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ABSTRACT

Actions for sustainable society realization, that is a global climate change mitigation
and related energy problem solutions, are being executed in various fields. It is publicly
said that it is necessary to reduce emissions of a carbon dioxide (CO2) to approximately
50% of the present level by 2050. Among various measures for accomplishment of the
scenario, an improvement effect by the contribution of power electronics is greatly
expected, as an electric energy sector. A power semiconductor device is a fundamental
device underpinning the power electronics technology. The power semiconductor devices
are widely used in many applications, and the device performance is being improved
continually to get the high efficiency. In a category of low-voltage (10-250 V) and high-
frequency (10 kHz—1 MHz) operation, silicon power MOSFETSs (Metal Oxide Field Effect
Transistors) are widely used. For the market demand for low power loss and high
efficiency, the power MOSFETS' research and development in many aspects including a
device structure, a manufacturing process, and a packaging technology are performed
continuously. In this study, novel structures to achieve the low-power-loss MOSFET were
proposed and experimented. In addition, structure-based compact models to enable the
power loss calculation were newly constructed.

In chapter 1, performance requirements for the power MOSFETs were revealed, and
the elements which decide the power loss in an application circuit were classified.
Challenges for the low power loss in the low-voltage devices and directions for the novel
structure development were described. In addition to a conduction loss improvement that
comes from an on-resistance (FonA) reduction with a necessary breakdown voltage
maintained, it was pointed out that the electric charge accumulated to an output
capacitance, which affects to a switching loss, was significant issue particularly in high-
speed switching. In the low-power-loss structure design, it was described that the
construction of the capacitance model is very important as well as the FonA model.

In chapter 2, in a planar gate double-diffused MOSFET (D-MOSFET) and a trench
gate MOSFET (U-MOSFET), the basic structures and the RonA components were
described. The conventional RonA models were analyzed, restructured, classified, and
compared with developed devices. Moreover, the device performance limit was indicated.

In chapter 3, in a superjunction U-MOSFET (SJ-UMOSFET) and a field-plate U-
MOSFET (FP-MOSFET) which are evolution structure of the U-MOSFET, the basic
structures, the basic principles, and the HRonA components were described. The
conventional KonA models were analyzed, restructured, newly classified, and compared

with developed devices. Moreover, the device performance limit was indicated.
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In chapter 4, components of the parasitic capacitances that are important to the
switching loss design of the low-voltage MOSFET were clarified. For the latest slant FP-
MOSFET that structure was complicated, model equations of output capacitance (Coss)
and reverse transfer capacitance (Ciss) were constructed based on the device structural
parameters.

In chapter 5, a validity of the model that derived in chapter 4 was verified. Drain
voltage dependences of Ciss and Gss, for 100-V-class D-MOSFET and slant FP-MOSFET,
were analyzed. An accuracy of the model was identified using simulation results of TCAD
(Technology Computer Aided Design). In addition, each component for the switching loss
analysis was derived from the constructed capacitance model.

In chapter 6, the power loss analysis of the slant FP-MOSFET was carried out based
on the models described in previous chapters, and the results were compared with the
conventional device. It was revealed that the performance of the slant FP-MOSFET was
superior in high-frequency use. In addition, by adopting a gate connection field-plate
structure, it was found that the high efficiency is achieved in low-frequency and high-
current use.

In chapter 7, by utilizing the FonA models and the capacitance models of the slant
FP-MOSFET, the device performance limit was pursued. As a result, it became clear that
the efficiency for the high-frequency switching application can be improved by over 50%
and that for the low-frequency and high-current application can be improved by over
70%.

In chapter 8, as conclusion, the proposal of the novel FP-MOSFET structure, the
construction of the compact model, and the possibility of the device performance
improvement that is greater than 50% were described.

This dissertation describes, for the low-power-loss MOSFET that is key device to
prevent the COz emission, the construction of the device physics based compact model,
which can design in short term without experiment and simulation. This indicates a
guiding principle of the future low-power-loss MOSFET design by the compact model for
the first time. By applying the proposed compact model, it becomes clear that the FP-
MOSFET structure has an enough room for the performance improvement and this
device should advance the research and development. It is expected this compact model

can greatly contribute to higher efficiency power electronics.
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1. BACKGROUND AND OBJECTIVE

1.1. Overview of power electronics in our society and role of power
semiconductor devices

Actions for sustainable society realization, that is a global climate change mitigation
and related energy problem solutions, are being executed in various fields. To suppress
a temperature rise after the Industrial Revolution to less than 2 degrees Celsius is the
particularly important numerical target, which was concluded in Paris agreement
(December 2015). In order to achieve the target, it is said that it is necessary to reduce a
carbon dioxide (CO2) emissions to approximately 50% of the present level by 2050. An
improvement effect by the contribution of power electronics is greatly expected in a
measure for the scenario accomplishment.

The World Energy Outlook (WEO) 2017 has shown that an efficiency will realize
over 40% of the COz emissions reductions, among the combination of other measures [1].
It means the contribution of an energy use efficiency in various electronics system will

be larger rather than increasing the supply of renewable energy, as shown in Fig. 1-1 [2].

Figure 1.8 Global carbon dioxide (CO,) emissions reductions in the WEO 2017 New Policies and
Sustainable Development Scenarios

New Policies Scenario
32
28
24
Sustainable
pment Scenario
20 e iy I SO 99 ccs
16

r T T 1
2010 2020 2030 2040

Source: IEA (2018) Energy efficiency 2018. All rights reserved.

Fig. 1-1. Global carbon dioxide (CO2) emissions reductions in the World Energy Outlook
(WEO) 2017 [1] New Policies and Sustainable Development Scenarios. [2]



A key device supporting this power electronics technology is a power semiconductor

device. The power semiconductor devices are used to a great variety of: the large-scale

application such as a power generation, a power transmission and distribution, and a

train system; medium and small-size application such as an industrial equipment, a car,

a home electric appliance, a mobile device (Fig. 1-2).

There are several kinds of power semiconductor devices, and those are selected

corresponding to a power capacity and a switching frequency as follows.

Power MOSFET (Metal Oxide Field Effect Transistor): low power, medium to high

frequency.

IGBT (Insulated Gate Bipolar Transistor): medium to high power, low to medium

frequency.

GTO (Gate Turn-Off Thyristor): high power, low frequency.

Thyristor: high to ultra-high power, low frequency.
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Fig. 1-2. Power semiconductor devices application map.



The power semiconductor devices are contributing to the reduction of energy
consumption in many applications from very small portable devices to very large-scale
power electronics systems. In other words, the power semiconductor devices have big
responsibilities to the COz emission reductions in each category of the electronics
system/unit/equipment. This image can be shown in Fig. 1-3 [3] [4]. Although the COq
reduction rate per unit is very high in the large-scale application such as the power plant,
the contribution is restrictive. On the other hand, large number of small end-use units

has big contribution that cannot be ignored at all.
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From “Scaling up demand-side energy efficiency improvements through programmatic CDM”
Energy Sector Management Assistance Program and The World Bank Carbon Finance Unit, p. 8,
2007, [3] (modified).

Fig. 1-3. Schematics of volume of the CO2 emission reductions in each category of the

electronics system/unit/equipment. [4] © 2012 IEEE.



1.2. Applications and market demands for power MOSFETs

In the power semiconductor device which is categorized into low-voltage (12—-250 V)
and high frequency (10 kHz—1 MHz) application, silicon power MOSFET is used in so
many applications: e.g., mobile and portable equipment, personal computers and
peripheral devices, automotive electronics units, power tools, high-end servers for data
center and other facilities, home appliances, lightning equipment, audio and visual
equipment, photovoltaic inverter on solar panel, and so on. Fig. 1-4 is the power
MOSFETSs application map shown in the matrix of the rated-voltage ( Vbss) and the rated-
current (/bmc)). From a viewpoint of the industry, the power MOSFET is a business field

having a big market of approximately 7000 million dollars.
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Fig. 1-4. Power MOSFETSs application map.



For various market demands such as low cost, high productivity, small size, light
weight, high efficiency, low power consumption, high power rating, stability, and safety
operation, the power MOSFETS' research and development (R&D) in many aspects
including a material, a manufacturing process, a device structure, a package, a
packaging method, a reliability technology, a design technology, and a measurement
technology are performed continuously (Fig. 1-5).

As the device performance that contributes directly to high efficiency and low power
consumption of the application, a low-power-loss technology of the power MOSFET is
very important. Therefore, a new structure, a new process, a design technique, and an
evaluation technique, which can embody the low power loss, are strongly demanded and
that is responsibilities for the R&D.

Market demands to electronics equipment

. "High efficiency, | [ .. | Stable &
Small-size, High power
) : Low power : Safety
Light weight b rating .
| consumption operation
Responsibilities in power devices R&D
Small & thin Low conduction 4 2 High reliability
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package loss - >
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S— mse—_ Ruggedness
Multi cl_up Low switching High current L y
packaging loss - -
N : ) Protective
High . function
heat dissipation -
' Low noise

Fig. 1-5. Market demands to electronics equipment and responsibilities as power
devices R&D.



1.3. Classification of power MOSFETs

The power MOSFETS are classified into two rated-voltage ranges: 12-250 V as low-
voltage (LV) and 400-800 V as high-voltage (HV). Historically, planar gate double-
diffused MOSFETs (D-MOSFETSs) [5] [6] and trench gate MOSFETs (U-MOSFETSs) [7]
were developed in the 1970s—1980s, respectively, and they are currently used as matured
low-cost devices. As great advancement of the power MOSFETS in terms of performance,
field-plate trench MOSFETs (FP-MOSFETs) [8], superjunction MOSFETs (SJ-
MOSFETS) [9], and superjunction U-MOSFETs (SJ-UMOSFETSs) [10] were devised in
the 1990s—2000s. The development history and the device structure are described in

sections 2.1 and 3.1.

D-MOSFET U-MOSFET FP-MOSFET SJ-UMOSFET
[5] © 1975 IEEE [7]1 ©1985 IEEE | [8] © 1992 IEEE | [10] © 2004 IEEE

voltage O D
12-250V e T

o |

-5‘\!1-.
R el

p-calumn

Drain

D-MOSFET SJ-MOSFET
[6] Copyright 1982, [9] © 1997 IEEE
The Japan Society of
Applied Physics
High-
voltage
400-800V

Fig. 1-6. Classification of power MOSFETs. Rows show range of rated-voltage, and

columns show cell structures which has been proposed in each early development stage.



1.4. Challenges on power MOSFETS for the low-voltage application
1.4.1. Necessity of improving tradeoff characteristics

As mentioned the above (Fig. 1-5), market demands for the power MOSFETs are
including many different things. There is various tradeoff relationship each other,
between device performances, device size, ease of use, manufacturing cost, productivity,
and so on. To overcome the various tradeoff and to provide advanced high performance

products are big challenge in power MOSFET development.

In all power MOSFETSs dealing with high current, an on-resistance (£ox) reduction
to minimize the power loss and a high breakdown voltage (VB) maintaining are
fundamental tradeoff. The Fon is mainly occupied by drift layer length and the impurity
concentration, which also determine the V&. The Ron is derived by [11] and expressed as

below.

4V5%

~— (1-1)
.ungEC

Ron
Here, i is the electron mobility, ¢ is the permittivity of semiconductor, and Kt is the
critical electric field. The higher the Vs 1is, the more the Ko~ increases, therefore the Ron—
VB tradeoff is a still significant issue on the power MOSFETs development.

The power MOSFET has parasitic capacitances itself: gate—source capacitance (Cgs),
gate—drain capacitance (Cy), and drain—source capacitance (Cis). The parasitic
capacitances affect to switching loss. There is a simple tradeoff between the chip size and
the capacitances; the larger the chip size, the more the capacitances increase. In addition,
in unit cell structure of the power MOSFET, there are various cases that a reduction
method of the capacitance affects to the VB increase or the Ko~ increase. Thus, to make
sure of the relationship between the Ron and the capacitance properties, figures-of-merit

(FOMs) are discussed, especially in considering a switching performance.



1.4.2. Minimization of power loss to improve energy use efficiency

The LV-MOSFETSs, which are generally classified into rated-voltage in the range
from 12-250 V, are applied in various power electronics circuits, e.g., as shown in Fig.

1-7, Fig. 1-8, and Fig. 1-9.

80V - 150V
Power MOSFETs
DC Input o© r
36V / 48V |72V DC Output
° 24V,

T
T 12V,

T _§||§ ° 5V,

&
® el

Fig. 1-7. Example of application circuit topology (1). Isolated DC-DC converter block

having full bridge for primary-side and synchronous rectification for secondary-side.
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Fig. 1-8. Example of application circuit topology (2). Motor drive unit having three-

phase inverter.
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Fig. 1-9. Example of application circuit topology (3). Lithium-ion battery cell

charging/discharging control and protection circuit.

In the distributed power supply systems, there is an isolated DC-DC converter block
having full bridge for primary-side and synchronous rectification for secondary-side, as
shown in Fig. 1-7. Corresponding to the DC input voltage, 80-150-V-rated power
MOSFETSs are used in both primary-side and secondary-side. When the DC output
voltage is set to 12V, a 30-V-rated power MOSFET is used in the next stage.

In the motor drive unit as shown in Fig. 1-8, three-phase inverter circuit is consists
of six power MOSFETSs. For example, in the automobile electronic unit, corresponding to
the battery voltage, 30—100-V-rated power MOSFETSs are used in the inverter circuit.

In the lithium-ion battery pack, which is incorporated in large quantities in many
kinds of portable equipment, 12—20-V-rated power MOSFETSs are used in the battery cell

charging/discharging control and protection circuit (Fig. 1-9).

In such an energy conversion, a load drive, or a switching operation, an energy loss
1s caused generally. In a switching circuit using the power MOSFET as shown in Fig.
1-10, the power loss occurs during both conduction and switching period. The general
power loss consists of the following components [12] [13].

Fop Gate drive loss

Pecon  Conduction loss

Pswen Turn-on loss

Pswotny Turn-off loss

Porr Diode reverse recovery charge (@) loss

Paoss  Output charge (Ghss) loss



Fig. 1-10. Simplified switching test circuit (left figure) and switching waveform (right
figure).

Vin: input (supply) voltage, Vis: gate voltage, Ry gate resistance, L: inductance, Vis:
drain—source voltage, /a: drain current, Jon: on-state current, Von: on-state voltage,
ton' turn-on switching time, f turn-off switching time, £w: switching frequency, and

D: duty ratio.

Components of power loss originated from the power MOSFET characteristics in an
assumption of the switching test circuit in Fig. 1-10 and formula of each power loss are
shown in Fig. 1-11. In each power loss component, individual improvement methods are
considered as described below.

Fop reduction is depending on a gate driver technology. It is expected that Psp can
be minimized by very low impedance condition and very high current gate drive [14] [15]
[16].

Peoon is proportional to the Fon. Ultralow Roxn MOSFET can directly reduce FPcon.

Pswin) and Pswosn increase in proportion to the switching time (turn-on switching
time (%n) and turn-off switching time (%)) and the switching frequency (£w). Meanwhile,
ton and & are defined by both gate—source capacitance (Cys) and gate—drain capacitance
(Csa). Low gate—source charge (@ss) and low gate—drain charge () MOSFET is the most
desirable solution. Both Pswn) and Pswetn can be also minimized by very low impedance
condition and very high current gate drive. Moreover, in particular, Pswen) can be
drastically reduced by a circuit control technology such as zero-voltage-switching (ZVS)

Pq:: is defined by the reverse recovery charge (@) of body diode, which is formed by
pn-junction of the MOSFET. Low-recovery-charge Shottky barrier diodes (SBD) can
improve FPqrr drastically.

Pqoss is caused by the period of output charge (@oss) charging and discharging by
drain current (/). @oss is influenced by drift layer design that determines the Va.

10



Regarding advanced power MOSFETSs, it is obvious that there is a potential to
reduce FPreon, Pswon), and Pswofn drastically, and several power loss analysis has been
reported so far [17] [18] [19] [20] [21] [22] [23]. However, owing to the VB maintained
structure, the Ghss increase which leads to Paoss 1s a significant issue, especially in the

case of megahertz switching.

Power loss Formula Improvement method

Low gate impedance (R,~0) and

Gate drive Pep = Q4V ysfsw high current drive by gate driver
technology
Conduction Pcon = Ion*RoyD  Ultra low Rpy MOSFET
1 L
Turn-on Pswion) = EV ey | Qg and Q,; MOSFET

Low gate impedance (R,~0) and
1 high current charging/discharging

Turn-off Psweorr) = 3 Vaslatorsfsw by circuit control technology

Diode recovery Porr = Qi Vinfsw Low Q,, (recovery charge) SBD

CossV gsdV To reduce C,., charging /

P, .. =
Output charge Pgoss = fsw f discharging

Fig. 1-11. Components of power loss originated from the power MOSFET
characteristics in an assumption of the switching test circuit in Fig. 1-10. Each power
loss is expressed by general formula. In addition, improvement methods for each
power loss are described.

Vin: input (supply) voltage, Vis: gate voltage, Re: gate resistance, @s* gate charge, Vas:
drain—source voltage, Ja: drain current, Jon: on-state current, fon: turn-on switching
time, fff: turn-off switching time, fw: switching frequency, ). duty ratio, @’ reverse
recovery charge, Gkt gate—source charge, Ghda: gate—drain charge, and Coss' .output

capacitance.
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1.5. Objective of this study

1. Development of novel structures for low-voltage power MOSFETSs to achieve low
power loss.

2. Construction of structure-based compact model to enable the power loss analysis.

3. Proposal of an ultimate power MOSFET structure by using the compact model

and prediction of the performance.

For the key device to prevent the CO2 emission, low-power-loss technologies of the
power MOSFETs are strongly required to realize high efficiency and low power
consumption in various application. In this dissertation, several kinds of new structures
for the low-power-loss LV-MOSFETSs are proposed and are demonstrated with fabricated
devices.

In addition, to enable a new device design without experiment and simulation, a
device-physics-based compact model for the LV-MOSFET are constructed. It is expected
that the compact model can calculate and predict significant number of the new designed
devices in very short term. Fig. 1-12 shows schematics of procedure from the device
structure design to the device performance evaluation/prediction, for the case of a real
device, a TACD simulation, and a calculation by using the compact model.

As the compact model, specific on-resistance (FoxA) models, which are necessary for
the calculation of the conduction loss, are described in detail for each LV-MOSFET
structure. It needs to be considered carefully that not only the KonA components in each
structure but also the current spreading in vertical direction will change by the structure
design or the layout design.

Moreover, especially in high current or high frequency switching application,
parasitic capacitances in the LV-MOSFET are necessary for the calculation of the
switching loss. The capacitance models are described by structural parameters, which
are unit-cell geometries, impurity doping concentration, and dimensions of the device
structure. In the modeling, the components of capacitance for both standard D-
MOSFETs and the latest FP-MOSFETs are considered and the derivation of model
equations is studied in detail.

By utilizing the compact model, it enables to predict an ultimate structure for next-
generation LV-MOSFET. It makes clear that the latest FP-MOSFET structure has an
enough room for the performance improvement and the device should advance the
research and development. It is expected this compact model can greatly contribute to

higher efficiency power electronics.

12
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Fig. 1-12. Schematics of procedure from device structure design to device performance

evaluation/prediction: for real device, TACD simulation, and compact model.
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2. DEVELOPMENT OF ADVANCED Low POWER Loss D-
MOSFETs AND U-MOSFET'S

2.1. Earlier studies in LV-MOSFETSs Development

For the most basic structure of modern power MOSFETS, which drain current flows
vertically between front-surface and back-surface in semiconductor die, planar gate
double-diffused MOSFETs (D-MOSFETs) were developed in the mid-1970s [5] and
commercialized in the late 1970s. The D-MOSFETs applied fundamental technology
called Diffusion Self-Aligned (DSA), which was devised in the late 1960s [24].

Trench D-MOSFETSs were developed in the mid-1980s [7] and commercialized in the
early 1990s, respectively. The trench gate D-MOSFETs which have U-grooved structure,
are also called U-MOSFETS, and currently being used as matured low-cost devices. As
great advancements of LV-MOSFETS in terms of performance, field-plate U-MOSFETs
(FP-MOSFETSs) and superjunction U-MOSFETs (SJ-UMOSFETSs) were developed and
commercialized in the early to mid-2000s. Regarding SJ-UMOSFETs and FP-MOSFETSs,
the details are described in chapter 3.

Fig. 2-1 shows technology development history of vertical power MOSFETS.

1970 1980 1990 2000 2010 2020

*‘ Diffusion Self-A.li:gned (DSA)

Fundamental < Offset gate : 3
' Reduced Surface Field

technologies I(RESURF) , Superjunctionj (8J)
V-groove gatle MOSFET (V- MOISFET)
Planar gate MOSFET (D- MOSFET) ‘
D- I\:IOSFET (Cum_mermal) & High- denslty D-MOSF E.T (GOV)
' Trench D-MOSFET (U- MOSFET)
Vertical Accumulatmn mode U- MOSFET

! ! 1 U- MOSFET & High- dcnalty meshed-gate |
MOSFET ; ; ; (Commercial) ~ UMOSFET (20-60V) '
L ngh density stripe- gate
U-MOSFET (25-30V)
Field-Plate U-MOSFET : :
(FP-MOSFET) FP-MOSFET # High-density
! (Commercial) ~FP-MOSFET (18V)

; ' # Slant FP-
Superjunction MOSFET MOSFET (100V)
(SJ-MOSFET) :

8J-MOSFET (Commercial, 600V)
4 SJ-UMOSFET (60-75V)
¢ SJ- UMOSE ET (Cnmmermal)

& High- demnty
SJ-UMOSFET (30-40V)

technologies

Fig. 2-1. Technology development history for vertical power MOSFETsS.
Highlights show author’s research.
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2.2. Improvement of planar gate double-diffused MOSFET (D-MOSFET)
2.2.1. Basic structure and on-resistance (FonA4) components of D-MOSFET

Schematic cross-sectional unit-cell structure of D-MOSFET is shown in Fig. 2-2. Fig.
2-2(a) shows a distribution of electric field Ey of drift layer in vertical direction y;, when
reverse bias applies to drain. In the D-MOSFET, breakdown voltage (V&) of one-
dimensional plane pn-junction is determined by the area of this triangle electric field.
When a gate width is relatively short, i.e., a lateral distance between p—base layers is
narrow enough, the Vs of the D-MOSFET is approximated as

Vg ~ %ECLdep, (2-2)
where FEt is a critical electric field and Zaep is a depletion layer length in y. In an
assumption, if a depletion layer length in the p—base region is negligible a slope of the

electric field in the n—drift layer is expressed as

Ec  qNp

Ldep Esi€o

(2-3)

where ¢ is the elementary charge, M is the n—drift layer concentration, and ssio is the

permittivity of silicon. By substituting Eq. (2-3) into Eq. (2-2), the VB can be obtained as

2
_ &gk

~ . (2-4
BT 2qN, :

The VB is inversely proportional to the M. On the other hand, the Ab is one of the main
influence parameter of on-resistance (FonxA), especially in drift layer resistance (£pA) as
described below. Therefore, the Vs and the KpA has a tradeoff relationship, and it has
been described as BpA « V825 in [11].

Fig. 2-2(b) shows on-state current paths and on-resistance components of the D-
MOSFET. The RonA of the D-MOSFET (RonPMOS 4) is described as follows.

RONDMOSA = RN+A + RCHA + RAA + R]FETA + RDA + RSUBA (2-5)

Here, AN+ is n*—source layer resistance, Fcu is channel resistance, Fa is accumulation

layer resistance under the gate, Brer is junction FET (JFET) resistance, Kb is n—drift
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Fig. 2-2. Schematic cross-sectional structure of D-MOSFET, which shows unit-cell area.
(a) Electric field distribution in vertical direction of off-state. (b) On-state current paths

and components of on-resistance.

layer resistance and Asus is n*—substrate resistance. All the components indicate the
resistance of unit area “A”, which means the product of “unit width” and “unit length”.
Whereas FEn+A is relatively small, thus HonPMOSA can be approximated by using main

components,
RONDMOSA =~ RcyA + RyA + RjpprA + RpA + RgypA. (2-6)

In Eq. (2-6), each of the resistance except EpA is expressed by analytical model as
below [25] [26] [27].

LeuWeen

ReyA = -7
ZﬂniCGOX(Vgs - VTH)

LAWCell

RAA=K,—————— (2-8)
4 4 2UnaCooxVys
pPpX;W,
RjperA = =5 _cel éBL cell (2-9)
A
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RsypA = psysTsys (2-10)

Here each structural parameter is shown in Fig. 2-3 and defined as follows. Wcen is cell
width, Ws is gate width, Lcu is channel length, Za is accumulation layer length, XiB is
junction depth of p—base layer, Xis.1 is lateral expansion width of the p—base layer, pp is
resistivity of n—drift layer, psus is resistivity of n*—substrate, and 7&us is thickness of the
n*—substrate. In addition, gmi is electron mobility of inversion layer, tma is electron
mobility of accumulation layer, Csox is gate oxide capacitance, Vgs is gate voltage, and
Vru is threshold voltage. Ka is a coefficient of considering current spreading from the
accumulation region to the JFET region [25] [26]. Ka is assumed to be around 0.6.

Moreover, Cgox, pp and psus are expressed as

Eox €
CGOX - TX 9 (2'11)
GOX
1
=— (2-12)
Pp qin pNp
1
Psup = ————— (2-13)

qin_susNsus

where goxep is the permittivity of silicon dioxide (SiO2), Ttox is the gate oxide thickness,
and MNsus is n*—substrate concentration. In addition, g is elementally charge, i p is

electron mobility of n—drift layer, and un_sus is electron mobility of n*—substrate.

In the n—drift layer, current flow from the corner of the p—base layer spreads in angle
of 45 degrees. RpA model is divided into two cases, i.e., Weoy = 2(Lp + L) or Weey <

2(Lp + L,), and expressed as follows.

PoWeen, Lp+L
( Dz “Uin DL 4, Weoy = 2(Lp + Ly)
RDA=i A (2-14)

PoWeeu, Ween Wg
PoCelin =ttt o (Lp = =2 = Xypa), Ween < 2(Lo + L)
2 2L, 2
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Fig. 2-3. (a) Top view of unit-cell layout [28] [29], © 1995 IEICE, and (b) structural
parameters of D-MOSFET.

a: Half of gate poly-silicon width (1/2 Wa).

b: p—Base width (W&).

¢t Distance between gate poly-silicon and contact.

d: n*—Source contact width.

e: p*—Body contact width.

By the way, Eqgs. (2-7)—(2-9) and (2-14) show the case of the stripe geometry of the
D-MOSFET as a simplified. For example, in the RcuA (Eq. (2-7)), channel width per unit
area Ais given as 2Wee/Ween® = 2/Weey in stripe geometry. On the other hand, that is
given as 4Wpz/Wee;? in square cell geometry shown as Fig. 2-3(a). Each of the resistance

included in Eq. (2-6) in the square cell geometry is expressed by amended model as below.

LeaWeen”
RCHA — CHV'YVCell (2_15)
4WBHniCGOX(Vgs - VTH)
LaWeen”
R,A (2-16)

=K,
4(WB + ZX]B_l).unaCGOXVgs
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PpXjp WCellz

RipprA = (2-17)
IFET >
Ween” — (W + 2X)5.1)
RDA = RDlA + RDZA (2_18)
0 , Ween = 2(Lp + Ly)
Rp,A = Ween (2-19)

oo (Lo == Ly),  Woew < 20 + L)

Rpq GA "Rp1 gA
RpA = = = -
A AT Ry oA (2-20)

Ween® (W,
Rpy A = cell b ( cell LA) (2-21)

2(Weew® —We?) Ly
| Pp WCe113 In Ween
\ 2(Wee® - We?) 2L

Ween® Lp+1L
pD cell ln D A, WCell = Z(LD + LA)
Rpi A= (2-22)

, Ween < 2(Lp + Ly)

Here, Rp1A, Rp2A4, Rp1_cA and Rpi1_BA are components of the BpA shown in Fig. 2-4. As
expressed in Eq. (2-20), Bp1A4 is expressed as a parallel resistance of Bp1_cA and Ep1 A.
Ep1_cAin Eq. (2-21) expresses a component of the drift layer resistance under the gate
intersection. In the same way, Bp1 B4 in Eq. (2-22) expresses another component of the
drift layer resistance, which is spreading from the end of the JFET region to under the
p—base layer in angle of 45 degrees.

Fp1 BA and Ep2A models are divided into two cases as same as the case of the stripe

geometry, 1.e., Weey = 2(Lp + Ly) or Weey < 2(Lp + Ly).

To improve the FonPMOSA with necessary VB maintained, all the components of

FonPMOS A4 have to be reduced by individual appropriate techniques.
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Fig. 2-4. (a) Top view of D-MOSFET for square cell layout. Schematic cross-sectional
structure, which shows components of the n—drift layer resistance (Epi_s, Bpi_a, Ep2).
(b) Current flow spreading in 45 degrees underneath p-base layer. (c) Current flow

under gate intersection.
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2.2.2. List of on-resistance model

Table 2-1. List of ZonA model equations for D-MOSFET (stripe and square cell design).

Stripe Square cell
LeyWeen LenWeen”
Reyh = e Royh = caWeen
211 Cox (Vgs — V) AW iniCoox (Vys — Vi)
LaWeen LaWeey”
RAA—KAZ CeV RAAZKA AVV Cell
HnalcoxVgs 4(WB + ZX]B_I)MnaCGOXVgS
_ PpX;Ween PpX;sWe ll2
RjperA = 42LA RpprA = . Z 5
Ween™ — (WB + ZX]B_I)
W, W, w, =
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2.2.3. On-resistance reduction techniques for 60-V D-MOSFET

In the RonA of the D-MOSFET, there are main five components with comparatively
high value; Rcud, BaA, RiverA, EpA and RsusA, as shown in Eq. (2-6). Reduction of the
whole FonA is achieved by improving those components individually. In this subsection,
two process techniques, which are unit-cell shrinking and shallow pn-junction formation,
are applied to 60-V-class D-MOSFET and achieved results are described [28] [29].

2.2.3.1, Unit-cell shrinking by utilizing advanced design rule

It can consider from Egs. (2-7) and (2-8) that both RcuAd and EaA are reduced by
shrinking the unit-cell. By utilizing advanced design rule, e.g., 1.2-um rule in mid-1990s,
both WG and Ws can be shrunk compared with those in conventional 2.5-um rule. In the
D-MOSFET cell layout shown in Fig. 2-3(a), each parameter is designed to an optimum
dimension, e.g., (a) the Wa defined by the poly-silicon etching, (c) sufficient isolation
distance between the gate poly-silicon and the contact, (d) n*—source contact width

keeping low-resistance, and (e) p*—body contact width having stable V.

2.2.3.2, Shallow pn-junction formation by PSG sidewall process

The Ryrer region is made up of the p—base layer and the n—drift layer under the gate
electrode. Therefore, it can consider from Eq. (2-9) that the RsrerA becomes smaller as
the distance between the p—base layers (2xLa) becomes wider, or as the p—base layers
depth (XjB) becomes shallower.

The Rb region is under the JFET region and the p—base layers. The EpA becomes
smaller as the Lp becomes thinner. The necessary value of the Lp determined by the Vs
in Eq. (2-2) has to consider the expansion of p—base layer diffusion and the extension of
the high-density layer from the n*—substrate after passing through the device fabrication
process. Thus, the shallow p—base layer formation by adopting less annealing process is
effective as a method to reduce the Ibp.

Even when the XjB is formed shallower, the Lcu has to keep a necessary length to
prevent punch-through phenomenon, which leads to degrade the V. Therefore the Xjs,
which is junction depth of the n*—source layer, has to be moved away from the p—base
layer edge in lateral direction at the same time. This can be achieved by using sidewall
process and self-aligning n*—diffusion layer, where PSG (phosphor-silicate glass)

sidewalls are formed on both sides of the gate poly-silicon, as shown in Fig. 2-5.
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Fig. 2-5. Sidewall self-aligned process for n+ source layer formation. [29] © 1995 IEICE.
(PSG: phosphor-silicate glass.)

2.2.3.1. Experimental results of RonA4 reduction

In order to evaluate the RonA reduction with newly developed process, a test
element group (TEG), which plural 2x2 mm? chips were arranged, was fabricated. As
evaluation of the TEG of D-MOSFET, both Wi and Xjs dependences of FonA, and both
pp and XjB dependences of EonA were shown in Fig. 2-6(a) and Fig. 2-6(b), respectively.

In a viewpoint of minimizing RonA, an optimum WG became smaller with shallowing
the Xs8. When the W3 was constant value of 6 um and Xijs was 1.5 um, the optimum We
was approximately 5.5 um. In the case that the W& was narrower than the optimum
value, the RonA increased because the RyrerA component became large. However, the
rate of HonA increase were suppressed enough with respect to the shallower Xss. It can
mention that such a shallow pn-junction formation has advantage as a robust design
regarding the W variation in the D-MOSFET cell.

In the case of lower pp, not only the RonA decreased but also the VB decreased.
Therefore, in order to satisfy both sufficient high V5 and smaller KonA, it was found that
the VB maintained by slightly high op with shallow XjB was better choice than that by
deeper Xjs.
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Fig. 2-6. (a) W and XjB dependences of RoxA, and (b) pp and XjB dependences of RonA
in fabricated TEG of D-MOSFET. [29] (modified).

Moreover, in this experiment, impurity doping of n*—substrate was changed from
phosphorus to arsenic to reduce the FsuA. As the effect, the psus was reduced to one-
thirds and it was less than 6 mQ-cm.

As the experimental result shown in Fig. 2-7, HonA of 130 mQ-mm?2 with V3 of 70 V
was achieved by adopting process techniques and optimization described in subsections

2.2.3.1-2.2.3.1.

200 ¥ T * T+ ¥ T 7T M T T
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E
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Fig. 2-7. Experimental result of relationship between KonA and Vs in fabricated TEG
of D-MOSFET. [29] (modified).
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2.2.4. Validation of on-resistance model

Fig. 2-8 shows the RonA of developed 60-V-class D-MOSFET compared with that of
both analytical model and TCAD simulation. The structural parameters, electrical
parameters and physical constants are indicated in Table 2-2, Table 2-3 and Table 2-4.
For the stripe geometry, the KonA calculated by the model corresponded to the TCAD
result with only 2.4% error. For the square cell geometry, the RonA calculated by the

model corresponded to the experimental result with only 4.2% error.

Do
o
o

150

100

=
o

Specific on-resistance (mQ*mm?)
o

Fig. 2-8. Experimental result of FonA for developed 60-V-class D-MOSFET compared
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with that of both analytical model and TCAD simulation.
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Table 2-2. Structural parameters of 60-V-class D-MOSFET to calculate RonA.

Symbol Parameters Numerics Unit

Ween Cell width 11.5 um

Wa Gate width 5.50 pm

1243 p—Base width 6.00 um
Lcn Channel length 1.00 um

Ia Accumulation length 1.48 um

Ka Coefficient of current spreading in 0.60

the accumulation region

Toox Gate oxide thickness 0.05 pm
Xis n*—Source junction depth 0.50 um
XiB p—Base junction depth 1.50 um
XiB1 p—Base junction lateral length 1.28 um

Ip n—Drift layer length 5.00 um

£D Resistivity of n—drift layer 0.85 Q+cm
Mo Drift layer concentration 5.76 x 1015 atoms/cm3
Tsun n*—Substrate thickness 250 pm
SUB Resistivity of n*—substrate 0.006 Q-cm
Nsus n*—Substrate concentration 9.70 x 1018 atoms/cm3

Table 2-3. Electrical parameters of 60-V-class D-MOSFET to calculate RonA.

Symbol Parameters Numerics Unit
Vs Gate—source voltage 10.0 A%
Vru Threshold voltage 1.50 \Y
Hni Electron mobility of inversion layer 550 cm?/Vs
Lna Electron mobility of accumulation 1000 cm?/Vs

layer
Hn D Electron mobility of n—drift layer 1250 cm?/Vs
Hn_SUB Electron mobility of n*—substrate 109 cm?/Vs
Table 2-4. Physical constants to calculate RonA.
Symbol Description Property Unit
q Elementary charge 1.60 x 10719 C
& Permittivity in vacuum 8.854 x 10714 F/cm
£8i Dielectric constant of Si 11.7
£0X Dielectric constant of Si02 3.9
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2.2.5. Improvement of parasitic capacitance by partially thick gate-oxide structure

Reduction of KonA for D-MOSFET was achieved by unit-cell shrinking, shallow pn-
junction formation, and high impurity doping of n*—substrate. On the other hand,
parasitic capacitances of the D-MOSFET are improved by other design approach. Fig.
2-9(a) shows the parasitic capacitances of the D-MOSFET: input capacitance (Css),
output capacitance (Coss), and reverse transfer capacitance (feedback capacitance) (Ciss).
Among those, gate—drain capacitance Cg can be reduced by partially thick gate-oxide

structure as shown in Fig. 2-9(b).

. . ]
T L Cga
-~
L L " 1 Poly-§i
n+ source_F T T
i Cest Ces Ced
pbase
=
Cds

Ciss = (Cgsl + Cgs2 + Cegs3) + Cegd
Coss = Cds + Cgd
Crss = Cgd
Ces : (apacitance between gate and source
Cds : Capacitance betveen drain and source
Ced : Capacitance betveen gate and drain
Ciss : Inpul capacitance
Coss : Output capacitance

Crss : Feedback capacitance

(a) (b)

Fig. 2-9. (a) Parasitic capacitances of D-MOSFET. (b) Partially thick .gate oxide
structure for D-MOSFET. [29] © 1995 IEICE.

Gss equals to Cza, and both Gss and Coss include Cza. Therefore, in the experimental
results, all parasitic capacitances were reduced by the partially thick gate-oxide

structure, as shown in Fig. 2-10.
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Fig. 2-10. Vas dependence of capacitances (Ciss, Coss, and Ciss) in D-MOSFETs. In
comparison of conventional structure and fabricated partially thick gate oxide

structure. [29] © 1995 IEICE.
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2.3. High-density trench gate MOSFET (U-MOSFET)
2.3.1. Basic structure and on-resistance (FonA) components of U-MOSFET

Schematic cross-sectional structure of U-MOSFET for two unit-cells area is shown
in Fig. 2-11. Fig. 2-11(a) shows a distribution of electric field Ey of drift layer in vertical
direction y, when reverse bias applies to drain. In the U-MOSFET, V& of one-dimensional
plane pn-junction is determined by the area of this triangle electric field in a similar
manner to the D-MOSFET. When a trench gate penetration from a p-base layer is
relatively short, the V& of the U-MOSFET is approximated as same Egs. (2-2)—(2-4).

Fig. 2-11(b) shows on-state current paths and on-resistance components of the U-
MOSFET. The AEx+A is more negligible than that of the D-MOSFET, and the FonA of the
U-MOSFET (FonUMOS4) can be approximated by using main components,

Ron"™O9 A = RcyA + RyA + RpA + RgypA. (2-23)
Source Source
| Ru
F5a o ESa P S I3 o = 15|
p Pl £ [LIRcH P
(4] [¢] ]
RA
1'1- [] RD ﬂ-
I ON
n+ v I Rsus n+
y W W v W
Drain Drain
(a) (b)

Fig. 2-11. Schematic cross-sectional structure of U-MOSFET, which shows two unit-
cells area. (a) Electric field distribution in vertical direction of off-state. (b) On-state

current paths and components of on-resistance.
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In Eq. (2-23), RcuA, BaA and RpA are divided into two cases, i.e., the U-MOSFET
design is stripe geometry or square cell geometry. Fig. 2-12(a) shows structural
parameters of the U-MOSFET. As shown in Fig. 2-12(b) and Fig. 2-12(c), channel width
per unit area “A” is shown as 2Wie/Ween® = 2/Weey in stripe cell design, or
4Wiesa/Ween® in square cell design. Here, Ween is cell width and WAtesa is mesa width.

RcuA, BaA and RsusA in Eq. (2-23) are expressed by analytical model as below.

LenWeen
leniCGox(‘{qs - VTH),
LenWeen”
4'WMesa.uniCG0X(Vgs - VTH),

in stripe cell
(2-24)

(

4'
RCHA =

Ik in square cell

2Ly + Wr)Weey
4‘#naCGOXVgs
(2La + W)Weey)?

A )
8Whtesalina CGOXVgs

" , in stripe cell

R,A = (2-25)

in square cell

RsypA = psysTsys (2-26)

Here, Wt is trench width and other same symbols are the same as those of subsection
2.2.1, i.e., LcH is channel length, Za is accumulation length, pp is resistivity of n—drift
layer, psus is resistivity of n*—substrate, 75us is thickness of the n*—substrate, tmi is
electron mobility of inversion layer, tma is electron mobility of accumulation layer, Ccox
1s gate oxide capacitance, Vgs 1s gate voltage, and Vru is threshold voltage. Ka is a
coefficient of considering current spreading from the accumulation region to the drift
region [25] [26]. In Eq. (2-25), the total accumulation length of the unit cell is given by
2L, + Wy, Ka is assumed to be around 0.6.

In addition, ApA in Eq. (2-23) is consists of sub-components which are BpiA, Ep2A4,
Fpi1A and Rp1_MmA as shown in Fig. 2-13, and is expressed by analytical model as below.

RDA = RDlA + RDZA (2'27)

PoWeen In Ween
2 Wr ’
RDl_TA ' RDl_MA

Rpi A+ Rpy yA’

in stripe cell

RDlA = (2_28)

in square cell

30



W,
RDZA = Pp (LD - LA - Mesa) (2-29)

2
VVCell2 WMesa
RDl TA - D~ (2-30)
_ WTZ 2
Weer w,
Rpy wA = PpWceu In el (2-31)

2(Weey® —Wr?) Wy

As expressed in Eq. (2-28), Ep14 is a drift layer resistance spreading from under the
trench to center of the mesa. Moreover, in the square cell, Bp1A4 is expressed as a parallel
resistance of Bp1 14 and Bpi_mA. Epi 1A in Eq. (2-30) expresses a component of the drift
layer resistance under the trench intersection. In the same way, REpimA4 in Eq. (2-31)
expresses another component of the drift layer resistance, which is spreading from four

sides surrounding the square mesa region.

WCeH .

WT WMesa

—rf——> Channel width / unit cell
o =]

n-
Pp
Psyg O
Drain
(a) () (c)

Fig. 2-12. (a) Structural parameters of U-MOSFET. Top view of U-MOSFET unit-cell

layout for (b) square cell design and (c) stripe cell design.
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To improve the FonUMOSA with necessary VB maintained, all the components of

RonUMOS A have to be reduced by individual appropriate techniques.

In the case of n*/p* interactive layout pattern, KcuA is expressed as below.

LCHWCell 1

RCHA = ) 3
leniCGOX(Vgs - VTH) Ratiopy,

(2-32)

Ween Ween : .vir.-
Rp, TQ—@ [:] WT Wn-ﬂesa oufce
=SGla e
D E l n | [0
O p||E |:| P L‘:f‘ ___________ Gat:
WT WMesa =2 f ¥ Sty
Rorm ~Na45° || 4- VeWhesa | Il |Rorr
n
Pp Rp; il LD Rp;
n+ n+
Drain Drain
(a) ) ()

Fig. 2-13. (a) Top view of U-MOSFET for square cell layout. Schematic cross-sectional
structure, which shows components of the n—drift layer resistance (Bpi_m, Zp1_1, Ep2).
(b) Current flow spreading in 45 degrees from four sides surrounding the square mesa

region. (¢) Current flow under trench intersection.
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2.3.2. List of on-resistance model

Table 2-5. List of ZonA model equations for U-MOSFET (stripe and square cell design).

Stripe Square cell
LeyWeen LenWeen”

RCHA:2 ) Ve . Reyh = caWeen

Hni GOX( gs — TH) 4WMesa.u'niCGOX(Vgs - VTH)
R A= LenWeen 1

cHA = -

Z#niCGOX(Vgs — Vo) Ration,

RA =K, 2Ly + Wr)Weey Ly + W) Weey®

4.unaCGOX I(gs

RDA = RDlA + RD2A

PoWeen, Ween
RpiA=——In——
D1 2 n A
74
Rp2A = pp (LD =Ly - Ivéesa)

RsypA = psysTsus

R,A=K
4 4 8WMesaﬂnaCGOXVgs
RDA = RDlA + RD2A
RDl_TA i RDl_MA

RpA =
bt Rpy rA+ Rpi A
VVCell2 WMesa
R A=——F
D1.T WT2 Pp 2
3
PoWeen Ween
RDl MA = 11’1
) Z(W(Jellz - WTZ) Wr
W,
Rp,A=pp (LD —L,— Iéem)

RsypA = psysTsys
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2.3.3. Cell pitch shrinking by double trenches structure

Fig. 2-14 shows a U-MOSFET structure designed to square cell. In this design, the
Ween can be drastically shrunk by adopting double trenches process, which means
formation of trench gate and trench contact. The trench contact structures with metal
plug have been reported [7] [30] [31] and 1.6-2.0 um cell pitches have already been
realized [32] [33]. In the U-MOSFET, the W& in the case of the D-MOSFET is reduced to
a Wt due to vertical trench gate electrode, and the Ws in the case of the D-MOSFET is

also reduced to a Wiiesa due to adopting narrow trench contact opening width.

Contact hole

Ar

Interlayer
dielectric

+ q
Poly-Si— P

—d

n-

n+

Fig. 2-14. Bird’s eye view of U-MOSFET structure designed to square cell, which has
double trenches in unit cell. (Source and drain metals are not shown.) [40] © 2007 IEEE,
[41]

The representative process flow of the U-MOSFET having double trenches is
disclosed in [34], and shown in Fig. 2-15(a)—(k).
(a) An n—epitaxial layer on n*—substrate.
(b) Deposition of insulating layers consisted of silicon dioxide and silicon nitride,
followed by trench forming by photo-lithography and reactive ion-etching (RIE).
(¢) Rounding treatment of the trench corners by sacrificial oxidation or chemical dry
etching (CDE).
(d) Gate poly-silicon deposition by low-pressure chemical vapor deposition (LP-CVD).
(e) Gate poly-silicon filling down to appropriate depth inside trench by RIE. Then, p—
base and n*—source formation by ion-implantation, followed by thermal annealing.
(f) Inter-layer insulating film deposition by LP-CVD, followed by thermal annealing.
(g) Trench contact forming by photo-lithography and RIE down to appropriate depth d.
(h) p*—Body layer formation by ion-implantation and thermal annealing. Then barrier

metal (like titanium nitride) sputtering.
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(i) Forming contact plug material (like tungsten) by CVD.

(G) Etching-back the contact plug material.

(k) Thick metal (like aluminum) formation on the device surface, followed by source/gate
electrodes patterning by photo-lithography and RIE. Then grinding and polishing

back-surface, followed by back-surface metal formation for drain electrode.

—i

Fig. 2-15. Process flow of U-MOSFET having double trenches [34].
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2.3.4, 30-V sub-micron cell pitch U-MOSFET applying by burying interlayer

dielectric inside trench 1

For the low-voltage U-MOSFETS, various unit cell structures have been proposed to
shrink the cell size and to achieve high performance. Self-aligned contact structures
realized by burying interlayer dielectric above poly-silicon gate inside trench was
presented in [35] [36] [37]. High density trench structures around 1.0-um-pitch were
realized in p-channel U-MOSFET firstly [38] and accumulation-mode n-channel U-
MOSFET also [39].

In this subsection, a newly developed sub-micron cell pitch 30-V-class n-channel U-
MOSFETs are described [40] [41]. In the narrow pitch U-MOSFET structure, a plural
layered oxide as interlayer dielectric (ILD) inside trench and the self-aligned contact are
adopted. This structure accomplishes the unit cell pitch less than 1.0 um. In addition,
structural parameters are optimized to achieve the lowest on-resistance performance for

both new rectangular cell design and stripe cell design.

2.3.4.1, Unit-cell design for total channel width maximization

As described in subsection 2.3.2, in the square cell design, although the unit cell size
is defined by Wr and WAiesa, the Wiesa consists of three critical dimensions which are the
trench contact width and the n*—source width in both sides of the trench contact.

Fig. 2-16(a) shows the fabricated n-channel U-MOSFET structure of rectangular cell
design, where n*—source regions are divided by a p*—body region in a cell. In addition,
Fig. 2-16(b) shows the stripe cell design with alternatively arranged n*/p* pattern in
longer direction of trench. In both structures, since the ILD is completely buried inside
trench, the surface of mesa region, which consists of n*—source and p*—body, can contact
directly to source metal (not shown in the figures). Thus the self-aligned contact
structure is realized in these cell design. Moreover, the unit cell size is given by sum of
just two parameters, i.e., Wr and WAiesa which equals to the contact width.

In the rectangular cell design, adjacent cells are arranged each other with a half
pitch shift of the cell in longer direction. In this design, cross points of the orthogonal

trenches, which form depressions above the gate poly-silicon, are avoided.

1 Subsection 2.3.4 is reproduction of [40] chapter II and III, © 2007 IEEE, and a part of description is
modified and comprehensive explanations are additionally provided.
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(b) Stripe cell design.

Fig. 2-16. Bird’s eye view of newly developed U-MOSFETs structures. (Source and drain
metals are not shown.) Ik is trench pitch in narrower direction for both rectangular cell

and stripe cell. Dy is unit-cell length for rectangular cell. [40] © 2007 IEEE, [41]

Fig. 2-17(a) shows the U-MOSFET unit-cell layout of 2.0-um-pitch square cell design,
which structure corresponds to Fig. 2-14. The channel width of the unit square cell is
sum of four sides surrounding trenches. Fig. 2-17(b) shows sub-micron-pitch rectangular
cell design, which structure corresponds to Fig. 2-16(a). The channel width of the unit
rectangular cell is double of sum of three sides surrounding trenches. Fig. 2-17(c) shows
sub-micron-pitch stripe cell design, which structure corresponds to Fig. 2-16(b). The

channel width of the unit stripe cell is double of sum of two sides along trenches.
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Fig. 2-17. Top views of U-'MOSFET unit-cell layout for (a) 2-um-pitch square cell design,

(b) sub-micron-pitch rectangular cell design, and (c) sub-micron-pitch stripe cell design.

Fig. 2-18(a) and Fig. 2-18(b) show calculated total channel width in 7.5 mm?2 chip
area for the rectangular cell design and the stripe cell design, respectively. In the
rectangular cell, the total channel width increases with longer unit-cell length 7y in all
investigated trench pitch Dk (0.8-1.2 pm). In the stripe cell, the total channel width
becomes larger with respect to narrower trench pitch Dk.

The total channel width of the above two structures are compared with that of 2.0-
um square cell for the same chip area. The channel density of the rectangular cell exceeds
that of the square cell at Dy > 2.8 pm (Zkx = 1.0 pm), and thus, the channel resistance can
be reduced. For the stripe design, almost the same effect is obtained at 7k < 1.0 pm (D
= 2.8 um). In both cases, p*—pitch (%) and p*—width are designed to maintain the

avalanche robustness.
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Fig. 2-18. Calculated total channel width in 7.5 mm? chip area for (a) rectangular cell
design, which depends on I, and (b) stripe cell design, which depends on Dk and p*—

pitch. Channel width of 2-um square cell is indicated in both graphs for comparison.

[40] © 2007 IEEE (modified), [41].
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Fig. 2-19(a)—(c) show the simulated potential contours for narrow pitch U-MOSFETs
for Dk = 0.8 um, 1.0 um, and 1.2 pum, respectively. In each simulation, the electrical
potential under the trench bottom level was uniformly distributed, and the Vs was over
30 V. In the narrow pitch rectangular cell (or the stripe cell), the narrow space between
trenches causes uniform potential distribution and the resulting Vs is higher than that
of the square cell. In the present structure, the epi-thickness can be reduced by 0.2 um

and the epi-resistance component of the U-MOSFET can also be reduced.

D, direction

Dy direction

305V

00 04

0.8 um pitch 1.0 um pitch 1.2 um pitch
(a) (b) (© (d)

Fig. 2-19. Simulated potential contours for U-MOSFETSs. In short side (D)) direction,
half size of (a) 0.8-pm pitch, (b) 1.0-um pitch and (c) 1.2-um pitch, which correspond to
both stripe and rectangular cell, are simulated at p*—region. In long side (%) direction,

(d) half size of rectangular cell is simulated. [40] (c) 2007 IEEE (modified), [41] (modified).
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2.3.4.2. Process flow and essential process evaluation

The representative process flow of narrow pitch rectangular cell U-MOSFET is

disclosed in [42], and shown in Fig. 2-20(a)—(g) and Fig. 2-21(h)—@).

(a) An n—epitaxial layer on n*—substrate.

(b) Deposition of insulating layers consisted of silicon dioxide and silicon nitride,
followed by trench forming by photo-lithography and reactive ion-etching (RIE).

(¢) Rounding treatment of the trench corners by sacrificial oxidation or chemical dry
etching (CDE).

(d) Gate oxidation and gate poly-silicon deposition by low-pressure chemical vapor
deposition (LP-CVD).

(e) Gate poly-silicon filling down to appropriate depth inside trench by RIE.

(f) Inter-layer insulating film deposition by LP-CVD, followed by planarization by
thermal annealing and etching-back to silicon surface by RIE.

(g) p-Base formation by ion-implantation, followed by thermal annealing. Then n*—
source formation by photo-lithography and ion-implantation.

(h) p*—Body formation by photo-lithography and ion-implantation, followed by thermal
annealing.

(i) Barrier metal (Iike titanium nitride) and thick metal (like aluminum) sputtering on
the device surface, followed by source / gate electrodes patterning by photo-
lithography and RIE.

Then grinding and polishing back-surface, followed by back-surface metal formation

for drain electrode.

The main points of the sub-micron cell pitch U-MOSFET are described below. The
trenches are formed by 0.25-um design rule process and have 1.0-um deep. The interlayer
dielectric between the gate poly-silicon and the source metal is fabricated by two types
of oxide. Firstly, Tetraethyl Orthosilicate (TEOS) is formed for good step coverage. Then,
Boron-Phosphor Silicate Glass (BPSG) is deposited, which has good reflow properties in

following thermal annealing.
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Fig. 2-20. Process flow of narrow pitch rectangular cell U-MOSFET. [42]
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The cross-sectional SEM photograph of the fabricated 0.92-um pitch U-MOSFET is
shown in Fig. 2-22(a). The interlayer dielectric is filled inside trenches, which is slightly
lower than silicon surface. Fig. 2-22(b) shows top view of the rectangular cells of the U-
MOSFET.

Source metal
0.92 um Lnterlayer dielectric
(TEOS oxide + BPSG)
n- epi layer g
(450 tilt)
(a) (b)

Fig. 2-22. SEM photograph of fabricated 0.92-um pitch UMOSFET. (a) Cross-sectional
view of an area including four trenches, observed by tilting angle of 45 degrees [40] ©

2007 IEEE (modified), [41]. (b) Top view of plural rectangular cells.

Fig. 2-23 shows gate leakage current as a function of the gate electric field for single
TEOS oxide and double layered oxide (TEOS and BPSG). The single TEOS oxide
property was not satisfactory due to occurrence of a weak spot of reduced thickness. In
contrast, in the case of the double oxide (TEOS and BPSG), ideal gate oxide properties
were observed, i.e., small leakage current of 1 nA at 6.6 MV/cm and high breakdown
electric field over 9.4 MV/cm. This demonstrates that the double oxide has a sufficient

insulation capability.
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Fig. 2-23. Comparison of gate leakage current as a function of the gate electric field for

fabricated UMOSFETs. [40] © 2007 IEEE (modified), [41]
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2.3.4.3. Experimental results of device performance

A. On-resistance and principal characteristics

Fig. 2-24(a) and (b) show the cell dimension dependences of measured Vs and RonA4
at Ve = 4.5 V for the rectangular cell and the stripe cell, respectively. The VB was over
30 V in all evaluated devices, and was independent of Dk and .

The RonA of the rectangular cell was saturated for larger Dy (at Ik = 0.92 um and
Dy =0.96 um). The tendency corresponded to the total channel width dependence shown
in Fig. 2-18(a). The lowest FonA of the rectangular cell was obtained at Ik = 0.96 pm and
Dy = 3.6 um. For this structure, the total channel width increased by 10% compared with
that of the 2.0-um square cell as shown in Fig. 2-18(a).

In the stripe cell, the RonA4 decreased with decrease in Jy monotonously (for p*—pitch
of 3.2 um and 2.4 um). However, the RonA of the stripe depended on the dimensions
sensitively than that of the rectangular cell. It was found that the proposed rectangular
cell has the advantages of process margin and RonA stability over the stripe structure.

The principal characteristics of the rectangular cell and the stripe cell are shown in
Table 2-6. The lowest RonA of 4.3 mQ-mm? at Ves =10V and 5.0 mQ-mm? at Ves =45V
were achieved in the rectangular cell with Vru =0.94 V and Vs =30.5 V. For gate charge
(@), almost the same Fon- @; performance was obtained for both structures.

In additionally fabricated rectangular cell U-MOSFET, the V3 of 39 V, KonA of 8.1
mQ-mm?at Vs =10V, and 9.0 mQ-mm? at Vg = 4.5 V were obtained.
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(modified), [41]
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Table 2-6. Electrical characteristics of 30-V-class U-MOSFET for the rectangular cell and
the stripe cell. [40] [41]

Symbol  Characteristics Conditions Rectangular  Stripe Unit
cell cell
VB Breakdown 1a =250 pA 30.5 31.0 Vv
voltage
Vrn Threshold Vas=10V, lh=1mA 0.94 0.94 v
voltage
RonA  On-resistance Ves=10V 4.3 4.5 mQ-mm?
FRonA  On-resistance Ves=4.5V 5.0 5.3 mQ-mm?
Q- Gate charge Vas=15V, Ves=5V 9.8 9.5 nC/mm?
GQra Gate—drain Vais=15V 4.1 3.6 nC/mm?
charge
Foxn-@: FOM 42.1 42.8 mQ-pF
Fox@.a FOM 17.6 16.2 mQ-pF
B Gate resistance 1.4 3.8 Q

B. Avalanche capability

Fig. 2-25 shows waveforms of unclamped inductive switching (UIS) for fabricated
rectangular cell U-MOSFET (Dkx = 1.0 um, Dy = 3.0 um) with V8 of 39 V. In avalanche
capability examination, sufficient current density over 12 A/mm?2 was confirmed, for Dk

range of 0.8-1.0 um and 2y range of 1.6—3.0 um in the rectangular cell chip of 7.5 mm?2.
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20 V |pripiisera
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Fig. 2-25. Avalanche capability of fabricated rectangular cell UMOSFET for Ik = 1.0
um and Dy = 3.0 um. (a) Test circuit of unclamped inductive switching (UIS). (b)
Waveforms of UIS for L =100 uH. [40] © 2007 IEEE (modified), [41]
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2.3.5. Validation of on-resistance model

Fig. 2-26 shows the FonA of developed 30-V-class U-MOSFET compared with that
of both analytical model and TCAD simulation. The structural parameters, electrical
parameters and physical constants are indicated in Table 2-7, Table 2-8 and Table 2-4.
In the case of stripe cell that has continuous channel in longer direction of trench, the
FonA at Vgs = 4.5V calculated by the model is 4.87 mQ-mm?2, which corresponds to TCAD
result of 4.82 mQ-mm?2 very well.

When the developed U-MOSFET that has n*/p* patterns alternately in longer
direction of trench, the RonA, especially RcuA, increases according to a ratio of n*—length
and p*—pitch (Rationp). In the case of stripe cell with Ration, = 0.7, the BonA at Vs = 4.5
V calculated by the model is 5.25 mQ-mm2, which corresponds to the experimental result

of 5.2 mQ-mm?2, with less than 1.0% error.
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Table 2-7. Structural parameters of 30-V-class U-MOSFET to calculate FonA.

Symbol Parameters Numerics Unit
Ween Cell width 0.92 um
Wa Trench width 0.44 pm
MAtesa Mesa width 0.48 um
Dr Trench depth 1.00 um
Lcu Channel length 0.40 um
Ia Accumulation length 0.07 um
Ka Coefficient of current spreading in 0.60
the accumulation region
Toox Gate oxide thickness 0.03 pm
Xis n*—Source junction depth 0.50 um
XiB p—Base junction depth 0.90 um
p+ pitch  p*—Pitch 3.20 um
Rationp,  Ratio of n*—length / p*—pitch 0.70
Ip n—Drift layer length 1.00 um
D Resistivity of n—drift layer 0.21 Q+cm
Np Drift layer concentration 2.89 x 10%5 atoms/cm3
TsuB n*—Substrate thickness 100 um
SUB Resistivity of n*—substrate 0.0015 Q<cm
Nsus n*—Substrate concentration 4.63 x 10° atoms/cm3

Table 2-8. Electrical parameters of 30-V-class U-MOSFET to calculate FonA.

Symbol Parameters Numerics Unit
Vs Gate—source voltage 4.5,10 A%
Vru Threshold voltage 0.94 VvV
Hni Electron mobility of inversion layer 500 cm?/Vs
Hna Electron mobility of accumulation 500 cm?/Vs

layer
Lin_D Electron mobility of n—drift layer 1000 cm?2/Vs
Hn_SUB Electron mobility of n*—substrate 72 cm?/Vs

51



2.4, Summary

In chapter 2, as improvement of the power loss for the LV-MOSFET, planar gate
double-diffused MOSFET (D-MOSFET) and trench gate MOSFET (U-MOSFET) were
described. The RonA models of both D-MOSFETs and U-MOSFETSs were detailed for two
different surface patterns (stripe and square cell), respectively. In addition, each
improvement structure, fabrication process, and evaluation result of the fabricated
devices were described. In the validation of the KonA models, the real device and
calculated results by the model were compared for both 60-V D-MOSFET and 30-V U-
MOSFET, and it was confirmed they showed good agreement.

As a summary of the development of the advanced low-power-loss MOSFETS, the
performances are compared each other due to benchmarking of U-MOSFETs. The
tradeoff between the V8 and the FonA for 20—40-V-class U-MOSFETSs is shown in Fig.
2-27. As reference line, one-dimensional (1-D) silicon-limit [11] is indicated. The
developed rectangular cell U-MOSFETs performances [40] [41] are superior to the
published data [32] [33] [39] [43] [44] [45] [46] by approximately 30%.
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Fig. 2-27. Tradeoff between RonA and Vi for U-MOSFETSs by published data [32] [33]
[39] [43] [44] [45] [46] and author’s research [40] [41].
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3. DEVELOPMENT OF NOVEL CHARGE COMPENSATION
DEVICES: SJ-UMOSFETS AND FP-MOSFETS

3.1. Charge compensation structures for LV-MOSFETSs

As great advancements of LV-MOSFETSs in terms of performance, field-plate U-
MOSFETs (FP-MOSFETs) [8] [47] [48] [49] [50] [51] [52] and superjunction U-MOSFETSs
(SJ-UMOSFETs) [53] [54] [55] [56] [57] were developed and commercialized in the early
to mid-2000s.

The FP-MOSFETs applied fundamental technology called Reduced Surface Field
(RESURF), which was devised for high-voltage lateral devices in 1979 [58] [59], to
vertical direction. On the other hand, the theory of superjunction has been introduced in
1997 [60] and the SJ-MOSFET has firstly developed as HV-MOSFET, which was 600-V-
class, by multiple-epitaxial technology [9]. After that the principle of superjunction
applied to LV-MOSFETS, by changing the method to form the superjunction structure.

In both types of MOSFETS, on-resistance (RonA) could be drastically reduced with
a high breakdown voltage (V8) maintained. In particular, the FP-MOSFETSs achieved not

1970 1980 1990 2000 2010 2020

Diffusion Self-Aljjgned (DSA)
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Fig. 3-1. Technology development history for vertical power MOSFETs.
Highlights show author’s research. (Re-publication of Fig. 2-1)
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only ultralow RonA but also very low reverse transfer capacitance (Ciss) and gate—drain
charge (Gwa) owing to the shielded-gate structure. Therefore, the FP-MOSFETs are
currently the mainstream of high-performance applications and their advancement is
continuing.

Fig. 3-1 shows technology development history of vertical power MOSFETs.

Applying low voltage high voltage
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Fig. 3-2. Charge compensation for SJ-UMOSFET. Depletion layer formation when (a)
low voltage and (b) high voltage are applying. (c) Charge compensation by p/n—columns.
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Fig. 3-3. Charge compensation for FP-MOSFET. Depletion layer formation when (a) low
voltage and (b) high voltage are applying. (c) Charge compensation by using field-plate.
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3.1.1. Basic principles of superjunction devices.

Superjunction structure has been originally proposed for high-voltage devices, and
the (high-voltage) SJ-MOSFET structure actually achieved the significant improvement
of tradeoff between RonA and V& [60] [9], which exceeded 1-D silicon-limit [11].

Fig. 3-2(a)—(c) explains charge compensation principle in the (low-voltage) SJ-
UMOSFET structure. In this structure, p—columns and n—columns are alternately
arranged in the drift layer in lateral direction. When a voltage is applied to the drain
electrode, boundaries of each p/n—column begin to form the depletion layer in a low
voltage (Fig. 3-2(a)) and full depletion layer is formed with increasing the voltage (Fig.
3-2(b)). At the time, charge in the drift layer is compensated between the p/n—columns
(Fig. 3-2(c)). Thus, high V& is guaranteed even in a high n—column layer impurity

concentration for the superjunction structure.

Due to the fully-depleted drift layer, an ideal V& of the SJ-UMOSFET (which is same
as that of the SJ-MOSFET) can be given by simplified expression.

VB (ldeal, S]) =~ ECTS] (3_1)

Here, £t is a critical electric field and 7% is a thickness of the p/n—column. To simplify
calculation of the drift layer resistance (ZpA), it assumes both width of p—column (%)

and n—column (MA) are same. Then an ideal £pA is expressed as

2Ty,
R,A(ideal, S]) ~ : (3-2)
pA( D queNp

where ¢ is the elementary charge, M is the n—column layer concentration, and g is
electron mobility in the n—column layer. Meanwhile the charge balance condition
between the p/n—columns and the optimum charge density, which is lead from Poisson's

equation, are given by the following [11] [59] [60].

Wy Wp 580k
Ny— = N, — =
b2 42 q

(3-3)
Here Na is the p—column layer concentration and &siev is the permittivity of silicon. By
substituting Eqgs. (3-1) and (3-3) into Eq. (3-2), the ideal £pA can be obtained

VeWy

RpA(ideal,§]) * ——.
UeEsi€oEc

(3-4)
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3.1.2. Basic principles of field-plate devices

Field-plate technology bases on the RESURF principle [58] [59], and the FP-
MOSFET is applying it in each unit cell structure in vertical direction. The FP-MOSFET
has also achieved the significant improvement of tradeoff between FonA4 and VB in under
the 100-V-class [50] [51], which exceeded 1-D silicon-limit [11].

Fig. 3-3(a)—(c) explains charge compensation principle in the FP-MOSFET structure.
When a voltage is applied to the drain electrode, the field-plate inside the trench gives
electric field effect to silicon mesa region through thick oxide. Therefore, in a low voltage,
the depletion layer expands from both boundaries of pn-junction and oxide/silicon mesa
(Fig. 3-3(a)). Then, full depletion layer is formed with increasing the voltage (Fig. 3-3(b)).
At the time, charge in the drift layer is compensated by the field-plate [61] (Fig. 3-3(c)).
Thus, like the SJ-UMOSFET, high Vsis guaranteed even in a high n—drift layer impurity
concentration for the FP-MOSFET structure.

Due to the fully-depleted drift layer, an ideal Vs of the FP-MOSFET can be given by

simplified expression.
Vg (ideal, FP) ~ E.Lp (3-5)

Here, Ip is a length of the n—drift layer. To simplify calculation of the drift layer
resistance (ZpA), it assumes both width of trench ( Wr) and silicon mesa ( WAesa) are same.

Then an ideal ApA is expressed as

2Lp
q.ueND’

RpA(ideal, FP) ~ (3-6)
The charge balance condition of the FP-MOSFET is accomplished by the optimum charge
density, which is lead from Poisson's equation, and is given by the following [11] [59] [60].

Witesa _ &si€oEc

ND2 p

(3-7)

By substituting Eqgs. (3-5) and (3-7) into Eq. (3-6), the ideal EpA can be obtained

VB WMESG.

RpA(ideal, FP) = =
UeEsi&oEc

(3-8)
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3.2. Superjunction U-MOSFET (SJ-UMOSFET) featuring a low-voltage
device

3.2.1. Basic structure and on-resistance (RonA) components of SJ-UMOSFET

Schematic cross-sectional structure of SJ-UMOSFET for two unit-cells area is
shown in Fig. 3-4. Fig. 3-4(a) shows a distribution of electric field £y of drift layer in
vertical direction y, when a reverse bias applies to the drain. In an ideal SJ-UMOSFET,
the £ is distributed like a trapezoid and a critical electric field Ec is nearly uniform,
which are different from those of the D-MOSFET or the U-MOSFET. VB of two-

dimensional superjunction is determined by the area of this electric field and is given by
Ldep
Vg = J E,dy. (3-9)
0

Here Lqep 1s depletion layer length in y. In assumption, if a depletion layer length in the
p—base region is negligible, the VB of SJ-UMOSFET is approximated as

1
VB = EC(TS] - TBUF) + EECTBUF’ (3_10)

where 75s1s p—column thickness and 7Bur is buffer layer thickness under the p—column,
which shares a part of the Vs. The VB of SJ-UMOSFET is independent from A, which
is different from the case of the D-MOSFET or the U-MOSFET. The Vs and the #pA has
a nearly linear relationship that is described as BpA o Vg!! in [60].

Fig. 3-4(b) shows on-state current paths and on-resistance components of SJ-
UMOSFET. The FAn+A is negligible as well as that of U-MOSFET. The FonA of SJ-
UMOSFET (RonSJUMOS 4) can be approximated by using main components,

RONS]UMOSA =~ RCHA + RAA + RD]_A + RDZA + RSUBA' (3-11)

In Eq. (3-11), RcuAd and RaA are divided into three cases, i.e., the SJ-UMOSFET
design is stripe geometry, square cell geometry, or square p—column in stripe trench. Fig.
3-5(a) shows structural parameters of SJ-UMOSFET. As shown in Fig. 3-5(b) and Fig.
3-5(c), channel width per unit area “4” is shown as 2Wee/Ween? = 2/Weey in stripe cell
design, or 4Wyesq/Ween® in square cell design. Here, Ween is cell width and Wtesa is

mesa width.
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Fig. 3-4. Schematic cross-sectional structures of SJ-UMOSFET, which shows two unit-
cells area. (a) Electric field distribution in vertical direction of off-state. (b) On-state

current paths and components of on-resistance.

RcuA, BaA and RsusA in Eq. (3-11) are expressed by analytical model as below.

LcHWCell in Stripe cell
2uniCoox (Vgs = Vrn)”
LeuWeen in stripe cell 1
Renh =3 Zp vy nstripe cell (squarep — column) (312
ni~gox\'gs
Lcl-IWCellZ in square cell
\ 4‘WMesa.uniCGOX (%5 - VTH) ,
‘ (ZLA + WT)WCell : : 11
O VT in stripe ce
na gs
2L, + W)W,
RA={ Ky ( 42 C . Vce”’ in stripe cell (square p — column) (613)
na“Gox'gs
(ZLA + WT)WCellz in square Cell
L A 8WhesalnaCeoxVgs ’
RsypA = psupTsun @19

58



———>| Channel width / unit cell

<
’D
i

Pp

Psus T

Drain

(a) (b) (c)

Fig. 3-5. (a) Structural parameters of SJ-UMOSFET. Top view of SJ-UMOSFET unit-

cell layout for (b) square cell design and (c) stripe cell design.

Here, Wt is trench width and other same symbols are the same as those of subsection
2.2.1, i.e., Lcu is channel length, La is accumulation length, psus is resistivity of n*—
substrate, 75us is thickness of the n*—substrate, tmiis electron mobility of inversion layer,
Ina 18 electron mobility of accumulation layer, Ccox is gate oxide capacitance, Vgs is gate
voltage, and Vru is threshold voltage. Ka is a coefficient of considering current spreading
from the accumulation region to the drift region [25] [26]. In Eq. (3-13), the total
accumulation length of the unit cell is given by 2L, + W;. Ka is assumed to be around

0.7.

In addition, Bp1A and Rp24 in Eq. (3-11) are also divided into three cases, i.e., the
SJ-UMOSFET design is stripe geometry, square cell geometry or square p—column in
stripe trench. By using other components which are Ap_pA, Fp 1A and Fp NA as shown

in Fig. 3-6 and Fig. 3-7, RApA is expressed by analytical model as below.

RDA = RDIA + RD2A (3-15)
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Rp pA, in stripe cell

Rp A" Rp pA in stri 1 ( 1 )
_ in stripe cell (square p — column
RpA=1{ RpyA+RppA P a P (3-16)
RD_TA ' RD_PA . 1
RprA+ Ry oA’ in square ce
( Rp1 pA+ Rp; pA, in stripe cell
@ (RDl pA+ Rp, PA), in stripe cell (square p — column)
RD_pA - WP - - (3_17)
L I/I/Cell2 ( )
———(Rp1 pA+ Rpy pA), in square cell
WCellz - WT2 i B
PoWeen, Wy — Wdep N
R A= In =
D1.P 2 W,
(3-18)
Pp WCell WMesa - WP - Wdep?N
+ Ty .. S] - LA -
WN - Wdepr 2
PoWeen Ween Wp + Wyep v
Ry pA = ! + (T - —) .
D2_P 5 0 Wy — Waep v Pp \ IBuF 2 (3-19)
Ween®
Rp 1A =—5-pp(Ts; = La + Tpur) (3-20)
Wr
WCell [pD WCell WCell WMesa
Rp yA = In + (T —L,— +T )] 3-21
D_N Wy — Wdep_N 2 A Pp\lsy A BUF ( )

Here, pp is resistivity of n—drift layer, Wp is p—column width and WA is n—column width
which equals to a distance between p—columns. Moreover, Waep N is depletion layer width

at p—column/n—column junction and is given by

2e5i80(Vpi + Von) Ny
]/l/ = 3'22
dep_N \j q [ND (Ny + ND)]' ( )

where ¢ is the elementary charge, ssico is the permittivity of silicon, Vi is built-in
potential at the pn-junction, Von is on-state voltage, Np is n—drift layer concentration

and M is p—column layer concentration.
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In stripe cell, the FpA is series resistance of Epi_rA and Rpz2_pA, as expressed in Egs.
(3-16)—(3-19), and shown in Fig. 3-4(b). The Rp1_rA is a drift layer resistance between p—
columns, which is spreading from under the trench to p—columns. The Rp2 pA is a buffer
layer resistance, which is spreading to under p—columns.

In square cell, the FpA is parallel resistance of BEp_prA and REp 14, as expressed in
Egs. (3-16)—(3-20), and shown in Fig. 3-6(a). The Ep_pA is a part of drift layer resistance
which is between p—columns, as shown in Fig. 3-7(b). The Ep_1A4 is another part of drift
layer resistance which is under trench intersection, as shown in Fig. 3-6(c).

In stripe cell with square p—column, the ApA is parallel resistance of Fp_pA and
Rp nNA, as expressed in Egs. (3-16)—(3-19) and (3-21), and shown in Fig. 3-7(a). The Rp pA
is a part of drift layer resistance which is between p—columns under the trench, as shown
in Fig. 3-7(b). The Rp nA is remaining part of drift layer resistance, as shown in Fig.
3-7(c).

To improve the RonSIUMOSA with necessary VB maintained, all the components of

RonSIUMOS 4 have to be reduced by individual appropriate techniques.
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Fig. 3-6. (a) Top view of SJ-UMOSFET for square cell layout. Schematic cross-sectional
structure, which shows components of the n—drift layer resistance (Zpi_p, Bpe_p, Ep_1).
(b) Current flow spreading in 45 degrees from four sides surrounding the square p—

column. (¢) Current flow under trench intersection.
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Fig. 3-7. (a) Top view of SJ-UMOSFET for square p—column in stripe cell layout.
Schematic cross-sectional structure, which shows components of the n—drift layer
resistance (Bp1_p, Bpz2_p, Bp_N). (b) Current flow spreading in 45 degrees from both sides

of the square p—column. (¢) Current flow spreading in 45 degrees in n—drift region.
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3.2.2. List of on-resistance model

Table 3-1. List of RonA model equations for SJ-UMOSFET (stripe and square cell design).

Stripe Square cell
LeyWeen LenWeen”
RCHA=2 _ Ve . Reyh = caWeen
Hni GOX( gs — TH) 4WMesa.u'niCGOX(Vgs - VTH)
RA=K, 2Ly + Wr)Weey 2Ly + W) Weey®

4‘.unaCGOXVgs
RDA = RDl_PA + RDZ_PA
PoWee, Wy = Waep n
Rpy pA = 3 “In W, P
PoWeen (
2l (1
WN - Wdep_N S 4
_ WMesa - WP - Wdep_N)

2
PoWeen Ween
Rp, pA = 1
b 2 Wy~ Wagpn

Wp +Wyep n
+ Pp (TBUF - %)

RsypA = psysTsus

R,A=K
4 4 8WMesaﬂnaCGOXVgs

Rp A Rp pA
RDA — DT D_pP
RD_TA + RD_PA

WCell2
RprA=—5 PD(TS] —Ly+ TBUF)
Wy

Rp pA = Rp1 pA+ Rp; pA
PoWeerr, Wy —Waep
Rpi pA = > “In W, °p
PoWeeu (
+—|\Tg, — L
WN - Wdep_N s 4
_ WMesa - WP - Wdep_N)

2
PoWeen Ween
Rp, pA = 1
p2.p 2 Wy — Waep

Wp + Wyen n
+ Pp (TBUF - %)

RsypA = psysTsus
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Table 3-2. List of RonA model equations for SJ-UMOSFET (square p—column in stripe
trench).

Stripe (square p—column)

Loy W,
Ry = caWeen
2uniCeox (Vgs - VTH)
2L, + W)W,
RAA=KA( A I Ween
4':unaCGOXVgs
Rp yA-Rp pA
RyA = D_N D_P
WCell Pp WCell WCell WMesa
Ry, yA = 1 + (T —L,— + T, )]
D_N Wy — Wdep_N[ 2 n W, Pp \1sy A 2 BUF

RD_PA = RDl_PA + RDZ_PA

14 Wy — W, w, W, W, —W
Rpy pA = PpWeen In N dep.N PpWeen <Ts L, - Mesa P dep_N)
i 2 Wr Wy — Wdep_N 2
PoWeen Weeu Wp + Wyep v
R A= 1 + (T — 7‘)
D2_P 2 n Wy — Waep Pp \ Ipur 2

RgypA = psysTsus
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3.2.3. 60-V narrow pitch SJ-UMOSFET applying multiple-ion-implantation 2

The RonA of the LV-MOSFET can be drastically reduced by adopting superjunction
(SJ) consisting of repeated deep p/n—columns [62] [63]. For the superjunction structures
satisfying charge balance condition, the higher performance is obtained for the narrower
pn-junction pitch. However, in the conventional D-MOSFETSs with narrow cell pitch, the
merit of the superjunction introduction would be reduced, because the RjrerA4 becomes
dominant as the cell pitch is scaled down.

In this subsection, the superjunction concept combined with the U-MOSFET, which
is ideal structure for future scaling, is described [10] [64]. The superjunction structure
with deep p—columns is formed by multiple boron implantations with varied energies up
to 2.0 MeV. This technique enables to make narrow pitch pn-junctions, which are
favorable to reduce the FonA.

Firstly, simulated properties of the multiple boron implantations are described,
followed by electrical characteristics of the simulated SJ-diodes and SJ-UMOSFETS.
Then, the experimental results on the fabricated SJ-diodes is presented. Finally, the
performance of the proposed SJ-UMOSFETSs is demonstrated.

3.2.3.1. Unit-cell structure design and device simulation

Schematic cross-sectional structures of the basic unit cell for the SJ-UMOSFETSs are
shown in Fig. 3-8(a) and (b). The p—columns are formed in n—epitaxial layer (n—epi layer)
by high energy boron ion implantations through mask windows. The ions are injected
vertically to the silicon wafers. The implantation process is divided into multiple
injections with different energies up to maximum value of 2.0 MeV. Depending on the
number of the boron ion implantations, three types of structures, which is single p—
column, split p—column, or continuous p—column, can be fabricated, as shown in Fig. 3-9.

In the case of the split p—column or the continuous p—column, the middle energies
are chosen to equalize peak separation in the boron doping profile. The resultant p—
column region is 2.5—3.0-um deep and 1.0-2.0-um wide, depending on the mask window
widths and the maximum implantation energies. The impurity concentrations in the n—
epi layer and the boron dose are varied to optimize charge balance between the depleted

n— and p—regions under reverse biases.

2 Subsection 3.2.3 is reconstruction of [10] chapter II-IV, © 2004 IEEE, and [64] chapter II-IV, © 2005
IEEE. A part of description is modified and comprehensive explanations are additionally provided.
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Fig. 3-8. Schematic cross-sectional structures of developed SJ-UMOSFETs fabricated
by using multiple-ion-implantation. (a) Continuous p—column [10] © 2004 IEEE
(modified). (b) Split p—column [64] © 2005 IEEE (modified).
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To evaluate the properties of the present superjunction structures, process and
device simulations are performed. The Monte Carlo method is used to simulate the boron
implantations for deep p—column formation.

The VB dependence on boron doping profile was investigated for two-dimensional
Sd-diode structures. The profile is changed by number of boron injections, defined by 4V,
keeping the total dose constant. In evaluating the SJ-UMOSFET performance,
superjunction structures are added to the optimized U-MOSFET structures, which have
a cell size of 3.0 or 4.0 pm.

Fig. 3-10 shows boron doping profiles along the center of the p—column. For a single
injection (N=1), the boron doping profile has a peak at 2.5 um in depth. As the number
of injections increases, the profile gets more uniform, as expected.

Fig. 3-11 shows the dependence of the B on the number of injections. The Vs
increases rapidly from N= 0 (non-SJ) to N= 2, while it saturates for N > 3. This result
means that the boron profile for N= 4 in Fig. 3-10 is sufficiently uniform to achieve a
maximum VB under a given charge balance condition. It would be appropriate to set N=

2—4 to reduce the cost performance in the SJ-UMOSFET fabrication processes.
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Fig. 3-10. Simulated boron doping profiles along the p—column center. The profiles for

different number of boron injections are compared. [64] © 2005 IEEE (modified).
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Fig. 3-11. Dependence of the simulated Vs on the number of boron injections for a
constant total dose of 1.2x1013 em~2 and a common maximum energy of 1.5 MeV.

[10] © 2004 IEEE.

Next, performances of the SJ-UMOSFET adopting the above p—columns (V= 4) are
investigated. Fig. 3-12 shows drain current characteristics (/a- Vas) at the Vgs of 10 V for
4.0-um cell U-MOSFET and SJ-UMOSFET, which have the VB of approximately 80 V. By
introducing the superjunction structure, the drain current increased drastically, while
the VB is maintained almost constant. This is because the resistivity and the thickness
of the n—epi layer could be reduced by 40% and 20%, respectively. The FonA reduction is
over 30% at Ve =10 V.
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Fig. 3-12. Simulated Zai—Vas characteristics of the SJ-UMOSFET and conventional U-
MOSFET are compared for 4-um cell devices. [10] © 2004 IEEE.

68



Fig. 3-13 shows avalanche current flow lines at room temperature of the SdJ-
UMOSFETs for N = 4, in comparison of two different p—column dose conditions. To
ensure the high avalanche immunity, the avalanche current through the p—column is
preferred, but not vicinity of the trench gate. When the p—column dose is enough high,

the preferable current flow is confirmed as shown in Fig. 3-13(b).

Source

Gate ¢

N p-column

(a) N=4, p—column: 2.0x1012 cm=2, (b) N= 4, p—column: 2.5%1012 cm2,

and room temperature. and room temperature.

Fig. 3-13. Simulated avalanche current flow lines at room temperature of the Sd-
UMOSFETSs for N= 4, in comparison of two different p—column dose conditions. [10] ©
2004 IEEE (modified).

It is better to use a higher dose for the p—column, however, since the avalanche
current causes self-heating, the current path should be characterized at a higher
temperature. Fig. 3-14(a) shows the avalanche current flow lines at room temperature
for N= 2. In this structure, the current flows through the p—column region. This means
that gate oxide damage can be avoided when breakdown occurs at room temperature.

Fig. 3-14(b) shows the lateral distribution of the avalanche current that flows at
150°C across the horizontal plane in the middle depth of the p—column. At this
temperature, the current flows mainly through the p—column for N = 2, while it flows
preferably along the trench gate for N = 4. This difference can be explained by the fact
that higher impurity concentration causes higher field modulation at the bottoms of the

p—column regions.
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Fig. 3-14. (a) Simulated avalanche current flow lines at room temperature of the SJ-
UMOSFET for N=2. (b) Avalanche current density at 150°C across the horizontal plane
in the middle depth of the p—column, in comparison of N=2 and N = 4. [64] © 2005 IEEE
(modified).

The simulated results demonstrate that the present device structures are quite
promising to achieve ultra-low on-resistance. Further, the multiple implantation
technique would be suitable for the SJ-UMOSFET fabrication, because the superjunction
structures can be modified flexibly by altering implantation conditions to achieve better
device performance and higher reliability.

As shown in Fig. 3-8(b), the SJ-UMOSFET with split p—column structures consists
of p—islands separated by small distances in the n—epi layer. The structure is shown to
have good avalanche current properties, and it is expected that ultralow FonA and good

dynamic properties can be achieved.

70



Fig. 3-15 shows the VB and the FonA for N=4, 2, and 1, in comparison of two types
of n—epi layers. The VB dependence on Nindicates that the superjunction effect is large
as compared with conventional U-MOSFETs without p—column (V= 0), which are 52.4
V and 35.8 V. It is notable that the VB of N=2 are as high as those of V=4 for both types
of n—epi layers, while the VB of N=11is significantly lower than those of the formers. On
the other hand, the FonA does not change depending on M.

In this way, the simulated results demonstrate that the split p—column structure is
effective for improving the avalanche current properties, without sacrificing the benefits

of the superjunction structure.
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Fig. 3-15. (a) V8 and (b) RonA of optimized SJ-UMOSFETs for N = 4, 2, and 1, in

comparison of two types of n—epi layers. [64] (modified).
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3.2.3.2. Process evaluation for superjunction structure

As previous evaluation of the SJ-UMOSFET, a simple SJ-diode consisting of deep p—
columns in n—epi layers was fabricated. The p—columns with 3-pum pitch were formed by
multiple boron implantations using mask patterns. The maximum implantation energies
were set at 1.5 MeV and 2.0 MeV, with N= 4 and N = 5 injections, respectively. The
thickness and impurity concentrations in the n—epi layers were varied to evaluate the
charge balance conditions.

Fig. 3-16 shows the cross-sectional scanning capacitance microscopy (SCM) image of
the Sd-diodes fabricated by boron implantations up to 2.0 MeV. The p—columns are
indicated by the vertically expanding bright regions with depth of 3.0 um and width of
1.0 um. Dark lines clearly defining the p/n interfaces suggest that abrupt pn-junctions
are formed throughout the SJ-diode process. This shape indicates that the sidewalls of
the pn-junction are free from laterally swelling geometries, which should appear after
excessive annealing. The ion scattering at the window edges is thought to play a crucial
role in forming flat and abrupt pn-junctions, which are favorable characteristics to
reduce the RonA.

Fig. 3-16. SCM image of SJ-diode with cell pitch of 3.0 um. [10] © 2004 IEEE.
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3.2.3.3. Experimental results of device performance

Fabricated 3.0-um pitch SJ-UMOSFET with split p—column structures using the
multiple-ion-implantations method was evaluated. The p—columns were arranged
symmetrically in trench gate patterns. The maximum energy of the implantation energy
was set at 1.5 MeV and the number of implantations at N = 2. In this fabricated SJ-
UMOSFET, the Vi was 68.8 V.

A. Repetitive inductive switching properties

To investigate the avalanche robustness of the SJ-UMOSFET, it was examined how
the device properties are affected by repetitive avalanche stress, where pulsed avalanche
currents are repetitively forced to flow in the device under controlled maximum channel
temperatures. The repetitive avalanche test was performed by packaged device. The
maximum channel temperature was set at 175°C, and avalanche current at 25 A, by
adjusting the pulse width and frequency calculated from the measured thermal
resistance values. The inductance load was 10 puH.

Fig. 3-17(a) shows the VB and the Vin as a function of stress duration time up to 168
hours. In this test, any change in both properties was not observed. To check the
avalanche damage more sensitively, capacitance—voltage (C-V) curve shifts of the gate
oxide after the avalanche current stress were examined. The C-V measurements at 100
kHz were performed for the devices with a biased gate and with a grounded source and
drain. As shown in Fig. 3-17(b), no C-V curve shifts after the 168 hours stress was
observed. This means that the avalanche current did not cause any charges in the gate
oxide.

These results support that the present SJ-UMOSFET has strong immunity against
repetitive inductive switching, because of preferential avalanche current path through

the p—columns.

73



80 - : 3.0 T T T T T
70F ( ] =
2 e l25 2
() 1 )
S i 0O—3)-0 l20 % o
s — {7 =z o
S a0f ] 2 o
T @
5 @
® 20} 115 =
o 1 =
10 I Bkt before avalanche
0 . ‘ 110 after avalanche 168H
1 10 100 1000° 07— 5 5 p y
Stress duration time (h) Gate voltage (V)
(a) (b)

Fig. 3-17. (a) Time dependence of the V& and the Vin, after the repetitive avalanche
stress. (b) C-Vcurves before and after the repetitive avalanche stress, for 168 hours at

175°C. [64] © 2005 IEEE (modified).

B. Reverse recovery properties

Modification of the p—column structure would possibly change the body diode
properties. To investigate such effects, reverse recovery properties of the body diode for
three kinds of SJ-UMOSFETSs corresponding to N= 4, 2, and 1 were measured. The VB
of the devices with N =4, 2, and 1 were 77.4 V, 68.8 V, and 55.4 V, respectively. Fig.
3-18(a) shows the time dependence of the reverse current under the condition of di/dt at
100 A/us. For all curves, slight current enhancement takes place with onset point at
around 20 ns. Since the reverse voltage starts to increase at this onset point, the excess
current component is attributed to the depletion charge. The maximum reverse voltage
is in the small voltage range (~1.5 V), the relevant change is originated from the
depletion region along the pn-junction.

In Fig. 3-18(b), the calculated reverse recovery time (#4r) and reverse recovery charge
(@) were compared for N=4, 2, and 1. No significant difference among the samples was
observed. This means that the split p—column structure brings no harmful effects on the

reverse recovery properties.
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Fig. 3-18. (a) Time dependence of the reverse current of body diode under the condition

of di/dt at 100 A/ps, and (b) reverse recovery time and reverse recovery charge of body
diode, for SJ-UMOSFETSs fabricated with N=4, 2, and 1 [64] © 2005 IEEE (modified).

C. On-resistance

The tradeoff relationship between the 1B and the KonA is shown in Fig. 3-19. By
optimizing the SJ-UMOSFET design with N = 2, the performance was improved by
approximately 25% compared with that with V= 4. The best performance with FonA of
28.7 mQ-mm?2 at Vg of 10 V for Vs of 68.0 V for the split p—column structure.

The best performances obtained from the simulation for various epi-layer designs
were also plotted in Fig. 3-19. These data strongly suggests that the proposed split p—
column structure is quite effective to achieve high performance of 40-80-V-rated LV-
MOSFETs.
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3.2.4. Validation of on-resistance model

Fig. 3-20 shows the RonA of developed 60-V-class SJ-UMOSFET compared with that
of both analytical model (Egs. (3-11)—(3-22)) and TCAD simulation. The structural
parameters, electrical parameters and physical constants are indicated in Table 3-3,
Table 3-4 and Table 2-4. In the case of stripe cell that has both continuous channel and
continuous p—column in longer direction of trench, the FonA at Vgs = 10 V calculated by
the model is 31.7 mQ-mm2, which corresponds to TCAD result of 31.6 mQ-mm? very well.
In this developed SJ-UMOSFET structure, Eq. (3-18) is amended to Eq. (3-23) because
current flow at the top of n—column layer is assumed full expansion rather than 45

degrees.
Rpi pA = —N (TS] - LA) (3-23)

Moreover, actual developed SJ-UMOSFET has the square cell geometry, as shown
in Fig. 3-6(a). In the case of square cell, the EonA at Vs = 10 V calculated by the model
1s 29.6 mQ-mm?2, which corresponds to the experimental result of 28.7 mQ-mm?2, with

only 3.1% error.
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Fig. 3-20. Experimental results of RonA for developed 60-V-class SJ-UMOSFET
compared with that of both analytical model and TCAD simulation. Under the condition
of Vegs=10 V.
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Table 3-3. Structural parameters of 60-V-class SJ-UMOSFET to calculate RonA.

Symbol Parameters Numerics Unit

Ween Cell width 3.00 um

Wa Trench width 0.50 pm
MAtesa Mesa width 2.50 um

Dr Trench depth 1.00 um
Lcu Channel length 0.40 um

Ia Accumulation length 0.35 um

Ka Coefficient of current spreading in 0.70

the accumulation region

Toox Gate oxide thickness 0.05 pm
Xis n*—Source junction depth 0.20 um
XiB p—Base junction depth 0.60 um

We p—Column width 1.00 um

1248 n—Column width 2.00 pm

T8s p—Column layer thickness 1.90 um
Tsur n—Buffer thickness 1.50 pm

£D Resistivity of n—Drift layer 0.50 Q+cm
M Drift layer concentration 1.04 x 10 atoms/cm3
N p—Column layer concentration 1.60 x 1016 atoms/cm3
TsuB n*—Substrate thickness 200 pm
SUB Resistivity of n*—substrate 0.0016 Q-cm
Nsus n*—Substrate concentration 432 x 101 atoms/cm3

Table 3-4. Electrical parameters of 60-V-class SJ-UMOSFET to calculate RonA.

Symbol Parameters Numerics Unit
Vs Gate—source voltage 10 A%
Vru Threshold voltage 3.05 A%
Hni Electron mobility of inversion layer 500 cm?/Vs
Hna Electron mobility of accumulation 550 cm?/Vs

layer
Hn D Electron mobility of n—drift layer 1000 cm?/Vs
Hn_SUB Electron mobility of n*—substrate 76.6 cm?/Vs
Whi Built-in potential between p— 0.70 A%
column and n—column
Von On-state voltage 0.10 A%
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3.3. Field-plate MOSFET (FP-MOSFET) approaching ultimate structure

The FP-MOSFET has the field plate inside the trench and the field plate is
connected to the gate or the source electrode. They are distinguished to gate field-plate
(GFP) structure and source field-plate (SFP) structure, respectively, as needed. In the
off-state, an electric field in the drift region between trenches is reduced by the field-
plate effect through a thick oxide. Therefore, despite the higher doping concentration of
the drift layer than that in the D-MOSFET, high B and low RonA can be obtained at the
same time. Among the LV-MOSFETs' rated-voltage, 60-150 V FP-MOSFETs, which
could obtain relatively large effect, were reported in early development stage [8] [50] [49]
[51] [17], subsequently the applied devices were expanded to lower rated-voltage [52].

On the other hand, the process technology to realize the device structure is more
complex than not only the U-MOSFET but also the SJ-UMOSFET. Thus, a uniform thick
oxide which separates the field-plate and the mesa region is applied as standard
structure. However, as one of the advanced FP-MOSFET, a slant field-plate structure
has been devised and its superior FonA— VB characteristics were reported as simulation
results [65] [66] [67] [68]. In the slant field-plate structure having a gradient thick oxide,
the electric field of the mesa region is distributed more uniformly in the vertical direction,

and the structure can achieve high MOSFET performance.
3.3.1. Basic structure and on-resistance (FoxA4) components of FP-MOSFET

Schematic cross-sectional structure of FP-MOSFET for two unit-cells area is shown
in Fig. 3-21(a) shows a distribution of electric field % of drift layer in vertical direction
¥, when reverse bias applies to drain. In an ideal FP-MOSFET, the £y is distributed like
a trapezoid and a critical electric field £c is nearly uniform, which are the almost same
as those of the SJ-UMOSFET.

Since VB of two-dimensional is determined by the area of this electric field, the VB
of FP-MOSFET is approximated as

Ldep
0
Here Luep is the depletion layer length in the depth y direction. In assumption, if the

depletion layer length in the p-base region is negligible, the Vs of FP-MOSFET is

approximated as
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Drain

(a) (b)

Fig. 3-21. Schematic cross-sectional structures of FP-MOSFET, which shows two unit-
cells area. (a) Electric field distribution in vertical direction of off-state. (b) On-state

current paths and components of on-resistance.

1
Vg = Ec(Lp — Tpyr) + EECTBUF' (3-25)

where Ip is the n—drift layer length and 7Bur is the buffer layer thickness under the
trench, which shares a part of the VB. The VB of FP-MOSFET is independent from M in
same manner to the SJ-MOSFET. The VB and the ApA has a nearly linear relationship
that is described as BEpA4 « V31 in [60].

Fig. 3-21(b) shows on-state current paths and on-resistance components of the FP-
MOSFET. The An+A is negligible as like that of the U-MOSFET or the SJ-UMOSFET.
The RonA of FP-MOSFET (ZonFPMOS A) can be approximated by using main components,

Ron""™O%5A ~ RcyA + RyA + RpA + RgypA. (3-26)

Fundamentally, the FP-MOSFETSs are classified to two different types: gate field-
plate (GFP) structure [8] [50] [49] [51] [17], as shown in Fig. 3-22(a), and source field-
plate (SFP) structure [52] [69] [70] [71], as shown in Fig. 3-22(b). In the GFP-MOSFET,
the field plate is being continuous to the gate electrode as one body, so that the GFP-
MOSFET has lower HonA due to an accumulation channel effect along the trench
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sidewall in the mesa region. However, higher gate—drain capacitance (Cga) is one of the
disadvantage. On the other hand, in the SFP-MOSFET, the field plate is separated from
the gate electrode and connected to the source electrode in the device termination region.
Thus, the gate electrode inside the trench is shielded from the drain region by the
grounded field-plate. Therefore, the SFP-MOSFET has very small Cy, however, the
RonA is slightly higher than that of the GFP-MOSFET.

Source Source Source Source
o B, S e & o
LT Hed e el | Hesd e
n+ n+ n+ n+
Drain Drain Drain Drain
(a) () (c) (d)

Fig. 3-22. Classification of FP-MOSFETs. (a) GFP-MOSFET with flat field-plate, (b)
SFP-MOSFET with flat field-plate, (c) GFP-MOSFET with slant field-plate, and (d)
SFP-MOSFET with slant field-plate.

Fig. 3-23 shows structural parameters of SFP-MOSFET. Each of the resistances
included in Eq. (3-26) is expressed by analytical model as below.

LeuWeen
ReyA = (3-27)
2uniCeox (Vgs - VTH)
LaWeen
RyA=——7——+ (3-28)
4 2HnaCGOXVgs
RsypA = psusTsus (8-29)
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Fig. 3-23. Structural parameters of SFP-MOSFET (a) with flat field-plate and (b) with
slant field-plate.

Here, Wcen is the unit cell width and other same symbols are the same as those of
subsection 2.2.1, i.e., Lcu is the channel length, Za is the accumulation length, psus is
the resistivity of n*—substrate, 75us is the thickness of the n*—substrate, mi is the
electron mobility of inversion layer, tma is the electron mobility of accumulation layer,
Ccox 1is the gate oxide capacitance, Vgs is the gate voltage, and Viu is the threshold

voltage.

In addition, BpA in Eq. (3-26) consists of different components depending on the
field-plate structure, as shown in Fig. 3-24(a)—(c), BpA is expressed by analytical model

as below.

BoiA Raped | RpA,  in GFP — MOSFET
RpA=<Rp1A+ Ry ppA (3-30)
RDIA + RDZAI il‘l SFP - MOSFET
w.
R A Weew (Lo —La—Trpox) + Ky (TFPOX + TT) (3-31)
AFP 2 UnaCrpox Vgs
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W,
RDlA = WLe”pD(LD - LA) (3-32)

Mesa

pDTBUF’ in GFP - MOSFET
W, W, 7% 7%
Cell pIn—=% 4 p, (TBUF - —T) , Tsur = —,in SFP — MOSFET
RDZA = 2

2 Whesa 2 (3-33)
Ween 1 Wuesa + Tsur

pp In
2 b WMESCI.

Wr .
/0 <Tpyp <=,  inSFP—MOSFET

Here, KpiA is the drift layer resistances in the mesa region, Rp2A4 is the drift layer
resistances in the buffer layer, and Fa rpA are the accumulation resistance along the
field plate. It is noted that the accumulation layer of the GFP-MOSFET is divided into
three portions: along the gate oxide, along the field plate of the mesa region, and along
the field plate at bottom corner of the trench. Ka is a coefficient of considering current
spreading from the accumulation region to the drift region [25] [26]. In Eq. (3-31), the
total accumulation length of the unit cell is given by 2Tppox + Wr. Ka is assumed to be
around 0.6. In addition, pp is the resistivity of n—drift layer and Crrox is the field-plate
oxide capacitance. Crrox is calculated by using 7¥Fpox, which is the thickness of the field-

plate oxide, and given by

Ween Ween Weer
— —
wT Wﬂlﬂesa WT WMesa
- *loa H B La | llcat
R p A ate
WT WMesa | 4 === _i::::::: ——
i L
TFF oX n D
o 1 *+Tour
- Ry, Trrox e
Drain Drain
() (b) ()

Fig. 3-24. (a) Top view of FP-MOSFET for stripe cell layout. Schematic cross-sectional
structure, which shows components of the accumulation layer and n—drift layer
resistance (Ra, Ra vp, Bp1 and Rp2), for (b) GFP-MOSFET and (¢c) SFP-MOSFET with
flat field-plate. Current flow spreading along the field plate in the mesa region and the

buffer layer is showing.
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€ox¢€o

(3-34)

Crpox = T .
FPOX

In the GFP-MOSFET, the first term of Eq. (3-30) is parallel resistance of Ep14 and
RA_rpA, thus the BpA can be reduced by the accumulation effect. Moreover, as the Rp2A
region, the current flows in whole buffer layer because the accumulation layer of the
trench bottom helps it, as shown in Fig. 3-24(b). On the other hand, in the SFP-MOSFET,
the BpAis simply expressed as series resistance of Bp14 and Ep24in Eq. (3-30). However,
in the Rp24 region, the current flow is spreading in 45 degrees from the bottom of the
mesa region, as shown in Fig. 3-24(c). Therefore, the EpA of the SFP-MOSFET shows
slightly disadvantage compared with that of the GFP-MOSFET.

As another classification of the FP-MOSFETS, there are two different field-plate
shapes: flat field-plate structure described the above, as shown in Fig. 3-22(a)—(b), and
slant field-plate structure [65] [66] [67] [68] [72], as shown in Fig. 3-22(c)—(d). In the
slant field-plate structure, thick oxide between the mesa region and the field plate has a
slope and the thickness increases gradually toward the trench bottom. The ideal FP-
MOSFET, which has nearly uniform electric field distribution in the mesa region as
shown in Fig. 3-21, is achieved by the slant field-plate structure rather than the flat
field-plate structure [72].

In the slant field-plate structure, the current flow spreading in the accumulation
layer and the n—drift layer is the same as that of the flat field-plate structure, as shown
in Fig. 3-25(a)—(c). However, in the case of the slant GFP-MOSFET, the accumulation
effect along the field plate varies by the field-plate depth. Therefore, the first term in Eq.
(3-31) is expressed as

(3-35)

° AZWCeu_ 1 JLD‘LA‘TFPox-b 1 dy
AFE(D) 2 pndVys Jo Crpox ()

Here T¥rox b 1s thickness of the field-plate oxide at bottom position. The field-plate oxide
capacitance depending the depth Ckrox(y) is expressed by using 7krox(y), which is
thickness of the field-plate oxide depending the depth.

€ox€o

Trpox (V) (3-36)

Crpox(y) =
The Tkrox(y)is given by
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Fig. 3-25. (a) Top view of FP-MOSFET for stripe cell layout. Schematic cross-sectional
structure, which shows components of the accumulation layer and n-drift layer
resistance (Ra, Ra rp, Ep1 and Rbpg), for (b) GFP-MOSFET and (¢) SFP-MOSFET with
slant field-plate. Current flow spreading along the field plate in the mesa region and

the buffer layer is showing.

T, =T
. FPO)Z_ b - LFPOX_t + Trpox o (3-37)
D — La

Trpox(y) =y

where TFpox ¢ is thickness of the field-plate oxide at top position. By substituting Egs. (3-
36)—(3-37) into Eq. (3-35), the following is obtained.

Ween ) (LD —Ly— TFPOX_b)(TFPOX_b + TFPOX_t)

(3-38)
2.una‘gOX €o Vgs 2

RA_FP(l)A =

Therefore, in the slant GFP-MOSFET, Ra_rrA in Eq. (3-31) has to be amended model as

below.

Weeu (LD —Ly— TFPOX_b)(TFPOX_b + TFPOX_t)

R A=
AFP 2.unaEOXEOVgs 2

(3-39)
Wr
+ K, (TFPOX_b + 7) Trpox »

To improve the FonFFMOSA with necessary VB maintained, all the components of

FonFFPMOS 4 have to be reduced by individual appropriate techniques.
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3.3.2. List of on-resistance model

Table 3-5. List of RonA model equations for GFP-MOSFET and SFP-MOSFET with flat

field-plate (stripe cell design).

Flat GFP-MOSFET, stripe

Flat SFP-MOSFET, stripe

R.A= LeyWeen
cHA =
ZﬂniCGOX(Vgs - VTH)
RA = LAWCell
4 2.unaCGOXVgs
Rp1A - Ry ppA
RpA=——+ Rp,A
P T Ry A+ Ry ppA T2
Ween
Rpi pA = W—epD(LD —L,)
Mesa

Rpy pA = ppThyr

Ry ppA W
Ween (Lp — Lo — Trpox) + Ka (TFPOX + TT)
2 UnaCrpoxVys

RsypA = psysTsus

Ly W,
Ry = cH el
Z.Unicaox(%s - VTH)
L,W,
RAA — ‘AVVCell
2.Llna.CGOXVgs

RDA = RD]_A + RDZA

Ween
Rp A= . pp(Lp — Ly)
Mesa
WCell WCell WT
! + (T T
5 Pp Wiresa Pp \ 1pur 2
Wr
JTeyr 2 —
RppA = 2
WCell p ] WMesa + TBUF
2 7P Witesa
,0 < Typ < —

RsypA = psysTsus

)
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Table 3-6. List of KonA model equations for GFP-MOSFET and SFP-MOSFET with slant

field-plate (stripe cell design).

Slant GFP-MOSFET, stripe

Slant SFP-MOSFET, stripe

RoA= LeyWeen
cHA =
2uniCeox (Vgs - VTH)
LW,
RA = AWcell
ZlunaCGOXVgs
Rp1A - Ry ppA
RpbA=——F+ Rp,A
P T Ry A+ Ry A T
Weeu
Rpy pA = . pp(Lp — Ly)
Mesa

Rp, pA = ppTpyr

_ LeuWeen
ReyA =
2uniCeox (Vgs - VTH)
L W,
RAA — 'AVV Cell
Z.unaCGOXVgs

RDA = RDlA + RD2A

Ween
Rp A= W : pp(Lp — La)
Mesa
WCell Cell
infge+ oo (Taur ~ )
2 Pp WMesa BUF —
Wr
yTpyr 2 N
Rp,A =<
b2 Ween ppln Wyesa + Tgur
2 b WMesa
Tour < 1
» Ipur 2

RA_FPA
_ WCell [(LD —Ly— TFPOX_b)(TFPOX_b + TFPOX_t)
2:una“EOX‘gO Vgs 2

Wr
+ K, (TFPOX » T+ > )TFPOX b

RgypA = psysTsup

RsypA = psysTsus
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3.3.3. 100-V multiple-stepped-oxide GFP-MOSFET 3

Applying the FP-MOSFET is expanding to improve the performances in wide range
LV-MOSFETSs products this decade. As described above, the slant FP-MOSFET which
has an ideal field-plate structure has been devised, however, the real device and the
electrical characteristics were not reported so far, because of difficulty of the fabrication
process. As one of the approach to realize the slant FP-MOSFET, a multiple stepped
oxide FP-MOSFET (MSO-FP-MOSFET), which is extremely close to ideal gradient oxide
structure, is proposed [72] [73].

In the following, firstly, 100-V-class device structure design is described. Then,
optimization of each design parameter by TCAD simulation is discussed. Moreover,

realizable fabrication process flow and experimental results of the device are described.

3.3.3.1. Unit-cell structure design

Fig. 3-26(a)—(c) show schematic cross-sectional structures of conventional FP-
MOSFET with uniform thick oxide, ideal slant FP-MOSFET with gradient oxide, and
proposed MSO-FP-MOSFET. The MSO-FP-MOSFET structure has multiple small
stepped oxide film and stepped single domain polycrystalline-silicon field-plate in the
trench (Fig. 3-26(c)).

The basic design parameter to achieve VB of over 100 V is described below. In an
1deal FP-MOSFET, the electric field distribution of the mesa region is expected to be
uniform in vertical direction in order to maximize the Vz as shown in Fig. 3-21(a).
However, it is difficult to realize completely uniform electric field distribution because a
peak of the electric field appears at pn-junction or trench bottom region. Therefore, the

Vein Eq. (3-24) is expressed as
Vg = EcLpB, (3-40)

where fis a field coefficient (0 < #< 1) [66]. The Et is gradually varied by the necessary

VB, and it becomes higher in lower voltage [11].

E, =82x10% V3 %% (V/ecm) (3-41)

3 Subsection 3.3.3 is reconstruction of [72] chapter II-IV, © 2015 IEEE, and [73] chapter 2—5. A part of
description is modified and comprehensive explanations are additionally provided. Egs. (2)—(4) of [72]
and Eqs. (3)—(5) of [73] are modified to take account of the mesa region against both sides’ field-plates.
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Fig. 3-26. Schematic cross-sectional structures of (a) conventional FP-MOSFET with
uniform thick oxide, (b) ideal slant FP-MOSFET with gradient oxide, and (c) proposed
multiple-stepped-oxide (MSO) FP-MOSFET. [72] © 2015 IEEE (modified), [73].

The Et is estimated at 3.20%105 V/cm to obtain 110 V, which is added 10% margin to the

rated-voltage. When fis assumed to 0.75, necessary Lp is calculated as

V,
Lp = —= =458% 1074 (cm) = 4.58 (um). (3-42)
Ecp
An optimum charge density Gopt in the mesa region against both sides’ field-plates is
lead from Poisson's equation [11] [59] [72] [74]. Applying the above Et, the Qopt is given
by

2Eceg€
Qopt = ZCSIT0 — 415 x 102 (atoms/cm?). (3-43)

Then, when the Whesa 1s assumed to 1.2 um, the M is calculated as

_ Qope _ 415x 10"
" Wyesa 1.2 x 1074

Np, = 3.46 x 10 (atoms/cm?). (3-44)

Asbasic design of the MSO-FP-MOSFET, the trench depth is determined to 5.5 um which
is added a fabrication process margin to the calculated Lp (4.58 um), whereas the cell
pitch is determined to 3.0 um in consideration of the WAwesa and necessary field-plate

oxide thickness inside the trench.
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3.3.3.2. Validation and optimization of design parameters by TCAD simulation

A. Validation of electric potential and electric field distribution

Behavior of the field-plate effect for both conventional FP-MOSFET and MSO-FP-
MOSFET is compared by TCAD simulation. In both MOSFETS, the design parameters,
as shown in Fig. 3-23 and Fig. 3-25, are basically same. The field-plate oxide thickness
at top position (7¥rox ¢) and at bottom position (7¥prox) are considered as design
parameter optimization. In Fig. 3-26, it is noted that the symbols 7¥rox_+ and 7¥pox b are
expressed as fox,t and foxp.

When a high reverse bias is applied to drain—source, a depletion layer expands
vertically in the mesa region. Fig. 3-27(a)-(1) show two-dimensional (2-D) potential
contours and one-dimensional (1-D) electric field distributions at the VB under the
condition of three different AMp, in both conventional FP-MOSFET and MSO-FP-
MOSFET.

For low Ab condition (1.0x1016 /cm3), in both structures, the potential lines are dense
at bottom of the trench and sparse at upper region of the mesa (Fig. 3-27(a)—(c)). Thus,
the field-plate effect is not enough for the mesa region and the Vzis restricted by the
punch-through phenomenon.

For medium M condition (2.0x1016 /cm3), the potential lines are distributed more

uniformly compared with the low Ab case, therefore the VB increases in both structures
(Fig. 3-27(1)—(®).

Electric field

Np=2.0E16 /em? o Np=3.0E16 /cm?
- . Electric field -
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by o
P

daqy
pdagg
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(@ (@®) (c) @ (e H @ (G (1)

Fig. 3-27. 2-D potential contours at 5-V intervals and 1-D vertical electric field
distributions along the trench sidewall. Mb dependence of the potential: (a), (d), and
(g) for conventional FP-MOSFETS; and (b), (e), and (h) for MSO-FP-MOSFETs.

(0), ), and (1): M dependence of the electric field for conventional FP-MOSFETs (red
dashed lines) and MSO-FP-MOSFETS (blue solid lines). [72] © 2015 IEEE, [73].
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For high Mb condition (3.0x1016 /cm3), the VB decreases in the conventional structure
because the depletion layer no longer expands enough (Fig. 3-27(g)—(i)). On the other
hand, in the MSO-FP-MOSFET, the two peaks of the electric field are nearly equal, and
fairly uniform electric field distribution in the vertical direction can be seen. This effect
is explained below. The potential lines in the stepped oxide region are distribute laterally
with relatively uniform and high density from the bottom to the top, compared with the
conventional thick oxide case. Therefore, the potential lines in the mesa region also
distribute vertically with approximately equal intervals. In this validated condition, the
VB of 114.8 V can be achieved at 1.5 times higher M than that of the conventional FP-
MOSFET.

B. Optimization of design parameters

In the FP-MOSFETSs shown in Fig. 3-26, the field-plate oxide slope Kis defined by

LFP
Lep ’ (3-45)

Trpox» + tna Trpox ¢

K =

where Lrp is the poly-Silicon field-plate length and « is the trench angle. Regarding
significant design parameters (MNp, 7Fpox_t, 7kPox b, and K) which make the Vs change,
simulation results are described below.

Fig. 3-28 shows the 7¥prox b (foxp) dependence of the Vi for various Ab, which is
ranged from 1.0x1016 to 3.0x1016 /cm3, for the conventional FP-MOSFETs. A basic
dependence is seen that the thicker 7¥rox b (fox,p) can rise the Va On the other hand,

when the M increases, a peak Vs decreases.
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Fig. 3-28. Simulated 7¥rox b (foxp) dependence of V& for various Ab in the case of
conventional FP-MOSFETs. [73] (modified).
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Then, in the MSO-FP-MOSFETs that the 7¥pox b (foxp) is fixed to 700 nm, the 7¥pox ¢
(toxt) dependence corresponding to varying K (from 5.5 to 15.5) is simulated. In the
simulated conventional FP-MOSFET, K is calculated as 50. As shown in Fig. 3-29,
depending on the K, the M which obtains the maximum Vs is varied. When the Kis
smaller, the peak VB moves to higher Ab side. However, at the same time, the peak VB
decreases in smaller K. Moreover, when the Ab exceeds the peak VB, the B decreases
steeply in larger K

Thus, by adopting the small K] the field-plate effect to reduce the electric field in the
mesa region can be achieved, even in the case of the high Mb. It can be seen also in Fig.
3-30. In addition, it is possible that the B margin expands to the higher M side because
the £t becomes gradually high in the higher Mb [60].
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Fig. 3-29. Simulated M dependence of Vs for MSO-FP-MOSFETSs (K= 5.5-15.5) and
conventional FP-MOSFET (K = 50). [73] (modified).
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Fig. 3-30. 2-D simulation results for MSO-FP-MOSFETs (K = 5.5-15.5). Depletion
layer (white lines), potential contours at 5-V intervals (black lines), and electric field

distributions (color) are shown in each half-cell structure.
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The KonA which is dominant for the drift layer resistance decreases corresponding
to the Wb increase, as shown in Fig. 3-31. In addition, thinner 7¥pox ¢ (foxt) has an
advantage to reduce RonA because of an increase of the accumulation effect, in particular

along the upper side of the trench.
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Fig. 3-31. Simulated M dependence of RonA for MSO-FP-MOSFETSs (K = 5.5-15.5)
and conventional FP-MOSFET (XK= 50). [73] (modified).

Based on approximately same VB margin to the rated-voltage (100 V), both
conventional FP-MOSFET and MSO-FP-MSFET has to be compared from the simulation
results. In the conventional FP-MOSFET, the V& 1s 113.3 V under the conditions of K=
50 and A = 2.0x1016 /cm3, and the RonA becomes 38.2 mQ-mm?2. In the MSO-FP-
MOSFET, the Vs is 111.7 V under the conditions of A= 7 and M = 3.0X106 /cm3, and
ultralow HonA of 29.1 mQ-mm?2 can be achieved. Here, RonA is including 1.0 mQ-mm?2
substrate resistance.

The simulated RonA of the MSO-FP-MOSFET (29.1 mQ-mm?) indicates 25%
reduction compared to that of the conventional FP-MOSFET (38.2 mQ-mm?2) in the same

VB range.
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Fig. 3-32. Simulated K dependence of VB process margin over 100 V. And K
dependence of RonA; at Mp = 3.0x1016 /cm3 for MSO-FP-MOSFETs and at Ab =
2.0x1016 /cm3 for conventional FP-MOSFET. Reconstructed from Fig. 3-29 and Fig.

3-31. [73] (modified).

Fig. 3-32 shows the simulated VB process margin and the RonA at the M with the
VB margin maintained, for the MSO-FP-MOSFETs and the conventional FP-MOSFET.
Those data can read from Fig. 3-29 and Fig. 3-31, and shown as the A dependence. The
VB process margin represents a range that satisfies both V&8 > 100 V and AMp > 3.0x1016
fem3 for the MSO-FP-MOSFETS; or both V8 > 100 V and M > 2.0x10%¢ /cm? for the
conventional FP-MOSFET.

The VB margin to maintain over 100 V of the conventional FP-MOSFET is 30%. In
the MSO-FP-MOSFET, it is found that the smaller the K the larger the VB margin.
When the Kis 7, 26.7% margin, which is approximately same as the conventional one,

1s maintained.
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Fig. 3-33. Simulated A dependence of VB process margin up to 100 V and FonA for
MSO-FP-MOSFETs and conventional FP-MOSFETSs. Reconstructed from Fig. 3-29

and Fig. 3-31. [73] (modified).

Fig. 3-33 shows the simulated Vs process margin over 100 V and the FonA4, at K="7
for the MSO-FP-MOSFETS, and at K= 50 for the conventional FP-MOSFET. Those data
can read from Fig. 3-29 and Fig. 3-31, and shown as the Nb dependence. The Vs process
margin represents a range that satisfies only V8> 100 V for the MSO-FP-MOSFETS; or
both V8> 100 V and AMb > 2.0x101¢ /cm3 for the conventional FP-MOSFET.

If the higher AMp, which means the VB process margin decrease, is permitted, it is
possible to decrease the HonA more. For example, when the margin is 16.9%, Vs =112.9
V and RonA = 27.5 mQ mm?2 can be obtained, or when the margin is 8.6%, Vs =114.1V
and RonA = 26.7 mQ-mm? can be obtained

As mentioned above, the VB process margin was discussed about the Nb, however,
the tolerance of other parameters such as 7Froxb, 7Froxt, and Wiesa have to be

considered in real device manufacturing.
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3.3.3.3. Process flow and essential process evaluation

To realize the MSO-FP-MOSFET cell structure, two types of the fabrication process
are proposed. They are named Stepped Oxide Deposition (SOD) process and Stepped
Oxide Etch-off (SOE) process, respectively.

Fig. 3-34(a)—(h) shows the SOD process for the case of five-step field-plate structure.

(a) Trench forming by photo-lithography and reactive ion-etching (RIE), followed by first
thin oxide film deposition by chemical vapor deposition (CVD).

(b) Sacrificial layer formation and etching it back down to first depth, followed by the
first oxide film etching

(c) Second oxide film deposition and second sacrificial layer formation to second depth,
followed by the second oxide film etching.

(d) Third oxide film deposition and third sacrificial layer formation to third depth,
followed by the third oxide film etching.

(e) Fourth oxide film deposition and fourth sacrificial layer formation to fourth depth,
followed by the fourth oxide film etching.

(f) Fifth oxide film deposition and fifth sacrificial layer formation to fifth depth, followed
by the fifth oxide film etching.

(2) The sacrificial layer etching, followed by gate oxidation.

(h) Poly-silicon deposition as gate electrode.

Sacri-
ficial
layer

L

"SI0,

(a) (b) (c) (d) (e) H (2) (h)

Fig. 3-34. Part of fabrication process flow of MSO-FP-MOSFET, named Stepped Oxide
Deposition (SOD) process. (From trench formation to field-plate formation.) [72] ©
2015 IEEE, [73].
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After the process step (h), followed by p-base / n*—source formation, inter-layer
insulating film deposition, contact hole etching, metallization for source electrode, and

back-surface metal formation for drain electrode.

Fig. 3-35(a)—(h) shows the SOE process for the case of five-step field-plate structure.

(a) Trench forming by photo-lithography and reactive ion-etching (RIE), followed by first
thick oxide film deposition by chemical vapor deposition (CVD).

(b) Sacrificial layer formation and etching it back to first depth, followed by the first
oxide film etching

(c) The sacrificial layer etching to second depth, followed by second oxide film etching
slightly

(d) The sacrificial layer etching to third depth, followed by third oxide film etching
slightly

(e) The sacrificial layer etching to fourth depth, followed by fourth oxide film etching
slightly

(f) The sacrificial layer etching to fifth depth, followed by fifth oxide film etching slightly

(2) The sacrificial layer etching, followed by gate oxidation.

(h) Poly-silicon deposition as gate electrode.
After the process step (h), followed by p—base / n*—source formation, inter-layer

insulating film deposition, contact hole etching, metallization for source electrode, and

back-surface metal formation for drain electrode.

S0, Sacrificial layer

Uuwyuuu

S1
[ = I | = —
(a) (b) (©) (d) (e) () (g) (h)

Fig. 3-35. Part of fabrication process flow of MSO-FP-MOSFET, named Stepped Oxide
Etch-off (SOE) process. (From trench formation to field-plate formation.) [72] © 2015
IEEE, [73].
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3.3.3.4. Experimental results of device performance

Fig. 3-36 shows cross-sectional SEM photograph of fabricated MSO-FP-MOSFET,
which corresponds to field-plate (gate electrode) formation step of SOE process. It is
observed that smooth four-step oxide and field-plate are formed successfully in 5.5-um

deep trench.

n- (S1)

Fig. 3-36. Cross-sectional SEM photograph of fabricated MSO-FP-MOSFET, which
corresponds to field-plate formation step of SOE process. [72] © 2015 IEEE, [73].

To demonstrate basic characteristics of the MSO-FP-MOSFET for the first time, test
element group (TEG) having a diode and a resistance were fabricated on 3.73-mm? chip.
As the diode TEG structure, p—base layer and p*—contact layer were formed at top of n—
drift layer of the surface of the mesa region. As the resistance TEG structure, n*—contact
layer were formed at top of n—drift layer of the surface of the mesa region. The poly-
silicon, which acts as the field-plate, was connected to the source (anode) electrode.

In the evaluation samples, observed 7¥pox ¢ (fox:t), TFrox b (foxp) and Witesa were 310
nm, 580 nm and 1.4 um, respectively.

By the diode TEG measurement, maximum VB of 114.8 V was confirmed at
approximately 1.5 times higher M than that of the conventional flat oxide structure, as
shown in Fig. 3-37(a). However, the diode had a leakage current which was
approximately five orders of magnitude higher than the simulated FP-MOSFET. This is
because the device termination design was not optimized in this TEG.

On the other hand, by the resistance TEG measurement, 30% reduction of the on-
current was confirmed under the condition of 40% higher Ab than that of the
conventional flat oxide structure, as shown in Fig. 3-37(b). It is noted that there are

differences between the resistance TEG and the MOSFET simulation; e.g., the TEG
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includes a packaging resistance, the TEG does not include the channel resistance of the
MOSFET that leads to Ron increase, and the TEG does not include the accumulation
effect of the MOSFET that leads to Ko~ decrease.
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Fig. 3-37. (a) Io—Vbs characteristics of the measured diode TEG, in comparison of the
simulated MSO-FP-MOSFET. (b) Ib—Vbs characteristics of the measured resistivity
TEG. [73]
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3.3.4. Validation of on-resistance model

Fig. 3-38 shows the RonA of simulated 100-V-class FP-MOSFETSs (the conventional
FP-MOSFET and the MSO-FP-MOSFET) compared with those of analytical model (the
flat FP-MOSFET and the slant FP-MOSFET) in Egs. (3-26)—(3-39). The structural
parameters, electrical parameters, and physical constants are indicated in Table 3-7,
Table 3-8, and Table 2-4.

In the case of the conventional/flat FP-MOSFETS, the FonA at Ves = 10 V calculated
by the model is 37.5 mQ-mm?2, which corresponds to the TCAD result of 37.5 mQ-mm?2
completely. In the case of the slant/MSO-FP-MOSFETSs, the RonA at Vgs =10V calculated
by the model is 28.2 mQ-mm?2, which corresponds to the TCAD result of 28.4 mQ-mm?2
with less than 1.0% error. It is noted that, in order to adjust to the model, Rx+A
component was subtracted from the KonA of the original TCAD results.

= 50

E V=10V

é'a 40 375 375

2.65

\; RopA | 347 2.63 X
S 30 . 28.4 28.
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Fig. 3-38. RonA of simulated 100-V-class FP-MOSFETs (conventional FP-MOSFET and
MSO-FP-MOSFET) compared with those of analytical model (flat FP-MOSFET and
slant FP-MOSFET). Under the condition of Vgs =10 V.
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Table 3-7. Structural parameters of 100-V-class FP-MOSFETS to calculate RonA.

Symbol Parameters &ggg}gT IIQJJ(S)gFFEPT Unit
Ween Cell width 3.00 3.00 um
W Trench width 1.80 1.80 um
Witesa Mesa width 1.20 1.20 um
Dr Trench depth 5.50 5.50 pm
Lcu Channel length 0.30 0.30 um
La Accumulation length 0.20 0.20 um
Koo Coiemotmen g og o
Ttox Gate oxide thickness 0.075 0.075 pm
Xis n*—Source junction depth 0.25 0.25 um
XiB p—Base junction depth 0.55 0.55 um
Trrox Field-plate oxide thickness 0.70 N/A um
Thpox « Field-plate oxide thickness N/A 0.95 um
(top)
Thvox s g)lig(;ﬁll;lte oxide thickness N/A 0.70 um
Ip n—Drift layer length 4.95 4.95 um
TBur n—Buffer thickness 0.90 0.90 pm
D Resistivity of n—drift layer 0.284 0.204 Q+cm
Mo Drift layer concentration 2.0 x 10° 3.0x 10  atoms/cm3
TsuB n*—Substrate thickness 50 50 um
SUB Resistivity of nt—Substrate 0.0020 0.0020 Q-cm
Nsus n*—Substrate concentration 3.43 x 10%° 3.43 x 10  atoms/cm3

Table 3-8. Electrical parameters of 100-V-class FP-MOSFETsS to calculate RonA.

Flat FP-

MSO-FP-

Symbol Parameters MOSFET MOSFET Unit
Vs Gate—source voltage 10 10 VvV
Vru Threshold voltage 2.63 2.28 \Y
. Electron mobility of inversion 500 500 em/Vs
layer

Jina Electron m.oblhty of 550 550 em2/Vs
accumulation layer

LoD Electron mobility of n—drift 1000 1000 em/Vs
layer

. .
Lo SUB Electron mobility of n 776 776 em/Vs

substrate

Von On-state voltage 0.10 0.10 A%
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3.3.5. 100-V two-step-oxide SFP-MOSFET 4

3.3.5.1. Unit-cell structure design

In subsection 3.3.3, the MSO-FP-MOSFET, which is close to the ideal field-plate
structure, was proposed. However, there is an issue which needs to the complicated
process. Thus, in this subsection, a simplified field-plate structure is proposed. In
addition, the source field-plate structure is applied to newly developed device to promise
lower .4, as mentioned in subsection 3.3.1 [74].

In Fig. 3-49, three kinds of FP-MOSFET structures are compared. The conventional
FP-MOSFET has uniform field-plate oxide and straight poly-Si field-plate in the trench
(Fig. 3-49(a)). This field-plate is connected to the source electrode at the termination
region of the chip. This field-plate structure is standard in current commercial product.
The MSO-FP-MOSFET is constructed by five-step oxide and tapered poly-Si field-plate
(Fig. 3-49(b)). As shown in Fig. 3-49(c), proposed two-step FP-MOSFET is formed by two
steps of thick oxide and two steps of field-plate poly-silicon to simplify the structure and

fabrication process.

Source Source Source

R Field plate

(a) (b) ()

Fig. 3-39. Schematic cross-sectional structures of (a) conventional FP-MOSFET with
uniform thick oxide, (b) multiple-stepped-oxide (MSO) FP-MOSFET, and (c) proposed
2-step FP-MOSFET. [74] (c) 2019 IEEE.

4 Subsection 38.3.5 is reproduction of [74] chapter II-V, © 2019 IEEE, and a part of description is
modified and comprehensive explanations are additionally provided.
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3.3.5.2. Optimization of design parameters by TCAD simulation

As initial study for the three structures, off-state potential and electric field
distribution are simulated. As design parameters, Ween = 3 um, Dr = 5.5 um, and M =
1x1016 — 3x1016 /cm3 are chosen. Basically, the field plate inside the trench has effect to
relax electric field in mesa region. Under the lower Np condition (1x1016 /cm3),
approximately 100-V V& is obtained for all three structures. However, Under the higher
Nb condition (3x1016 /cm?3), as shown in Fig. 3-40, the V& goes down to 52 V for the
conventional FP-MOSFET because of high electric field at upper mesa region.

In contrary, both MSO and 2-step FP-MOSFETS realize over 110 V at the high M
condition. Especially in the 2-step FP-MOSFET, it seems that the equipotential lines are
approximately equal intervals. Also, the electric field is closer to uniform distribution. In
a detail observation of the distribution, an inflection point at the oxide step position can
be seen. As a result, it is found that the M can be designed to 1.5 times higher than
conventional FP-MOSFET, which is the same effect as the MSO-FP-MOSFET as

described in subsection 3.3.3.2.

Electric field

_Conv.
— ’_ FP

MSO
FFP

e,
. 2-step
\\ FP

(@ (b (c) (d)

Fig. 3-40. Simulated 2-D potential contours (black lines), for (a) conventional, (b)
MSO, and (c) 2-step FP-MOSFETSs. (d) 1-D vertical electric field distributions along
trench sidewall for conventional FP-MOSFETSs (red dotted line), MSO-FP-MOSFETSs
(green dashed line), and 2-step FP-MOSFET (blue solid line). Under the condition of
Nb = 3.0x1016 /em3. [74] (o) 2019 IEEE.

The field-plate oxide thickness at top position (7kpox ) and at bottom position
(7T¥pox_b) are considered as design parameter optimization. In Fig. 3-39, it is noted that
the symbols 7Fpox_t and 7Fpox b are expressed as foxt and foxp. The field-plate oxide slope
Kis defined by Eq. (3-45). When the Ab, which can obtain a peak V& (VBpeak), is around
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3.5x1016 — 3.75x1016 /cm3, minimum RonA can achieve at K = 8-9.7 in the 2-step FP-
MOSFET.

Fig. 3-41 shows WAesa dependences of the VBpeak and “Mb at VB peak” for K= 9.2. The
“Np at VBpeak’ increases by decreasing WAtesa. This is because an optimum charge is
defined by the product of the M and the WAiesa, as shown in Eq. (3-43). On the other
hand, by increasing the Wiiesa, the VB increases slightly. From these results, considering

to easiness of fabrication process, the Wiesa is selected to 1 um, in following experiment.
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Fig. 3-41. Simulated WAesa dependences of VBpeak and “Mp at VBpeax” for 2-step FP-
MOSFETSs. (foxp» = 600 nm, K= 9.2). [74] © 2019 IEEE (modified).

3.3.5.3. Process flow and fabricated device structure

Representative process steps for the 2-step FP-MOSFET are shown in Fig. 3-42. (a)
The trench of around 5.5-um depth is formed by reactive ion etching (RIE), and followed
by first thick oxidation. (b) By using sacrificial layer inside the trench, the thick oxide is
etched down to approximately half-depth of the trench, and followed by second thick
oxidation. (c) Polysilicon field-plate is formed by chemical vapor deposition (CVD) and
RIE. (d) First interlayer oxide is filled in the trench by CVD and etched back to
appropriate depth. (e) Gate oxidation and gate poly-silicon CVD are performed
continuously. (f) The gate poly-silicon is etched. After that, following process steps such
as p—base, n*—source, p*—body, second interlayer oxide, contact, surface metallization,
wafer thinning and back-side metallization are performed.

Transmission Electron Microscope (TEM) photograph of a unit cell structure of
fabricated 2-step FP-MOSFET is shown in Fig. 3-42(g). To relax a strong stress inside
the trench during the gate poly-silicon forming, U-shaped gate structure is applied.
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Fig. 3-42. (a)—(f) Part of fabrication process flow of 2-step FP-MOSFET (from thick
oxide formation to gate electrode formation.). (g) TEM photograph of fabricated 2-step
FP-MOSFET (unit cell). [74] (c) 2019 IEEE.

3.3.5.4. Experimental results of device performance

A. Breakdown voltage and on-resistance

In the fabricated 2-step FP-MOSFET, average of VB at /s = 10 mA was 109.9 V and
the standard deviation was 0.50 V, with the target design and the center process
conditions. Ron packaged in 8-pin Small Outline Package (SOP-8) was measured under
the condition of Vs =10V and /i = 30 A. The RonA obtained by deduction of the package
resistance indicated average value of 27.7 mQ-mm?2 and good deviation of 0.46 mQ-mm?2,
as shown in Fig. 3-43. This KonA of the 2-step FP-MOSFET is ultralow in ever reported
100-V-class device and improved by 16.6% compared with that of the conventional FP-
MOSFET.

B. Figure-of-merit

When the FP-MOSFET is applied in high efficiency switching circuit, gate charge
properties, i.e., gate—source charge (gks), gate—drain charge (Q:a), total gate charge (@)
and output charge (Ghss), are very important. Moreover, as an indicator of the switching
property, Gsw is defined by sum of the ks after threshold voltage and the @ka. Fig. 3-44
compares figure-of-merit (FOM) of the conventional and the 2-step FPMOSFET, under
the conditions of Vas =50 V and /a = 35 A as the gate charge measurement.
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It was confirmed that Fon'@k and Ron:@sw were reduced by 27.1% and 4.7%,
respectively, compared with those of the conventional device. The effect of the @k
reduction includes modification of the gate—source insulating film structure in the
fabricated device. On the other hand, Fon- Ghbss was increased. The Ghss is calculated by
voltage integral of drain—source capacitance Cus. In the 2-step FP-MOSFET, the M was
increased to improve the FonA, so that depletion capacitance component of the Cas was
increased and it affected to the Ghss. Thus, improvement of the tradeoff between RonA
and Ghss is further challenge to realize ultimate FP-MOSFET.
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Fig. 3-43. Measured RonA distribution of 2-step FP-MOSFETSs fabricated by target
design & center process conditions. [74] (¢) 2019 IEEE.
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Fig. 3-44. Comparison of FOM for conventional and 2-step FP-MOSFETSs.
Measurement conditions: Vs = 10 V and fa = 30 A for Ron, and Vas =50V and fa = 35
A for @, Qsw, and Ghss. [74] () 2019 IEEE.
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3.3.6. 18-V sub-micron cell pitch GFP-MOSFET

3.3.6.1. Unit-cell structure design

Applying the FP-MOSFET is expanding to improve the performances in wide range
LV-MOSFETs. The lower the rated-voltage of MOSFET, the smaller the BpA contribution.

In short, the effect of the field-plate structure becomes small. In the lower voltage

MOSFET such as 12—20-V, however, there is little room to reduce the FonA4, in current

advanced U-MOSFET technology, as shown in Fig. 3-45. Thus, each main component

should be reduced as possible. As shown in Fig. 3-46, sub-micron cell pitch and the gate
field plate are applied to an 18-V FP-MOSFET to reduce both RcuA and EpA [75].

On-resistance F,yA (mQ-mm?)

Rated-voltage V., (V)

40
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PoWeen, Ween Wi
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RsypA = psysTsus

Fig. 3-45. Ratio of RoxnA components for 20-60-V U-MOSFETs. [75] (modified).
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Fig. 3-46. (a) Schematic cross-sectional structure and (b) SEM photograph of fabricated
18-V sub-micron cell pitch FP-MOSFET. [75] (modified).



3.3.6.2. Experimental results of fabricated device

Representative characteristics of fabricated 0.92-um-pitch 18-V FP-MOSFET are
described below. Active area is 2.3 mm?2. The leakage current of the gate oxide was 1 nA
at 7 MV/em, and the electric field that leads to a breakdown was over 10 MV/cm. It
showed ideal insulation properties and a smoothness of the connection between the gate
oxide and the field-plate oxide (Fig. 3-47(a)). The VB of 18 V (Fig. 3-47(b)), the RonA of
2.1 mQ'mm? at Vgs =10 V and 2.6 mQ-mm? at Vs = 4.5 V were obtained (Fig. 3-48(a)).

The capacitances as a function of the Vas were showed in Fig. 3-48(b) for reference.
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Fig. 3-47. (a) Gate leakage current as a function of the gate electric field and (b) off-
state Jo—Vas characteristic of fabricated 18-V FP-MOSFET. [75] (modified).
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Fig. 3-48. (a) On-state fa—Vas characteristic [75] and (b) capacitances (Ciss, Coss, and
Ciss) as a function of Vi of fabricated 18-V FP-MOSFET.
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3.4. Summary

In chapter 3, superjunction U-MOSFET (SJ-UMOSFET) and field-plate U-MOSFET
(FP-MOSFET), which are evolution structure of U-MOSFET, were described. The RonA4
models of both SJ-UMOSFETs and FP-MOSFETs were detailed for three different
surface patterns (stripe, square cell, and square p—column in stripe trench) in the SJ-
UMOSFETSs and four different structures (flat GFP, flat SFP, slant GFP, and slant SFP)
in the FP-MOSFETS, respectively.

In addition, each improvement structure, fabrication process, and evaluation result
of the fabricated devices were described. In the validation of the RonA models, the real
device and calculated results by the model were compared for both 60-V SJ-UMOSFET
and 100-V FP-MOSFET, and it was confirmed they showed good agreement.

As a summary of the development of the novel SJ-UMOSFETs and FP-MOSFETSs,
the performances are compared each other. Fig. 3-49 shows the benchmarking of the
tradeoff characteristics between the HonA and the Vs for 18-100-V-class FP-MOSFETs
[8] [49] [50] [51] [52] [71] and SJ-UMOSFETs [55] [56] [57] [76] by published data and
author’s research [10] [64] [72] [74] [75] [77]. As reference lines, 1-D silicon-limit [11] and
Sd-limit [60] for half-cell pitch w= 2—0.5 um are also indicated.

In the developed novel devices, which are the continuous p—column SJ-UMOSFET
[10], the split p—column SJ-UMOSFET [64] [77], the MSO-GFP-MOSFET [72], the 2-
step SFP-MOSFET [74], and the sub-micron-pitch GFP-MOSFET [75], superior

performances were demonstrated against the published data.
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Fig. 3-49. Tradeoff characteristics between KonA and Vs for FP-MOSFETs and SdJ-
UMOSFETS; by published data [8] [49] [50] [51] [52] [55] [56] [57] [71] [76] and
author’s research [10] [64] [72] [74] [75] [77]. (2) Including 100-V MSO-FP-MOSFET
and (b) including 100-V 2-step FP-MOSFET. [72] (modified).

110



4. STRUCTURE-BASED CAPACITANCE MODELING FOR THE
LATEST FP-MOSFET COMPARING WITH D-MOSFET

4.1. Overview of structure-based capacitance modeling

Several analytical capacitance models for different vertical power device structures
have been reported, e.g., those for silicon D-MOSFETs [78], silicon U-MOSFETs [79] [80]
[81], and silicon carbide (SiC) D-MOSFETSs [82]. In those reports, however, since the Coss
components of D-MOSFETs and U-MOSFETs are relatively simple, those modeling
methods are not applied to complex-structured FP-MOSFETSs

In this chapter, firstly, the capacitance model for the D-MOSFET is described.
Subsequently, the capacitance model and the modeling method for the latest slant FP-
MOSFET are detailed comprehensively.

4.2. D-MOSFET model

4.2.1, Structural parameters and basic characteristics for motif device

This subsection describes a 100-V-class D-MOSFET as a motive device for the
capacitance modeling [83] [84]. Fig. 4-1(a) shows schematic cross section and
representative structural parameters of the D-MOSFET to describe the capacitance
model. Fig. 4-1(b) shows components of output capacitance (Coss) and reverse transfer
capacitance (Ciss) of the D-MOSFET.

The capacitance model can be described by structural parameters such as detailed
cell structure dimensions and impurity doping concentrations, as shown in Table 4-1. It
does not require any measurement of electrical characteristics. Physical constants used
in the modeling are the same as those shown in Table 4-2. As shown in Table 4-1, the
unit cell width (Wcen) of the D-MOSFET is set to 6.0 um, which can be obtained the V&
of 100V, as described later.
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Fig. 4-1. (a) Schematic cross sections and representative structural parameters of D-

MOSFET. (b) Components of output capacitance (Ciss) and reverse transfer capacitance

(Ciss) for D-MOSFET. [83] [84] Copyright (2018) The Japan Society of Applied Physics.

Table 4-1. Structural parameters of 100-V-class D-MOSFET to calculate capacitances.
[84] (modified).

Symbol Parameters Numerics Unit
Ween Cell width 6.00 um
Wa Gate width 3.40 um
e p—Base width 2.60 pm
Teox Gate oxide thickness 0.05 pm
XiB p—Base junction depth 0.75 um
X p—Base junction lateral length 0.60 um
M Drift layer concentration 2.8 x 1015 atoms/cm3
A p—Base layer concentration 5.0 x 106 atoms/cm3
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Table 4-2. Physical constants to calculate capacitances.

Symbol Description Property Unit

q Elementary charge 1.60 x 10719 C

k Boltzmann’s constant 1.38 x 10723 JIK

T Absolute temperature 300 K

n; Intrinsic carrier density 1.50 x 101° atoms/cm®
& Permittivity in vacuum 8.854 x 10714 F/em
&si Dielectric constant of Si 11.7
£0X Dielectric constant of Si02 3.9

Before the capacitance modeling, basic characteristics of D-MOSFET was confirmed
using the TCAD simulator named Sentaurus Device [85]. As a result, the D-MOSFET
showed a sufficient Vs of 111.3 V and an RonA of 199.1 mQ-mm?2, as shown in Table 4-3.

Table 4-3. TCAD simulated basic characteristics for 100-V-class D-MOSFET. [84]
(modified).

Symbol Characteristics Conditions Unit
Vas Breakdown voltage Ja = 1pA/mm?2 111.3 Vv
Vru Threshold voltage Vais= 10V, Ja = ImA/mm?2 2.09 A%

FonA On-resistance Ves=10V, Vas=0.1V 199.1 mO-mm?2

FRox-Css  FOM_1 Vas=50V 1364 mQ-pF

Roxn-CGoss FOM_2 Vis=50V 4205 mQ-pF

Rox-@ss FOM_3 Vis=50V 390 mQ-pF
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4.2.2. Components of output capacitance (Coss) >

Fig. 4-1(b) shows the components of Ciss in the D-MOSFET. Ciss is simply expressed

as sum of drain—source capacitance Cas and gate—drain capacitance Cga.

CossDMOS = Cgs + ng (4-1)

4.2.3. Drain—source capacitance (Cas)

The Cus is a pn-junction capacitance and it is varied by the drain—source voltage Vis.

qNpésigo (WB + ZX]B_Z)

(4-2)
2(Vgs + Vi) Weeu

Here, g is the elementary charge, ssieo 1s the permittivity of silicon, Ws is the p—base
width, and Xjs. is the lateral expansion length of the p—base junction. The built-in
potential Vi is given by

(4-3)

where kis Boltzmann’s constant, 7'is the absolute temperature, nis the intrinsic carrier

density of Si, and MNa is a p—base layer concentration.

4.2.4. Gate—drain capacitance (Cga)

The Cuais a series connection of a gate oxide capacitance (Ccox) and a depletion layer

capacitance (Ciep). Since Crss is equal to Cyd, Crss is written as

CGOX Cdep
Croe =Cpg =—"—. .
rSs gd CGOX + Cdep (4 4)
Furthermore, Coox and Caep are expressed as
gox&o (Wg —2X
Coox = ot ( £ ]B_l). (4-5)

Teox Ween

5 Subsections 4.2.2—4.2.4 are reproduction of [84] section 3.1, Copyright (2018) The Japan Society of
Applied Physics, and a part of description is modified.
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&6 E W, — 2X
Cdep _ _Ssi%o | ( G ]B_l)’ (4-6)
Wd_mos WCell

where soxen is the permittivity of SiOz, 7tox is the gate oxide thickness, and Wg is the
gate width. Wa_mos is the depletion layer width beneath the gate electrode and is given
by [86]

+1-1]. 4-7)

2
w _ &ilgox 2Vys€0x° €0
d_mos —

2
€ox qNpéesiTeox

By substituting Eqs. (4-5)—(4-7) into Eq. (4-4), the Ciss model can be obtained.

C...bMOS _ -~ €ox&o Ws —2X)p,
e gd = ZVdSSOXZSO T 2 WCell (4'8)
qNpés; Gox

Finally, by substituting Eqgs. (4-2), (4-3) and (4-8) into Eq. (4-1), the Ciss model can be

obtained.
C...DMOS _ qNp&sigg Wp +2X)5, E0xEo
” 2 (VdS + k—Tln NAND) Weeu 2Vas€ox€o T. 2
l qNpés; Gox (4-9)
We —2X55
Ween

4.2.5. List of capacitance model

Table 4-4. List of Coss and Ciss model equations for D-MOSFET. [84] (modified).

C.. DMOS _ €ox&o We — 2X)5,
TSss
2V,s€0x%€o ST 2 Ween
qNpés; Gox
C._DMOS _ qNpésigo Wp +2X)5, (.. DMOS
0SS rSss
2 (Vds + k—Tln N;‘LND) Weeu
L
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4.3. FP-MOSFET model

4.3.1. Structural parameters and basic characteristics for motif device

This subsection describes a 100-V-class slant FP-MOSFET which is the latest LV-
MOSFET structure, as a motive device for the capacitance modeling [83] [84]. Fig. 4-2(a)
shows schematic cross section and representative structural parameters of the slant FP-
MOSFET. Fig. 4-2(b) shows comprehensive structural parameters of the slant FP-
MOSFET to describe the capacitance model.

The capacitance model can be described by structural parameters such as detailed
cell structure dimensions and impurity doping concentrations, as shown in Table 4-5. It
does not require any measurement of electrical characteristics. Physical constants used
in the modeling are the same as those shown in Table 4-2. As shown in Table 4-5, the
unit cell width (Wecen) of the FP-MOSFET is set to 2.6 um, which is smaller than that of

Source 1 1 T Source

Drain

(a) () ()

Fig. 4-2. (a) Schematic cross sections and representative structural parameters of slant
FP-MOSFET. (b) Comprehensive structural parameters of FP-MOSFET (half-cell
structure) to describe capacitance model. (c) Components of output capacitance (Coss)
and reverse transfer capacitance (Css) for FP-MOSFET. [83] [84] Copyright (2018) The

Japan Society of Applied Physics.
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D-MOSFET (6.0 um) in subsection 4.2.1. Despite its smaller Wcen, it has a drift layer

concentration (\p) that is ten times higher than that of the D-MOSFET.

Table 4-5. Structural parameters of 100-V-class FP-MOSFET to calculate capacitances.

[84] (modified).

Symbol Parameters Numerics Unit
Ween Cell width 2.60 um
W Trench width 1.50 um
Witesa Mesa width 1.10 um
Dr Trench depth 6.00 um
De Gate depth 1.00 um
Toox Gate oxide thickness 0.05 pm
TFpox_t Field-plate oxide thickness (top) 0.10 um
Trrox b  Field-plate oxide thickness (bottom) 0.75 um
TrPOX_c Field-plate oxide thickness (center) 0.75 um
XiB p—Base junction depth 0.90 um
M Drift layer concentration 3.0 x 10%¢ atoms/cm3
Na p—Base layer concentration 1.0 x 10%7 atoms/cm3

Before the capacitance modeling, basic characteristics of the FP-MOSFETs were

considered by using TCAD simulation as shown in Table 4-6. As a result, the FP-
MOSFET showed a sufficient Vg of 110.1 V and an ultralow FonA of 32.8 mQ-mm?2, which
was approximately one-sixth of that of the D-MOSFET, described in subsection 4.2.1.

Moreover, in the FP-MOSET, a very small FRon‘Ciss, which is approximately one-
twentieth of that of the D-MOSFET, was confirmed. Those indicate good features of the
FP-MOSFET. However, Ron - Ghss is still high. Therefore, the capacitance modeling

especially for Coss, which is required to the analysis of Pqoss, is important.

Table 4-6. TCAD simulated basic characteristics for 100-V-class FP-MOSFET. [84]

(modified).

Symbol Characteristics Conditions Unit
B Breakdown voltage Ja = 1pA/mm?2 110.1 \Y%
Vrn Threshold voltage Vas =10V, Ja= 1mA/mm? 2.03 A%

FonA  On-resistance Ves=10V, Vas=0.1V 32.8 mQ-mm?

Ron-Gss FOM_1 5.7 mQ-pF

Rox-Cess FOM_2 2040 mQ-pF

FRox-Gss FOM_3 309 mQ-pF




4.3.2. Components of the output capacitance (Coss) 6

As an approach to capacitance modeling in the complex FP-MOSFET structure, four
components of Coss, as shown in Fig. 4-2(c), are considered. The Ciss in the FP-MOSFET

is simply expressed as
CossFPMOS = Cgs1 + Cgs2 + Cg3 + ng- (4-10)

Here, Cas1 1s the depletion layer capacitance of the pn-junction, Cisz is a series connection
of a field-plate oxide capacitance and a depletion layer capacitance along the trench side
wall, and Cus3 is the trench bottom capacitance including the field-plate oxide and
depletion layers. In the FP-MOSFET, however, Cya is negligible in the case of Coss
calculation, because the area of the parallel-plate capacitor is usually very small for
optimized cell design.

Fig. 4-3 show the TCAD-simulated FP-MOSFET half-cell structures, which show
the Vas dependence of equal-potential contours. The potential contours of 5-V intervals
and the depletion layer boundaries are shown as black and white lines, respectively. In

each figure, the dominant capacitance components are Cas1, Cas2, and Cas3, respectively.
4.3.3. pn-Junction capacitance

In the region of Cas1 (Fig. 4-3(a)), the depletion layer of the pn-junction extends down
to the vertical direction with increasing Vas. However, the capacitance width in the
lateral direction decreases because of the expansion of another depletion layer along the
trench side wall caused by the field-plate effect. It is considered that this pn-junction

capacitance ( is divided into Cjo and (1 according to the Vs condition.

CjO: Vds <1 (V)

CdSl = C] = {le, Vds > 1(V) (4_11)

Co 1s the capacitance at an early voltage including the built-in potential V. Co is
modeled similarly to Eq. (4-2) for the Cas of the D-MOSFET.

Npégi€ W,
Cio = 9Vp&si€o  Wmesa (4-12)
2(Vas+Vpi) Ween

6 Subsections 4.3.2—4.3.6 are reproduction of [84] section 3.2, Copyright (2018) The Japan Society of
Applied Physics, and a part of description is modified and Eq. (29) is corrected.
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Fig. 4-3. TCAD-simulated FP-MOSFET half-cell structures, which represent Vas
dependence of equal-potential contours. Potential contours and depletion layer
boundaries are shown as black lines and white lines, respectively. Three capacitance
components are shown as dominant regions: (a) main pn-junction, (b) field-plate oxide
and depletion layer along trench side wall, and (c) field-plate oxide and depletion layer

of trench bottom. [84] Copyright (2018) The Japan Society of Applied Physics.

where WAiesa 1s the mesa width, Mb is the n—drift layer concentration, and Vi is the built-
in potential.
Before Ci1 modeling, some parameters shown in Fig. 4-2(b) are additionally

explained. & is the angle of the field plate and it is given by

TFPOX b~ TFPOX t
6, = tan™? = = , -
2= (DT —Xjp =X — Trpox.c (4-13)

where TFpox_+ and 7kprox_p are the lateral field-plate oxide thicknesses at top and bottom
positions, respectively, 7¥pox_c is the vertical field-plate oxide thickness of the center of
the trench bottom, Dr is the trench depth, Xis is the p—base junction depth, and Xis the

length between the XjB and the horizontal position of the top of the field plate.

6 1s the direction of the electric line of force and it is given by
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g .
6, =tan~! (Sitan 92). (4-14)
ox

T(y) and W(y) are used to calculate the charge densities in the field-plate oxide and

the silicon mesa region, respectively, and are given by

T(y) = Tox(y)cos 0, (4-15)
_ Wa) )
W) = cos 6, (4-16)

where y is the depth from the top of the field plate, 7bx(y) is the field-plate oxide
thickness at the position y and Wsi(3) is the depletion layer width of the mesa region
along the slant field plate at the position y. 7ox () is expressed as

TFPOX_b - TFPOX_t

Tox(y) = D Y+ Trpox ¢ 4-17)

T — X]B -X- TFPOX_C

Although W(y) varies with Vi, it has to be considered that Vs is shared by the
voltage of the field-plate oxide (Vox) and the voltage of the silicon mesa (V&). The
relationship between Vox, Vsi, 7(7), and W(y) are expressed as

Vas = Vsi + Vox, (4-18)
Vsi = %ESiW(y): (4-19)
Vox = EoxT(y), (4-20)
ggiEg; c0s0; = ggxEpx cos 6, (4-21)
Esi = ZSILV;; w(y), (4-22)

where Fsi and Fox are the electric field strengths of the silicon mesa region and field-
plate oxide region, respectively. W(y) is derived by solving Egs. (4-18)—(4-22). Since y
varies with Vis, W(y)is exactly expressed as W(Vas,y) and can be described as
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&g COS B4 & cos 0, 2&6;&0

qNp

2
= _ . : Ve (4-23)
W(Vas, y) 2y COS 0, T(y)+ (50)( cos 6, T(y)> + ds

Ci1 includes the effect of capacitance width decrease by W(Vas,y) and is described as

Esi€o . WMesa - ZW(Vds'Y)

4-24
Yo+ X Ween ( )

le =

4.3.4. Oxide and depletion layer capacitance along field plate

In the region of Cis2 (Fig. 4-3(b)), the initial Cis2 is nearly equal to the field-plate
oxide capacitance Crpox. With increasing Vas, the mesa region is depleted linearly owing
to the relation y, < V,, in the vertical direction, and the lateral depletion width under
the position of yo expands gradually by W(Vas,y). Thus, Cis2 is divided into two

components according to the Vs condition.

C , Vi < L(V
CdSZ ={ FPOX ds ( ) (4_25)

CFP (Vds): Vds = 1(V)
Crrox 1s provided by integrating field-plate oxide thickness in the depth direction.

2(DT —Xpp—X— TFPOX_C)‘SOX‘SO ) nTFPOX_b

(4-26)
WCell (TFPOX_b - TFPOX_t) TFPOX_t

Crpox =

At an arbitrary position y, the charge, which is across the field plate and the
depletion layer in the mesa region, is defined as d@. Differential equation of d@) expresses
a voltage change of the drain—source electric charge and described as

dQ d
— = — : (4-27)
gy = 9No W Vas )

The voltage dependence capacitance Crp(Vais)is provided by integrating Eq. (4-27)
from yo to yb, which is the end of the depletion layer and is described as

v A
2 fyo qND av (W(Vdsl Y))dy (4'28)
Weeu -

Crp (Vds) =

Finally, by substituting Eqs. (4-15), (4-17) and (4-23) into Eq. (4-28), Crp(Vas)can be

obtained.
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CFP (Vds)

2 fJ’b Esi€o d
_ y
W 2 4-29
cell Jy, 2 cos20. |1 + y(TFPOX_t — TFpox_b) ( )
Si 1] FPOXt Xip + X + Trpox» — Dr n 2&5:80Vas
€ox2 COS* 0, qNp

4.3.5. Trench bottom capacitance

In the region of Ciss (Fig. 4-3(c)), when Vi increase, at last yv reaches almost the
same depth as that of bottom of field plate. Cas2 decreases continuously in the model (Egs.
(4-25) and (4-29)). Therefore, the trench bottom capacitance Ciss has to be included as a
component of total Coss.

In the trench bottom region, the depletion layer Whim(Vas,/)begins to expand slightly
when Vs is greater than approximately 60 V. Whim (Vis,Z) can be described similarly to
Eq. (4-23).

2
i €OS O3 & €OS O3 2&5i& )
Wyim (Vgs, 1) = —————-T(l — T -V (4-30)
btm( ds ) EOXC0594 ()+ (EOXCOSQ4 ()) + qND ds

Here, /is the length from the center of the trench, 7(1)is the oxide thickness of the trench
bottom, and 6: and 6 are given by

l
0, = tan‘1< > (4-31)
TFPOX_C
g .
0, = tan™1 (i tan 94). (4-32)
€ox

Thus, Ciss is provided by integrating Whtm (Vas,Z)in the direction of the trench width

from 0 to 7Fpox b and is described as

T d
Coo 2+ [, qNp o7 W (Vas, D)l (4-33)
as3 WCell -
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4.3.6. Gate—drain capacitance (Cga)

As mentioned above, in the FP-MOSFET, (i is negligible small, which is
approximately two to three orders of magnitude lower than Coss. However, to compare it
with the D-MOSFET, simplified modeling for Cza were carried out. As shown in Fig.
4-2(b), the Cia of the FP-MOSFET is the series connection of Ccox and Ciep, which is the
same as in the case of the D-MOSFET. In the FP-MOSFET, Csox and Caep are expressed
as

_ fox&o 2(Dg — X;5)

Coox = : (4-34)
X Teox Ween

esigo 2(Dg = X)5)

(4-35)
Wd?mos WCell

Cdep =

Here, Dk is the gate depth, XiB is the p—base junction depth, and 7tox is the gate oxide
thickness.

By substituting Eqgs. (4-7), (4-34), and (4-35) into Eq. (4-4), the initial capacitance

Czdo can be obtained as

C — SOXSO . Z(DG _X]B)
940 2Vys€ox*Eg 2 Ween (4-36)
qNpes; Gox

Unlike the D-MOSFET, in the FP-MOSFET, the capacitance width of Cga 1s
drastically reduced by the factor of W(Vas,3), as shown in Eq. (4-23). Thus, finally, the

Ciss model is described as

C...FPMOS _ . Wiesa = 2W (Vas, )
rSS — “gdo WMesa
_ €ox¢€o ] Z(DG - X]B) ] Wyesa = 2W (Vgs, y) (4-37)
2Vds‘gOXZgO 2 WCell WMesa

+
qNpé&s; Gox
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4.3.7. List of capacitance model

Table 4-7. List of Coss and Giss model equations for FP-MOSFET. [84] (modified).

. FPMOS _ €ox€o 2(Dg = X15) Witesa = 2W (Vas, ¥)
Trss
ZVdSSOXZEO +T 2 WCell WMesa
qNpes; Gox

2
&g; €0s 04 & €0S 04 2&5:8
W5, y) = ————T() + (L—'T(Y)> + ql\; “Vas

Eox €0s 0, b

CosstMOS = Cdsl + Cdsz + CdsS + ng
qNpesieo Whiesa
Cio = / : . Ve <1(V)
Coor = /0 2(Vas+Vui)  Ween as
S
C.. = &sifo Witesa — 2W (Vys, ¥) V> 1(V)
Ty + X Ween ' 4=
Coo = Z(DT —Xjp—X— TFpox_c)foxgo Trpox b V. <1(V)
ox — : ) d
Weeu(Tepox b — Trrox.t) Trpox ¢ *
Casz = Vb d
2 f)’o qNp W(W(Vds:}’))d}’
Crp (Vds) = w , Vas 2 1(V)
cell
0 0 ‘2
&g COS 6, &; €OS 04 &5i€o
WWVu,y) =———T(y)+ || ———— T + %
Vas, ¥) 20y C05 0, o) <€ox cos 6, (y)> N, Vs
TFPOX_b d
C _ 2- fo - qND W(Wbtm(vds: l))dl
@3 Ween
0 0 ‘2
&g €OS B4 &; COS O E5i€o
W, Vi g ) =———— T+ || ———T( + -V
bem (Vas, D £ox COS 6, O <€ox cos 8, ( )> gN, ©
ng~0
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4.4. Comparison of SFP-MOSFET and GFP-MOSFET models
4.4.1. Structural parameters and basic characteristics for motif device

This subsection describes a comparison between source field-plate (SFP) and gate
field-plate (GFP) MOSFETSs (cf. subsection 3.3.1) regarding the capacitance modeling
[87]. 60-V-class slant FP-MOSFET which is the latest LV-MOSFET structure is chosen
as a motive device, which are shown in Fig. 4-4(a) and (b). Comprehensive structural
parameters of both FP-MOSFETSs to describe the capacitance model are shown in Fig.
4-4(c).

The capacitance model can be described by structural parameters such as detailed
cell structure dimensions and impurity doping concentrations, as shown in Table 4-8.

Physical constants used in the modeling are the same as those shown in Table 4-2.

YiWeen
Source Source Y4 Wiesa W
_— Ll—
. X8 D¢
Gate p 15
X
TFFOX_r
7
n- N A o A
Field Wo CZ
Si0, Plate Si0, ) *
n+ n+ [ L & | Terox c
\ ’
Drain Drain —
() (b) (©)

Fig. 4-4. Schematic cross-sectional structures for (a) SFP-MOSFET and (b) GFP-
MOSFET. (c) Comprehensive structural parameters of FP-MOSFET (half-cell

structure) to describe capacitance model. [87] (modified).
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Table 4-8. Structural parameters of 60-V-class SFP/GFP-MOSFETs to calculate

capacitances. [87] (modified).

Symbol Parameters Numerics Unit
Ween Cell width 1.60 um
Wa Trench width 0.80 pm
MAtesa Mesa width 0.80 um
Dr Trench depth 3.50 um
De Gate depth 1.00 um
Toox Gate oxide thickness 0.05 um
Tvrox ¢  Field-plate oxide thickness (top) 0.05 pm
Trrox b  Field-plate oxide thickness (bottom) 0.35 um
Trrox .  Field-plate oxide thickness (center) 0.40 um
XiB p—Base junction depth 0.90 um
Np Drift layer concentration 6.0 x 10° atoms/cm3
N p—Base layer concentration 2.2 x 10Y7 atoms/cm?3

Before the comparison of capacitance model, basic characteristics of both FP-
MOSFETSs were simulated by TCAD. As a result in Table 4-9, both FP-MOSFETSs showed
a sufficient B of 67.4 V, and standard Vru of 1.67-1.69 V, which can be driven by 5-V
logic-level voltage. Ultralow RonA of 10.9 mQ-mm?2 and 8.7 mQ-mm?2 were obtained for
the SFP-MOSEFT and the GFP-MOSFET, respectively. The reason of the FonA of the
GFP-MOSFET which is 20% lower than that of the SFP-MOSFET is due to the smaller
drift layer resistance BpA, as shown in Eq. (3-30). In contrary, in the SFP-MOSET, a Ciss
which is approximately two orders of magnitude lower than that of the GFP-MOSFET,
was confirmed. Those indicate good features of both SFP-MOSFET and GFP-MOSFET.

Table 4-9. TCAD simulated basic characteristics for 60-V-class SFP/GFP-MOSFETs. [87]
(modified).

SFP- GFP-

Symbol Characteristics Conditions MOSFET MOSFET Unit
Vs Breakdown voltage  Ja= 1uA/mm? 67.4 67.4 v
Vas =10 V,

Vru Threshold voltage Ji= 1mA/mm? 1.69 1.67 A%
. Ves=10V, R
FonA  On-resistance Vie=01V 10.9 8.70 mQ-mm
Gss!A  Input capacitance Vas=30V 821 827 pF/mm?
Ciss’!A Output capacitance Vas=30V 147 147 pF/mm?
Gssl A Reverse transfer Vas=30V 1.36 144 pF/mm?2

capacitance
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As described above, there is a possibility that the SFP-MOSFET and the GFP-
MOSFET are selected according to the application. Therefore the capacitance modeling
especially for both Coss and Gss, which are required to the analysis of Pqoss and FPsw, are

important.

4.4,2, Components of output capacitance (Ciss) and reverse transfer capacitance (Ciss)

7

Fig. 4-5 shows parasitic capacitance components of both SFP-MOSFET and GFP-
MOSFET, which are shown on the TCAD simulated unit cell structures.

Both Coss and Grss models for the SFP-MOSFET were described in section 4.3. It is
considered that the capacitance components of the SFP-MOSFET can be replaced with
those of the GFP-MOSFET.

For the SFP-MOSFET, the Ciss and the Gss are given by

CossSFPMOS = Cgs1 + Cas2 + Cys3 + ng: (4-38)

€, SFPMOS — Cour (4-39)
For the GFP-MOSFET, the (oss and the Gss are given by

COSSGFPMOS = Cds + ngl + ngz + ng3: (4'40)

CrssGFPMOS =Clgar t ngz + ng3, (4-41)

Regarding those components: Cusi, Case, Cass, Cgd, Cas, Cga1, Cga2, and Cyaz are

described in the following.

7 Subsections 4.4.2—4.4.5 are reproduction of [87] chapter 3, and a part of description is modified and
comprehensive explanations of the equations are additionally provided.

127



Source Source

pn-junction capacitance ﬂ '
(‘(is

«—— Gate oxide capacitance and — Cear
depletion layer capacitance

Coaz
<—— FP-oxide capacitance and ——>
depletion layer capacitance

along FP

(22mos) 44
(e0) d.1

ng3
<— FP-oxide capacitance and ——
depletion layer capacitance
of trench bottom
Drain Drain

(a) (b)

Fig. 4-5. Parasitic capacitance components for (a) SFP-MOSFET and (b) GFP-MOSFET.
White lines indicate depletion layer boundaries at Vas = 10 V by TCAD simulation.
[87] (modified).

4.4.3. pn-Junction capacitance

Cas1 of the SFP-MOSFET and Cis of the GFP-MOSFET are expressed as same
equation which is a pn-junction capacitance C of mesa region. In the region, the
depletion layer of the pn-junction extends down to vertical direction of the drift layer as
increasing Vas. However, it is considered that this pn-junction capacitance ( is divided
into Co and (1 according to the Vas condition, as described in subsection 4.3.3. The ( is

given by the following in same manner to Eqs. (4-11)—(4-24).

(
qNDgSiSO WMesa
%=’ . , Vg <15 (V)
Cas1 = Cas = (5 = { 2VastVo) - Weeu (4-42)

&g W, —2W Vg,
Si<0 . Mesa ( ds y)’ Vds > 15 (V)
Yo+ X Weeu

le =

Here, Wcen is the cell width, WAtesa is the mesa width, M is the n—drift layer
concentration, Vhiis the built-in potential, yo is the depletion layer depth of center of the
mesa, and Xis the length between the p—base layer depth and the horizontal position of
the top of the field plate.
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In Eq. (4-42), W(Vis,y) is the depletion layer width in the mesa region along the
sloping field-plate, and is functional equation of the Vas and y. Here, yis the depth from
top of the field-plate. The W(Vas,y)is expressed as below, which is the same as Eq. (4-23).

& cos 0, &g C0OS 0, 2&5i&,

2
-T(y)) + N Vs (4-43)

WVys,y) = — T(y) + (

gpx COS 0, Eox COS B,

In Eq. (4-42), Co is the capacitance at an early voltage including the V4i, and Ch
includes the effect of capacitance width decrease by W(Vis,y). In the case of the 60-V-
class FP-MOSFET, the boundary voltage between Co and (1 is estimated as 1.5 V by
TCAD simulation.

4.4.4. Gate—drain capacitance (Cga)

Cia of the SFP-MOSFET and Czai1 of the GFP-MOSFET can be calculated as series
connection of a gate oxide capacitance Csox and a depletion layer capacitance Ciep, and

are described as

CGOX Cdep

S (4-44)
Ceox + Caep

ng = ngl =

Finally, both Cia and Cya1 models are described as the following in same manner to
Eq. (4-37).

C,=C = ox&o . Z(DG - X]B) . Whtesa — 2W (Vgs, ¥)
9 I T e ox2Eo =T We Wiresn (4-45)
qNpes; Gox

Here, D 1s the gate depth, Xis is the p—base junction depth, and 7Gox is the gate oxide

thickness.

4.4.5. Oxide and depletion layer capacitance along field plate

Cuas2 of the SFP-MOSFET and Cga2 the GFP-MOSFET are also expressed as same
equation of a series connection of the field-plate oxide and the depletion layer capacitance
along the trench side wall.

In the region of Cis2 and Cyaz (Fig. 4-5), the initial capacitance is nearly equal to the

field-plate oxide capacitance Ckrox. With increasing the Vis, the mesa region is depleted
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gradually in lateral direction by the field-plate effect, and is linearly depleted in vertical
direction. This capacitance is defined as the voltage dependence capacitance Crp(Vas) (cf.
subsection 4.3.4).

Thus, both Cus2 and Cga2 are divided into two components according to the Vas

condition, and expressed as the following in same manner to Egs. (4-25)—(4-29).

Cas2 = ngz
20D — X5 — X — T, EoxE T

( Crpox = ( T JB FPOX_C) oxéo FPOX_b, Vi < 15 (V)
_ WCell(TFPOX_b - TFPOX_t) Trpox ¢ (4-46)
- Vb d

| 2+ [0 qNp =7 (W (Vys, ) )dy

k Crp(Vas) = = dM]; , Vs = 1.5 (V)

cell

Here, Dr is the trench depth, 7krox ¢ and 7Froxp are the lateral field-plate oxide
thicknesses at top and bottom positions, respectively, and 7¥Frox_c is the vertical field-
plate oxide thickness of the center of the trench bottom. Differential equation of W(Vas,y)

expresses a voltage change of the electric charge in the region.
4.4.6. Trench bottom capacitance

Cas3 of the SFP-MOSFET and Cgas of the GFP-MOSFET are the trench bottom
capacitance including the field-plate oxide and depletion layers. Both Ciss and Cgas

models are described as the following in same manner to Eq. (4-33).

CdS3 zgdS W( i
e

Here, /is the length from the center of the trench and 7'(2)is the oxide thickness of the
trench bottom. In addition, the depletion layer of the trench bottom Wiim (Vis,Z)is given
by Eq. (4-30).

Casz and Cgas are simply calculated as 0.59 nF/cm?2.
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4.4,7. List of capacitance model

Table 4-10. List of Coss and Giss model equations for SFP-MOSFET and GFP-MOSFET.

S. oS
Coss FeM = Cdsl + Cdsz + CdsB + ng'

SFPMOS _
Crss - ng ’

GFPMOS
Coss = Cys + ngl + ngZ + ng3:

GFPMOS _
Crss — bgdl + ngz + ngSv

qNpesigey  Wiesa
Cio = . , Vi < 1.5 (V)
70 J2Was+Vi)  Weey e

Esi€o WMesa - ZW(VdS' y)

(
Cdslzcds:Cj:{

Ci1 = : Vys =15
Ty + X Ween e )
20D — X;p — X —T, Eox € T,
|{ Crpox = ( T JB FPOX_C) oxfo . TFPOX_b ’ Ve < 1.5(V)
c c WCell(TFPOX_b - TFPOX_t) FPOX_t
ds2 = bgdz = d
2 [ aNp g7 (W (Vas, ) dy
k Crp(Vas) = W , Vs = 1.5 (V)
Cell
2. [Treoxbon Ly 1))l
c -C _ fo qiNp dV( btm( ds» ))
ds3 gd3 ch”
C.=cC €ox€o ) Z(DG - X]B) ) Witesa — 2W (Vys, ¥)
94 2 WCell WMesa

4.5. Summary

In chapter 4, components of the parasitic capacitances that are important to a
switching loss design of the LV-MOSFET were described. The modeling for the latest
slant FP-MOSFET, which structure was complicated, was studied in detail based on the
D-MOSFET capacitance model. Output capacitance Coss was divided into three elements
(the pn-junction capacitance, the oxide film and depletion layer capacitance along the
trench, and the oxide film and depletion layer capacitance of the trench bottom) of drain—
source capacitance Cus and the element of gate—drain capacitance Cgd in total. Each
model equation was derived based on physical constants and device structural

parameters.
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5. VALIDATION OF CAPACITANCE MODEL BY COMPARING
CALCULATED MOSFET CHARACTERISTICS AND TCAD
SIMULATIONS

5.1. 100-V-class D-MOSFET and FP-MOSFET 8

As described in sections 4.2 and 4.3, the capacitances (Coss, Crss) for both D-MOSFET
and FP-MOSFET can be modeled as shown in Table 4-4 and Table 4-7 [83] [84]. To
validate an accuracy of the proposed model, some important characteristics related to
the capacitances are compared between calculation by the model and TCAD simulation,
which are using same structural parameters.

-

5.1.1. Goss—Vas curves

Firstly, Coss—Vas curves of the FP-MOSFET are calculated for each capacitance
region. Fig. 5-1 shows the Vas dependence of calculated Ciss and each component of the
FP-MOSFET; C (= Go+ C1), Crrox, Crp(Vas), and Cass are drawn as the capacitances of

a unit device area (1 cm?2).

§® — 1 Creox

& ¢ ——Cj (model)
E 107 E 0 12 —Cox (model)
= Cds2 (model)
2 Coss —#-Coss (model)
S
'S
2 3
6 C
1070 ‘ TT.\:@M i |
0 20 40 60 80 100
Drain voltage (V)

Fig. 5-1. Goss components of 100-V-class FP-MOSFET calculated using proposed model
compared with TCAD simulation results. [84] Copyright (2018) The Japan Society of Applied

Physics.

8 Section 5.1 is reproduction of [84] sections 4.1, 4.2 and 4.4, Copyright (2018) The Japan Society of
Applied Physics, and a part of description is modified and comprehensive explanations are additionally
provided.

132



In the low-voltage region of Vis < 1V, ( and Crrox were the dominant components of
total Coss, and the sum of ( and Crpox corresponded well to TCAD results. This initial
capacitance region is very important for calculating Ghss and Foss. The total Coss curves,
which consist of all components, in the region of Vas > 1V, also showed good agreement
with TCAD results.

Then, Coss—Vas curves of both D-MOSFET and FP-MOSFET are compared. As
described in subsections 4.2.1 and 4.3.2, it is obviously that the Coss of the FP-MOSFET
is larger than that of the D-MOSFET in the case of the same active area. However, each
FRon- Coss 18 approximately same in both MOSFETSs, as shown in Table 4-3 and Table 4-6.
Therefore, each active area is calculated as considering the reduction effect of the Kon.

The active area A is calculated considering 10% Fon margin for the actual product

design.

RoyA

~ Roy % 0.9 6-1)

A

Fig. 5-2(a) and (b) show the calculated Ciss for the D-MOSFET and the FP-MOSFET

with TCAD simulation results, respectively. Here, each active area was designed to

achieve same Fon = 10 mQ; therefore, 22.1 mm?2 for the D-MOSFET and 3.67 mm? for
the FP-MOSFET were defined.

10
— —
= =
e =
]0_” D-MOS, 22.1mm"2 (TCAD) IG-II ? D-MOS, 22.1mm*"2 (TCAD)
E +—D-MOS, 22.1mm"2 (model) E ~4-D-MOS, 22.1mm*"2 (model)
102 FP-MOS, 3.67mm*2 (TCAD) 102 L FP-MOS, 3.67Tmm*2 (ICAD)
—#-FP-MOS, 3.67mm"2 (model) H —-FP-MOS, 3.67mm*2 (model)
10" Lo 10t —
0 20 40 60 80 100 0.1 1 10 100
Drain voltage (V) Drain voltage (V)
(a) ()

Fig. 5-2. Coss— Vas curves calculated using proposed model compared with TCAD results
for 100-V-class D-MOSFET and FP-MOSFET. (a) Vis linear scale and (b) Vas log scale
in X-axis. Each active area is designed for the same Ron of 10mQ. [84] Copyright (2018)

The Japan Society of Applied Physics.
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In both Vas linear scale (Fig. 5-2(a)) and Vs log scale (Fig. 5-2(b)), the Ciss curves of
both MOSFETs corresponded well qualitatively to TCAD results. In the detailed
comparison for the FP-MOSFET, errors of 14 and 10% were seen at approximately Vas =
1 and 60V, respectively, and another region showed less than 5%. These results indicate
that the error occurred at the point where the Vas condition changed, as shown in Egs.
(4-11), (4-25), and (4-33). In the D-MOSFET, a maximum error of 24% was seen at Vas =
0.1 V; however, another region showed good results of less than 5%. The reason
considered why the early voltage region has the error is that the spherical pn-junction of

the p—base is not modeled very well.
5.1.2. Output charge (@hss) and stored energy (Foss)

By using the proposed model, the output charge Gbss and the stored energy Foss in

the output capacitance are calculated as

Qoss = f Coss (Vas)dV (5-2)

Eoss =fCoss(Vds)Vdst (5-3)

As mentioned above, this study especially focuses on the Pqoss of the FP-MOSFET.
Fig. 5-3(a) and (b) explain the switching operation concerning Coss. When the MOSFET
1s turned-off, Coss stores charges. Then, during the turn-on sequence, the on-current Jon
1s consumed by discharging of Ghss. This becomes the energy loss Foss, which is the Ghss

loss of one switching cycle.

V,, (~50V) Vi, (~50V)
Turn C‘fj + Turn on
-off +++  .on ‘I -

0Sss J

charging discharging

Fig. 5-3. Explanation of switching operation concerning Coss and Goss. [84] Copyright
(2018) The Japan Society of Applied Physics.
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Fig. 5-4(a) and (b) show the calculated Goss—Vas and Eoss— Vas curves compared with
TCAD simulation results, for the D-MOSFET and the FP-MOSFET, respectively. Each
active area was designed for the same Kon of 10 mQ.

These modeled curves corresponded well qualitatively to TCAD curves. In an
application circuit for 100-V-rating device, an input voltage (Vin) of 50 V is assumed
generally. In the comparison between the modeled Ghss and the TCAD results at Vas = 50
V, only 6 and 7% errors were seen for the FP-MOSFET and D-MOSFET, respectively. In
addition, in the case of the Euss, there were 5 and 10% errors for the FP-MOSFET and D-

MOSFET, respectively. Therefore, it is recognized that these results are sufficient to use

for power loss analysis.

]x10‘7‘ 3x10¢

D-MOS, 22.1mm"2 (TCAD) D-MOS, 22.1mm"2 (TCAD)

~4—D-MOS, 22.1mm*2 (model) [ =e=DMO8, 22 liun 2, (medel)

5[ |
Bl FP-MOS, 3.67mm*2 (TCAD) | —*~FP-MOS, 3.67Tmm"2 (TCAD)
—mFP-MOS, 3.67mm*2 (model) 2x10 | —8-FP-MOS, 3.67mm*2 (model)
Fr6ex108f - = 3
1 - =
o 4x10°% = -
| 1x10¢
2x108
0 0
Drain voltage (V) Drain voltage (V)
(a) )

Fig. 5-4. (a) GQvss—Vas and (b) Euss— Vas curves calculated using proposed model compared
with TCAD results for 100-V-class D-MOSFET and FP-MOSFET. Each active area is
designed for the same Ron of 10mQ. [83] [84] Copyright (2018) The Japan Society of Applied

Physics.
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5.1.3. Cuss—Vas curves

As additional validation data, the calculated Gss—Vas curves compared with TCAD
simulation results for the D-MOSFET and the FP-MOSFET, respectively, are shown in
Fig. 5-5(a) and (b). Each active area was designed for the same Ron of 10 mQ. In both Vas
linear scale (Fig. 5-5(a)) and Vas log scale (Fig. 5-5(b)), the Ciss curves of the D-MOSFET
corresponded well qualitatively to TCAD results. However, there were relatively large
errors with the maximum of 32% at approximately Vas = 0.1 and 10 V. The reason was
the same as in the case of Coss modeling, as mentioned in subsection 5.1.1. On the other
hand, in the case of the Gss curves of the FP-MOSFET, errors of less than 10% were seen
at Vas < 1V, and errors of less than 35% were seen at 1 V< Vs < 10 V. However, larger
errors occurred in the high-Vas region because of the small value of Cga, which is
approximately two to three orders of magnitude lower than Ciss, as mentioned in

subsection 4.3.6.

107 107
- D-MOS, 22.1mm*2 (TCAD) g
10° E ~4—D-MOS, 22.1mm*2 (model) 10°® ,
® ~~FP-MOS, 3.67mm*2 (TCAD) -
10° & ~8-FP-MOS, 3.67mm*2 (model) 10° L e,
e e e
5 10710 R VS ~ 1040 s J Y. b
U— -11 O‘ -11
10 107 . D.MOS, 22.1mm"2 (TCAD)
» » F —+—D-MOS, 22.1mm*2 (model)
10 107k . ¥p-MOS, 3.67mm*2 (TCAD)
P s ssuuiasaaiwmnscryopge| IR PRI RO . e
0 20 40 60 80 100 0.1 1 10 100
Drain voltage (V) Drain voltage (V)
(a) (b)

Fig. 5-5. (a) Ciss—Vas curves calculated using proposed model compared with TCAD
results for 100-V-class D-MOSFET and FP-MOSFET. (a) Vs linear scale and (b) Vs log
scale in X-axis. Each active area is designed for the same Ron of 10mQ. [84] Copyright

(2018) The Japan Society of Applied Physics.
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5.1.4. Gate—drain charge (Qza)

By using the proposed model, the gate—drain charge Gka is calculated as
di = f Crss(Vas)aV (5-4)

Fig. 5-6 show the calculated @sa—Vas curves compared with TCAD simulation results,
for the D-MOSFET and the FP-MOSFET, respectively. Each active area was designed
for the same Ko~ of 10 mQ. These modeled curves corresponded well qualitatively to
TCAD curves. In an application circuit for 100-V-rating device, an input voltage (Vix) of
50 V is assumed generally. In the comparison between the modeled Gz and the TCAD
results at Vas = 50 V, 15 and 11% errors were seen for the FP-MOSFET and the D-
MOSFET, respectively. Although these errors are relatively large, it is possible that the
calculated results are used for power loss analysis for the FP-MOSFET because the

absolute value of the @kd 1s approximately one order of magnitude lower than the Ghss.

1x107
D-MOS, 22.1mm"2 (TCAD)
8x10° ~4—D-MOS, 22.1mm"2 (model)
~—FP-MOS, 3.67mm"2 (TCAD)
—#-FP-MOS, 3.67Tmm "2 (model)
O 6108
S
T
Odx108 -
2x10°8 |
¢ ew—w === —=u

0 50 100
Drain voltage (V)

Fig. 5-6. @a—Vas curves calculated using proposed model compared with TCAD results
for 100-V-class D-MOSFET and FP-MOSFET. Each active area is designed for the same
Fox of 10 mQ.

137



5.1.5. Switching waveforms

Turn-off switching waveform can be simply calculated using the Ciss model. During
the turn-off period, the gate voltage Vis is maintained as the mirror voltage, the gate
current  is constant, and the Gss (Cea) is charged by the Z. On the other hand, the Vis
is varied by dVas/dt and increases to the input voltage Vin. Thus the [; is given by

dVgs

Ig = Crss(Vds) ? (5'5)

In this period, time ¢is expressed by using dVas/dt as below

t= f 4 v (5-6)
) dvy
Therefore, the turn-off time % is given by

Vin v
0

Iy

Fig. 5-7(a) and (b) are the calculated turn-off switching waveforms for the D-
MOSFET and the FP-MOSFET, respectively, under the conditions of Vin =50V, on-state
current lon = 10 A, gate resistance F; = 1.5 Q, and /; = 0.83 A. As a result, i = 18.5 ns
for the D-MOSFET and &t = 1.1 ns for the FP-MOSFET were calculated using the
proposed model. In the calculation, gate—source charge (@ss), circuit resistance (&), and

stray inductance (Zs) are not considered.

60 v | 30 60 30

50 oo T 25 50 N Vas b 25

40 ¢ L 20 40 4 20
S = B ~
= 30 / @ | 15 5_; 7 30 s|a 15 s
> = s I =
- 20 ¢ g RS — G~ I 10 - 20 & d 10

10 f s 10 ¢ 5

0 & - o ® 0 0 & jv - . o0

=108 0 12108 2x10%  3x108 1100 1x10% 2x10® 3x10%

Time (s) Time (s)
(a) (b)

Fig. 5-7. Turn-off switching waveforms calculated using proposed model for (a) D-
MOSFET and (b) FP-MOSFET. Vin=50V, Jox =10 A, R, =1.5Q, and /= 0.83 A. [84]
Copyright (2018) The Japan Society of Applied Physics.
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5.1.6. Application to other FP-MOSFET structures

As mentioned above, the proposed model for the slant FP-MOSFET was validated.
In the case of the conventional flat FP-MOSFET structure, which has a nearly uniform
field-plate oxide thickness, the model may be applied. In particular, the results of
calculation of Egs. (4-17) and (4-26) change depending on both 7¥pox + and 7¥pox b. In a

future work, a wider application range of the proposed model has to be investigated.
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5.2. 60-V-class SFP-MOSFET and GFP-MOSFET

In section 4.4, the comparison of SFP-MOSFET and GFP-MOSFET models were
described. The calculated characteristics, using the capacitance model shown in Table

4-10 and the parameters shown in Table 4-8, are validated in the following. [87]
5.2.1. Coss—Vas and Giss— Vas curves

Fig. 5-8(a) and (b) show the Coss—Vas and Ciss— Vs curves calculated using proposed
model compared with TCAD results, for 60-V-class SFP-MOSFET and GFP-MOSFET.
As shown in Table 4-10, there are the following equivalent relations: Cas1 SFPMOS = (G
GFPMOS (4 SFPMOS = (g2 GFPMOS (o SFPMOS = (Jq) GFPMOS  and (s SFPMOS = (0o, GFPMOS,
Here, Cass and Cgas, which are trench bottom capacitances, are simply calculated as 0.59
nF/cm3, however, they are recognized negligible small.

In the Coss—Vas curves, it was confirmed that the calculated results showed good
agreement qualitatively to TCAD simulation except for higher voltage region (> 50 V).
Numerically, error of 38% were seen at Vas = 30 V. On the other hand, in the Gss— Vs
curve of the SFP-MOSFET, errors of less than 5% were seen at Vas < 15 V. However,
larger errors occurred in the high- Vis region because of the small value of Cgq, which is

approximately two orders of magnitude lower than Coss, as mentioned in subsection 5.1.1.

1E-5 1E-5 ¢
Coss (TCAD) —+Cdsl(model) g Coss (TCAD) —+Cds (model)
1E-6 Cds2 (model) -@-Coss (model) ~1E-6 - Coss (model) = Crss (TCAD)
Crss (TCAD) -®-Crss (model) E ~+-Cgdl (model) Cgd2 (model)
= 1E-7 -#-Crss (model)
=
£ 1E-8
S
S 169
2. :
<
CIE-10 ¢
| s i i s 1E-11 I L I 1 . | | i L L
0 20 40 60 0 20 40 60
Drain voltage (V) Drain voltage (V)
(a) (b)

Fig. 5-8. (a) Coss—Vas and Crss— Vas curves calculated using proposed model compared
with TCAD results for 60-V-class SFP-MOSFET. (b) Coss—Vis and Cwss—Vas curves

calculated using proposed model compared with TCAD results for 60-V-class GFP-
MOSFET. [87]
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5.2.2. Output charge (@hss) and stored energy (Foss)

To calculate power loss in same condition as described later, an active area of the
SFP-MOSFET and the GFP-MOSFET were defined to 6.06 mm?2 and 4.83 mm?2,
respectively, to achieve same Fon of 1.8 mQ (cf. Eq. (5-1)). The RonA of the GFP-MOSFET
is 20% lower than that of the SFP-MOSFET as described in subsection 4.4.1, therefore
the smaller active area can be realized for the GFP-MOSFET.

Fig. 5-9 (a) and (b) show the calculated @oss—Vas and FEuss— Vas curves (using Egs. (5-
2) and (5-3)) compared with TCAD simulation results, for the SFP-MOSFET and the
GFP-MOSFET, respectively. It was obviously that both Ghss and Foss could be lower in
the GFP-MOSFET due to the smaller active area. In addition, those values corresponded
very well to those of TCAD results. In the SFP-MOSFET, numerically, errors of 7 and 8%
were seen at Vas = 30 V for the Ghss and Foss, respectively. Also in the GFP-MOSFET,

numerically, errors of 7 and 8% were seen at Vias = 30V for the Ghss and Foss, respectively.

2E-7 3E-6
SFP-MOS, 6.06mm*2 (TCAD) | SFP-MOS, 6.06mm~*2 (TCAD)
GFP-MOS, 4.83mm*2 (TCAD) GFP-MOS, 4.83mm*2 (TCAD)
~-SFP-MOS, 6.06mm*2 (model) sg6 - ¥ SFP-MOS, 6.06mm"2 (model)
Q -4 GFP-MOS, 4.83mm"2 (model) D - GFP-MOS, 4.83mm*2 (model)
@ 1E-7 @
e (=)
© = 1E-6 -
0E+0 e 0E+0 e e
0 20 40 60 0 20 40 60
Drain voltage (V) Drain voltage (V)
(a) (b)

Fig. 5-9. (a) @vss—Vis and (b) Eoss— Vs curves calculated using proposed model compared
with TCAD results for 60-V-class SFP-MOSFET and GFP-MOSFET. Each active area
is designed for the same Fon of 1.8 mQ. [87]
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5.2.3. Gate—drain charge (Qza)

Fig. 5-10 shows the calculated @si—Vas curves (using Eq. (5-4)) compared with TCAD
simulation results, for the SFP-MOSFET and the GFP-MOSFET, respectively. Each
active area was designed for the same Kon of 1.8 mQ. The calculated curves corresponded
well qualitatively to TCAD results. In an application circuit for 60-V-rating device, the
input voltage (Vin) of 30 V is assumed generally. In the comparison between the modeled
G@ag and the TCAD results at Vas = 30 V, 2.5 and 8.6% errors were seen for the SFP-
MOSFET and the GFP-MOSFET, respectively. It is recognized that these results are
sufficient to use for power loss analysis for both FP-MOSFETs.

1E-7
SFP-MOS, 6.06mm*2 (TCAD)
| & GFP-MOS, 4.83mm"2 (TCAD)
| ~-SFP-MOS, 6.06mm*2 (model)
6 -4 GFP-MOS, 4.83mm*2 (model)
= SE-8
=1
o

0 20 40 60
Drain voltage (V)

Fig. 5-10. ¢a—Vas curves calculated using proposed model compared with TCAD results
for 60-V-class SFP-MOSFET and GFP-MOSFET. Each active area is designed for the

same Fon of 1.8 mQ.
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5.2.4. Switching waveforms

Simplified turn-off waveforms could be calculated by using the Crss model. Under
the condition of Vas=30 V as the Vix and the drain current Zi = 70 A, the &g in Eq. (5-7)
of the SFP-MOSFET was less than one-tenth of that of the GFP-MOSFET, as shown in
Fig. 5-11 (a) and (b). High speed turn-off property of the SFP-MOSFET, which is due to
the small Gss (Fig. 5-8) and small @ (Fig. 5-10), was expressed in the switching

waveforms.
40 120 40 120
n GFP-MOS
yds 1 100 483mm?  Vds | 100
30 - re— 30 del
o L 1d 1 80 CId (model) 4 80
e SFP-MOS 2 5 £ )
2 20 | 6.06mm? 4 60 _‘; w20 1 60 ;’
- r (model) 1 40 = g 1 40 8
10 | 10 |
L] 120 I 120
0 e e | 0 0
-1E-8 1E-8 3E-8 5E-8 -1E-8 1E-8 3E-8 S5E-8
Time (s) Time (s)
(a) (b)

Fig. 5-11. Turn-off switching waveforms calculated using proposed model for (a) SFP-
MOSFET and (b) GFP-MOSFET. Vin=30V, Iox =70 A, B; =3 Q, and ;= 0.83 A. [87]
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5.3. Case study for cell pitch shrinking of 100-V-class FP-MOSFET

As other case study, the characteristics regarding the Wcen shrinking of the 100-V-
class FP-MOSFET are validated. The capacitance model shown in Table 4-5 and the

common parameters shown in Table 4-7 are used in the following calculation.

5.3.1. Goss—Vas curves

In the FP-MOSFET, the Wcen can be shrunk by narrower Wr or narrower Wilesa.
Regarding the proposed capacitance model described in sections 4.3 and 4.4, it is
necessary to take the parameters of the mesa region into account. Here, the Wcen is
shrunk from 3.0 to 2.0 um by changing the Witesa from 1.5 to 0.5 um.

Fig. 5-12 and Fig. 5-13 are Wcen dependences of Ciss—Vas curve calculated using
proposed model compared with TCAD results for 100-V-class FP-MOSFETSs. It is noted
that Cass, which is the trench bottom capacitance, is not calculated in this validation,
because Coss— Vas beyond 50 V does not need to the Ghss calculation. In the comparison of
those Coss—Vas curves, it can be seen that the TCAD results and the calculated results

are good agreement.

5.3.2. Coss and Qoss

Table 5-1 shows TCAD simulated basic characteristics (Va, BonA, Coss and G@oss) and
calculated Coss and Ghss by proposed model for 100-V-class FP-MOSFETSs, when the Wecen
varies from 3.0 to 2.0 um. As the accuracy of the model, errors of less than 10% and 8%
are confirmed for the Ciss and Ghss, respectively. There is not significant problem in the

case of the narrow Whesa calculation, up to 0.5 pm.
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Fig. 5-12. Wcen dependences of Coss—Vas curve calculated using proposed model
compared with TCAD results for 100-V-class FP-MOSFETSs. Wcen is shrunk from 3.0 to
2.6 um by changing Whesa from 1.5 to 1.1 um. In each row, left figure shows Vas linear

scale and right figure shows Vas log scale in X-axis.
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Fig. 5-13. Wcen dependences of Cuss—Vas curve calculated using proposed model
compared with TCAD results for 100-V-class FP-MOSFETSs. Wcen is shrunk from 2.4 to
2.0 um by changing Whesa from 0.9 to 0.5 um. In each row, left figure shows Vas linear

scale and right figure shows Vas log scale in X-axis.
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Table 5-1. TCAD simulated basic characteristics and calculated Coss and Ghss by proposed
model for 100-V-class FP-MOSFETSs. Other necessary parameters except Ween, Wr, Witesa
and Ab are the same as those of Table 4-7.

Ween W Wiesa M Vs FRonA Coss/ A Goss/ A Coss/ A Goss/ A
(um)  (um)  (um) (atoms/cm?) W) (mQ'mm?2) (pF/mm? “OC/mm?) (@EF/mm? nC/mm?)
VemlOV  Va=50V  Va=50V  Va=50V  Va=50V
TCAD TCAD TCAD TCAD model model
3.0 1.5 1.5 2.20 x 10'¢  112.9 37.5 58.7 8.14 59.7 8.17
2.8 1.5 1.3 2.54x 10 111.6 35.0 60.6 8.72 59.8 8.62
26 1.5 1.1 3.00 x 10 110.1 32.8 62.5 9.39 59.7 9.16
24 1.5 0.9 3.67 x 10'®  108.2 30.8 64.5 10.2 59.5 9.71
22 1.5 0.7 471 x 10 105.7 29.1 66.6 11.1 65.8 10.4
20 1.5 0.5 6.60 X 101® 102.5 28.2 68.7 12.2 75.9 11.3

5.4. Summary

In chapter 5, the accuracy of the model that derived in chapter 4 was validated.
Firstly, drain voltage dependences of Coss and Gss, for 100-V-class D-MOSFET and slant
FP-MOSFET, were calculated. Then, 60-V-class GFP-MOSFET and SFP-MOSFET were
also calculated. Moreover, the cell-pitch shrinking of the 100-V-class FP-MOSFET were
studied. The calculated capacitance curves by the proposed model indicated good
agreement with the results of TCAD simulation. In addition, output charge Ghss, stored
energy Foss, and turn-off switching time, which are necessary for the switching loss

analysis, were calculated from the proposed model and were illustrated.
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6. POWER L0OSS ANALYSIS FOR THE LATEST FP- MOSFETS

6.1. 100-V-class D-MOSFET and FP-MOSFET °

6.1.1. Assuming circuit and power loss components

As a comprehensive evaluation of the proposed model, we estimated the power loss
assuming a low-side MOSFET of a buck converter circuit for the D-MOSFET and FP-
MOSFET, described in section 5.1 [84]. Each active area was designed for the same Ron
of 10 mQ. The operation conditions were ViN =50 V, output current lo = 10 A, duty ratio
D = 80%, and switching frequency £w = 100 kHz to 2 MHz. Here, the calculated

conduction loss Poon, turn-off loss Pswon, and output charge loss Pqoss are given by

Pcon = Io*RonD, (6-1)
toff
Psweorp) = fsw J IpVysdt, (6-2)
0
Vin
PQoss = fswEoss = fow Coss(Vds)Vdst- (6-3)

0

6.1.2. Power loss estimation by the proposed model

As shown in Fig. 6-1(a) and (b), all Pcox values were constant at 0.8 W in both
MOSFETSs because of the same Ron. Pswosr) was greatly influenced by Gss. Thus, in the
D-MOSFET, Pswefn was the most dominant component and increased to 7.56 W at 2 MHz,
because of the large Fon'Gss, as shown in Table 4-3. On the other hand, in the FP-
MOSFET, the total power loss was drastically suppressed by the low Fon: Ciss, as shown
in Table 4-6, and was mainly increased by Pqoss, which depended on fw. This analysis
reveals that Pq.ss may become a significant issue in the case of high-frequency operation,
in not only the latest FP-MOSFETSs but also next generation FP-MOSFETs.

9 Section 6.1 is reproduction of [84] section 4.3, Copyright (2018) The Japan Society of Applied Physics,
and a part of description is modified.
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Fig. 6-1. Estimated power losses for 100-V-class (a) D-MOSFET and (b) FPMOSFET,
assuming 50-V input, 10-A output, 80% duty ratio, and 100 kHz—2 MHz switching

operation. Each active area is designed for the same Fon of 10 mQ. [84] (modified).
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6.2. 60-V-class SFP-MOSFET and GFP-MOSFET 10
6.2.1. Assuming circuit and power loss components

Utilizing the proposed model, main power loss in assumption of an automotive
application circuit can be estimated. In the automotive use, there are various
specifications of power MOSFETs. For example, 40-V, 60-V and 100-V-rating products
are used for 12-V, 24-V and 48-V battery systems. Output current ratings of 5—200 A are
needed for various sized motor drive. Though switching frequency (fw) depends on
applied circuit block, 10-100 kHz operation is general. In this subsection, 60-V-class
SFP-MOSFET and GFP-MOSFET described in section 5.2 are compared each other [87].

6.2.2. Power loss estimation by the proposed model for high frequency use

In the case of 30-V supply voltage, 50-A load current, and 50% duty ratio, the power
loss related to the FP-MOSFET”s features were estimated in various ffw ranged from 20
to 200 kHz, as shown in Fig. 6-2 (a) and (b). The Pcon was constant because of same Rox
for both devices. In contrary, the Pswetn which was component of the FPsw increased
depending on the £w, especially in the GFP-MOSFET. In the SFP-MOSFET which had

very low GCiss, total power loss was affected by neither Pt nor Pqoss in this frequency

12 12
- %P _con SFP-MOS P con  GFP-MOS
L P 6.06mm? 10 - - 4.83mm?
2 e g o [ “TVOD (model) 7.11
b . WP _Qoss - HP_Qoss 0.06
S 6t g 6| 481 |
s [ 2. 55 2 62 275 299 | % - 342 e 55
g 4 0.04 0.08 oas] &= 4T 0.01 8
& ? WB ? o /’ 2, £, %091 2
2.50 7/ 2.50 72,50 /"fzso i fﬁm ‘ ;zso 250 s
. % /’” NG DT T
20kHz 50kHz 100kHz 200kHz 20kHz S0kHz 100kHz 200kHz
Switching frequency Switching frequency

Fig. 6-2. Estimated power losses for 60-V-class (a) SFP-MOSFET and (b) GFP-
MOSFET, assuming 30-V input, 50-A output, 50% duty ratio, and 20—-200 kHz switching
operation. Each active area is designed for the same Ko of 1.8 mQ.

[87] (modified).

10 Section 6.2 is reproduction of [87] section 4.2, and a part of description is modified and
comprehensive explanations are additionally provided.
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range. Therefore, it is obvious that the SFP-MOSFET has great advantage compared
with the GFP-MOSFET in the case of 1.8-mQ class product.

Moreover, the power loss of the £w ranged from 200 kHz to 2 MHz were estimated
for reference. In the GFP-MOSFET shown in Fig. 6-3(b), the Pswn increased extremely
depending on the frequency, and reached to 95 W in fiw = 2 MHz. On the other hand, in
the SFP-MOSFET shown in Fig. 6-3(a), although both Pswom and Paoss increased
continuously depending on the frequency, total power loss was suppressed to double of
the Pcon even in the case of £w = 2 MHz. It was additionally confirmed that the SFP-
MOSFET was appropriate device for mega-hertz-switching application.
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0.34 0.85 1.70 3.40 3
0 - ; 2.50 2.50 . 2.50 .50 0 B <. §2.50 i} 2.50 - 50]
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Switching frequency

(a)
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(b)

Fig. 6-3. Estimated power losses for 60-V-class (a) SFP-MOSFET and (b) GFP-
MOSFET, assuming 30-V input, 50-A output, 50% duty ratio, and 200 kHz—2 MHz

switching operation. Each active area is designed for the same Fon of 1.8 mQ.
[87] (modified).
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6.2.3. Power loss estimation by the proposed model for low current use

In the case that the £w is low or the load current is low, which means an application
that ultralow Ron is not necessary, the power loss is additionally analyzed.

Fig. 6-4(a) show the active area dependence of the power losses for 60-V-class SFP-
MOSFET and GFP-MOSFET in #w ranged from 20 to 200 kHz. Those were calculated
under the condition of 30-V supply voltage, 70-A load current, and 50% duty ratio.
Especially in the GFP-MOSFET, the larger the active area, the higher the Pswm, which
could be predicted by Fig. 6-2(b). In the case of smaller active area for both FP-MOSFETs,
the total power loss continuously went up due to the Pcon increase, which was natural
understanding for the higher Ron. That could be also seen in Fig. 6-4(b).

Meanwhile, in a circuit block which does not need ultralow Kon, a power MOSFET
product of as low cost as possible is selected in a viewpoint of total system cost. For
example, as shown in Fig. 6-4(c), when the £w was 20 kHz, 3.7-mm? active area which
corresponds to 2.35 mQ was boundary for the device selection. Likewise, there would be
selectable area under 2.3-mm? (corresponds to 3.78 mQ) in 50 kHz and under 1.65-mm?
(corresponds to 5.27 mQ) in 100 kHz. In those case, the GFP-MOSFET, which active area
is 20% smaller than that of the SFP-MOSFET, would be preferred (cf. Table 4-9).
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Fig. 6-4. (a) Active area dependence of power losses for 60-V-class SFP-MOSFET and
GFP-MOSFET in £w ranged from 20 to 200 kHz, 30-V supply voltage, 70-A load
current, and 50% duty ratio. (b) Distinguished to individual losses in 20 kHz. (c)

Enlarged view of small active area (< 5 mm?2). [87] (modified).
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6.3. Summary

In chapter 6, the power loss analysis of the slant FP-MOSFET by the proposed
capacitance model was carried out. The power loss calculation that assumed a 100-V-
rating device application was performed, and it was confirmed that the performance of
the slant FP-MOSFET was superior in high-frequency switching up to 2 MHz.

In addition, the power loss of the 60-V-rating device application was calculated.
Source connection field-plate structure (SFP-MOSFET) was effective to a high-current
and high-frequency switching use (e.g., 20 kHz—2 MHz). On the other hand, in viewpoint
of the device cost, gate connection field-plate structure (GFP-MOSFET) was effective to
a low-current use (which means an application that ultralow Ron is not necessary). The
active area of the GFP-MOSFET can make 20% reduction compared to that of the SFP-
MOSFET, because of the advantage of the small FonA. Moreover, when the application
is not high-frequency switching use, the GFP-MOSFET would be very effective as the

high-current use.
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7. PROPOSAL. OF ULTIMATE STRUCTURE FOR HIGH
EFFICIENCY POWER MOSFET

As high performance LV-MOSFETs, many R&D achievement for the SJ-UMOSFET
and the FP-MOSFET have been reported this decade. It is considered this trend
advancing toward so-called “ultimate MOSFET” [88] as low-voltage silicon power device.
As one of the approach for the ultimate structure realization, the slant FP-MOSFET that
is extremely close to ideal gradient oxide structure was described in section 3.3. Moreover,
the structure-based on-resistance models and capacitance models were described in
sections 3.3, 4.3, and 4.4.

In this chapter, firstly, a limit of the FP-MOSFET structure is considered.
Subsequently, the limitations for structural, electrical, and physical parameters are
studied regarding a realistic limit and an ultimate limit. Finally, the performances of
both realistic limit and ultimate limit of the FP-MOSFET are predicted.

7.1. Assumptions for ultimate structure proposal of FP-MOSFET

Firstly, as the general power loss in a switching circuit, only conduction loss Pcon
and output charge loss Pqoss are considered because other power loss components are

independent from the drift layer structure. Thus total power loss Floss 1s expressed as
PTotal ~ PCON + PQoss- (7' 1)

Secondly, Pcon is determined by RonA, as shown in Eq. (6-1) , therefore, a limit
structural parameter to minimize the KonA is considered. In the FP-MOSFET structure,
FaA and KEsusA can be ignored because those are independent from the Vs design. Thus

a limit BonFPMOS A is determined as
Ron PMOSA ~ ReyA + RpA. (7-2)

Thirdly, Pqoss is calculated by Coss— Vis characteristic, as shown in Eq. (6-3), therefore,
a limit structural parameter to minimize the @bss (or the Fiss) is considered. In the FP-
MOSFET structure, Cgda can be ignored, because it is independent from the Vs design. In
addition, Cas3 can be also ignored, because trench bottom region is cut in ultimate design.

Thus a limit CossFPMOS s determined as

COSSFPMOS =~ CdSl + CdSZ' (7'3)
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Finally, regarding the V5, it assumes that an ideal rectangular distribution of the
vertical electric field £ of the drift layer can be achieved (cf. Fig. 3-21(a)). That means
field coefficient Bis 1 (cf. Eq. (3-40)). Moreover, the buffer layer 7bur is not necessary (cf.
Eq. (3-25)). Thus the V& is obtained as

Vg = EcLp, (E, = E¢). (7-4)

In real products, the target V3 is designed to add the rated-voltage of the drain (Vbss).
For example, in the case of the Vbss of 100V, the target VB is designed to 110 V including
10% margin. In this assumption, the target Vs is decided to 100 V. Actually, the supply

voltage is generally restricted to half of the Vbss in the application circuit.

Fig. 7-1(a) and (b) show structure comparison of the latest slant FP-MOSFET and a
proposed ultimate FP-MOSFET. The proposed ultimate FP-MOSFET does not has n*—
substrate and has very narrow mesa width. Moreover, each structural parameter is
scaled down to limit dimension. Even if the mesa width is extremely narrow, n*/p*
interactive pattern has to be on the top of the mesa region in order to maintain the
stability of the Vs.

In next section, each parameter limitation is considered.

| Source | Source

i — @l-l_l' O __j’{ ’éﬂé;r—:l—lﬂr—“’ug n+/pH

B i T R VNIV =
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n+ 7
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Fig. 7-1. Schematic cross sections of (a) the latest slant FP-MOSFET and (b) proposed
ultimate FP-MOSFET.
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7.2. Consideration of each parameter limitation
7.2.1. MOS channel and p—base region
7.2.1.1. Rated-voltage of gate Viss and gate oxide thickness 7ox

When the gate oxide thickness 7tox is designed, the rated-voltage of the gate (Vass)
and a gate oxide integrity in the process have to be carefully considered. In mature SiO2
process, a dielectric breakdown of SiOz occurs at an electric-field greater than at least 8
MV/cm, even in the relatively thick oxide film (e.g., 30-50 nm) of the power device [40]
[75]. If the necessary Vass is 20V, i.e., required for the automobile battery use, the 7tox
1s designed to 50 nm by the following design concept,

2 X VGSS

TGOX = W(V/CTYL) =50 (nm) (7'5)

Here, 2X in the denominator means a safe design of the gate oxide to guarantee long
term reliability. Actual dielectric breakdown voltage is greater than 40 V under the
condition of 7tox = 50 nm. As according to the gate-drive voltage Vs of 5V that is general
logic level of CMOS-IC (complementary MOS integrated circuit), the Vass is defined to 5

V. In this case, the 7Gox in this assumption is decided as below.

2 X VGSS

TGOX = W(V/Crn) =125 (nm) (7'6)

In this condition of 7tox = 12.5 nm, actual dielectric breakdown voltage is greater than
10 V.

7.2.1.2, Threshold voltage Vru and p—base concentration Na

When the Vs is fixed as 5V, the threshold voltage Vru can be lowered from 2.0 to
1.0 V. The Vrn is defined by the following.

v 2&5i€0q N (7-7)

)

Vrg = Veg + 5 + C
GOX

O

)
CGOX

Veg = Pms — (7-8)
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n;

(7-9)

Here, VrBis flat band voltage, ys is surface potential in strong inversion case, @ms is work
function difference, and @ is fixed oxide charge. From the text book [89], gmns =—-1.02 V
for n*—poly-Si on p—Si of Na = 5X10!7 atoms/cm3 and @ = gx5x10!1 C are used for the Vru
calculation. By substituting 7tox of 12.5 nm, Na of 5x1017 atoms/cm3, and the calculated
results of Egs. (7-8)—(7-9) into Eq. (7-7), the Vi is obtained as 0.95 V. It is noted that the

Na has to be increased according to the 7Gox thinning, despite of the Vru lowering.

7.2.1.3. Channel length Lcu

To investigate a possibility of the channel length Lcu shortening, a depletion layer
width is calculated in the case of the increased Na and Ab conditions. The Lcu has to be
longer than a depletion width of p—base layer side, to prevent the VB degradation by the
punch-though phenomenon.

When the maximum voltage, which equals to the Vbss, applies to drain—source, a
depletion layer expands at p—base and n—drift junction. The depletion layer Waep_pn is

given by the following,

2e5;89 (Ny+ Np
W, = . ( > (Vi + V). 7-10
dep_pn \/ q NAND ( bi + ds) ( )
On the other hand, the depletion layer mainly expands to lightly-doped concentration
side that is the n—drift layer. The depletion layer width of the n—drift layer side Waep_n is

expressed as,

2&6,€
Waep n = \/ qj\;Do (Vi + Vas)- (7-11)

Accordingly, a depletion layer, which expands to the p-base layer side, Wiep p is
estimated as the following,
Wdep_p = Wdep_pn - Wdep_n (7-12)

By substituting Na of 51017 atoms/cm? and Nb of 4.23%10!7 atoms/cm3 into Eqgs. (7-10)—
(7-12), the Waep_p is obtained as 0.20 pm. Therefore, it can assume that the Lcu is
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shortened to approximately 0.2 um. It is noted that the increased Ab will be derived by
the following subsection 7.2.2.3.

7.2.2. Field-plate and n—drift region
7.2.2.1. Drift layer length Lp

As mentioned the above, since the target V& is 100V, Et is calculated by Eq. (3-41).
E; =8.2x10% V3 %% =3.26 x 105 (V/cm) (7-13)
When fSis 1, the necessary Lp is calculated by Eqgs. (7-4) and (7-13).

Vg _
Lp = P 3.06 x 10™* (cm) = 3.06 (um) (7-14)
c
Here, Lp includes the field-plate length Lrp, the bottom thickness of the field-plate oxide
T¥rox_c. and the distance between the p—base layer and the upper position of the field-

plate.
7.2.2.2. Mesa width m/Iesa

To decide a mesa width WAtesa limit, a necessary width in the channel region is
considered in the case of the increased Ma conditions. When the interface between the
gate oxide and the p—base surface is strong inversion case, a depletion layer Wa_inv, which
width is greater than the inversion layer width (~10 nm), expands to the p—base surface

of the mesa region. Wa_inv is given by the following.

2&580Ps &si€okT (NA>
L= = = 7-15
Wi inw J , 2 7N, In o (7-15)

When the MNa is 5x1017 atoms/cm3, the Wa_inv is obtained as 0.048 pm (48 nm). Therefore,

it can be considered that the Wiesa limit is approximately 0.1 um.
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7.2.2.3. Drift layer concentration Np
Optimum charge density Qopt in the mesa region (cf. Eq. (3-43)) is re-calculated by
the above Ec.

2Eceg€
Qopt = % = 4.23 X 1012 (atoms/cm?). (7-16)

Then, when the Witesa is assumed to 0.1 um, the Mb is calculated as

_ Qope _ 415x10%?

Nn = =
P Witesa 1.0 x 1075

= 4.23 x 107 (atoms/cm3). (7-17)

7.2.2.4. Electron mobility of n—drift layer tm_p

It is known that the electron mobility is varied by the doping concentration in silicon.
From the text book [86], an electron mobility of n—drift layer n p at room temperature

as a function of the Mb is given by the following.

5.10 x 108 4+ 92N, %1

(7-18)
3.75 x 1015 + N, %!

Unp =

7.2.2.5. Field-plate oxide thickness 7Fprox

As the field-plate oxide thickness 7¥rox of the 100-V-class FP-MOSFET, 580-nm
thick is confirmed to achieve Vs of over 110 V [72], as described in subsection 3.3.3.4. If
an insulator of low dielectric constant is adopted instead of the current field-plate oxide
(Si02), the 7TFrox can be thinned. The low dielectric constant insulator is called low-k
dielectric film. Here, the dielectric constant of a low- & dielectric film is &.

For example of the low-k material, carbon doped SiO2 (SiOC), which can be formed
by plasma enhanced chemical vapor deposition (PECVD), has been developed to utilize
for back end of line (BEOL) process of ultra-large-scale integrated circuit (ULSI) in the
2000s [90] [91] [92] [93]. Objective of the low-k SiOC was to decrease the metal interlayer
capacitance of the ULSI in the 90-32 nm technology node, and low-k properties of & =
2.0-2.9 were actually realized. However, it is noted that such a low-k4 material is
restricted to relatively low temperature process, e.g., less than approximately 400

degrees Celsius.
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If a material of & = 2.0 is adopted in the FP-MOSFET process, the 7Frox can be

thinned as below.

S.
Trpox = 580 X j =297 (nm). (7-19)
X

Therefore, the 7Fpox limit can be designed to 300 nm.

In addition, as an ultimate low-k material, if the field-plate oxide were replaced to
an air-gap (& = 1.0) in a future process technology, the 7¥rox can be thinned to 150 nm

as below.

E.
Trpox = 580 X ; = 149 (nm). (7-20)
X
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7.3. Prediction of realistic/ultimate limit of FP-MOSFET performance

7.3.1. Structural, electrical, and physical parameters

Based on the consideration of each parameter limitation in section 7.2, necessary
parameters to predict both realistic limit and ultimate limit for 100-V-class FP-MOSFET
are shown in Table 7-1 and Table 7-2.

Table 7-1. Representative structural parameters of 100-V-class slant FP-MOSFETSs to

predict realistic limit and ultimate limit.

Current

Realistic

Ultimate

Symbol Parameters technology limit limit Unit
I/I/Cell Cell Wldth 2.60 WT + WMesa WT + WMesa um
Wr Trench width 1.50 2 X Tpp()x_b 2 X TFPOX_b wm
Wesa Mesa width 1.10 Wyesa Wyesa um
Len Channel length 0.30 0.20 0.20 um
La Accumulation length 0.10 0 0 um
Ttox Gate oxide thickness 50 12.5 12.5 nm
Ny PBaselayer 20%x107  50x10Y7  50x10Y7  atomsicm?
concentration
Field-plate oxide
Trrox t thickness (top) 100 100 100 nm
Field-plate oxide & &
580 x — 580 x —
Tipoxb thickness (bottom) 580 Eox Eox nm
Field-plate oxide
TFPOX c thickness (center) 580 N/A N/A nm
Lrp Field-plate length 4.15 N/A N/A um
Ip n—Drift layer length 4.93 3.06 3.06 um
M n—Drift layer 3.0 x 10 —QOpt Qope atoms/cm3
concentration Whyesa Whresa
Optimum charge of 12 12 12 9
Gopt n—drift layer 3.3x10 4.23 x10 423 x10 atoms/cm
TBur n—Buffer thickness 0.90 0 0 pm
+_
Tsus n*—Substrate 50 0 0 um

thickness
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Table 7-2. Electrical and physical parameters of 100-V-class slant FP-MOSFETSs to

predict realistic limit and ultimate limit.

Current Realistic Ultimate .
Symbol Parameters technology limit limit Unit
Vhss  Latedvoltage of 100 100 100 '
drain
i Target breakd!own 110 100 100 v
voltage of drain
B Field coefficient 0.75 1 1
Vass Rated-voltage of gate 20 5 5 \Y
Ves Gate-drive voltage 5~12 5 5 A%
Minimum dielectric
Veo breakdown voltage 40 10 10 v
Vru Threshold voltage 2.0 1.0 1.0 A%
Von On-state voltage 0.10 0.10 0.10 A%
fm  Dlectron mobility of 500 500 500 cm?/Vs
inversion layer
Electron mobility of 1096 Depends Depends on em2/Vs

#n D n—drift layer on Nb M
Dielectric constant of
gate oxide (SiO2)

Dielectric constant of

a field-plate insulator 3.9 2.0~ 1.0~

£0X 3.9 3.9 3.9
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7.3.2. Predicted performances: RonA and Kon: Goss

As mentioned in section 7.1, EonA is calculated by sum of Rcud in Eq. (3-27) and
RpAin Eq. (3-30). Because both Za and 7Bur are zero, RpA is simplified by Eq. (3-32) as
below.

W,
Cell ppLp (7-21)

Mesa

RDA = RD]_A =

By substituting Eq. (2-12) into Eq. (7-21),

Lp  Ween

RpA=———— .
b qtn_pNp Whesa

(7-22)
Likewise, as mentioned in section 7.1, Coss/A 1s calculated by sum of Cias1 and Case as
shown in Table 4-7. Moreover, @hss/A and FEoss/A are derived by Eqs. (5-2) and (5-3).

In the realistic/ultimate limit calculation, Wris given by 2X 7kpox_b as shown in Table
7-1. Thus, an optimum Wcen is found out by changing Wiesa. Fig. 7-2 (a)—(c) show the
Ween dependences of FonA, Ghss/A, and Ron: Ghss for realistic limit and ultimate limit
prediction of 100-V-class slant FP-MOSFETs. Those prediction is compared with a 2.6-
pm-pitch FP-MOSFET, which can be fabricated by current technology (cf. Table 3-7 and
Table 4-5). The RonA reaches minimum at Ween = 0.95 pm and Ween = 0.55 um, for the
realistic limit and the ultimate limit, respectively. The Ghss increase monotonically in
those Wcen range. Consequently, Kon' Ghss, which is one of the FOMs, is minimized at a
larger Wcen than that of the RonA. Those are at Ween = 1.55 pum and Ween = 1.05 pm for

the realistic limit and the ultimate limit, respectively.

Table 7-3 shows calculated RonA, Fon: Goss, and Ron- Foss of 100-V-class slant FP-
MOSFETs as realistic limit and ultimate limit. Those results are compared with the
current technology. As realistic limit, FonA and Ron- Ghss are drastically reduced to 5.82
mQ-mm? and 53.5 mQ-nC, respectively. Those are 78.2% and 71.5% reduction from those
of the current technology. In addition, as ultimate limit, RonA and Kon-Ghss are
drastically reduced to 3.87 mQ-mm?2 and 49.1 mQ-nC, respectively. Those are 85.5% and

73.8% reduction from those of the current technology.
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Fig. 7-2. Wecen dependences of (a) BonA, (b) @Quss/A, and (c) Ron: Qoss for realistic limit and
ultimate limit prediction of 100-V-class slant FP-MOSFETSs. These prediction are using

structural parameters in Table 7-2 and Table 7-1.
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Table 7-3. Calculated KonA, FoN' Goss, and Ron- Foss of 100-V-class slant FP-MOSFETSs as

realistic limit and ultimate limit. (Bold and underline).

Current

Symbol  Conditions technology Realistic limit Ultimate limit Unit
Ween 2.6 um 0.95um 1.55um 0.55um 1.05 um
R ETON 267 582 704 387 505 mQmm?
RoN Goss  Vas=50V 187.5 61.7 53.5 57.6 49.1 mQ-nC
Ron-Eoss  Vas=50V 3.54 0.93 0.71 0.98 0.71 mQ-pd

Fig. 7-3 shows the components of the predicted RonA of 100-V-class slant FP-

MOSFETSs, for the realistic/ultimate limit, comparing with those of the current

technology. The structural and physical parameters, which minimize each FonA, are

adopted as shown in Table 7-4.

40

30

20

10

Specific on-resistance (mQ * mm?2)

V=10V

EenA |
RoA

RpA

RsypA

26.7
147
0.34
24.11 —78.2%" —85.5%
5.82
3.87
—0:08—
— 004 —
¢« 8.70 3.82
+—0.91 =000 =00
Model Model Model
Slant-FP Slant-FP Slant-FP
Real imit Ultimte imt
2.6um 0.95um 0.55um

Fig. 7-3. Components of predicted FonA limit for 100-V-class slant FP-MOSFETSs. In
comparison of current technology (Ween = 2.6 pm), realistic limit (Wen = 0.95 pm), and
ultimate limit (Ween = 0.55 pm). Under the condition of Vs =10 V.
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Table 7-4. Representative structural and physical parameters of 100-V-class slant FP-

MOSFETSs, which minimize FonA, for realistic limit and ultimate limit.

Current Realistic Ultimate

Symbol Parameters technology limit limit Unit
Ween Cell width 2.60 0.95 0.55 um
W Trench width 1.50 0.60 0.30 um
Witesa ~ Mesa width 1.10 0.35 0.25 um
Len Channel length 0.30 0.20 0.20 pm
La Accumulation length 0.10 0 0 um
Ttox Gate oxide thickness 50 12.5 12.5 nm
Na S&iﬁigﬁi 20x107  50x107  50x10Y  atoms/cm?
Field-plate oxide
Trpox ¢ thickness (top) 100 100 100 nm
Field-plate oxide
T¥rox b thickness (bottom) 580 300 150 nm
Field-plate oxide
Trpox c thickness (center) 580 N/A N/A nm
Lrp Field-plate length 4.15 N/A N/A pm
Ip n—Drift layer length 4.93 3.06 3.06 um
b S;ﬁgfg:g;i 3.0x 101 1.21x10Y7 1.69x 10"  atoms/cm?
Qont gf;i?;:gyﬁ;arge of 33x 102  423x10'2 423 x10% atoms/cm?
Tsur n—Buffer thickness 0.90 0 0 um
n*—Substrate
Tsus thickness 50 0 0 pm
. Electron mobility of 1096 747 651 em?/Vs

n—drift layer

Dielectric constant of
a field-plate insulator 3.9 2.0 1.0
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Fig. 7-4(a) and (b) show the tradeoff relationship between Rox and Goss of 100-V-class
slant FP-MOSFETs, in comparison of the current technology, the realistic limit, and the

ultimate limit.

1000 ¢ 60 v y
—e—Current technology j —o—Current
% o~ Realistic limit L technology
. L —+—Realistic
—&—Ultimate limit r limit
_ 100 i . 40 | ——Ultimate
@) r . Q 5 limit
g . E |
10t O 20 ¢
l L L Ll L . 1 L el 0 L L L L L
0.1 1.0 10.0 100.0 0.0 5.0 10.0
Ron (mQ) Ron (mQ)
() (b)

Fig. 7-4. Prediction of tradeoff relationship between Kox and Ghss of 100-V-class slant
FP-MOSFETs. (a) Log scale and (b) linear scale in X-/Y-axis.

In comparison of current technology (Ween = 2.6 um, Rox: Goss = 187.5 mQ-nC), realistic
limit (Ween = 1.55 pum, Rox: @oss = 53.5 mQ-nC), and ultimate limit (Wen = 1.05 um,
Rox: Qoss = 49.1 mQ-nC).
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7.3.3. Predicted performances: Power loss

Utilizing the calculated HonA and Fon- Ghss of the realistic/ultimate limit for the 100-
V-class FP-MOSFET, main power loss (MOSFET power loss) in assumption of a 48-V
power supply circuit is additionally predicted. One is a high current automotive

application and the other is high switching frequency power supply.

7.3.3.1. Power loss in high current automotive application

In the automotive use, 100-V-rating power MOSFETs are used for 48-V battery
systems. High output current over 100 A is required in e.g., an electronic power steering
(EPS) or a generator unit. In the case of the three-phase inverter as shown in Fig. 1-8,
the circuit consists of six power MOSFETSs (three legs X two MOSFETSs), which are of
same electrical properties. As an assumption for the power loss of one leg, a high-side
MOSFET and a low-side MOSFET, which are turned-on/off alternately with duty ratio
of 50%, are studied. The switching frequency (£w) is defined to 100 kHz. As mentioned

in section 7.1, only FPcon and Pqoss are considered.

10
- %P_con Vin=48V, 15,=100A
8 - ®P_Qoss Duty=50%
§ - f5w=100kHz
< 6 | 935 (Same active area)
g i
5 [ CTLTRNI3-8%
E g | 1.52 1.40
0.68
0 r. rr
Current Realistic Ultimate
tech. limit limit
2.6um 0.95um 0.55um

Fig. 7-5. Predicted power loss of 100-V-class FP-MOSFET in high current application.
In comparison of current technology (Ween = 2.6 um, RonA = 26.7 mQ-mm?), realistic
limit (Ween = 0.95 um, BonA = 5.82 mQ-mm?2), and ultimate limit ( Ween = 0.55 pm, RonA
= 3.87 mQ-mm?2). Assuming 48-V input, 100-A output, 50% duty ratio, and 100 kHz
switching operation. Each active area is the same as that of current technology FP-
MOSFET.
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Results shows in Fig. 7-5. The FPcon occupies main loss. It is confirmed that the
realistic limit FP-MOSFET can achieve 71.7% reduction and the ultimate limit FP-
MOSFET can achieve 73.8% reduction, for individual MOSFET. It is noted that each
active area of the FP-MOSFET is the same as that of current technology FP-MOSFET.
That is, Rox of 1.0 mQ with 26.7 mm?2 for the current technology, 0.22 mQ with 26.7 mm?2

for the realistic limit, and 0.14 mQ with 26.7 mm? for the ultimate limit.

7.3.3.2. Power loss in high switching frequency power supply

In the power converter circuit of the distributed power supply as shown in Fig. 1-7,
48-V input, 12-V output, and high frequency switching up to 1 MHz are assumed. This
circuit consists of four power MOSFETs (two legs X two MOSFETSs) in primary side.
Corresponding to a step-down ratio Vour/ VN, each duty ratio for the high-side and the
low-side MOSFETs is determined. In this assumption, those are 25% and 75%,
respectively. As an appropriate output current, 30-A is assumed. As well as the previous

subsection, only Pcon and Paoss are considered.

Results shows in Fig. 7-6(a)—(c). In these case, same Fox of 3.33 mQ is designed for
all high-side MOSFETSs to obtain the effect of very small Gbss. In addition, same active
area of 8.01 mm?2 is designed for all low-side MOSFETSs to obtain the effect of ultralow
FonA. Therefore, the Paoss 1s improved drastically in the high-side and the Fcon is
improved drastically in the low-side. As a result, it is confirmed that the realistic limit
FP-MOSFET can achieve 54.0% reduction and the ultimate limit FP-MOSFET can
achieve 50.9% reduction, for sum of the high-side and the low-side MOSFETs.

In the case of the above assumption, it is noted that the realistic limit FP-MOSFET
1s slightly superior to the ultimate limit FP-MOSFET. This means the realistic limit
structure is sufficiently competitive to the ultimate limit structure. Moreover, it is
suggesting that the realizable structure can advance the low-voltage FP-MOSFET

performance in near future.
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Fig. 7-6. Predicted power losses of 100-V-class FP-MOSFETs in high frequency
application, for (a) high-side, (b) low-side, and (¢c) sum of high-side and low-side. In
comparison of current technology ( Weell = 2.6 um), realistic limit ( Weenn = 1.55 um), and
ultimate limit (Ween = 1.05 pum). Assuming 48-V input, 12-V/30-A output, 1 MHz
switching operation, and 25%/75% duty ratio for high-side/low-side. Same Fon of 3.33

mQ is designed for high-side and same active area of 8.01 mm?2 is designed for low-side.
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7.4. Summary

In chapter 7, by utilizing the FonA model and the capacitance model of the slant FP-
MOSFET, a realistic limit and an ultimate limit of the low-voltage MOSFET
performance were considered. The proposed ultimate FP-MOSFET does not has n*—
substrate and has very narrow mesa width. Moreover, each structural parameter is
scaled down to limit dimension.

As the realistic limit, RonA and RoN- Ghss are drastically reduced by 78.2% and 71.5%,
respectively, from those of the current technology. In addition, as the ultimate limit,
FRonA and Ron' Gss are more drastically reduced by 85.5% and 73.8%, respectively, from
those of the current technology.

In the prediction of power loss for the high current automotive application, the
realistic and the ultimate limit FP-MOSFETSs can achieve 71.7% and 73.8% reduction,
respectively, in the individual MOSFET of the circuit. In the prediction of power loss for
the high switching frequency power supply, it is confirmed that the realistic limit FP-
MOSFET can achieve 54.0% reduction and the ultimate limit FP-MOSFET can achieve
50.9% reduction, for sum of the high-side and the low-side MOSFETs.

In the assumption, the power loss of the realistic limit is slightly superior to that of
the ultimate limit. This means the realistic limit structure is sufficiently competitive to
the ultimate limit structure. Moreover, it is suggesting that the realizable structure can

advance the FP-MOSFET performance in near future.

172



8. CONCLUSIONS

The power semiconductor devices are contributing to improve the energy use
efficiency in many electronics applications. In particular, silicon power MOSFETs
categorized into low-voltage and high-frequency application use are still progressing to
meet various market demands. As the device performance that contributes directly to
the efficiency, a low-power-loss technology of the power MOSFET is very important.
Throughout this research, the plenty of the advanced structures were developed and the
superior performances were demonstrated for the low-power-loss MOSFETSs. In addition,
as important part of this dissertation, the structure-based compact models to enable the
power loss calculation in the latest MOSFET structures were newly constructed.

Chapter 1 pointed out that, in addition to the conduction loss improvement by the
FonA reduction, the electric charge accumulated to the output capacitance, which affects
to the switching loss, was significant issue particularly in high-frequency switching.

Chapter 2 described the restructured KonA models of both D-MOSFETs and U-
MOSFETSs, which were respectively classified into two different patterns: stripe and
square cell. The calculated FonA by the model were compared with the developed devices.
In the square cell of the 60-V D-MOSFET, the calculated HonA corresponded to the
experimental result (130 mQ-mm?2) with only 4.2% error. In the stripe cell of the 30-V U-
MOSFET, the calculated RonA corresponded to the experimental result (5.2 mQ-mm?2)
with less than 1.0% error. Thus it was confirmed those showed good agreement.
Meanwhile, in the benchmarking of the tradeoff between the Vs and the KonA for 20—
40-V-class U-MOSFETSs, the developed 30-V sub-micron-pitch U-MOSFETs showed
superior performance to the published data by approximately 30%.

Chapter 3 described the restructured RonA models, firstly for the SJ-UMOSFETSs,
which were classified into three different patterns: stripe, square cell, and square p—
column in stripe trench. Then, the models of the FP-MOSFETSs were classified into four
different structures: flat GFP, flat SFP, slant GFP, and slant SFP. The calculated RonA4
by the model were compared with the developed devices. In the square cell of the 60-V
SJ-UMOSFET, the calculated RonA corresponded to the experimental result (28.7
mQ-mm?2) with only 3.1% error. In the stripe cell of the 100-V FP-MOSFET, the
calculated RonA corresponded to the TCAD simulation (28.2 mQ-mm?2) with less than
1.0% error. Thus it was also confirmed those showed good agreement. Meanwhile, the
benchmarking of the tradeoff between the VB and the RonA, for 18-100-V-class Sd-
UMOSFETs and FP-MOSFETSs, were performed. In the developed novel devices, which
are the 60-V split p—column SJ-UMOSFET, the 100-V MSO-GFP-MOSFET, the 100-V 2-
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step SFP-MOSFET, and the 18-V sub-micron-pitch GFP-MOSFET, each superior
performance was demonstrated against the published data.

Chapter 4 described the modeling for the latest slant FP-MOSFET having complex
structure, and clarified the components of the parasitic capacitances that are important
to the switching loss design of the power MOSFET. The Ciss was divided into three
elements of Cis and an element of Cya in total. The model equations of both Coss and Crss
were constructed based on physical constants and the device structural parameters.

Chapter 5 verified the wvalidity of the constructed models. Firstly, the Vas
dependences of Coss and Ciss, for both 100-V-class D-MOSFET and slant FP-MOSFET,
were calculated. Then, the 60-V-class GFP and SFP-MOSFETs were also calculated.
Moreover, the cell-pitch shrinking of the 100-V-class FP-MOSFET was studied. The
calculated capacitance curves by the model indicated good agreement with the results of
TCAD simulation. In addition, Ghbss, Foss, and turn-off switching time, which are
necessary for the switching loss analysis, were calculated from the model.

Chapter 6 performed the power loss analysis that assumed the 100-V and 60-V-
rating device applications based on the models of FonA and capacitances. It was revealed
that the performance of the slant SFP-MOSFET was superior in high-frequency use
(calculation up to 2 MHz), compared with the conventional device. On the other hand, in
viewpoint of the system cost, the GFP-MOSFET had advantage for low-current use. The
active area of the GFP-MOSFET can make 20% reduction compared to that of the SFP-
MOSFET. Moreover, when the application is not high-frequency, the GFP-MOSFET
would be effective as high-current use.

Chapter 7 pursued the device performance limit of the slant FP-MOSFET by
utilizing the models. In conceivable two case, a realistic limit and an ultimate limit, the
device performances were predicted. The HonA and the Kon- Ghbss are drastically reduced
by 78.2—-85.5% and 71.5-73.8%, respectively, from those of the current technology. As a
result, it became clear that the efficiency for the high-frequency switching application
can be improved by 50.9-54.0% and that for the low-frequency and high-current
application can be improved by 71.7-73.8%. The prediction means the realistic limit
structure is sufficiently competitive to the ultimate limit structure.

This dissertation indicated the principle of the future low-power-loss power
MOSFET design by utilizing the compact model, which can design in short term without
experiment and simulation. Moreover, it revealed that the FP-MOSFET structure has
an enough room for the performance improvement and this research area should be
advanced more. It is expected this compact model can greatly contribute to higher

efficiency power electronics.
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Future challenges and perspective are described in the following.

Large-scale calculation with this compact model, e.g., by utilizing neural network,
would be able to find an optimum solution in very short time. Specifically, e.g., in a
circuit including high-side/low-side MOSFETSs, plural calculation by structural
parameters, load current, switching frequency, duty ratio, etc., is performed at one
time. To perform such a demonstration is desirable in the future work.

In this research, the components of the power loss were discussed focusing on the
MOSFET properties. Even in the case that uses SBD in the converter, the diode
recovery loss (Parr) does not become zero completely. Modelling of the body-diode or
the SBD are one of the important challenges to predict the Pq.r accurately.

In the total power loss in the circuit level, voltage over-shoot or current oscillation,
which are affected by stray inductances, have to be considered. Coupled analysis by
using both semiconductor device and circuit models would become significant more
and more.

It is recognized that there is a strong demand to expand the compact model to other
power devices such as silicon carbide (SiC) or gallium nitride (GaN). The researchers

have to face for the challenge.
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GFP-MOSFET. [87] ..ot 140
Fig. 5-9. (a) GQoss—Vas and (b) Evss—Vas curves calculated using proposed model
compared with TCAD results for 60-V-class SFP-MOSFET and GFP-MOSFET.
Each active area is designed for the same Ron of 1.8 mQ. [87]........c.ccocuc...... 141
Fig. 5-10. @ka—Vas curves calculated using proposed model compared with TCAD
results for 60-V-class SFP-MOSFET and GFP-MOSFET. Each active area 1is
designed for the same RoN 0f 1.8 MQ.....ovviiiiiiiiiiiiiiee e 142
Fig. 5-11. Turn-off switching waveforms calculated using proposed model for (a) SFP-
MOSFET and (b) GFP-MOSFET. Vin=30V, oNn=70A, R.=3 Q, and ;= 0.83

Fig. 5-12. Wcen dependences of Coss—Vas curve calculated using proposed model
compared with TCAD results for 100-V-class FP-MOSFETSs. Wecen is shrunk
from 3.0 to 2.6 um by changing WAtesa from 1.5 to 1.1 um. In each row, left figure
shows Vis linear scale and right figure shows Vs log scale in X-axis. ........... 145

Fig. 5-13. Wcen dependences of Coss—Vas curve calculated using proposed model
compared with TCAD results for 100-V-class FP-MOSFETs. Wecen is shrunk
from 2.4 to 2.0 um by changing WAitesa from 0.9 to 0.5 um. In each row, left figure
shows Vis linear scale and right figure shows Vs log scale in X-axis. ........... 146

Fig. 6-1. Estimated power losses for 100-V-class (a) D-MOSFET and (b) FPMOSFET,
assuming 50-V input, 10-A output, 80% duty ratio, and 100 kHz—2 MHz
switching operation. Each active area is designed for the same Fon of 10 mQ.
[84] (MOIIEA). ...t 149

Fig. 6-2. Estimated power losses for 60-V-class (a) SFP-MOSFET and (b) GFP-
MOSFET, assuming 30-V input, 50-A output, 50% duty ratio, and 20—-200 kHz

switching operation. Each active area is designed for the same Ron of 1.8 mQ.

Fig. 6-3. Estimated power losses for 60-V-class (a) SFP-MOSFET and (b) GFP-
MOSFET, assuming 30-V input, 50-A output, 50% duty ratio, and 200 kHz—2
MHz switching operation. Each active area is designed for the same Fon of 1.8
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Fig. 6-4. (a) Active area dependence of power losses for 60-V-class SFP-MOSFET and
GFP-MOSFET in £w ranged from 20 to 200 kHz, 30-V supply voltage, 70-A load
current, and 50% duty ratio. (b) Distinguished to individual losses in 20 kHz. (c)

Enlarged view of small active area (< 5 mm?2). [87] (modified). ...................... 153
Fig. 7-1. Schematic cross sections of (a) the latest slant FP-MOSFET and (b)
proposed ultimate FP-MOSFET. ..., 156
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7-3. Components of predicted FonA limit for 100-V-class slant FP-MOSFETSs. In
comparison of current technology (Wee = 2.6 pm), realistic limit (Ween = 0.95
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7-4. Prediction of tradeoff relationship between Fox and Ghbss of 100-V-class slant
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7-5. Predicted power loss of 100-V-class FP-MOSFET in high current application.
In comparison of current technology (Ween = 2.6 um, RonA = 26.7 mQ-mm?),
realistic limit ( Ween = 0.95 pm, RonA = 5.82 mQ-mm?2), and ultimate limit ( Ween
= 0.55 um, RonA = 3.87 mQ-mm?2). Assuming 48-V input, 100-A output, 50%
duty ratio, and 100 kHz switching operation. Each active area is the same as
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7-6. Predicted power losses of 100-V-class FP-MOSFETs in high frequency
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