACCUFET structure can therefore become smaller than the typical on-
state voltage drop of 3 V for the P-N junction. The suppression of minority carrier
injection by the junction due to the alternate current path also improves the reverse
recovery performance of the ‘body-diode’.

9.2.8.1 Simulation Results

The results of two-dimensional numerical simulations on the operation of the
600-V shielded 4H-SiC planar power ACCUFET structure in the third quadrant
are described here to provide a more detailed understanding of the underlying
device physics and operation. The device parameters for the structure used for the
numerical simulations were provided in the Sect. 9.2.1.

The forward i#v characteristic for the ‘body-diode’ in the 600-V shielded 4H-
SiC planar power ACCUFET structure was obtained using numerical simulations
with zero gate bias. A lifetime (tn0 and tp0) of 1 ms was used for the simulations as
representative of the quality of recent epitaxial layers. The resulting characteristic is
shown in Fig. 9.34 by the solid line. For comparison purposes, the i#v characteristic
for the body-diode in the 600-V shielded 4H-SiC planar power MOSFET structure
is also shown in the figure by the dashed line. It can be observed that the on-state

9.2 Shielded Planar ACCUFET Structure 527



voltage drop for the body-diode in this device is 3 V at its on-state current density of
104 A cm#2. From this graph, it can be observed that the i#v characteristic for the
600-V shielded 4H-SiC planar power ACCUFET structure is shifted towards the
right-hand-side. The on-state voltage drop at the on-state current density of
360 A cm#2 for this device is only 2.04 V. An inflection in the i#v characteristics
occurs when the drain bias exceed 3 V due to the on-set of current flow across the
P-N junction in the 600-V shielded 4H-SiC planar power ACCUFET structure.

The hole concentration profile in the 600-V shielded 4H-SiC planar power
ACCUFET structure is shown in Fig. 9.35 when the body diode is forward biased
with a current density of 360 A cm#2. A lifetime of 1 ms was used for these
simulations. It can be observed that there are no holes injected into the N-type
drift region under these conditions. In contrast, the injected hole concentration in
the drift region for the 600-V shielded 4H-SiC planar power MOSFET structure
was found to be approximately equal to the doping concentration. Based up on these
results, it can be concluded that the injection of minority carriers is suppressed
within the shielded 4H-SiC planar power ACCUFET structure. This is an unusual
feature that is unique to the ACCUFET structure.

The current path for the ‘body diode’ in the 600-V shielded 4H-SiC planar power
ACCUFET structure, when it is forward biased by a negative drain bias, is shown in
Fig. 9.36. It can be observed that the current flow lines by-pass the junction between
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the P+ shielding region and the N-drift region. Instead, the current flows through the
N-base region at the upper surface. In comparison with the on-state current flow
during operation in the first quadrant (Fig. 9.29), the depletion width at the junction
is much narrower and the current flow-lines spread down from the semiconductor
surface. These features confirm the hypothesis that unipolar current flow occurs in
the shielded 4H-SiC planar power ACCUFET structure through its N-base region
during operation in the third quadrant.

The reverse recovery characteristic for the body diode in the 600-V shielded 4H-
SiC planar power ACCUFET structure was obtained by initially forward biasing the
body diode with an on-state current density of 360 A cm#2 corresponding with a
on-state power dissipation of 100 W cm#2 based up on the specific on-resistance of
this structure. For comparison purposes, the reverse recovery characteristic for the
body-diode in the 600-V shielded 4H-SiC planar power MOSFET structure, with
initially forward biasing the body diode with an on-state current density of
104 A cm#2 corresponding with a on-state power dissipation of 100 W cm#2

based up on its specific on-resistance, is also provided in the figure (dashed line).
A lifetime of 1 ms was used for these simulations. For both structures, the drain
current was ramped from negative to positive at a ramp rate of 3,300 A cm#2-ms.
The resulting waveforms for the drain current and drain voltage are shown in
Figs. 9.37 and 9.38. It can be observed that the peak reverse recovery current
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density (JPR) for the 600-V shielded 4H-SiC planar power ACCUFET structure is
117 A cm#2. This value is only one-third of the on-state current density. In contrast,
the peak reverse recovery current density (JPR) for the 600-V shielded 4H-SiC
planar power MOSFET structure is 156 A cm#2. This value is 1.5-times the on-state
current density. Based up on these results, it is clear that the shielded 4H-SiC planar
power ACCUFET structure has a much superior (* five-times) integral diode.

9.3 Discussion

The characteristics of the 600-V shielded planar 4H-SiC power MOSFET structure
have been reviewed in this chapter. It is demonstrated that the specific on-resistance
of the device is dominated by the channel resistance if a typical channel inversion
layer mobility of 10–20 cm2/V-s is assumed. The resulting specific on-resistance,
although an order of magnitude smaller than the conventional silicon power
MOSFET structures, is not competitive with the silicon power MOSFET structures
that utilize charge-coupling. Moreover, the P-N body-diode in the structure has a
relatively large on-state voltage drop and poor reverse recovery characteristics.

In contrast, it is demonstrated that the specific on-resistance of the 600-V shielded
planar 4H-SiC power ACCUFET structure is an order of magnitude smaller than that
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of the inversion-mode structure. This is primarily due to themuch larger mobility for
electrons in an accumulation layer. The specific on-resistance for the 600-V shielded
planar 4H-SiC power ACCUFET structure is found to be smaller than that obtained
even for the silicon devices with charge-coupling.

A new mode of operation for current flow in the third quadrant is reported
here for the first time for the shielded planar 4H-SiC power ACCUFET structure.
This current flow occurs via the N-base region by-passing the P-N junction.
Consequently, the on-state voltage drop of the ‘body-diode’ is reduced and minority
carrier injection is completely suppressed. The reverse recovery characteristics for
the 600-V shielded planar 4H-SiC power ACCUFET structure are much superior to
those for the inversion-mode device.

The performance of the integral diode within the silicon carbide structures is
summarized in Figs. 9.39 and 9.40 for the case of a lifetime of 1 ms in the drift
region. The on-state voltage drop provided in the Fig. 9.39 is for the integral
diode and in Fig. 9.40 for the MOSFET mode. From the information in the above
figures, it can be concluded that the 600-V shielded planar 4H-SiC power
ACCUFET structure offers the best performance. It has an exceptionally small
specific on-resistance which allows operation at a high on-state current density.
The chip area required to serve any application is proportionately reduced. The
ratio of the peak reverse recovery current to the on-state current density for this
device is much lower than for all of the 600-V power MOSFET structures
discussed in the previous chapters. The figures-of-merit for the 600-V shielded
planar 4H-SiC power ACCUFET structure are also an order of magnitude
superior to those of the best silicon power MOSFET structures discussed in the
previous chapters.
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world famous sitar maestro Ravi Shankar at the Third Convention of Asians in
North America. He received the 1991 IEEE William E. Newell Award, the highest
honor given by the Power Electronics Society, followed by the 1993 IEEE Morris
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age of 45, he was elected as Foreign Affiliate to the prestigious National Academy
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In 1999, Prof. Baliga founded a company,Giant Semiconductor Corporation, with
seed investment from Centennial Venture Partners, to acquire an exclusive license for
his patented technology from North Carolina State University with the goal of
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RF transistor that he invented for application in cellular base-stations and grew it to 41
employees. This company (renamed Silicon Semiconductor Corporation) is located at
Research Triangle Park, NC. It received an investment of $10 Million from Fairchild
Semiconductor Corporation in December 2000 to co-develop and market this tech-
nology. Based upon his additional inventions, this company has also produced a new
generation of PowerMOSFETs for delivering power to microprocessors in notebooks
and servers. This technology was licensed by his company to Linear Technologies
Corporation with transfer of the know-how and manufacturing process. Voltage
Regulator Modules (VRMs) using his transistors are currently available in the market
for powering microprocessor and graphics chips in laptops and servers.
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