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Abstract

This doctoral thesis deals with the design of lateral power transistor with lower specific
on-resistance for integration into IC.

The new model of MOSFET with waffle gate pattern is there described. For first, time
the conformal transformation the Schwarz-Christoffel mapping has been used for the
description of nonhomogeneous current distribution in the channel area of MOSFET with
waffle gate pattern. In addition base on the figure of merit definition Area Increment (Al)
the topological theoretical limit of MOSFET with waffle gate pattern has been a first time
defined.

The more precise model with bulk-segmented power MOSFET with waffle gate
patterns is described this doctoral thesis. A new model of MOSFET with waffle gate
pattern and with orthogonal source and drain interconnections and with considering edge
element due to bulk-segmentation has been the first time describe. Moreover, there has
been defined conditions, where bulk-segmented power MOSFETS structures with waffle
gates occupy smaller area compared to standard MOSFETSs without increasing channel
resistance.

To improve the channel resistance of HV power GaN HEMT the new topologies have
been proposed and are described. In addition, the production cost of GaN HEMT can be
reduced by decreasing chip area and by it yield improvement. The standard waffle gate
pattern and proposed two new gate patterns the dissimilar square waffle and octagon
waffle pattern can apply for any lateral normally-On or normal-Off GaN HEMT
processes. New proposals are lateral structures and due to this are perspectives for
integration into power management integrated circuits on GaN substrates.

New methodologies to reduce physical design development time and cost for smart
power IC is present. To optimized analog layout implementation flow for smart power
IC, the several improvements have been developed and are used at STMicroelectronics.
The new automatic pre-placement phase of flow has been a first time defined, to simplify
and speed up analog and mixed-signal (AMS) layout. The new and more time effective
way of objects modification in the layout database has been defined. In addition, the new
and more time effective searching flow in layout and schematic database have been
developed and is presented.

Keywords: power MOSFET, GaN HEMT, waffle pattern, integrated circuit, physical

design of analog and mixed-signal circuits
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Abstrakt

Tato doktorska praca sa zaobera navrhom laterdlnych vykonovych tranzistorov
snizkym Specifickym odporom pri zapnutom stave, vhodnych pre integraciu
do Integrovanych Obvodov.

Je tu popisany novy model MOSFET tranzistora s mriezkovou hradlovou elektrodou.
Prvy krat bola pouzitd konformna Schwarz-Christoffelova transformécia pre popis
nehomogénne rozlozeného prudu v oblasti kandla MOSFET tranzistora s hradlovou
elektrédou mriezkového vzoru. Navyse na zaklade kvalitativneho parametra Prirastok
Plochy (AI), bol prvykrat zadefinovany teoreticky, topologicky limit pre MOSFET
tranzistor s hradlovou elektrédou mriezkového vzoru.

V tejto praci je popisany presnejSi model pre MOSFET tranzistor s hradlovou
elektrodou mriezkového vzoru, ktory je deleny kontaktovanim substratu. Prvykrat bol
popisany novy model pre MOSFET tranzistor s hradlovou elektrédou mriezkového vzoru
s ortogonalnym prepojenim source a drain elektrod s uvazovanim okrajovych elementov
delenych kontaktovanim substratu. Boli zadefinované podmienky, kedy substratom
predelené vykonové MOSFET Struktiry s mriezZkovym hradlom zaberaju mensiu plochu
v porovnani so Standardnymi MOSFET tranzistormi, bez navySenia odporu.

Na zlepsenie odporu kanala vysokonapéatovych vykonovych GaN HEMT tranzistorov,
boli navrhnuté a zadefinované nove topoldgie. Okrem toho vyrobna cena GaN HEMT
modze byt redukovana zmenSenim plochy cipu, ktord zaroven zlepSi i vytaznost.
Standardny mriezkovy hradlovy vzor a dve nové hradlové vzory, mriezkovy s roznymi
Stvorcami a oktagonalny mriezkovy hradlovy vzor, mézu byt pouzité pre 'ubovolny
vyrobny proces normdlne zapnutého alebo normalne vypnutého GaN HEMT tranzistora.
Nové navrhnuté tvary su laterdlne, a preto st vhodné pre integraciu do vykonovych GaN
integovanych obvodov.

Na optimalizaciu analogového fyzického navrhu v modernych vykonovych
Integrovanych Obvodov bolo vyvinutych viacero vylepSeni, ktoré st pouzivané vo firme
STMicroelectronics. Novy automaticky postup na triedenie suciastok, rovnako ako
inovy, a viac efektivny spdsob modifikacie objektov databaze fyzického navrhu,
azaroven 1 novy a efektivnej$si spdsob vyhladdvania v databdzach pomadahaji
zjednoduSovat’ a zefektiviiovat’ fyzicky navrh.

KPacové slova: vykonovy MOSFET, GaN HEMT, mriezkovy vzor, integrovany
obvod, fyzicky navrh analogovych a zmieSanych obvodov
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“Imagination is more important than knowledge.’

Albert Einstein
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1. Introduction

Due to new power management applications in fields like consumer electronics,
telecommunication, transportation, and energetic there is a continuous need for more
efficient power management. We stand today on the edge of new frontiers like are
wearable electronics, mobile applications, wireless electric power transfer, electric
cars, commercial space project, and renewable wind and solar energy. The progress in
each of those fields are driven or are a link with power management improvements.

To explore future applications of microelectronics, we can use an analogy from the
different technological field, as is engine development. The steam engine, which at the
beginning drives the industrial revolution, was later, replace by gasoline engine
technology. Mainly due to a much lighter and smaller gasoline engine, it was possible
to build the first airplane. Without significant progress in the engine scaling and
efficiency improvement compared to the steam engine the aircraft industry and
aviation revolution would not begin. Similarly, in the microelectronics industry, the
transistor scaling is described and driven by Moore’s law. Smaller transistor
dimensions bring new applications not possible by previous generations. For example,
we can look how transistor scaling is changing the music industry and humans
behavior in more than half century.

In the 1960s, started mass-produce pocket transistor radio and listeners get mobile
device more compact compared to the bulky stationary home radio or heavy radio in
the cars. In the late 1970s, Sony made Walkman, the portable, pocket-sized device to
play custom music from cassette tapes. In the late 1980s, it was replaced with Discman,
to play music from digitally recorded Compact Discs (CD). In the late 1990s, mp3-
players was popular because had a more compact shape and store more songs due to
the use of solid-state memories, and higher compression ratios respectively. In 2001,
Apple introduced the iPod that allows storing more than 1000 CD-quality songs. Later
mobile phones become the most common music player. Now streaming of music from
clouded services with a mobile phone is the most common way to listen to music. It
allows accessing all available songs on demand. In future still, addition miniaturization

of smartphones hardware is required to allow its replacement with even more general



Augmented Reality (AR) smart glasses, capable of using Artificial Intelligence and
Machine Learning, with processing from the devices rather than from cloud. That type
of general-purpose human skills extension devices can allow for example professional
custom music compositions for each user, offering not just content consumption but
content creation also.

As was mentioned earlier in some examples, miniaturization brings not only price
reduction but also allows more circuit functions per IC or application. There is
continuous need to use smaller and smaller power MOSFET structures or to decrease
the power MOSFET resistance without enlarging its area. There is a need to enlarge
the voltage capabilities of power MOSFET structures in blockage state while
minimalizing it influence on resistance in conductance state. There is also a need to
improve the reliability over wider voltage, current, and temperature range or higher
radiation. All of those needs are possible to reach by optimizing the power MOSFET
layout, improving the process and using relevant materials.

On the field of power MOSFET components, the wide energy bandgap
semiconductors are becoming more and more popular. Because there is continuous
improvement of silicon-based devices, the silicon remains most common material for
power MOSFETSs currently. Advantages of silicon are very good process control (low
density of crystal defects) and price per wafer (is cost-effective) allowing
manufacturing of wafer size high power devices like IGCT or BGCT with thyristor-
like conduction. Because the cost of wafer and process control is better for silicon than
for SiC, GaN or Diamond even more complex and more costly architecture like
XtreMOS [1] are feasible.

The increasing demand for high-power and high-temperature and high-frequencies
operation of the power conversion and modulation systems brings traditional silicon
semiconductor ever closer to its fundamental material limits [2]. Due to the rapid
improvement of GaN material defects, the HEMT GaN power electronics is attracting
interest due to wide bandgap (3.4 eV), which leads to a large critical electric field
(3 MV/cm), reasonably high electron mobility good thermal conductivity (comparable
to Si). To reach lower specific on-resistance of conventional HEMT GaN power
transistors with multi fingers planar gate, it is proposed to use the waffle pattern planar
gate. To sustain high voltage, two new waffle structures are proposed. Using Waffle
planer gate pattern approach we can reach up to 40% lower specific on-resistance than

by using a conventional gate with fingers pattern.



The last 20 years have seen GaN’s progression from RF to power discrete and now
to the first generation of all GaN power ICs. Next-generation monolithic integration
(e.g. advanced I/O features, over-current and over-temperature protection) will enable
even higher levels of efficiency, power density and reduced system cost. The power
revolution of the late 1970s [3] will finally repeat today, 40 years later [4].

The dimension scaling of power transistors in smart power IC is very beneficial due
to efficiency improvement of power IC or due to production costs reduction by
decreasing chip area and by it yield improvement. To fulfill those expectation several

lateral LV and HV waffle transistors are proposed, describe and model in this work.

1.1. Goals of This Thesis

The development of lateral power transistor with lower specific on-resistance is an

actual topic. The main goals of this thesis are the following:

e Development of lateral power MOSFET transistor with lower specific on-
resistance compares to standard finger gate MOSFET structure, for
integration into current and future power management Integrated Circuits on
Si substrates.

e Research of lateral power HEMT transistor with lower specific on-resistance
compares to standard finger gate power HEMT topology, with perspectives
for integration into future power management Integrated Circuits on GaN
substrates.

e Research & Development of new methodologies to speed up processes of
physical design in modern power IC, compare to standard physical design

flows.

1.2. Organization of This Thesis

This thesis is organized as follows. The topic of this work together with descriptions
of the author’s contributions and state of the art are introduced in chapter 1 followed
by a summary of power MOSFET fundamentals in chapter 2.

Analysis and comparison of different waffle MOSFET structures with standard

MOSFET are presented in chapter 3. More advance models of waffle structures



considering edge element due to bulk-segmentation are shown and discussed in
chapter 4.

New waffle structures dedicated to GaN HEMT are described in chapter 5.
Additional transistor structures proposals are presented in chapter 6. The principles
how to reduce physical design development time and cost for smart power IC is
described in chapter 7. Finally, the work is concluded in chapter 8.

1.3. Author Scientific Contribution

The goals of this work are development, description, and improvement of power
MOSFET or HEMT transistors with lower specific On-resistance with perspectives
for integration into current and future power management Integrated Circuits on Si or
GaN substrates.

More specifically, this work brings the following contributions:

e The defined theoretical limit of waffle MOSFET and its new model by using
Schwarz-Christoffel transformation
The new model of MOSFET with waffle gate pattern is described in chapter 3. For
first, time the conformal transformation the Schwarz-Christoffel mapping has been
used for the description of nonhomogeneous current distribution in the channel
area of MOSFET with waffle gate pattern. In addition base on the figure of merit
definition Area Increment (Al) the topological theoretical limit of MOSFET with
waffle gate pattern has been a first time defined. This new model has been
published in the reviewed journal ElectroScope [5] and waffle MOSFET
theoretical limit has been published in the reviewed journal ElectroScope [6] and
presented at international conferences [7], [8].

¢ New waffle and finger structures models considering edge elements
The more precise model with bulk-segmented power MOSFET with waffle gate
patterns is described in chapter 4. A new model of MOSFET with waffle gate
pattern and with orthogonal source and drain interconnections and with
considering edge elements due to bulk-segmented has been the first time describe.
Moreover, there has been defined conditions, where bulk-segmented power
MOSFETS structures with waffle gates occupy smaller area compared to standard
MOSFETSs without increasing channel resistance. All those models have been

published in the impacted journal Radioengineering [9] (currently is in the review)
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Defined new power GaN HEMT topologies
To improve the channel resistance of HV power GaN HEMT the new topologies
have been proposed and are described in chapter.5. In addition production cost of
GaN HEMT can be reduced by decreasing chip area and by it yield improvement.
Those new architectures have been publish in the patents [10], [11].

New power trench MOSFET proposals
The two new concepts of HV power trench MOSFET are described in chapter 6.
The new trench MOS with a source with waffle pattern and new trench MOS with
triangle gate pattern has been compared with conventional trench MOSFET. All
new concepts have been presented at an international conference [12].

Power IC layout flow improvements
How to reduce physical design development time and cost for smart power IC is
described in chapter 7. To optimized analog layout implementation flow for smart
power IC, the several improvements has been developed and are used in
STMicroelectronics. The new automatic pre-placement phase of flow was a first
time defined, to simplify and speed up analog and mixed-signal (AMS) layout and
has been published in the impacted journal Integration, the VLSI Journal [13]. The
new and more time effective way of objects modification in layout database have
been defined and published in the reviewed journal named Advances in Science,
Technology and Engineering Systems Journal [14] and have been also presented at
international conferences [15], [16]. In addition, the new and more time effective
searching flow in layout and schematic database have been developed and presented
at an international conference [17].



1.4. State of the Art

Silicon is currently the most commonly used semiconductor material in Power
electronics. The first generation of power MOSFET devices used Double diffused
MOSFET (DMOQOS) architecture. The second generation used trench-gate power
MOSFETSs and third used super-junction power MOSFETS architecture.

Tab. 1.1. Specific On-Resistance and BV for Power MOSFETS on Si

BV Ron A Topology Gate Gate Reference
V] [MmQ cm?] type pattern

752.4 48.5 SJ-LDMOS Planar Fingers [18]
880 90 IGBT Planar Fingers [19]
130 1.95 LDMOS Planar Fingers [20]
23 0.3 LDMOS Planar Fingers [21]
47 0.218 LDMOS Planar Fingers [22]
54 0.32 LDMOS Planar Fingers [23]
36 0.145 LDMOS Planar Fingers [24]
55 2.17 LDMOS Planar Fingers [25]
55 11 LDMOS Trench Fingers [25]
22 0.4 LDMOS Planar Fingers [26]
165 1.59 LDMOS Planar Fingers [27]
6.05 0.01 LDMOS Planar Fingers [28]
98.6 1.01 SJ-LDMOS Planar Fingers [29]
25 0.2 LDMOS Trench Fingers [30]
25 0.07 Bi-LDMOS Trench Fingers [30]
68 0.18 SJ-FINFET Planar Fingers [31]
55 3.05 LDMOS Trench Fingers [32]
800 72 IGBT Planar Fingers [19]
94 0.3 XtreMOS Trench Hexagonal [1]
72.3 1.01 SJ-LDMOS Planar Fingers [33]
275 7 LDMOS Planar Fingers [34]
55 0.8 VDMOS Trench Waffle [35]
115 0.095 MOS Planar Fingers [36]
21 0.17 MOSFET Trench Fingers [37]
660 600 MOSFET Planar Fingers [38]
34.1 0.084 MOSFET Trench Fingers [39]
11.2 0.077 MOSFET Planar Fingers [40]
15.5 0.057 LDMOS Planar Fingers [40]
155 0.061 LDMOS Planar Fingers [40]
165 1.65 SJ-LDMOS Planar Fingers [41]
750 200 LDMOS Planar Fingers [42]
73 0.72 MOSFET Trench Fingers [43]
7 0.0068 MOSFET Planar Waffle [44]
715 0.56 LDMOS Planar Fingers [45]




Additional advantages of Silicon is very good process control (low density of crystal
defects) and price per wafer (is cost-effective) which allow development of wafer size
high power devices like IGCT or BGCT with thyristor-like conduction [46], [47].

Overview of experimental Power MOSFETs made on Silicon with their Specific
On-Resistance, and breakdown voltage is present in Tab. 1.1. The Power MOSFETs
made on Silicon Carbide are present in Tab. 1.2

Tab. 1.2. Specific On-Resistance and BV for Power MOSFETSs on SiC
BV Ron*A | Topology | Gate Gate  Reference
[V] | [mQcm?] type | pattern
1760 7.06 DMOS | Planar | Fingers [48]
1650 3.7 DMOS | Planar | Fingers [49]
1540 5 MOSFET | Planar | Fingers [50]
12000 127 MOSFET | Planar | Fingers [51]
12000 14.3 IGBT Planar | Fingers [51]
1550 54 MOSFET | Planar | Fingers [52]
2420 10.3 DMOS | Planar | Fingers [53]
11000 290 IGBT | Trench | Fingers [54]
1760 27 MOSFET | Planar | Fingers [55]

Since the first report of high density two-dimensional (2D) electron gas in 1991 [56]
and high electron mobility transistors in 1993 [57], GaN has gained traction and now
discrete GaN transistors are emerging as commercial products [58].

The Power MOSFETs made on Gallium Nitride with their Specific On-Resistance
and breakdown voltage are present in Tab. 1.3.

Tab. 1.3. Specific On-Resistance and BV for Power MOSFETs on GaN

BV Ron*A | Topology | Gate Gate Reference
[V] [ [mQcm?] type | pattern

330 1.2 FINFET | Tri Gate | Fingers [59]
650 34 HEMT Planar | Fingers [60]
770 3 HEMT Planar | Fingers [61]

86 1.86 HEMT Planar | Fingers [62]
1320 20 HEMT Planar | Fingers [63]
665.5 87 MOS Planar | Fingers [64]




Visualization of Specific On-Resistance as the function of BV for devices from
Tab. 1.1, Tab. 1.2 and Tab. 1.3 with the Specific On-Resistance limits of drift region
for unipolar devices is on figure Fig. 1.1.

Currently, best State of the Art MOSFET architecture on Silicon is XtreMOS with
trench gate with hexagonal shape [36]. The XtreMOS have specific On-Resistance
equal to 0.3 mQ*cm? for breakdown voltage 94 V. On SiC substrate State of the Art
MOSFET [51] have BV equal to 12000 V and have specific On-Resistance equal to
127 mQ cm?. On GaN substrate State of the Art MOSFET [61] have BV equal to

770 V and have specific On-Resistance equal to 3 mQ cm?,
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Fig. 1.1. Specific on-state resistance vs. avalanche breakdown voltage for
experimental devices with material limits of drift region for unipolar devices

Devices with width band-gap materials are the main competitors to the silicon-based
power devices. The last 20 years have seen GaN’s progression from RF to power
discrete and now to the first generation of all GaN power ICs. Next-generation
monolithic integration (e.g., advanced 1/O features, over-current, and over-temperature
protection) will enable even higher levels of efficiency, power density and reduced
system cost [4].

Miniaturization in the semiconductor industry is a well-known practice. It is driven
not only by price per area optimization, but it also allows to realize new types of
applications. These applications are not easily reachable by previous generations of

technologies. Actual trends and intensive developments are currently focused on



mobile electronics, wearable electronics, and Internets of Things (loT) applications
that are limited by miniaturization possibilities. Applications such as smart watches,
electronics pills, wireless head speakers, or Augmented Reality (AR) glasses represent
a small part of new types of applications that come from progress in miniaturization.
To solve high requirements on system dimensions, there the highest process nodes are
being used as well as whole system integration by using System in Package (SIP),
System on Chip (SOC) approach, Wafer Level Chip Scale Package (WLCSP, CSP),
Package on Package (PoP) or more advance Through Silicon Via (TSV). The last TSV
is used for 3D chips Integrated Circuits (IC) with more optimal interconnections and
more compact chips stacking. An additional advantage of smaller chip area is yield
improvement [65].

In the past and also nowadays, a big portion of IC chips is occupied by power
management. In order to save area in SIP packages, we could use the more compact
vertical power devices. Hence in more compact SOC, only lateral power devices can
be used. For additional effective scaling of lateral low voltage, power devices the
Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) with waffle gate
patterns can be used [66].

For effective scaling of lateral low voltage, power Metal-Oxide-Semiconductor
Field-Effect Transistor (MOSFET) devices the waffle gate patterns can be used [66].
Another publication deals with RF measurement of the waffle MOSFET without
defining an analytic model of channel conductance [67]. Vemuru has described models
for square shape waffle MOSFET in [68]. However, these models do not allow
describing non-square shapes. Madhyastha [69] has described waffle MOSFET with
orthogonal source and drain interconnection but it metallization is more complex and

has a weak electro-migration limit.

1.5. Solution Methods of the Work

To reach the goal the multiple analysis was realized. For very precise 2D modeling
of the channel, area and current paths for simple polygons the MATLAB [70] with
Schwarz—Christoffel Toolbox [71] was used. The complex medium size 2D polygons
and 3D polygons have been analyzing with 2D and 3D FEM simulator TCAD from
SILVACO [72]. The more complex and large size 2D polygons have been simulated
with 2D FEM solver Agros2D [73]. The mathematical modeling and optimization have



been realize with Wolfram Mathematica [74] and function fitting has been calculating
with the MATLAB [70].

The physical implementation of IC has been created in Cadence Virtuoso Layout
Editors [75], [76] and new flow improvement features have been realizes in the
Cadence SKILL programming language [77] and the Cadence SKILL IDE
environment [78].

For physical design verification of Si IC the whole standard verification flow was
used. The IC verification and Signoff Calibre DRC and LVS [79] tools have been used
to check the layout database with design rule manual (DRM) respectively with
schematic diagrams. The Post Layout Extraction (PLS) has been realizes with
Synopsys Star-RCXT [80].

The physical design verification of GaN IC has been realizes with Calibre DRC [79]
with a custom run set of DRM rules.

A fabricated test chips has been characterized and validated by standard laboratory

equipment such as precise voltage and current sources, oscilloscopes, etc.
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2. Power MOSFETs Fundaments

In following sections, are described fundamental properties of the MOSFET
devices. Problematic is divided into section related to device characteristics and the

section related to material and topology fundaments

2.1. Ideal and Typical Power MOSFET
Device Characteristics

The volt-ampere characteristics of an ideal power switch are illustrated in Fig. 2.1.
The ideal transistor conducts current in the on-state with zero voltage drop and blocks
voltage in the off-state with zero leakage current. Also, the ideal device can operate
with a high current and voltage in the active region, with the saturated forward current
in this mode controlled by the applied gate bias. The spacing between the
characteristics in the active region is uniform for an ideal transistor indicating a gain

that is independent of the forward current and voltage [81].
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Fig. 2.1. Characteristics of an ideal transistor [81].

11



In the reverse blocking mode the third quadrant off operation in the figure, it should
be able to hold of any value of voltage with zero leakage current. Further, the ideal
rectifier should be able to switch between the on-state and the off-state, with zero
switching time [81].

The volt-ampere characteristics of a typical power switch are illustrated in Fig. 2.2.
This device exhibits a finite resistance when carrying current in the on-state as well as
afinite leakage current while operating in the off-state (not shown in the figure because
its value is much lower than the on-state current levels). The breakdown voltage of
a typical transistor is also finite as indicated in the figure with “BV”. The typical
transistor can operate with a high current and voltage in the active region. The spacing
between the characteristics in the active region is nonuniform for a typical transistor
with a square-law behavior for devices operating with channel pinch-off in the current

saturation mode [81].
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Fig. 2.2. Characteristics of a typical transistor [81].

They also have a finite leakage current (lorr) when blocking voltage in the off-state,
creating off-state power loss. Also, the doping concentration and thickness of the drift
region of the silicon device must be carefully chosen with a design target for the

breakdown voltage (BV). Moreover, the power dissipation in power devices increases
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when their voltage rating is increased because of an increase in the on-state voltage

drop [81].
Following chapters 2.1.1 until 2.1.9 are based on [82], [83].

2.1.1. Mobility

Force interaction F on an electron is equivalent to it mass me and it accelerations a

F =mead. (2.1)
The velocity v of the electron is at time t is
v=adt. (2.2)
The electrical intensity E is defined as a normalized force for election charge g as
5 i | (2.3)
*q

Inserting (2.1) and (2.3) into (2.2) we get how carriers accelerate in the direction of

field E between collisions
+q E (2.4)

The average net velocity in the direction of field E is randomized over mean free

time between collisions =

_qE gt (2.5)
Y = T T T 2m, '
e

The average drift velocity of the hole is

qE Tc (2.6)
— T, = E = E.
2 my te + 2 my +,Up

vdp=+

Where p, is an electron mobility

_aqt 2.7)
2me

HUn

The holes mobility p, is defined as follows

_ 97 (2.8)

’up N th.

2.1.2. Drift current density

Drift electron current J,%"™ is equivalent to the number of electrons n with charge q

and its drift velocity Vnd
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A= —qnuva, =qnu, E. (2.9)
Drift holes current J,9™ is
JEFift = g nvg, = gnu, E. (2.10)
Where the number of holes is p. Total drift current J4 js
Jaitt = Jertt 4 Jiit = q (n pn +p pp) E- (2.11)
Ohm law
]=6E=5_5' (2.12)
Where resistivity ps and conductivity &'is defined as follows
- 1 (2.13)

8  q(Mpn+pup)

In N-type semiconductor the resistivity pn is

o1 (2.14)
Pn =
q ND HUn
In P-type semiconductor the resistivity pp is
o1 (2.15)
pp =
q Na up

2.1.3. Diffusion current density

The concentration gradient is defined by Diffusion flux and is causing that particles
diffused from high to low concentration, due to this is always negative. This behavior
is described by Frick low. Diffusion flux F, represents the number of particles crossing

a unit area per unit time and for electrons with a gradient in the x-axis is

dn 2.16
Fo= =Dy o (2.16)
Moreover, for holes flux is Fp
dn (2.17)
Fp = —Dp a
Diffusion current density J,@'™ for lattice and electron with the same temperature is
: dn 2.18
glffz_anquna ( )
Diffusion current density for holes J,% is
. dn (2.19)
J§=qk =—qD, dx
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2.1.4. Einstein relation

Because collision between particles and lattice have the same physics for diffusion
and drift carrier, there is a relation among them defined by Einstein relation
D, D, kT (2.20)

o Hp 4

where k is Boltzmann constant, and T is a temperature

2.1.5. Total current density

In general, the total current is the composition of drift and diffusion current. The

current for electrons Jn is

. . (2.21)
Jn = grlft+ rclhff:qn.unE-l'an d_
X
The current for holes Jp is
. . dn (2.22)
]p =]grlft+]glff=qnﬂpE_qu @
The total current Jwotal is the composition of electron and holes currents
Jtotal = Jn +]p (2.23)

2.1.6. Non-uniform doped semiconductor

First Maxwell equation
where pis space charge density and D is electric displacement field. Second

Maxwell equation is

V-B=0 (2.25)
where B is a magnetic field. Third Maxwell equation
0B (2.26)
VXE =——
at
Where t is time. Forth Maxwell equation is
VxH—]—i—a—D (2.27)
0ot
Where H is magnetic field strength, and J is a current density
D=Ece (2.28)

The is permittivity ¢ and electric intensity E
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H=B/u (2.29)

Where x is permeability. From Maxwell equation (2.24) we get

V-Ee=p (2.30)
Poisson equation (Gauss’ low) for electric field E in X-axis is
dE _p (2.31)
dx €

Where pis space charge density and ¢ is electrostatic permittivity. Electrostatic

potential @is
a (2.32)
dx
The non-uniform doped semiconductor in thermal equilibrium
Jn=qnpmE+qD, =0 239
Inserting (2.31) and (2.32) into (2.33) we can get
—qnuni—f+anZ—Z=0 (239
Rewriting (2.34) we can get
o 40 _ 1 dn 239
D, dx n dx
By inserting (2.20) into (2.35), we get
kT dd 1dn (2.36)
q dx ndx
After integration
kT [®ref Tref 1 (2.37)
—_— do = —dn
qa Jo ng N
After integration
KT (@ — Pref) =Inng — Innpes = In "o (2:38)
q Nref
After reduction no
Ry = e R @) (2:39)

Reference potential @t =0 and nrer = ni then we get Boltzmann relations

D
- (2.40)

Because of no . po = ni? then Boltzmann relations for holes is

3]
N - (2.41)
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The potential @ in n region is

kT 2.42
b =— ln@ (242)
q n;
The potential in p region is
kT .
o= T Po (2.43)
q ny
Rewriting natural logarithm to the logarithm to the base 10 of at
kT ny kT n 2.44
®=-— In—=— 1In(10) log— (2.44)
q ny q nj

For silicon at temperature 300 K

n
@ = (25mV) In(10) log= (2.45)
i
Silicon at temperature 300 K have concentration ni= 10%°, we get “60 mV Rule”
~ o 2.46
@ = (60mV) log o1 (2.46)

For every decade of increase in doping no the potential @ increase by 60 mV at

temperature 300 K

2.1.7. Depletion of a p-n junction in
thermal equilibrium
Consider p-n junction in thermal equilibrium without external supply voltage Fig.

2.3. In p-region, there is doping of acceptor Na, and in n-region, there is doping of

donors Np.

p-region n-region

Na -

X
Fig. 2.3. Doping distribution of p-n junction in thermal equilibrium [82].

In the junction area of the p-region and n-region, there is a significant charge
disbalance. Due to charge neutrality, the free charges are reallocated, and it creates

a depletion region also called a space charge region. In thermal equilibrium positive
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charge is described by po and negative charge by no as can be seen in Fig. 2.3. The
Space charge density of p-n junction is in Fig. 2.4.

p
aNd
\

\‘ -dNg

Fig. 2.4. Space charge density of p-n junction in equilibrium [82].

The electrical intensity in a p-n junction in equilibrium is in Fig. 2.5.
E

-Xpo Xno

Eo

Fig. 2.5. The electrical intensity of a p-n junction in equilibrium [82].

Electrical intensity based on Gauss equation for x < -Xpo IS
E(x) = 0. (2.47)

Electrical intensity for -xpo <x < 0is

1(* gN —qN 2.48
E@)-0=——| TAg="TTx (248)
& J oy, &s & p
q Na
= - ‘. (x + xpo).
Electrical intensity for 0 < X < Xno IS
q N, 2.49
) =12 (v - 2,0) (249
S
Electrical intensity for Xno < X is
E(x) = 0. (2.50)

The potential gradient in the p-n junction in equilibrium is present in Fig. 2.6.
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Build in potential in the p-n junction is defined as the difference between (2.42) and
(2.43) with po=Na and no=Np

kT — Np Np (2.51)
Pp=, — P, =— 1
? TP g " n;?
Potential for x < -Xpo is
®(x) = B, (2.52)
Potential for -Xpo <x <0
X N
P(x) — Py = — f—xpo - ngA (x + xpo) dx = (2.53)
N
qz—gf (x + xp0)?
)
Dy,

Fig. 2.6. The potential of a p-n junction in equilibrium [82].

From (2.53) can be derived potential

D(x) = P, + A (x + Xpo)? (2.54)

2-gg

Potential for 0 < x < xno

d(x) = B, — L2 (x — x)2 (2.55)

2-&g

Potential for xno < x

d(x) =P, (2.56)
Due to the overall charge neutrality
q Na Xpo = q Np Xno (2.57)
Potential is continuous at x=0, and from (2.54) and (2.55) we can get
N 2 ‘N
B+ ot (xp0)” = Bu = 522 (o)’ (2.58)
From equations, (2.57) and (2.58) can be defined quadratic equations with unknown
variable Xno
aNa (No Y _aNbxho _ _aNp 2 (2.59)
2 &g (NA Xno) T 2Ny 2 & (xno) + g
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From quadratic equations (2.59) can be solved unknown variable xno

_ [Zetama (2.60)
*no = q (Na+Np) Np

Similarly from (2.57) and (2.58) can be solved depletion width xpo in the p-type

— [_2&%Np (2.61)
Xpo = q (Na+Np) N

The overall width of the depletion region is

fz &s @ (Na+Np) (2.62)
Xdo = Xno T Xpo = —q?VAlsD >

Maximum Electrical intensity of p-n junction is at x=0 and can be calculated from

(2.49) at x=0 and (2.60)
qNp (_ 2&dg Np ) _ [2qesNaNp (2.63)
€ q(Na+Np)Np /|~ A/ &€(Na+Np)

For strongly asymmetric junction Na>>Np the width of the depletion region is

semiconductor

|E0| =

. - [2es o 1 (2.64)
xpo 1G4 Xno = Xdqo = 7o [0d \/TD
Maximum Electrical intensity of p-n asymmetric junction Na>>Np from (2.63) is
2qdg N 2.65
|E,| = —qsf 2 o \/Np (2.65)
For symmetric junction Na=Np the width of depletion region xpo and Xno is
_ _ |&®PB _  |&sPB (266)
no = Xpo = aNa  + dNp

From (2.62) for symmetric junction Na=Np the width of the depletion region is

4esdg _ [4e5 R (2.67)
aNa  + aNp

Xdo = Xno T Xpo = J
Maximum Electrical intensity of p-n symmetric junction Na=Np is

|E0|:\/Q¢BNA:\/Q¢BND (2-68)
€

s Es

2.1.8. P-N junction under the bias

For P-N junction under bias condition following substitution for (2.60) to (2.68) is
required
g > Pg—V (2.69)
Depletion width x, in the n-type semiconductor under bias V is
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_ fEaesmm_ [TV (2.70)
xn(V)— Q(NA'HVD)ND_an 1 )

Depletion width xp in the p-type semiconductor under bias V is

_ |28 (@B-V)Np _ / v (2.71)
xp(V) = q (Na+Np)Na 1 @p

The overall width of the depletion region under bias V is

qNp Np do P

xd(v) — \/2 & (Pg—V) (Na+Np) =y 1— v (272)

The overall width of depletion region under bias V for strongly asymmetric junction

(2.73)
/2 (P =V
xp(V) € x, (V) = x4(V) = % =
= Xdo /1 — ¢’LB

From (2.66) for symmetric junction Na=Np the width of depletion region Xyo and xno

Na>>Np is

is

(2.74)

gs((pB_V): 55(¢B—V):
q Na q - Np

xn (V) = xp(v) = \]

1%
=x /1——
no op

The overall width of depletion region under bias V for symmetric junction Na=Np is

xg (V) = \/4 & (PB=V) _ \/4 & (PB=V) _ xgo |1— v (2.75)

qNp qNa o

Maximum Electrical intensity of p-n junction under bias V is

(2.76)

B = [PUletio - g 1L
B

&s (NpA+Np)
Maximum Electrical intensity of p-n junction under bias V for strongly asymmetric

junction Na>>Np is

|E(V)| =~ 2q (¥g—-V) Np (277)
\] Es

Maximum Electrical intensity of p-n junction under bias V for symmetric junction
Na=Np is

Es

|E(V)| :\/Q(d)B_V)NA:\/Q(@B_V)ND (278)
Es

The depleted capacitance of depletion region per unit area under bias V is

21



(2.79)

Es \/ & q NA ND CjO

W) 2@V Nat V) [V
Pg

For asymmetric junction Na>>Np depleted capacitance of depletion region per unit

(2.80)
_ gsqND
C]'(V)‘,/ 2 (@5 — V)

For symmetric junction, Na=Np depleted capacitance of depletion region per unit

area under bias V is

area under bias V is

2.81
C-(V) — gsqNA — gsqND ( )
: 4 (P25 V) 4 (P —-V)
The charge of the depletion region under bias V is
2.82
0(V) = g Ny x, = 2&5qNalNp (P5—V) _ (282)
: 17 % (Na + Np)
%4
=0Qjo [1- .

For strongly asymmetric junction Na>>Np the doping concentration in the drift
region (2.77) at breakdown voltage BV require to obtain potential V=-BV for BV >>
¢B at critical intensity Ec is given by

& E,? (2.83)
P=2qBV
By inserting (2.83) into (2.73)(2.64) for BV >> ¢g we get the width of the depletion

region at breakdown voltage condition Wp_gv for asymmetric junction Na>>Np is

_ |2&s(@g-vB) _ 2BV (2.84)
Wopv = gNp E

For symmetric junction Na=Np the doping concentration in the drift region (2.78)

at breakdown voltage BV require to obtain potential V=-BV for BV >> ¢g at critical
intensity Ec is given by

~ & EC2 (285)
~ qBV

ND=NA

By inserting (2.85) into (2.74) for BV >> ¢ we get the width of the depletion region

at breakdown voltage condition Wp_gv for symmetric junction Na=Np is
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[es (®5-VB) _ BV (2.86)
Wp gy = SRR (qllgVD ) ~ e

2.1.9. MOSFET V I characteristic

Description of the channel current of MOSFET is present in Fig. 2.7

I inversion
p

I
depletion |
region

VBS=O__

Xy

Fig. 2.7. Description of the channel current of MOSFET transistor [82].

The drain current flowing in the channel in the y-direction is
Iy = =W Qu(¥) van(y) (2.87)
Average drift velocity

v ™) 288
an() = iy E) = i 2 (2:88)

Charge in an inversion layer in channel area is
Qn(Y) = —Cox (Vgs — Vchannel(y) — V1) (289)
By inserting (2.88) and (2.89) into (2.87), we get the current drain Ip

chhannel(y) (2-90)

ID =W Un Cox (VGS - Vchannel(y) - VT) dy

After some routine manipulation
Indy = W uyn Cox (Vgs — Venannel — V1) @Vehannel (2.91)
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By applying integral
L 2.92
0

Vps

=W pp Cox f (VGS — Vehannel — VT) dVchannel
0

After some integration

w Vehannel (2.93)
Iy = T Un Cox VDS[(VGS — V1) Vehannel — %]
Traitor is in the linear region if
Vps < (Vgs — V1) (2.94)

The drain current in the linear region is

w Vbs 2.95
Ip = T Hn Cox (Vgs — - V1) Vps (2.99)
For small Vps
w 2.96
Ip = — pp Cox Vs — V) Vps ( )

L
On Resistance between drain and source in the linear region for small Vps voltage
is

. Vo _ 1 (2.97)
DS-ON — =

I w
D L Un Cox (VGS - VT)

The condition for drain current in the saturation region is
Vbs = Vgs — Vr (2.98)

The drain current in the saturation region is for Vps > Vgs-Vr

w 2.99
Ipsat = ﬂ tn Cox (Vgs — VT)Z ( )
Due to channel length modulation
(2.100)

W
IDsat = ﬂ Un Cox (VGS - VT)Z (1 + A VDS)

where A is channel length modulation parameter.

2.1.10. Power Devices. Specific resistance

The specific resistance (resistance per unit area) of the ideal drift region is given
from (2.14) by [81]

L (2.101)
q Un Np

Ronsp = Ron Area=p L =
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The depletion width under breakdown conditions for asymmetric junction Na>>Np
Is given by (2.84) [81]

2 BV
Loy =22 (2.102)

The doping concentration in the drift region required to obtain this breakdown
voltage BV is given by (2.83) [81]
& EC (2.103)
D= 2qBV
Combining relationships (2.101), (2.102), and (2.103) the specific resistance of the
ideal drift region is [81], and [84]

R _ 4 BV 2 (2.104)
P e g B

The denominator of this equation (es..n.Ec®) is commonly referred to as Baliga’s
figure of merit for power devices.

For lateral devices, specific on-resistance is [85]

BV 2 (2.105)
q pn ns EZ
where ns is the sheet electron density in the channel. For lateral GaN HEMT with

Ron_sp =

drain to source distance Lps specific on-resistance is [86]

Lps? BV 2 (2.106)
qQbnNs  q pn s (B2 — ER)
where Ep is the polarization induced field in AIGaN/GaN heterostructure.

Ron_sp =

2.1.11. Power Super Junction Power
Devices. Specific resistance

The drift region of a Super Junction (SJ) transistor is present in Fig. 2.8.
The specific resistance (resistance per unit area) of the ideal drift region of super-
junction structure SJ (charge-coupled structure) is given from (2.14) by [81]

tsy (2.107)
p AreaCh Area

The specific resistance (resistance per unit area) of the ideal drift region is given
from (2.14) by [81]

Ron sp = Ron Area =

ts; Dsy (2.108)

Ronsp =P —— tg; = —2—
P TP W T Gk Np Wy
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where ps; is element dimension, and ts; is the thickness of the charge coupling
region. The depletion width under breakdown conditions for symmetric junction
Na=Np is given by (2.86), (2.84)

_BV (2.109)
=%

It was found that the highest BV occurs when the charge in these regions is given
by [81]:

t

Qopt =2 q Np Wy = & E (2.110)
Combining these relationships, the specific resistance of the ideal super-junction
region is obtaine [81]
_ 2BVpy (2.111)

on_sp —

& Un EZ
It is visible that specific on-resistance of SJ transistor depend linearly on breakdown
voltage BV and is proportionally inverse to quadrat of critical electric field Ec

Ohmic
contact
Wx Wp
N-Drift [ P-type
region charge b
coupling

'DSJ -

+Substrate

Fig. 2.8. A drift region of a Super Junction transistor [81].

2.2. Power MOSFETs Material &
Topology Fundaments

For more than two decades, wide energy bandgap semiconductors, especially
silicon carbide (SiC) and gallium nitride (GaN), have been touted as preferred
semiconductors for developing compact, high-power, and high-temperature
electronics systems because of their superior electrical and thermal characteristics
compared to the semiconductor silicon. Although there has been significant investment
and research in the past two decades, progress in developing low-cost and reliable SiC

and GaN power devices has been slow. Unlike silicon, both SiC and GaN materials
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contain a high density of crystal defects in the drift region of a power semiconductor
switch; these defects are primarily caused by defects in the substrate material [87].

Devices based on the width band-gap materials suffer from a common drawback,
namely the high resistivity of P-doped layers in SiC and also in some GaN normally-
off designs, resulting in values of internal gate resistances higher than the ones found
in Si devices. These two referred facts lead to a specific limitation on possible
switching speed [88].

Gallium nitride is suitable for high-voltage, high temperature and high frequencies
devices due to its remarkable material properties like wide bandgap (3.4 eV), which
leads to a large critical electric field (3 MV/cm), reasonably high electron mobility
with 2DEG (comparable to Si) and good thermal conductivity [63] Tab. 2.4 .

Tab. 2.4. Physical properties of Si, GaAs, GaN and SiC [87], and Diamond [89], (*)

for 2DEG.

. . _ [ Di
Property Si | GaAs | GaN |3csic | 6H-SiC | 4H-SiC 'r?;no
Bandgap, Eq

112 | 143 | 34 2.4 3 32 | 545
[eV at 300K]
Critical electric
. 2510° | 3.10° | 3.10° | 2.10° | 25.10° | 2.2.10° | 1.107
field, Ec [V/cm]
Thermal
conductivity, 4

15 | 05 | 13 34 3-4 3-4 22
[WicmK at
300K]
Saturated
electron drift | 157 | 1107 | 25107 | 25107 | 2107 | 2107 | 2.7.107
velocity, vsat
[cm/s]
Electron 1000
Mobility, un | 1350 | 8500 | oo, | 1000 | 500 | 950 | 2200
[cm?/Ves]
Hole Mobility, |~ 5 | 400 | 30 40 80 120 | 850
Hp [CM?/Ves]
Dielectric 119 | 13 9.5 9.7 10 10 5.5
constant, &r [-]

The higher critical electric field of GaN allow to place source, drain and gate

terminal closer together to reach smaller Rps-on compare to Si, SiC 0 GaAs.
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In addition, GaN is highly piezoelectric material and forms spontaneous
polarization charges, and the orientation of the layer that is between two dissimilar
materials, AlGaN and GaN in these devices causes a buildup of electrons at the
AlGaN/GaN interface forming a thin sheet of electrons known as the two-dimensional
electron gas (2DEG [90]). The GaN high electron mobility transistors (HEMT) with
2DEG are more widely used compare to GaN bulk devices because of almost 2-time

better electron mobility.

1000 — -
M Silicon =h= SiC Si Limit .
@ GaN Sili -Sh i

-~ a O Silicon-Shena V-Thyristor/GTO Fa mil\st
LE) 100 1,\})( .
c \_\\J_\GBx.’A

= SJ MOSFET -4

S

Q

o 10

c

(©

i)

g (]

Q 1

o u

S Estimated PiN
) _n| Super Junction Diode/Limit
= 01 MOSFET Limit GaN Vertical

8 (Estimated forjp '\ Bulk Conduction Limit
& 71 um) GaN Lateral HEMT Limit

0.01
10 100 1000 10000
Breakdown Voltage (V)

Fig. 2.9. Specific on-state resistance vs. avalanche breakdown voltage for
commercial devices with material limits [91].

The specific on-resistance RoneArea of the drift region for unipolar devices for
different materials in mQ.cm? is given by (2.104) [84] and its comparison is visible on

Fig. 2.9.

2.2.1. Planar MOSFET

For LV power MOSFETSs where source and drain have the same architecture, it is
possible to use a gate with Waffle pattern (Fig. 2.10 a) to decrease specific on-

resistance.
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Silicon double diffused MOSFET (DMOS) structure with a hexagonal cell layout—
known as “HexFET” Fig. 2.10 b) is widely used for power conversion below 1 kV and
100 A as it offers the highest cell packing density with improved ruggedness [91].

METALLIZATI

INSU LATING

a) b)

Fig. 2.10. Planar MOSFETSs a) The planar Gate with Waffle pattern for LV
MOSFET, b) Cross section of DMOS HexFET [92].

Drift MOS transistors (Fig. 2.11 a) is widely used to realize high voltage NMOS in
advanced BCD technology since they are both cost-effective, sharing the body
implant/mask with the available CMOS one, and flexible, being the channel length
a parameter that can be tuned for performance optimization [93].

One of the most advanced architecture based on Drift MOS is Interdigitated
LDMOS (Fig. 2.11 b) where due to the specific gate and active pattern lower specific

on-resistance was reached [94].

— Poly

Drain extension

p-layer

b)

Fig. 2.11. MOSFETs (a) Drift MOS with locos [93], (b) Proposed
Interdigitated LDMOS. STI is partially removed, and the gate field plate is in
the form of fingers. The current path is thus increased while depletion is
maintained through a lateral field plate effect [94].
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2.2.2. Trench MOSFET

The Trench MOSFET is currently a widely used architecture as a second generation
of power MOSFETSs overcoming the first generation based on DMOS architecture.
The MOSFETS s using the trench gate allow to reach lower specific on-resistance hence
vertical structure to enhance the channel density. To improve the specific on-resistance
of the Trench MOSFET architecture, the different trench gate pattern like Waffle [35]
or hexagon in XtreMOS [95], [96] (Fig. 2.12) is used.

Fig. 2.12. XtreMOS (a) Top-view of a hexagonal layout of the transistor, (b)
Cross-section of the device, the BLN serves as the drain, contacted from the
top the pbody layer serves as the vertical channel [95], [96].

2.2.3. Drain with RESURF

A higher breakdown voltage in vertical devices usually requires a thicker and lower
doped epitaxial layer. However, in experimental IC samples with lateral isolation
diffusion, a much higher breakdown voltage is obtained on a thinner layer: here the
surface field at the isolation junction is decreased by 2-D depletion. This technology
is called the REduced SURface Field (RESURF) effect and is one of the most widely-
used methods for the design of lateral high-voltage and low on-resistance devices [97].

During the last 30 years was developed multiple of different RESURF structures
[97] but for simplicity, we can describe just three different types of them. The single-
RESUREF, double-RESURF and triple-RESURF structures of lateral power MOSFETS
are present in Fig. 2.13 [98].
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Fig. 2.13. Schematic structures of (a) single-RESURF, (b) double-RESURF,
(c) triple-RESURF LDMOSFETS [98].
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Fig. 2.14. Simulated RDSON-BV relationship comparison for RESURF
technologies at 27°C (drift length vary from 10um to 80um) [98].

The RoneArea -BV Power Law of a single-RESURF device at 27 °C is given by

[98]:
Ronsp = Ron Area = 5.93 10 =93.7 (BV) 25 (2.112)

The RoneArea -BV Power Law of a double-RESURF device at 27 °C is given by
[98]:

Ron sp = Ron Area = 5.9310 ~° 5.8 (BV) 233 (2.113)
The RoneArea -BV Power Law of a triple-RESURF device at 27 °C is given by [98]:
Ron sp = Ron Area = 5.9310 ~° 32 (BV) ? (2.114)
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Comparison of all Power Law with different RESURF types is present in Fig. 2.14.
The power law of triple-RESUREF is better optimized because is closest to Baliga’s

Power Law.

2.2.4. Super Junction MOSFET

In Super Junction (SJ) -MQOS, the drift region of the conventional DMOS is replaced
by a set of alternating and highly doped N- and P-type semiconductor layers (pillars)
as shown in Fig. 2.15, Fig. 2.16. In theory, the SJ structure results in high BV due to
charge compensation in the pillars and low Ron is achieved by highly doping in the
pillars [99], [100]. The “ideal specific on-resistance” of the Super-junction MOSFET
is equal to [101], [99]:

Ron sp = Ron Area = 1.9810 = d*/4 (BV) (2.115)
where RoneArea is in Q.cm2 and BV in Volt and “d” is the P and N-layer width of
Super-Junction MOSFET.

The Super-Junction devices are superior for very high voltage application
(> 1000 V) because of the linear relation between the specific on-resistance and the
breakdown voltage [101].

L
—_

Standard MOSFET Superjunction MOSFET

Fig. 2.15. Schematic Cross-Section of a Standard Power MOSFET versus
a Superjunction MOSFET (CoolMOS™)

All CoolMOS™ series are based on the Superjunction principle, which is
arevolutionary technology for high voltage power MOSFETs [99]. (Infineon
Technologies has been the first company worldwide to commercialize this idea into

the market [102]) The basic idea is simple: instead of having electrons flowing through
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a relatively high resistive (high voltage blocking) n-area, we allow them to flow in
a very rich doped n-area, which gives naturally a very low on-state resistance. The
crucial point for the SJ technology is to make the device block its full voltage, which
requires a careful balancing of the additional n-charge by adjacently positioned deep
p-columns, which go all the way straight through the device close to the back side n+
contact [103].

The breakdown voltage, specific on-resistance, and gate-to-drain charge of 736 V,
16.4 mQ.cm?, and 6 nC, respectively, have been achieved for the fabricated SJ-
MOSFET [104].

Gate

Source

P-substrate
(Ns)

b)
Fig. 2.16. Schematic 3D view of the designed SJ-LDMOSFET (a) vertical
[105], (b) lateral [100]

In theory, the SJ structure results in high BV due to charge compensation in the

pillars and low Ron is achieved by highly doping in the pillars [99], [100].

2.2.5. GaN HEMT (Normally On)

A two-dimensional electron gas with AlIGaN/GaN heterojunction gives very high
mobility in the channel and drain drift region, so resistance is much reduced compared
to both Si and SiC [78].

The first generation of GaN High Electron Mobility Transistors (HEMT) was
normally On and its schematic is in Fig. 2.17.
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Fig. 2.17. Schematic of a conventional HFET in a) the ON-state and b) the

OFF-state. There are three electrodes which are the source (S), gate (G) and
drain (D) [106].
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Fig. 2.18. Schematic of a Super HFET in a) the ON-state, b) the OFF state and

There are four electrodes which are source (S), gate (G), drain (D) and base (B)
[106].

The GaN Super Heterojunction Field Effect Transistors (Super HFETS) based on

the polarization junction (PJ) concept are demonstrated on Sapphire substrates.

AIN

ri

G

SiN,

2DEG/ GaN Buffer

Si Substrate

Fig. 2.19. Device cross-sectional schematic  diagram of an
AlGaN/GaNHEMT with a 4-nm AIN/50-nm SiNx stack as the passivation
structure. The epi-structure includes a 3.8-um GaN buffer layer and a 21-nm
Al0.25Ga0.75N barrier layer. The T-gate structure features 1-um gate footprint
and 0.5-um extension to both sides on top of SiNx. [107].

These Super HFETs were fabricated from a GaN/AI0.23Ga 0.77N/GaN

heterostructure with a 2D hole and electron gas densities of 1.1x10'® and 9.7x10'2
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cm™ 2 at the respective hetero-interfaces Fig. 2.18. The Super HFETs show breakdown
voltage above 700 V with specific on-resistances of 3.3 mQ-cm? [106].

The specific on-resistance of 1.3 mQ.cm? for AlGaN/GaN HEMT transistor with
600V BV was achieved Fig. 2.19 [107].

2.2.6. GaN HEMT (Normally Off)

To fabricate normally-off AlGaN/GaN HEMTSs, various methods such as fluorine-
treated HFETS, p-type GaN gate [108], tunnel junction structure, and recessed gate
structure [109] have reported. Fig. 2.20.

3pm 5 pm 20 pm

Source Gate | [~ RFsputtered BfOslayer | Dyrain
3nm GaN cap layer

20nm —H Al 23Gag 77N barrier
1nm AIN spacer
4pum GaN bufferlayer

S1(111) Substrate

AlGaN or GaN:C back-barrier

a) b)
Fig. 2.20. Schematic cross-section of GaN normally-off transistor using (a) p-
GaN gate technology [108], (b) gate-recessed AlGaN/GaN MOS
HEMTSs [109].

2.2.7. Vertical GaN HEMT structures

Currently, both lateral and vertical structures are considered for GaN power devices.
Vertical GaN power devices have attracted significant attention recently, due to the
capability of achieving high breakdown voltage (BV) and current levels without
enlarging the chip size, the superior reliability gained by moving the peak electric field
away from the surface into bulk devices, and the easier thermal management than
lateral devices [110], [111].

Several structures have been proposed for vertical GaN transistors, with the highest
BV close to 2 kV. Current aperture vertical electron transistor (CAVET) combines the
high conductivity of a two-dimensional electron gas (2DEG) channel at the
AlGaN/GaN heterojunction and the improved field distribution of a vertical structure
[112] (Fig. 2.21 (a)). The CAVET is intrinsically normally-on, but a trench semi-polar
gate could allow for normally-off operation [113] (Fig. 2.21 (b)). Vertical GaN trench
MOSFETs have no 2DEG channels, but do not need the regrowth of AlGaN/GaN

structures and are intrinsically normally-off [114] (Fig. 2.21 (c)). Recently, vertical fin
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MOSFETs have been demonstrated to achieve normally-off operation without the
need for p-type GaN materials or epitaxial regrowth [115] (Fig. 2.21 (d)) [111].

n-GaN n-GaN “AlGaN Diel. n-GaN

n*-GaN Sub n*-GaN Sub n*-GaN Sub n*-GaN Sub.

(@ (b) (@)
Fig. 2.21. Schematic of representative vertical GaN transistors: (a) CAVET,
(b) trench CAVET, (c) trench MOSFET and (d) vertical fin MOSFET. In this

figure, ‘Diel.” stands for dielectrics, and ‘Sub.” for substrates [111].

The GaN HEMT is possible to realize vertically as it is shown in Fig. 2.22. The
breakdown voltage of 12.4 kV and specific on-resistance of 55.1 mQ cm? for vertical
GaN HEMT and of 4.2 mQ-cm? for vertical superjunction AIGaN/GaN HEMT was

simulated [116].
P+ Gall P+ GalN

NGaN HEEL NGaN

<
Half-pillar width

a) b)
Fig. 2.22. Schematic cross-section view of (a) GaN vertical HEMT, and (b)
GaN vertical SJHEMT [116].

ey
-~

2.2.8. GaN HEMT ICs

The last 20 years have seen GaN’s progression from RF to power discrete and now
to the first generation of AllGaN power ICs [4].
For GaN monolithic integration IC the lateral structures of HEMT are required.
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Fig. 2.23. Proposed PSJ platform for monolithic power integrated circuits the
substrate is not specified, however, thin sapphire is the most cost-effective
option because to serve for both low as well as high voltage devices and provide
full electrical isolation (a critical requirement for monolithic integration) [58].

Early GaN power IC technology was published from university research [117]. The
ability to integrate multiple power switches on a single chip is a big advantage for GaN
power ICs. Isolating substrates began with sapphire and silicon carbide, though it was
clear that an ability to grow GaN onto Si substrates enabled a cost structure and an
ability to use existing large-diameter wafer fabs that would be a big cost and capacity
advantage. Since Si is conductive, this introduces an additional challenge, of handling
the substrate potential, and the way that it interacts with the power device. [4]

GaN has gained traction, and now discrete GaN transistors are emerging as
commercial products [58]. Their performance is however limited to about 1/5 of their
potential capability by slower external silicon gate driver circuits required to control
them. Si circuits have a limited operating temperature range, and inherently efficient
GaN devices are forced to slow down, leading to failure and severe derating of
efficiency. The dual (Si & GaN) technology approach impacts cost deleteriously. By
monolithically integrating control circuits with power devices on a single GaN
technology platform Fig. 2.23 the efficiency can be greatly increased, and cost reduced
[58].

2.2.9. GaN FinFET

The FINFET gate or 3D gate transistor approach was originally developed for pure
digital CMOS process due to better channel control of nano-scale gate geometries.
Original low voltage and low power determination were transformed to high voltage
after replacing silicon channel with GaN. The concept of the junctionless transistor is
very promising and suitable for the requirement of a new semiconductor device [59]
Fig. 2.24.
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Wan =40~ 200 nm

Wide nanochannel Depleted GaN layer

@ @©

Neutral region

Fig. 2.24. FInFET (a) Three-dimensional schematic view of the proposed
GaN nanochannel FinFET including epitaxial layers and device dimensions.
(b-c) Narrow fin: The depletion region (dark green) extends in the whole body
(full depletion) in off-state and gradually reduces with increasing gate bias. (d-
e) Wide fin: the body cannot be fully depleted [59].

2.3. IC Yield Fundaments

Whether the circuit is made on bulk wafer material or epitaxial layers, the starting
material always contains defects and, as the processing continues, other defects will
be introduced by heat or chemical interaction. Some of these defects, associated with
crystal imperfections, inclusions or precipitates (for instance, Cu on a stacking fault),
or doping variations, may be serious enough to ruin the circuit performance. A single
defect may give trouble, but sometimes the deterioration is more gradual and depends
on the density or magnitude of the typical defect. The greater the chip area, the lower
the yield. If the defects are uniformly distributed over the wafer, the yield Y for area A
is given by [65]

y = (YO)A/AO (2.116)

Where Yo is the yield for area Ao. For instance, the probabilities of no defects in area
2 Ao must be the product of the probabilities of defects in two areas Ao, namely Y = Y¢?.
If Ao is chosen so that Yo = 1/e then we have [65]
v = e Ya (2.117)

and the logarithm of yield is inversely proportional to chip area. The observed yield
decrease is however usually at less than an exponential rate as suggested by Fig.
2.25 (a). This comes about because the defects tend to be clustered on the wafer instead
of uniformly distributed [65].

38



100%
100% R
‘\
SO
40| Initial Yield curve

@
w < 30} »
) N\ Decrease of Yield = 3 Yield several
= \ = years later
] 10} %0 20}

G
) \ 5]
s =
= 2
ICH =
>-‘ - . ‘o -

Exponential ~ _\
Decrease of Yield \
N\
] i | A e 1 J 5 2 1 1 1
(o] | 2 3 4 ) 6 o ] 2 3 4
Relative chip area A Relative chip area A

(@ (b)

Fig. 2.25. Typical yield curves for ICs: (a) Yield of ICs decreases rapidly with
the increase of chip area but usually at less than an exponential rate; and (b)
[llustration of how IC yield may increase with time [65].

Based on the second law of thermodynamics the total entropy of an isolated system
with time increase. This phenomena also influencing ICs yield and make it time
dependence.

Under constant design rule conditions, larger area chips allow more circuit functions
per IC, but the chance of including a defect increases by Fig. 2.25 (b) [65].

The conclusion is that smaller chip area improves the IC yield. Due to this power
MOSFET area reduction in power ICs can be very beneficial for power IC vyield

improvement.
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3. Analysis of MOSFET with
Waftle Gate Patterns

The dimension scaling of LV power MOSFET in smart power IC is very beneficial
due to efficiency improvement of power IC and due to production costs reduction by
decreasing chip area and by it yield improvement. To fulfill that expectation several
lateral LV waffle MOSFET are described and model.

Parts of this chapter has been published by the author of this thesis in [5], [6]. Author
of this thesis contributes to this chapter by 90%.

3.1. Comparison Method

Related to MOS geometry the process design rules have to be defined. Often 1-
based design rules are used. Then the relationship between scale factor A and the

feature sizes are as shown in Tab. 3.1 [66].

Tab. 3.1. Designed rules for MOS layout

Minimum Dimension Rules | Name Size
Poly width ds A
Contact opening d2 AXA
Contact-poly spacing d3 y)
Contact-contact spacing ds A
Poly-contact-poly spacing ds=d>+2.d3 31

For a quantitative comparison of different MOSFET structures, it is necessary to
define a qualitative parameter for evaluation of benefits coming from more complex
layout structures.

Drain current Ip in linear region of the MOSFET transistor with nonrectangular
channel area is defined as (2.95)

w Ihs
=) 1 Cox s =22 ) Vo (1)
EF
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where Vgs is gate to source voltage, Vr is threshold voltage and Vps is voltage
between drain terminal to source terminal of the MOSFET, u is charge-carrier
effective mobility, Cox is gate oxide capacitance per unit area and (W/L)er is an
effective width to length ratio of the channel.

For small Vps where Vps << 2 (Ves - V1), the drain current is linear function of Vps

described by

w
o = (T)  # Cox (Vs = Vo) Vs, (32)
EF

From known drain current /Ip, it is possible to define the resistance of path from the
drain to the source marked as Rps-on with neglecting contacts and diffusion resistance
[66] marked as
R Vbs 1
DS-ON = 7 = :
I w
b (T)EF t Cox (Vas — Vr)

For regular finger shape of the MOSFET channel, the on-resistance is proportional

(3.3)

to the channel length L, inversely proportional to the channel width W, and inversely

proportional to the width to length ratio of the channel (W/L)fin
1
(% fin t Cox (Vgs — Vr)

For MOSFETs with non-regular channel area such as waffle gate, the resistance Rwaf
is inversely proportional to the effective width to length ratio of the channel (W/L)wat

1
(%V)Waf U Cox (Vgs — V)

In practice, the power MOSFET devices are described by afigure of merit

Rein = (3.4)

Rwaf =

(3.5)

parameter known as specific on-resistance and defined as resistance on device area. In

our case the specific on-resistance of MOSFET with waffle gate SRwaf iS

SRuwat = Rwaf Awar (3.6)

where Rwar and Awatr IS resistance respectively area of the MOSFET with waffle gate

topology. The specific on-resistance can be used not only to compare power

MOSFETSs devices but also to calculate area for required resistance. The area of

MOSFET devices with the same resistance for waffle gate topology and finger
MOSFET (Awaf)rrin is described by following expression
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-] A
SRwaf Rwaf Awaf ( L fi waf
A = = = = : 3.7
( waf)Rfm Rfin Rfin ( LV) ( )
L waf
The Area Increment Al of waffle MOSFET compared to finger MOSFET is
A= (Awaf)Rﬁn - Afin _ (Awaf)Rfm 1 (38)
Afin Afin
where after insertion of (3.7) into (3.8) the Area Increment Al is
A —
Ayor R wt (),
Af =—warwal g = —)f‘“— 1. (3.9)

T Ap R Afin (%V) f
wa

The figure of merit parameter Al quantitatively defines how much the waffle
structure area is required to achieve the same resistance as the standard MOSFET with

finger gate topology has.
The same equation (3.9) can be derive by considering drain current in the saturation
region (2.100) instead of (3.2).

3.2. Classical MOS with Gate’s Fingers

One of the most used topology for low voltage MOS is the classical fingers MOS

structures with all transistors in one common active area Fig. 3.1.

d
ds

d

(@) W

Fig. 3.1. (a) Classical fingers MOS structure (b) Reference element.

The effective width to length ratio (W/L)ring Of the elementary cell for classical

fingers MOS structure is defined as follows

<¥)FING =2 <Z_i) (310
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where dp is process parameter describing minimum polysilicon width and ds is
minimum poly to poly spacing with considering contact between them.
The elementary cell area Aring is defined by minimum distance process parameters

as follows

Aping = 2 (dy + ds) ds (3.11)

3.3. MOS with Waffle Gate

The second topology to be considered is Waffle MOS structure. One of the specifics
of Waffle MOS is polysilicon gate (waffle like) pattern and specific stagger Source (S)
and Drain (D) terminal arrangement. To reconnect all Source and Drain staggered
terminals usually diagonal metal interconnection routed at 45-degree angle is required.

The sub-element B of Waffle MOS (Fig. 3.4 b) has an effective width to length ratio
with highly nonhomogeneous current distribution. As it was described in a previous
publication [5] the value of this nonhomogeneous sub-element is not trivial, and
conformal Schwarz-Christoffel Transformation mapping for calculation was used. The

result of the calculation is as follows.

ds

d

ds

(@) (b)
Fig. 3.2. (a) Waffle MOS structure (b) Reference element.

The effective width to length ratio (W/L)warr for Waffle MOS elementary cell is

defined as follows.

Dt (205, o

Where coefficient (W/L)s represents width to length ratio of nonlinear element B
defines in Fig. 3.4.b. The area occupied by Waffle MOS element is defined base on

minimum process dimensions
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Awarr =2 (dy +ds) 2 (3.13)

3.4. Schwarz-Christoffel
Transformation

The one way how to perform effective channel W/L ratio calculation is to
constructing a conformal mapping onto a new domain where the problem is trivial. In
our case, that new domain should be a rectangle [118]. Base on Riemann mapping
theorem we know that for any polygon exist mapping to open unit disk. The mapping
from unit disk to any polygon is called Schwarz-Christoffel transformations [119]. The
mapping h from Wy plane to W- plane should be done as the composition of two
independent SC mapping as shown in Fig. 3.3. First is inverse SC mapping f* from
element polygon E to the unit disk P. And second mapping is SC mapping g from unit
disk P to rectangular polygon Q [118]

II‘!I’ l-! C" P". a"

i DH

b

d d‘ ' d" L e"
Wi-PLANE Z-PLANE W5-PLANE
h

Fig. 3.3. Conformal map of an elementary polygon onto an equivalent rectangle

[5].

z s
f"lz)=K+C f U(l —w/z,) " Prdw (3.14)
0

k=1
where K, C, and zx are unknown complex constants and |z«|=1. The exponents Sk are

associated with angles at k-th corners points in plane W and

B, =1— % (3.15)

where ok are exterior angels for points zx ={a, b, c, d, e} in plane W1 and where

Pr=3=314, [o=Ls=s=1/2. The mapping g from unit disk P to rectangular polygon Q is
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z

9(2) = f [E(w)] /> dw (3.16)

where
tw)=w—-a)Yw-cHY(w—-d)(w—e') (3.17)
The constant K, C in equation (3.14) was skipped there because they have only
influence on position and scale of the polygon and W/L ratio is invariant for them.
Because W/L ratio of polygon E is equivalent to polygon Q to get the effective W/L

ratio of E, it needs to calculate just three points of polygon Q

(W) ot ) LN 13967 £ 10° (3.18)
E

L)e 1g(e) = (@)
After the composition of four elements E we should get macro-element as shown in
Fig. 3.4.b. This macro-element contains four times area A type on the periphery and

one area B type located in the center.

L2

W' N N . 5

(@) (b)
Fig. 3.4. (a) Proposed element E with defined dimensions and containing
conformal mapping mash (b) Macro element with orthogonal mesh after SC
transformation with area type A and B.

To get effective W/L ratio of element B, it is needed to have an effective ratio for
region A first. In Fig. 3.4 (b) is seen that element A is not precisely homogeneous and
contain some small no homogeneity close to the common boundary with element B
type. To do not lose the high precision of W/L ratio reached for element E, all no

homogeneity of region A are shifted and calculated in already nonhomogeneous
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element B type. It means that we consider element A type as entirely homogenous. In
our case where width dimension # is equal to length dimension L’ effective ratio is

(ﬂ) W _lazel L' (3.19)
A

L L le —d| L
The effective W/L ratio of element B is composition of W/L ratio of four elements
E and subtraction of W/L ratio of four elements A

(), =+((7),- (), @20

Numerical value is follows [5]

w
(T) = 0.55871 + 105 (3.21)
B

For whole MOSFET with waffle gate the total width to length ratio is [5]
w w’
(—) — M,— + My 0.55871 + 10° (3.22)
L waf L
Where Ma is total number of homogenous element A and with geometrical

dimension width W’ and length L’ and Mg is total number of nonhomogeneous element
B.

3.5. MOS with Asymmetric Waffle Gate

One disadvantage of Waffle MOS structure is that due to diagonal metal
interconnection routed at 45-degree angle in same processes we should violate design
rules. In such cases, alternative orthogonal routing should be applied [69] (Fig. 3.5).
Advantages coming from orthogonal routing are not for free because due to more

complex metallic interconnection the larger contact spacing is required and determine.

(a) (b)
Fig. 3.5. (a) Asymmetric Waffle MOS structure (b) Reference element.

47



The effective width to length ratio (W/L)awarr of Asymmetric Waffle MOS
elementary cell is defined as follows

W> dy ds+dg (W
Z _2 (—+ + (—) ) 3.23
<L A—WAFF dy dy L/g (3.23)

where ds dimension represent an enlargement of contact to poly spacing compare to

minimum dimension due to more complex interconnection. The area occupied by

Asymmetric Waffle MOS element is defined as follows

Ap—warr = 2 (dy +ds) (dy +ds + dg) (3.24)

3.6. Comparison

As was mention earlier the equation (3.9) describing increment of the area is used
in this work to describe the area saving and to compare between two different Waffle
MOS topologies.

Let’s define the area increment for Waffle MOS structure Alware, FiNg. The
reference element area Arer is represented by element area of classical fingers MOS
structure Arine. Moreover, required area Areq is represented by element area of Waffle
MOS structure Awarr. After insertion of (3.10), (3.11), (3.12), (3.13) to equation (3.9)

we obtain the following formula

w
Awarr — Apy _ AAWAFF <T)FIN
AlwarrFING = = W -1=
Arn ApN (—)
L WAFF (3 25)
di~ (‘L) di - ds |
_ L/g
w
(T>B dy + 2 ds
The area increment for Asymmetric Waffle MOS
w
_ Ap-warrF —ApN An-warr (T)FIN _
Alp-waFFFING = 1 = W —-1=
o Arn (T)A—WAFF
w (3.26)

4 (8),0a

- (%)Bcll+2ds+d6

structure Ala-warr, FinG IS calculated similar way by insertion (3.10), (3.11), (3.23),
(3.24) to equation (3.9).
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If we expect that Asymmetric Waffle MOS has dimension de always greater than

zero, from (3.25), (3.26), we can get

i) a (Y, 0-a

(%)B dy +2ds + dg (%)B dy + 2 ds

From (3.25), (3.26), (3.27) we can get the relation between area efficiency of Waffle
MOS and Asymmetric Waffle MOS

(3.27)

Alp_warrFING < INCWAFFFING (3.28)
Process parameters to be used for calculation are considered minimum process

dimensions. Just for Dual oxide process the two times longer channel length d; is

considered as it is seen in Tab. 3.2.

Tab. 3.2. Designed rules for different processes

Standard Dual oxide
process process

d1 A 24

ds 31 34

de A -

Because in Dual oxide process the channel length d; is considered two times larger,
this space is large enough also for more complex orthogonal metal routing of
Asymmetric Waffle MOS. Due to this, there is no need to reserved additional space
for Asymmetric Waffle MOS, and ds is equal to zero. So Waffle MOS with orthogonal
metal routing shouldn’t be asymmetrical in Dual oxide process.

The final results comparing different Waffle MOS topologies and different
dimensions by using Table 5.2 and equations (3.25), (3.26) are present in Tab. 3.3.

Tab. 3.3. Comparison of area increment for different layout structures
Standard | Dual oxide
process | process
Waffle MOS -39.0% -29.7%
Asymmetric Waffle MOS | -33.8% -

As it is describe in Tab. 3.3.the area improvement of Waffle MOS compare to

Classical fingers MOS structure is -39.01%. This value is slightly more precise than
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value -38.9% described by Saqib [66]. The improvement was reached due to using the

more precise coefficient of element B= 0.55871 instead of 0.55.

3.7. Topological Waffle MOS Limit

As was mention previously change of geometry has a significant influence on
resistance per area. Due to this, we can investigate maximum allowed Waffle gate
geometry where MOS topology became ineffective compared to standard finger gate
pattern. To find this threshold shape we have to simplify equation (3.25). To do so let’s
define the aspect ratio (AR) parameter as follows.
_4h

ds
Where dy is polysilicon width, and ds is minimum polysilicon to polysilicon spacing

AR (3.29)

with a contact in the middle. After insertion of equation (3.29) into equation (3.25) we
can get more straightforward description of area increment of Waffle MOS.

1+ AR

2 + AR (¥)3 B

As it is visible, the area increment of Waffle MOS patter is now dependent only on

AlwarrFING = (3.30)

one variable parameter AR. Because of this, we can visualize area increment of Waffle
MOS in 2D graph Fig. 3.6

Area increment (%)

| =T d1id5 (-)
05

=307 Dual Oxide process

-40 | Standard process

-50

Fig. 3.6. Area Increment dependence on geometry (di/ds) of Waffle MOS
structure [6].
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On the graph, it is possible to see not just standard process area increment and dual
oxide process area increment but also point where area increment of Waffle MOS
become zero. After that threshold point, the area increment of Waffle MOS is positive,
and Waffle gate pattern become no more useful for area saving.

To quantify the boundary of Waffle MOS use case we have to set equation (3.30)
equal to zero. It corresponds to point where area increment of Waffle MOS becomes

ZEro.

Alwarrring = 0 (3.31)
Under that condition we get from equation (3.31) specific Aspect Ratio AR value as

follows:

AR =2.26 (3.32)

After that ratio (3.32) the Waffle gate pattern become useless in term of area saving.
It means that if polysilicon width d; is 2.26 times larger than the spacing between
polysilicon ds than Waffle gate pattern (compare to standard gate pattern with fingers)
Is worst in term of resistance per area.

Finally, we can define dimensions constrains for Waffle gate pattern where
resistance per area is better than with Standard fingers gate pattern. It is useful to use
Waffle gate pattern only when, gate length d; is smaller than 2.26 times the spacing

between polysilicon gates ds [6]

dy < 2.26 ds. (3.33)

3.8. Alternative Calculation of Cross
Element in the Channel of Waftle
MOS

This chapter describes the alternative calculation of width to length ratio of a cross
element based on a known analytic model for trapezoid.
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Fig. 3.7.  Conformal map of trapezoid elementary polygon onto an equivalent
rectangle by use Schwarz-Christoffel transformation.

The analytic model of trapezoid W/L ratio by use Schwarz-Christoffel transformati
is [120]

w 2a
(T) =—-7 105 a2 + 1.57 10~ 2q¢ — 2 1073 (3.34)
t

where a is in degrees, and there is 1 percent accuracy for

2a
5 > 1.4 (3.35)

The trapezoid W/L ratio for a=45° is

(W> _ 2%, 056275 (3.36)
L trap45 b . .

For half trapezoid the W/L ratio is

: (Z)
w _1(w 3.37
((2/>trap_half 2 (L trap45 (3.37)

For two half trapezoid connected in series, the W/L ratio (W/L)u is

2 ()3 (2)
—) == (= =— (— 3.38
( ZV>H 2 L trap_half 4 L trap45 ( )

on

The waffle element contains four half trapezoid connected in series and the W/L ratio

( W/L)waf IS

2a
o _, (ﬂ’) _ (ﬁ’> =22 056275 3.39
(%waf L H L trap45 b ( )

By replacing a=ds/2 and b=d\/2 the waffle element W/L ratio is

2w
..~

Equation (3.40) can reach accuracy less than 1 % for following inputs
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L' d,
— = 4. 341
W <14 ( )

While having the same resistance. This calculated

b b L
a) b) )
Fig. 3.8. Composition of cross element: a) half of trapezoid; b) two of half
trapezoid connected in series; c)

The width to length ratio of element B calculated from trapezoid analytic formula

is as follow

2W'
—) = [— ——=0. ) 3.42

The effective W/L channel ratio of the element A is directly aspect ratio of rectangle
A. The effective W/L channel ratio of cross element type B in Waffle MOS is 0.55871
with tolerance 107. It is much precise value than 0.55 described by Saqib [66].

If polysilicon width d1 is 2.26 times larger than spacing between polysilicon ds, than
waffle gate pattern in term of resistance per area is always worse than standard gate
pattern with fingers. It is useful to use waffle gate pattern only when, gate length dj is

smaller than 2.26 times the spacing between polysilicon gates ds

3.9. Conclusion for Waffle Topologies

The effective W/L channel ratio of the homogenous elements A is directly aspect
ratio of rectangle A. The effective W/L channel ratio of cross element B in Waffle
MOS is 0.55871 with tolerance 10°°. It is much precise value than 0.55 described by
Saqib [66]. It is useful to use waffle gate pattern in case, when the gate length dy is
smaller than 2.26 times a spacing between polysilicon gates ds. In opposite case, when
polysilicon width d1 is 2.26 times larger than the spacing between polysilicon ds then
waffle gate pattern in term of resistance per area is worse than standard gate pattern

with fingers.
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4. Model Considering Edge
Elements

Parts of this chapter has been published (currently is in the review) by the author of
this thesis in [9]. Author of this thesis contributes to this chapter by 85%.

4.1. Waffle and Finger Structure Model
Considering Edge Elements

The advantage is that waffle gate topology patterns does not require any further
adjustment of the process. This study introduces a new model allowing description and
comparison of two waffle gate patterns. The former one is a MOSFET with waffle
gate topology and with orthogonal source and drain interconnection (Fig. 4.13). This
metal interconnection is more robust in term of serial resistance and electro-migration
than Madhyastha used [69]. The latter one is MOSFET with waffle gate topology and
diagonal source and drain interconnections (Fig. 4.11). Both of them are compared
with a standard MOSFET with finger gate topology (Fig. 4.9).

Tab. 4.1. General designed rules for MOS layout [66].

Minimum Dimensions Name Size [-]
Poly width dy A
Contact-opening d2 AXA
Contact-poly spacing ds A
Contact-contact spacing ds A
Poly -poly spacing with contact ds= d>+2 d3 31
Poly-poly spacing with diagonal contact | dgs=+v/2 do+2ds | (v2Z +2) A

The IC fabrication process follows every process design rules that are collected in
a design rule manual (DRM). Related to MOSFET geometry, the process design rule
is often based on the scale process factor A [66], [68]. Then the relationship between
scale factor A and the feature sizes is as shown in Tab. 4.1 [66]. Dimension ds defines

a minimum spacing between polysilicon gates with a contact to diffusion in between
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(see Fig. 4.10). Dimension dqs defines a spacing between gates with the contact to
diffusion in between but contact is rotated about 45° (see Fig. 4.14).

To support devices of higher voltage range from dual oxides processes, the gates
length is also considered larger than minimum. In other words in this article, the gate
length d1 can acquire a larger dimension than the minimum value defined in Tab. 4.1.
Standard MOSFET Structure with Finger Gates

The basic MOSFET structures have finger gate topology where each finger has
rectangular shape of channel region as can be seen in Fig. 4.9. For correct and robust

well polarization, the bulk connections are created on each side of the MOSFET.

Fig. 4.9. Standard P-channel MOSFET with finger gate (G) and orthogonal
source (S) and drain (D) terminals with bulk connection on each sides [9].

From a layout point of view, the bulk connection divides the whole power MOSFET
into smaller segments. These parts are repeated over all structure. An example of
segment of standard MOSFET topology with two finger gates without bulk connection
is described in Fig. 4.10. The Y dimension of this standard MOSFET and its width in
general are defined as a real number. In this publication it is considered as a discrete
value due to alignment with waffle MOSFET dimensions and to simplify analytic
model. Due to this Y dimension of the standard MOSFET, it is possible to scale by an
equivalent number of gate fingers Nyr in Y-axis.

For full analytical description it is important to define not just dimensions of whole
structure but also its subparts called core area. The core area Arc of the standard
MOSFET with finger gate and without considering peripheral area outside the core

area is
Apc = (dq + ds)* Ngp Nyg 4.1)

where Nyxr is @ number of gate fingers in X-axis direction. Since the core area does

not always contain whole contacts inside the boundary but also their fractions (Fig.
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4.10). It is important to define area enlargement to allow fit of whole contacts into the
boundary. In this publication, we consider enlargement of the core area about ds/2 on
each side in X and Y-axis. After that, the total area of the standard MOSFET with

finger gates Ar is

Ap = (ds + (dq +ds) Nyg) (ds + (dy + ds) Nyg). 4.2)

fds/2 Legend

ds/2
v . Element A

d
. Element C
ds X Contact

d,

........

dy/2
E " ] d: ” \:’ Total Area

| !
d2d2 & d o d d2'd2
Fig. 4.10. Dimensions and portioning of channel area in the segment of
Standard MOSFET with finger gate and with orthogonal source (S) and drain
(D) terminals to element A and peripheral element C, the whole and core
structure dimension is Nxr=2, Nyr=2 [9].

¥ =

The width to length channel ratio in the core area for the standard MOSFET with
finger gates WLrc is
(dy + ds) Nyg Nyg
dy
and the width to length channel ratio for the standard MOSFET with finger gates on

Wlgc = (4.3)

total area WLk is
Nyg (ds + (dq + ds) Nyg)

WLy =
F d,

(4.4)

4.2. Waffle MOSFET Structure with
Diagonal Source and Drain

The MOSFETSs with waffle gate topology have diagonal interconnections of source
and drain terminals comparing to the standard MOSFET with finger gate topology

(Fig. 4.11). The presented structure is compatible with all processes where diagonal
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interconnection is allowed and where the waffle shape polysilicon gates do not violate
the process design rules. No additional process steps are required. The portioning of
the channel area of the waffle MOSFET segment is on Fig. 4.12.

Core area Awgc of the MOSFET with waffle gates and diagonal source and drain
interconnections without considering peripheral area outside the core area is

Awac = (dq + ds5)? Nywa Nywa (4.5)

where Nxwad IS @ number of gate fingers in X-axis direction and Nywq is & number of
gate fingers in Y-axis direction. The total area of the MOSFET with waffle gates and
diagonal source and drain interconnections Awg IS

Awa =

(4.6)
= (ds + (dy + ds) Nywa) (ds + (dq + ds) Nywa)-

Fig. 4.11. P-channel MOSFET with waffle gate (G) and diagonal source (S)
and drain (D) interconnections with bulk connection on each sides [9].

The width to length channel ratio in core area WLwgc for the MOSFET with waffle

gates and diagonal source and drain interconnections is

2 dg
WLWdC = NXWd Nde <_d + WLB> (47)
1

The width to length channel ratio WLwq of the MOSFET with waffle gates and
diagonal source and drain interconnections on total area is
ds(Nywa + Nywq + 2 Nywa Nywa)

d, (4.8)
+Nywd Nywa Wig.

WLWd ==

As we can see, the equation (4.8) describing the width to length channel ratio of the
MOSFET with waffle gates and diagonal source and drain interconnections is a sum
of width to length ratios of homogenous elements A, central elements B, and cross

edge element E (see Fig. 4.14).
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Legend
ds/2

4 . Element A
5

W#&\“ %& | 7d1 Element B
@ % & ﬁ Y . Element D

% @ %@ 7d1
& ﬁ & ﬁ D Channel

_______

d2d2 & ds dp dg2'dy2

Fig. 4.12. Dimensions and portioning of channel area in the segment of Waffle
MOSFET with orthogonal source (S) and drain (D) terminals to element A and
cross element B and peripheral elements D, the whole and core structure
dimension is Nxwda=2, Nywd=2 [9].

4.3. Waffle MOSFET Structure with
Orthogonal Source and Drain

Additional waffle structure is the MOSFET with waffle gates in orthogonal
interconnections of the source and drain terminals (Fig. 4.13). Because source and
drain contacts in the layout are not rotated, the layout of the structure (Fig. 4.14) is
compatible in general with all processes where diagonal polysilicon gate does not
violate the process design rules. No additional process steps are required. The bulk

connection makes segmentation of the compact whole power MOSFET

Fig. 4.13. Waffle P-channel MOSFET with waffle gate (G) and orthogonal
source (S) and drain (D) interconnections with bulk connection on each sides.

into segments repeated over structure. To prevent process modification or design

rule violations the contacts are not rotated about 45°. Due to this reason the spacing
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between two polysilicon gates dgs is larger than ds for waffle MOSFETSs with diagonal
source and drain interconnection as can be seen in Tab. 4.1. The core area of the
MOSFET with waffle gates and orthogonal source and drain interconnections Awoc
without considering peripheral area outside the core area is

(dy + dgs )?
Awoc = % Nywo Nywo (4.9)

where Nxwo is a number of gate in X-axis direction and Nywo is a number of gate in

Y-axis direction.

d,

7d /2
@ @ - Legend

dy + dys
lﬁ . Element A

d, +dys Element B

M _________________ v
s i L
@ X ' : . Element E

d, +dys
lﬁ < M Contact

Nl M A D Channel
ditdes
Dsd

V2 i | CoreArea
dis(2 ditdys' di+dgs ditde | ditdys dys)?2
V2

dgs /2 D Total Area
V2 V2 V2

Fig. 4.14. Dimensions and portioning of channel area in the segment of Waffle
MOSFET with orthogonal source (S) and drain (D) terminals to element A and
cross element B and peripheral element E, core dimension is Nxwo=2, Nywo=2
and whole structure dimension is Nxwo=4, Nywo=4 [9].

The total area of the MOSFETSs with waffle gates and orthogonal source and drain

interconnections Awo IS

NxWo N, yWo

V2 V2

Awy = das” + das (dy +dgs)

(4.10)
N (dy +dgs)®

2
The width to length channel ratio WLwoc in core area for the MOSFET with waffle

NxWo NyWo-

gates and orthogonal source and drain interconnections is

B dgs Wl
Wlwoe = Nawo Nywo (== +——). (4.11)
1

The width to length channel ratio WLwo for the MOSFET with waffle gates and

diagonal source and drain interconnections on total area is
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dgs WLy
Wlwo = Newo Nywo (= + ) + (Nawo +
! (4.12)
Wiy
+Nywo) (WLE - )

As can be seen in equation (4.12), the width to length channel ratio for MOSFET
with waffle gate and diagonal source and drain interconnections is a sum of width to
length ratios of homogenous elements A, central elements B and cross edge elements
E.

4.4. Width to Length Ratio Calculation
for Wattle MOSFET Elements

For calculation of width to length channel ratio of the element B and element E, 2D
Finite Element Method (FEM) solver from TCAD SILVACO was used [72]. Test
structure of element B is shown in Fig. 4.15.

Legend

. Element A

Element B

L/

Fig. 4.15. The 2D cross structure used in TCAD simulation for determination
of width to length channel ratio of cross element B for different dimensions W’
and L’ [9].

The effective width to length channel ratio of the cross test structure (W/L)cross IS

calculated based on the simulated 2D resistance Rop and its resistivity o as follows

W) p Ip
- =——=p—1 (4.13)
( L CTross R2D VDS

To consider only the width to length channel ratio of element B it is required to
subtract the width to length channel ratio of four elements A. By considering

homogenous current distribution in area of elements A and its subtraction from cross
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element, all nonhomogeneous current distributions will be pressed only into area of
element B.
For homogenous current distribution in elements A, the effective width to length

ratio is equal to its geometry aspect ratio

W W w w w'
(D)= (D= (Do i w0
L B L Cross L A L Cross 2L

The result of the calculation as a function of its dimension is in Fig. 4.16.

(WiL)g []
057
0.56
0.55
0.54
053
0.52
0.51

05
0.49
0.48
047

0 2 4 6 8 10
L'w [-]

Fig. 4.16. The width to length channel ratio of cross element B (W/L)g for
different dimensions W’ and L’ [9].

For dimensions with ratio L’/W’<10 we can approximate data from TCAD

simulation by following fitting function

544 —1 146L—I + 0.56 (L—I>2 —7107% <L—,>3
LI . . W[ . W, W’
Wig|—|= 5 : (4.15)
w L L
9.719 — 2.071 (

w w7
Another element E (Fig. 4.17) describing channel on the periphery can be calculated
in a similar way. From known 2D resistance Rop (TCAD simulation) and its resistivity
pitis possible to calculate effective width to length channel ratio of cross test structure
(W/L)cross2 as

W) p Ip
— =—= p—. 4.16
( L cros2 RZD VDS ( )

To consider only width to length channel ratio of element E, it is required to subtract
the width to length channel ratio of two elements A. By considering homogenous
current distribution in area of elements A and its subtraction from edge cross element,

all nonhomogeneous current distribution will be pressed only into area of element E.
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Fig. 4.17. The 2D structure used in TCAD simulation for determination of
width to length channel ratio of peripheral element E for different dimensions
W’ and L’ [9].

For homogenous current distribution in elements A the effective width to length

ratio is equal to its geometry aspect ratio

!

I N

Calculation results of effective width to length channel ratio of element E is shown
in the following graph (Fig. 4.18)

(W/L)e [1]
05

0.45
0.4
0.35
0.3

0.25
0 2 4 6 8 10
L'/W' [-]

Fig. 4.18. The width to length channel ratio of cross element E (W/L)e for
different dimensions /" and L’ [9].

For L°/W’ value smaller than 10 we can approximate data from TCAD simulation

by following fitting function

2 3

L 0.72 + 1.44L—, +0.23 (L—> —-8.2107* (L—)
_ w w w
Wig| 77| = . (4.18)
E W’ LI L[ 2
1514 + 2724 77 (W)
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4.5. Core Structures Comparison

For core structures comparison, the figure of merit Al is used. In this section, no
edge elements C, D and E will be taken into account.

In addition, the analytic model has been verified by 3D TCAD simulation from
SILVACO [72] for different dimensions. The first simulated structure is the MOSFET
with finger gates (Fig. 4.19) and the second is the NMOSFET with waffle gates (Fig.
4.20). The simulated NMOSFET transistors have been in linear region where VeaTe is

equal to 2.0 V, Vps is equal to 0.2 V and gate threshold voltage V+ is equal to 1.18 V.

Potential (V)
09

I 0.675

Fig. 4.19. Potential gradient from TCAD simulation in Standard NMOSFET
with finger gate (G), source (S), drain (D) terminal and with dimensions Nx=1,
Ny=1 without considering edge elements [9].

The resistance Rps-on has been calculated from simulated drain current Ip. The Area
Increment Al is calculated from Rps.on resistance of waffle and finger structures and

from their areas by applying equation (3.9) (Fig. 4.21).

Fig. 4.20. Potential gradient from TCAD simulation in Waffle gate (G)
NMOSFET with orthogonal and diagonal source (S) and drain (D) terminals
with dimensions Nx=1, Ny=1 without considering edge elements [9].
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To simplify the analytic model of Area Increment we can define aspect ratio of gate

dimension d; and dimension of source or drain area ds as follows
AR5 = —. (4.19)

Putting expression (4.1), (4.3), (4.5), (4.7) and (4.15) into (3.9) and by applying
(4.19), we have got core Area Increment Alwpc of waffle MOSFETSs with diagonal

source and drain terminals on core area as

1+ AR5
Alwpc | WLg->WLg(ARys) — 2+ AR;sWlg B

1. (4.20)

It is apparent from equation (4.20) [6], the Area Increment Alwpc is independent on
area dimensions of core elements Nxr, Nyr, Nxwd, Nywad

To simplify analytic model of the waffle MOSFETSs with orthogonal source and
drain terminal, we can define aspect ratio of gate dimension d; and dimension of source

or drain area with diagonal contact dgs as follows
AR 4s = —. (4.22)

Putting expression (4.1), (4.3), (4.9), (4.11) and (4.15) into (3.9) and by applying
(4.21), we have got core Area Increment Alwoc of waffle MOSFET with orthogonal

source and drain terminals on core area as

Alyoc | WLg—>WLB(ARygs) —

_ AR;5(1 + ARyg45)? . (4.22)
(1 + ARy5) AR145(2 + ARq145 Wig)

As can be seen from equation (4.22), the Area Increment Alwoc is also independent

on area dimensions of core elements Nxr, Nyr, Nxwo, Nywo.
Since equation (4.22) is a function of two aspect ratios AR1s and ARugs, it will be
useful to simplify it. The first step is to define relation between ds and dgs by using

scaling parameter A from Tab. 4.1. Thus

V242
a5 = 5 (4.23)
3
By inserting equation (4.23) into (4.21), we have got
d, 3

~

das V2 +2
By inserting equation (4.24) into (4.22) we have got a simplified core Area

AR5 =

ARy (4.24)

Increment Alwoc which depends only on one aspect ratio AR1s
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Al =
wocC | WLB—>WLB(\/_ 2AR15)

<‘/§3+ 2> + ARys (2 ‘/7; 2 1 ARy ) (4.25)
B ( V2+2 -t

(1 + ARy5)|(2—=—+ ARy5 WLB)

As mentioned earlier, the figure of merit parameter Area Increment Al quantitatively
defines amount of needed areas to have the equal resistance of waffle structures and
the standard MOSFETSs with finger gates. When qualitative parameter Area Increment
of waffle structure has negative value, it means that waffle structure requires less area.
Due to this, for real application it is very useful to know the dimensions of waffle
structures where Al is negative.

The Area Increment Alwoc equation (4.20) is negative only if

0 < AR;s < 2.239. (4.26)
The Area Increment from equation (4.25) is Alwoc < 0 only if
0 < AR5 < 2.237. (4.27)
Al [%]
5%
-5% =
-15% /
-25%
. o
-35% //// ——TCAD_WD Calcul_ WD
-45% === Calcul_WO TCAD_WO
-55%
0 0.5 1 15 2

2.5
dy/ds [ -]

Fig. 4.21. Dependence of Area Increment (Al) on core structures dimensions
d1/ds for analytic model of waffle with diagonal source and drain Calcul_WD
and from 3D TCAD simulation TCAD_WD, the analytic model of waffle with
orthogonal source and drain Calcul WO and from 3D TCAD simulation
TCAD_WO [9].

The equations (4.26) and (4.27) can be used for analytic definition of conditions
when the area of core waffle structure occupies smaller area than core finger structure

with having the same resistance.

66



4.6. Structures Comparison
Considering Edge Elements

For more precise comparison of two topologies, with considering edge elements, it
is useful to have same or similar area of each test structures. Same area of segments of
the MOSFETSs with finger or waffle gate topology and with diagonal source and drain
terminals is guaranteed when Nx=Nxr=Nxwd¢ and Ny=Nyr=Nywa. After putting
expressions (4.2), (4.4), (4.6), (4.8) and (4.15) into equation (3.9) we have got Area
Increment Alwp of the waffle MOSFET with diagonal source and drain terminals on
segment total area

Alyp | WLg—WLB(AR1qs) —

_ Ny(1+ Ny + ARy5 Ny) (4.28)
" Ny + Ny + 2Ny Ny + ARy5 Ny Ny Wiy

To have similar area of the finger MOSFET as the waffle MOSFET with orthogonal
source and drain terminals it is required to set correctly the number of fingers Nxr and

Nyr in the standard MOSFET. Number of gate fingers in X axis is

1 AR
AR5 (1 + (ﬁ"‘ T;S) Nywo) — ARqgs (4.29)

N —
X (1 + ARys) ARygs

and for Y axis is

1 AR
AR5 (1 + (ﬁ"‘ \/%ds) Nywo) — ARqgs (4.30)
N,z = '
y¥ (1 + ARy5) ARygs

After putting expressions (4.2), (4.4), (4.10), (4.12), (4.15), (4.18), (4.29) and (4.30)
into equation (3.9) and by applying (4.21) we have got Area Increment Alwo of the
waffle MOSFET with orthogonal source and drain terminals on segment total area

Alyo | WLg—WLB(AR1qs) & WLE~WLE(AR1gs) —
= -1+ ((—V2 ARygs + AR5 (V2 + (1 +
+ ARyas) Newo)) (V2 + (1 +
+ AR1q5) Nywo))/((1 + (4.31)
+ ARy5) AR14s (AR1g5 Nywo (— Wip +
+2WLg) + Nywo (— AR1q5s WL +
+Nywo (2 + ARyqs WLg) + 2 AR1gs Wlg))).
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By inserting equation (4.24) into (4.31), the simplified Area Increment Alwo as
function of one aspect ratio AR:s only and thus it can be defined as
Alyo |

WLB—>WLB( iARls) &WLE—>WLE( %ARﬁ) -

V2+2 VZ
= —1+((0.195 + ((V2+2)/3 +
+ ARy5) Newo) ((2V2 +2)/3+ (V2 +2)/3 +
+ AR1s5) Nywo))/((1 + (4.32)
+ ARy5) (AR5 Nywo (2 WLlg — Wip) +

+Newo (Nywo (2V2+2)/3 +
+ AR;s WLg) + 2 AR;s WLg — AR;s WLR))).

4.7. Definition of Waffle Use Cases
Considering Edge Elements

In general qualitative parameter Area Increment Al has negative value for all use
cases. Because only then area of waffle structure occupies smaller area than finger
structure with same resistance. The Area increment from (4.28) Alwp is negative only
if

0< AR5 <224 &Ny >1&Ny, >1 (4.33)
and for additional interval
2.24 < ARy5s <427 &1 < Ny < Npy &Ny > 1. (4.34)
Where Nyx1 can be approximated by function
N, = (242975 — 51775 AR;s +
4+2.510* ARs%)/(—242975 +
4+ 1.589 10° AR;s — 48125 AR;s> +
411085 AR;s® + 169 AR;s%).

The AR1gs can be transformed into AR1s by using following equations derivated from
(4.24)

(4.35)

di V2+2
AR c = — = AR 4=.
15 d5 3 1d5

Then for negative Area Increment Alwo equation (4.32) can be calculated following
conditions

(4.36)

0< ARy5 <224 &Ny = 1& Ny > Ny, (4.37)
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and for additional interval
2.24 < ARy;5 < 3.35& 1 < Ny < Ny, & Ny > Ny, (4.38)
where Nx2 can be approximated by following function
Ny, = (—=0.201 — 0.057 AR5 + 1.318 AR, +
4+0.044 AR;<*)/(—=3.637 4+ 0.595 AR;s — (4.39)
—1.776 AR;s* + AR;<Y)
and coefficient Ny2 can be approximated by function

Ny, = 524.4/(249.8 + 48.53 AR5 —

—57.5AR;s* + 1.949 AR;* — 1.394 N, —
—6.168 AR5 N, + 0.2578 AR;s° N, +
+0.4615 N> + 0.1638 AR;5 N,> —0.017 N,).
The equations (4.33), (4.34), (4.37) and (4.38) can be used for analytic definition of

condition when area of waffle structures occupies smaller area than finger structure

(4.40)

with the same resistance.

4.8. Comparison of Models with FEM
Results

To analyze proposed models, more complex test structures in certain process have
to be simulated in 2D FEM solver Agros2D [73] and the results are presented in
modified to be more robust (Tab. 4.2).

Tab. 4.2. General designed rules for MOS layout based on standard TSMC 0.35um
process and for modified process.

Name OT ggﬂ% Modified
d: [um] 17 17

dz [um] 21 21

ds [um] 17 21

ds [um] 55 6.3
des [um] 637 717

Example of potential gradient for three different gate patterns simulated in Agros2D
can be seen in Fig. 4.22. Considering these three examples, it can be seen that they
occupy similar areas (Tab. 4.3; Tab. 4.4). The standard MOSFET with finger gates
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length d1 = 1.7 um, ds = 6.3 pm and dimension Nx = 5, Ny = 5 has area Ar = 2144 um?
and width to length channel ratio calculated by analytic model is WLF = 136.17.

The waffle MOSFETSs with diagonal source and drain terminals and dimension
Nx =5, Ny = 5 has identical area Awq = 2144 um? as fingers MOSFET and have width
to length channel ratio calculated by analytic model WLwq4 = 236.35 which is about
0.66 % higher value than calculated by FEM WLwq = 234.8. From these analytic

values by using equation (3.9), the Area Increment Al = -42.38 % can be calculated.

S D S D S D S D S D Ii”_D
N D S D S D D E‘E’E
S D S D S D BEEE
el el || EEEEER
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a) b)

Fig. 4.22. The 2D simulation of channel area by Agros2D tool, illustrations of
potential gradient for a) Standard MOSFET with finger gate dimension Nx =5,
Ny =5, b) Waffle MOSFET with diagonal source (S) and drain (D) terminals
dimension Nx =5, Ny = 5, ¢) Waffle MOSFET with orthogonal source (S) and
drain (D) terminals dimension Nx = 6, Ny = 6 [9].

Based on this figure or merit parameter, it can be concluded that the waffle
MOSFET with diagonal source and drain terminals with same resistance as the
standard MOSFET with finger gates will occupy about 42.38% less area than finger
structure, or equivalently for same area it have about 42.38 % less resistance. And on
top of that the analytic definition of requirements for Alwg<0 based on equation (4.33),
(4.34) (0<di1/ds<2.24& Nx>1 & Ny=>1) is consistent with observation where
di/ds = 0.27. For additional structure with these parameters d: = 18 um, ds = 6.3 um,
di/dgs = 2.857, Nx =4, Ny =2, the Area Increment Alwg = +1 % has positive value
because it exceeds predicted requirements (2.24< di/ds <4.27& 1< Nx <341 &
Ny > 1).
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Tab. 4.3. Comparison of Core Area Increment AIC and Area Increment Al different for different layout structures where Nx is dimesion in X
axis, Ny is dimension inY axis, Ac is area of core structure, A is area of the whole structure, (W/L)c is effective width to length channel ratio of
core element, (W/L) is effective width to length channel ratio of whole element, (W/L)rem is effective width to length channel ratio of the whole
element calculated with FEM by using Agros2D tool, (W/L)err is relative error between (W/L) and (W/L)rem. The F is Standard MOSFET with

finger gate, the Wd is MOSFET with waffle gate having diagonal interconnections of source and drain terminals and.
Analytic Definition of
MOS | Nx | Ny | d ds dids | A A | wie | vy | WL WL Al Requirements for
FEM ERR Al <0
[] | [] [ [um] [um] [-] [um?] | [um’] [-] [-] [-] [%] [%] [%]
Fl 2 | 2 | 17 6.3 0.270 | 256 497 18.82 26.23 0<di/ds <2.24 &
Wd| 2 | 2 | 17 6.3 0.270 | 256 497 31.88 | 46.71 | 46.45 | 0.56 | -39.76 | -42.99 | Nx >1 & Ny >1
F| 4 | 4 | 17 6.3 0.270 | 1024 | 1467 | 75.29 | 90.11 0 < di/ds <2.24&
Wd| 4 | 4 | 17 6.3 0.270 | 1024 | 1467 | 127.54 | 157.19 | 156.1 | 0.70 | -40.97 | -42.67 | Nx >1 & Ny >1
F| 5| 5 | 17 6.3 0.270 | 1600 | 2144 | 117.65 | 136.17 0< d1/ds<2.24&
Wd| 5 | 5 | 17 6.3 0.270 | 1600 | 2144 | 199.29 | 236.35 | 234.8 | 0.66 | -40.97 | -42.38 | Nx >1 & Ny >1
Fl 2 | 2 18 6.3 2.857 | 2362 | 3014 5.4 6.1 2.24< d1/ds <4.27 &
<
wd 2 | 2 18 6.3 2.857 | 2362 | 3014 4.98 6.38 | 6.274 | 1.84 | 823 | -453 I\lIY_>N1X <sdl&
F| 4 | 2 18 6.3 2.857 | 4724 | 5682 10.8 12.2 2.24< d1/ds <4.27&
Wd| 4 | 2 18 6.3 2.857 | 4724 | 5682 9.98 12.07 | 1185 | 1.93 | 823 | 1.00 | 1<Nx<3.41&Nvy=>1
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Tab. 4.4. Comparison of Core Area Increment AIC and Area Increment Al different for different layout structures where Nx is dimesion in X
axis, Ny is dimension inY axis, Ac is area of core structure, A is area of the whole structure, (W/L)c is effective width to length channel ratio of
core element, (WI/L) is effective width to length channel ratio of whole element, (W/L)rem is effective width to length channel ratio of the whole
element calculated with FEM by using Agros2D tool, (W/L)err is relative error between (W/L) and (W/L)rem, (* value for dimension dd5, # value
for ratio d1/ dd5). The F is Standard MOSFET with finger gate and Wo is MOSFET with waffle gate having orthogonal interconnections of source
and drain terminals.

Analytic Definition of
MOS | Nx | Ny | d ds d/ds Ac A | wi)e | iy | WL | WL Alc Al Requirements for
FEM ERR Al <0
1] E] ] [pm] [ [um] [-] [um?] | [um?] [-] [-] [-] [%] [%] [%]
F| 2 3 1.7 6.3 0.270 384 676 28.24 35.65 0<di/ds <2.24 &
Wo 6.3; 0.270; Nx >1 & Ny >2.06
2 4 1.7 7169° | 0.237% 315 636 35.97 37.20 | 36.87 | 0.92 -35.69 -9.84
F| 3 3 1.7 6.3 0.270 576 918 42.35 53.47 0 <di/ds<2.24 &
Wo 6.3; 0.270; Nx >1 & Ny > 2.06
4 4 1.7 7169° | 0.237% 629 1040 | 71.95 73.59 | 72.98 | 0.85 -35.69 | -17.66
F| 5 5 1.7 6.3 0.270 | 1600 | 2144 | 117.65 | 136.18 0<di/ds<2.24 &
Wo 6.3; 0.270; Nx >1 & Ny >2.24
6 6 1.7 7169° | 0.237% 1416 | 2007 | 161.90 | 164.36 | 163.0 | 0.84 -35.69 | -22.43
F| 3 2 10 6.3 1.587 1594 | 2147 9.78 11.67 0<di/ds<224 &
Wo 6.3; 1.587; Nx >1 & Ny >3.32
4 2 10 7169" | 1.395% 1179 | 1753 7.97 8.91 8.787 | 1.50 -9.24 6.82
F| 2 5 10 6.3 1.587 | 2657 | 3415 16.3 17.56 0<d/ds<224 &
Wo 6.3, | 1.587; ) i Nx >1 & Ny > 3.06
2 6 10 7169" | 1395 1769 | 2517 11.96 13.22 | 13.02 | 154 9.24 2.13
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Similar comparison can be performed for the waffle MOSFET with orthogonal
terminals. This test structure with gate d; = 1.7 um, ds =6.3 um and dimensions
Nx =6, Ny = 6 has area Awo = 2007 um? which is about 6.3 % smaller area than for
finger MOSFET with calculated dimension Nx =5, Ny = 5 from equations (4.29) and
(4.30). The width to length channel ratio calculated by analytic model WLwo = 164.36,
which is about 0.84% higher value than calculated by FEM WLw, = 163.00.

The Area Increment for analytic values is Al =-22.43 %. In addition, the analytic
definition of requirements for Alwo<0 based on equation (4.37), (4.38) (0 < di/ds< 2.24
& Nx >1 & Ny >2.24) is consistent with observation where di1/ds = 0.27 is recalculated
based on (4.36) from di/dq4s = 0.237.

From the results it is also apparent that Area Increment calculated for core area Alc
presented by [66] is independent on segment dimensions and depends on aspect ratio
of di/ds or di/dgs only. Because it does not consider peripheral elements it cannot be

used for precise description of power MOSFETSs with segmentation.

4.9. Discussion

In this work, the gates length d: is considered in wider range. Due to this the aspect
ratio AR1s defined by (4.19) can be larger than minimum ratio 1/3 used in [68] and [67]
defined based on the A scale process factor. Reason for larger gate length variability is
to cover dimensions of low voltage MOSFETs with higher voltage range used by
processes with dual oxide. In this processes the gate with thicker oxide have also larger
length to sustain there the higher voltage but minimum contact to polysilicon spacing
ds is robust so it can remain the same. Hence, the dimension ds can remain unchanged
also. Additional used cases for longer gate is in analog design where different W/L
ratios are required.

In general, width to length channel ratios of non-homogenous elements B and E
with non-homogenous current distribution are fixed values and do not have to variate
with different element geometry. In opposite, width to length channel ratios of
homogenous elements A, C and D with ds>>d; have mostly homogenous current
distribution and have to variate with ratio of element geometry. For ds<d, the elements
C and D mostly have non-homogenous current distribution mostly. In publications
[66], [67], [68] and [69], only homogenous currents are considered for these partially

homogenous elements. In this work, all non-homogenous current distributions are
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considered to reach higher precision of width to length channel ratio calculation in
range ds<di. This error correction is presented in the value of width to length channel
ratio of non-homogenous elements B and E. This is the reason why width to length
channel ratios of non-homogenous elements B and E are not fixed values and have to
variate with different element geometry (4.15) and (4.17). Due to this reason, the
precision less than 2 % can be reached even for larger d; (see Tab. 4.4 test structure:
dy =18 um, ds = 6.3 um, d1/dgs = 2.857, Nx =4, Ny = 2 the WLerr = 1.93 % ).

More precise Al equations (4.28) and (4.31) are function of multiple variables such
as channel geometry ARis, ARiss, WLs, WLe and segment dimensions Nx, Njy.
Therefore, the conditions for negative Al are not simple to recognize. To overcome
these drawbacks, conditions (4.33), (4.34), (4.37) and (4.38) has been calculated where
the MOSFETs structures with waffle gates occupy less area than the standard

MOSFETSs with finger gates with same channel resistance.

4.10. Waffle Implementation in Power
IC

Advantage of waffle MOS structures is that even without additional process steps
or process modification of mature process it allows to improve power MOSFET
specific resistance. To reach same Rps.on the smaller power MOS area structure is
required with the waffle MOS topology.

To use the waffle MOS concept in application, the test chip has been created and
has been fabricated. In power management product from STMicroelectronics, made in
160nm BCD8sp process the main LV (5V) power MOSFET Fig. 4.23 a) has been
replaced with equivalent waffle power 5V MOSFET with orthogonal source and drain
interconnections Fig. 4.23 b). Because waffle MOS have same orthogonal source and
drain interconnection as original finger MOS the replacement was simplified.

Proposed new IC with smaller power part pass all standard product validation tests.
Measured resistance of original power MOSFETs was 397.53 mQ and measured
resistance of waffle MOSFETSs was 397.92 mQ. Even we can consider same resistance
for both power MOSFET structures, the area of waffle MOSFET is about 19% smaller
compare to finger MOSFET structure. Due to smaller power MOS area but same
control part area the total chip area is reduce about 6%.

74



"\:l:j]}fgﬂl‘ TS | | g i b i ;IFmiﬁlﬁi‘“ﬂ"ﬂl‘li“‘ﬂii\i"’iiﬂ”‘[‘iﬁ'
MM ‘ ' 8

Fig. 4.23. Improvement of power management ICs in 160nm BCD8sp process
(a) Original IC with standard finger power 5V MOSFET, (b) Reduced power
MOSFET area about 19% by using waffle power 5V MOSFET with orthogonal
source and drain interconnections

4.11. Waffle MOSFET Conclusion

To achieve a high reliability of power MOSFETSs transistors the bulk connection
have to be robustly connected. This lead to power MOSFETSs segmentation and it
influenced the specific on-resistance parameter. In this work two MOSFET topologies
with waffle gate with a diagonal and orthogonal source and drain interconnections has
been described for the first time. Moreover, its new analytic models have been
describe. It also allows to descibre non-square shapes of power MOSFETSs compare to
Vemuru [68].

The MOSFET structure with waffle gates with orthogonal source and drain
interconnections has been described, and its analytic model of channel area has been
the first time proposed. In addition, orthogonal source and drain interconnections are
much more simple in comparison to orthogonal topology proposed by Madhyastha
[69] Fig. 3.5, where an orthogonal source and drain interconnection have metallization
more complex and has a weak electro-migration limit.

In additional, the analytic models of effective width to length channel ratio have
been compared by numerical 2D FEM simulation. Here, the good match has been
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observed between analytical and numerical models with differences less than 2 % for
both waffle structures.

Moreover, this thesis confirms that models considering core area elements only [66]
are not sufficient precise for the exact description of power MOSFETs with
segmentation, and therefore in this work the new more precise models are presented.

There has been compared the example of MOSFET topology with waffle gate
pattern with diagonal source and drain interconnections and the standard MOSFET
with finger gates with the condition of the same on-resistance. The result of it is that
the waffle gate pattern with diagonal source and drain interconnections occupies
42.38 % less area than the standard one.

Similarly, the second example of MOSFET topology with waffle gate with an
orthogonal source and drain interconnections occupies 22.43 % less area compared to
the standard MOSFET with finger gates with the condition of the same on-resistance.

Moreover, there has been defined conditions where the segmented power
MOSFETS structures with waffle gates occupy less area than the standard MOSFETs
with finger gates with same channel resistance.

In power IC, it has been presented 19 % area saving of power 5V MOSFET in
160nm BCD8sp process by using waffle power MOSFET with orthogonal source and

drain interconnections.

4.12.Possible Future Development of
Waffle MOSFET Topologies

It has been described advantage of waffle MOSFET for RF application [67] due to
better gate resistance. By using MOSFET with orthogonal source and drain (Fig. 4.14),
where source and drain contacts are rotated 45° to gate pattern the lower capacitance
in-between is expected. The RF model of waffle MOSFET with orthogonal source and

drain interconnection is promising for future development.
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5. New Power GaN HEMT

The dimension scaling of HV power GaN HEMT in discrete devices or smart power
GaN IC is very beneficial due to the possibility to improve the channel resistance or
efficiency of power discrete or IC devices or due to the reduction of production cost
by decreasing chip area and by it yield improvement. To fulfill those expectation
several lateral HV waffle GaN HEMT structures are described and modeled in the
following chapter.

Parts of this chapter has been published by the author of this thesis in the patents
[10], and [11]. Author of this thesis contributes to this chapter by 90%.

5.1. Waftle GaN HEMT

The Waffle patterns with planar gate are well known from Silicon-based power
MOSFETs. The main advantage of this gate pattern is that allows to reach lower

specific On-Resistance without additional process steps or change.

Fig. 5.1. HV GaN HEMT transistor with different gate patterns: (a) with
standard finger gate, (b) proposal of new transistor with Waffle gate pattern
with GaN normally-off transistor (using p-GaN gate technology), (c) element
of finger gate transistor, (d) element of new transistor with Waffle, where S is
source contact, D is drain contact and G is gate.
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Because there is no need for extra cost due to the additional process steps, we can
implement Waffle MOS structure in almost all MOSFET processes and also in GaN
HEMT.

One of the main advantages of wide energy bandgap semiconductors is that sustain
significantly higher nominal voltage compare to silicon. The critical electric field of
GaN is 12-times higher than for silicon and about 30% higher than for SiC. Due to
better HV capability, the GaN-based HV power devices do not need to have such
a complex drain architecture, and it is possible to have the same dimensions and
topology for drain and source electrode Fig. 5.1 a). The symmetrical architecture of
source and HV drain electrodes is compatible with a planar waffle gate pattern Fig. 5.1
b). Due to the symmetry of waffle pattern also source contact S have to have the same
distance to the gate electrode as drain contact D Fig. 5.3 b). For HV transistors, usually
only drain electrode should sustain HV and other electrodes like gate G and source S
are LV. Because gate and source electrodes are LV, but the proximity between them
is overdesign to sustain HV, there is room for area optimization that could be

addressed.

(d)

Fig. 5.2. Proposal gate patterns for HV GaN HEMT new transistor patents: (a)
with dissimilar square waffle pattern [11], (b) with octagon waffle pattern [10],
(c) element with new dissimilar square waffle gate pattern, (d) element with
new octagon waffle pattern, where S is source contact, D is drain contact and
G is gate

To find suitable solutions the classification of periodic tilings composed from

regular and semiregular polygons [121] was used. A “tiling” or “tessellation” of a flat
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surface is a decomposition into a pattern tiles to cover the whole surface with no
overlaps and no gaps.

Two solutions have been found to fulfill the optimization task. The dissimilar square
waffle gate pattern [11] shown in Fig. 5.2 a) c¢), and octagon waffle gate pattern [10]
shown in Fig. 5.2 b),d).

Both proposed topologies, the dissimilar square waffle gate pattern [11] and octagon
waffle gate pattern [10] can change independently spacing between the gate and drain
contacts and spacing between gate and source contacts. Also, both described elements
can be, as regular tiles, compose to whatever area without overlaps and gaps what is
suitable for large power transistor structures. The gate channel length can also be

customized.

5.2. Geometrical Properties of
Proposals

The main dimensions of conventional GaN HEMT transistors and all new proposals

are present in Fig. 5.3

S
(2)

(d)

Fig. 5.3. Main dimensions of different GaN HEMT patterns: (a) finger gate
transistor, (b) new transistor with waffle gate, (c) new transistor with dissimilar
square waffle gate pattern, (d) new transistor with octagon waffle pattern,
where S is source contact, D is drain contact and G is gate terminal.

For finger structure Fig. 5.3 a) the gate G have orthogonal orientation and
metallization to interconnection all source contact S and all drain contacts D is also
orthogonal. The waffle structure Fig. 5.3 b) have orthogonal gate G orientation and
metallization to interconnection all source contact S and all drain contacts D is also
orthogonal. However, similar as for silicon waffle if the gate is rotated diagonally then

source S and drain D interconnection can be orthogonal. The dissimilar square waffle
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gate pattern Fig. 5.3 ¢) can have orthogonal gate G orientation and source S and drain
D interconnections are oriented under the slope f1 equal to

Sy + Gl)
D, + G,

Where S; is spacing between source contact and gate, D1 is spacing between drain

i = arctan( (5.1)

contact and gate, and G is the dimension of the gate electrode. Another possibility is
to rotate gate pattern of dissimilar square waffle about angle £: and then source S and
drain D interconnections are orthogonally oriented.

The octagon waffle gate pattern Fig. 5.3d) have orthogonal and diagonal gate G
orientation and source S and drain D interconnections can be oriented diagonally Fig.

5.4 a) or orthogonally Fig. 5.4 b).

L § A

(b)

Fig. 5.4. Proposal of octagon waffle gate pattern [10] for HV GaN HEMT (a)
with diagonal source S and drain D interconnections (b) with orthogonal source
S and drain D interconnections, where G is a gate

The dissimilar square waffle gate pattern Fig. 5.3 ¢) have it element Fig. 5.2 c)

rotated about angle a1 equal to

Dy — 5 )

5.2
Di+ S+ G+ Cp (62)

a = arctan(

The diagonal spacing between drain and gate, dimension D, from Fig. 5.3 b), c) for
waffle gate and a dissimilar square waffle gate pattern is always larger than its
orthogonal spacing D1 and can be calculated as follows

D, =V2 D, (5.3)

For a transistor with octagon waffle pattern Fig. 5.3 d) the diagonal spacing between

drain and gate, dimension Ds, is more variable and dependent also on the source to

gate spacing Si, gate dimension Gy and can be described as
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1
S+ D+ G (1 ——)
D =\/§(S1+ D, + 01)_G1= ! ! ! V2 (5.4)
Because D3 can be smaller than D1 in HV applications, it is suitable to avoid it and

to have D3 > D1 or in another case to use drain contacts with a chamfer to compensate

smaller proximity.

5.3. Electrical Properties of Proposals

For additional calculation of resistance improvement in waffle structures, the Area
Increment Al figure of merit is used. Let’s consider Normally-On GaN HEMT where
the conductive 2DEG layer is present in the channel area and source and drain area.
After that condition for calculation of Rps-on resistance between the source and drain

contacts for fully open transistor the gate electrode can be removed, as it is described

in Fig. 5.5.

(b)

Fig. 5.5. Element for modeling Area Increment Al from Rps-on resistance for
Normally-On Waffle GaN HEMT: (a) element of finger gate transistor, (b)
element of new transistor with Waffle, where S is source and D is drain contact

(a)

The 2D resistance between contacts depend on width to length effective ratio as

follows

L W
Ryp = p2pEc (W) i = p2pEc/ (T) i (5.5)
e e

where p2peg is resistivity of 2DEG layer. After insertion of (5.5) into (3.4) and into
(3.5) we can get same equation (3.9) for Area Increment Al GaN HEMT as it is for

Silicon.
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5.3.1. Rectangular contacts of finger

For Area Increment Al calculation of proposed waffle structures, the reference
finger structure has to be defined. The area of finger element is chosen to be equal to
waffle to simplify Al calculation Fig. 5.6 where Cp is contact dimension and Cs is

contacts space.

C,/2 C. G, 2

Fig. 5.6. Dimensions and terminals of the element with rectangle shape contacts
and simulated potential gradient solved with Agros2D; where Cp is contact
dimension and Cs is contacts space.

5.3.2. Square contacts of waffle

Following fatter can be used to describe resistance of fully open HEMT with waffle

gate pattern and octagonal pattern.

Vol e on

Fig. 5.7. Dimensions and terminals of the element with square shape contacts
and simulated potential gradient solved with Agros2D.
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The Area Increment calculated from width to length ratio between square shape

contacts Fig. 5.7 for various dimensions simulated in 2D FEM solver Agros2D [73]
are present in Tab. 5.1.

Tab. 5.1. The Area Increment calculated from width to length ratio between square
shape contacts for various dimensions.

' L I | R o (| | |
S e il mlal it  E

Cs/Cp [] 010203 |05|07]| 10| 15|20 |226]| 25

(W/L)watt [-]  |20.52|10.54| 7.20 | 453 | 3.38 | 2.54 | 1.87 | 1.55 | 1.43 | 1.34

(W/L)sing []  |12.00| 6.00 | 4.33 | 3.00 | 2.43 | 2.00 | 1.67 | 1.50 | 1.44 | 1.40

Al [%)] -46.4|-43.11-39.8|-33.7|-28.2|-21.1]-10.9| -3.0 | 0.7 | 4.6

The Area Increment for 2DEG between square shape contacts can be seen in Fig.
5.8

Area Increment [%]

10.0%

0.0%

-10.0%

-20.0%

-30.0%

Area Increment [%]

-40.0%

-50.0% : :
Contact Space/ Contact Dimension C¢/Cp [-]

Fig. 5.8. Area Increment for square shape contacts.

The following function can approximate the Area Increment for 2DEG between
square shape contacts.
3 2
Cs Cs
Algonsq = 0.0136 <§> — 0.096x (E)

+ 0.3735 Cs
' Cp (5.6)

—0.5014
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In general, qualitative parameter Area Increment Al has a negative value for all use
cases. Because only then the area of waffle structure occupies a smaller area than finger
structure with the same resistance. The condition, when Area Increment is negative, is
as follows

Cs < Cp 2.26. (5.7)

5.3.3. Square contacts with 30% chamfer

c.r2 G oz

Fig. 5.9. Dimensions and terminals of the element with square shape contacts
with 30% chamfer and simulated potential gradient solved with Agros2D.

The Area Increment calculated from width to length ratio between octagon contacts
with 30% chamfer Fig. 5.9 for various dimensions simulated in 2D FEM solver
Agros2D [73] are present in Tab. 5.2.

Tab. 5.2. The Area Increment calculated from width to length ratio between octagon
contacts with 30% chamfer for various dimensions.

|| A S A R [
Potential B ae gk b b

Cs/Co [-] 01/02]03|05|07]|10] 15| 20

(W/L)wett [-] 17.00/9.10 | 6.36 | 4.12 | 3.13 | 238 | 1.79 | 1.48 | 1.38 | 1.30

(W/L)ting [-]  |22.00| 6.00 | 4.33 [ 3.00 | 2.43 | 2.00 | 1.67 | 1.50 | 1.44 | 1.40

Al [%] -35.3|-34.0(-31.8|-27.1|-224|-16.1| -6.7 | 1.1 | 48 | 8.0
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The Area Increment for 2DEG between square shape contacts with 30% chamfer
can be seen in Fig. 5.10.

Area Increment [%]

20.0%
10.0%
0.0%
-10.0%

-20.0%

Area Increment [%]

-30.0%

-40.0% . :
Contact Space/ Contact Dimension C¢/Cp, [-]

Fig. 5.10. Area Increment for octagon contacts with 30% chamfer.

The following function can approximate the Area Increment for 2DEG between
octagon contacts with 30% chamfer.

3 2
Cs Cs
Alconozo = —0.0041 <_) — 0.0086 <—)
Cp Cp
c (5.8)
+ 0.2317=> — 0.3825

Cp

The condition, when Area Increment is negative, is as follows

Cs < Cp 1.9. (5.9)

5.3.4. Square contacts with 58% chamfer

The Area Increment calculated from width to length ratio between octagon contacts
with 58% chamfer Fig. 5.11 for various dimensions simulated in 2D FEM solver
Agros2D [73] are present in Tab. 5.3Tab. 5.2.
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crn G C.2

Fig. 5.11. Dimensions and terminals of the element with square shape contacts
with 58% chamfer and simulated potential gradient solved with Agros2D.

Tab. 5.3. The Area Increment calculated from width to length ratio between octagon
contacts with 58% chamfer for various dimensions.

dAh 4 45 ah gk b df A0 LT
Cs/Co [] 01/02]03|05|07 10|15 20 |226]| 25

(W/L)watt [-]]  |12.54| 7.16 | 5.19 | 3.51 | 2.75 | 2.13 | 1.64 | 1.38 |1.29 | 1.21

(W/L)fing [[]  |11.00| 6.00 | 4.33 | 3.00 | 2.43 | 2.00 | 1.67 | 1.50 | 1.44 | 1.40

Al [%] -12.3|-16.2 |-16.6|-14.5|-11.6| -6.1 | 1.5 | 8.9 | 123|156

The Area Increment for 2DEG between square shape contacts with 58% chamfer
can be seen in Fig. 5.12.
The following function can approximate the Area Increment for 2DEG between

octagon contacts with 58% chamfer.

3 2

Algonsq = —0.0402 (§> + 0.1746 (ﬁ> — 0.0691& —
Cp Cp Cp (5.10)
—0.1419
The condition, when Area Increment is negative, is as follows
Cs < Cp 1.4. (5.11)
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Area Increment [%)]

20.0%
15.0%
10.0%
5.0%
0.0%
-5.0%
-10.0%
-15.0%
-20.0%

Area Increment [%]

Contact Space/ Contact Dimension C¢/Cp, [-]

Fig. 5.12. Area Increment for octagon contacts with 58% chamfer.

5.3.5. Square and circle contacts

o e c.2

Fig. 5.13. Dimensions and terminals of the element with square and circle
shape chamfer and simulated potential gradient solved with Agros2D.

The Area Increment calculated from width to length ratio between square and circle

shaped contacts Fig. 5.13 for various dimensions simulated in 2D FEM solver
Agros2D [73] are present in Tab. 5.4.
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Tab. 5.4. The Area Increment calculated from width to length ratio between square
and circle shaped contacts for various dlmensmns

Potential b |l _: il Bl By
i mh bt L
Cs/Co [-] 01/02]03|05|07 10|15 20226/ 25

(W/L) vt [] 12.05(7.40 | 548 | 3.73 | 2.89 | 223 |1.71 | 142|134 | 124

(W/L)ting [-]  |121.00| 6.00 | 4.33 [ 3.00 | 2.43 | 2.00 | 1.67 | 1.50 | 1.44 | 1.40

Al [%] -8.7 |-19.0(-21.0|-19.5|-16.1|-10.3| -2.2 | 59 | 7.5 | 128

The Area Increment for 2DEG between square and circle shaped contacts can be
seen in Fig. 5.14.

Area Increment [%]

15.0%
10.0%
5.0%
0.0%
-5.0%
-10.0%
-15.0%
-20.0%
-25.0%

Area Increment [%]

Contact Space/ Contact Dimension C¢/Cp, [-]

Fig. 5.14. Area Increment for square and circle shaped contacts

The Area Increment for 2DEG between square and circle shaped contacts can be
approximated by the following function

Cs 6 Cs 5 Cs 4
AIConSq = 0.1786 (C_D> — 1.4667 (C—D> + 4.7133 (C—D) —
(5.12)
3 2
CS CS CS
— 7.5154 (—) + 6.1902 (—) — —2.2858—> + 0.0827.
CD CD CD

The condition, when Area Increment is negative, is as follows

Cs < Cp 1.65. (5.13)
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5.3.6. Circle contacts of waffle

G 72

oz e cn

Fig. 5.15. Dimensions and terminals of the element with circle shape
simulated potential gradient solved with Agros2D.

The Area Increment calculated from width to length ratio between circle shaped

contacts for various dimensions simulated in 2D FEM solver Agros2D [73] are present

in Tab. 5.5.

Tab. 5.5. The Area Increment calculated from width to length ratio between circle
shaped contacts for various dimensions.

0.5 15 | 20

Potential

Y | Y LY e JL
Cs/Cp [] 01|02 03 07 | 1.0
9.46 | 6.04 | 458 |3.22 256|202 |157|1.33|1.24|1.18

226 | 25

(W/L)wafr []

(W/L)fing [-]  |11.00| 6.00 | 4.33 | 3.00 | 2.43 | 2.00 | 1.67 | 1.50 | 1.44 | 1.40

Al [%] 16.2 | -0.7 | -54 | -69|-52|-12| 6.0 |129|16.1 | 19.0

The Area Increment for 2DEG between circle shaped contacts can be seen in Fig.

5.16.
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Area Increment [%]

25.0%
20.0%
15.0%
10.0%
5.0%
0.0%
-5.0%
-10.0%

Area Increment [%]

Contact Space/ Contact Dimension C4/Cp, [-]

Fig. 5.16. Area Increment for square and circle-shaped contacts.

The Area Increment for 2DEG between circle shaped contacts can be approximated
by the following function

Cs\° Co\®
Algonsqg = 0.1863 (—) — 1.5955 (—)
Cp Cp
Cs\* Co\®
4 53711 (—) — 9.0155 (-)
Cp Cp (5.14)
+ 7.8823 (Cs)z 3241255
: C _ C.
+ 0.4077.
The condition, when Area Increment is negative, is as follows
Cs < Cp 1.1. (5.15)

5.3.7. Contacts pattern comparison

Shape and pattern of contact (rectangle, square, square with chamfer or circle) in
GaN HEMT influence Rps-on. The square shape contacts placed in the waffle pattern
can reach the best Al performance improvement up to compared to other contact shape
and patterns. In opposite, the circle shape of contacts placed in the waffle pattern can
reach worst Al performance improvement compare to another contact shape. The
higher chamfer on square contacts leads to a decrease of Al performance. Pattern with

square and circle contacts have better Al performance improvement compare to square
contacts with 58% chamfer.
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For higher BV of the drain to gate, the square shape drain contact with higher
chamfer or circle shape is more suitable.

Proposed new patterns can be applied to all lateral normally-On or normally-Off
GaN HEMT processes. New proposals are lateral structures and due to this have
perspectives for integration into power management Integrated Circuits on GaN
substrates. It is more suitable to use waffle gate pattern or new dissimilar square waffle
gate pattern or octagon waffle gate pattern when contacts dimensions are 1.1 times

larger than contact spacing.

5.4. BV of GaN HEMT

This TCAD simulation demonstrates the influence of the gate to drain distance Lqg
and buffer layer thickness T(buffer) on the breakdown voltage and is based on the
following references [122], and [123] Fig. 5.17.

0.0010

——Lgd=3um
——Lgd= 5um
~———Lgd= 8um
——Lgd= 10um
0.0006 Lgd= 12um
———Lgd= 15um
Lgd= 18um

0.0008

0.0004
T(buffer)= 2.1um

0.0002

| |

(a) by VeV "

0.0000

Fig. 5.17. GaN HEMT a) definition of GaN HEMT normally-on transistor,
with parametric gate to drain spacing Lgq, b) the BV characteristic curves with
varying gate to drain spacing Lgg from 3 um to 18 um were simulated when
T(buffer) is 2.1 um [123].

I have been demonstrated [122] that BV is defined by an avalanche phenomenon
between the gate and the substrate due to charge accumulation at the GaN/Silicon
interface.

The BV of GaN HEMT also depends on the thickness of GaN buffer T(buffer) and
for thicker buffer higher BV can be reached [123]. The BV can also be improved by
adding field plate connected to the gate [124], and our proposals are compatible with

it. Additionally, known phenomena are BV dependence on surface passivation
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material [125]. Finally, BV of GaN HEMT depends on the gate to drain distance Lag.
For the larger gate to drain distance, the higher BV can be reached as it is described in
[122], and [123] Fig. 5.17.b).

As it is, describe in Fig. 5.3 both proposed GaN HEMT topologies, the dissimilar
square waffle gate pattern [11] and octagon waffle gate pattern [10] can change
independently spacing between the gate and drain contacts and spacing between gate
and source contacts. Because larger gate to drain distance Lqg lead to higher BV by
increasing D1 distance and Dz distance the higher BV can be reached by having more

compact shape compare to finger shape gate pattern.

5.5. Waftle GaN HEMT Fabrication

Fabrication of proposed GaN HEMT with waffle gate patterns is realized with the
cooperation of Slovak Academy of Science (SAS). To simplify the manufacturing
process, the Normally-On HEMT based on AlGaN/GaN heterostructure was chosen.
To prove the proposed concepts, the two different substrates are used, the less
expensive Si substrate and more expensive SiC substrate but with better lattice
matching to GaN. Because SiC has approximately two times better thermal
conductivity than Silicon (Tab. 2.4) by using SiC substrate for GaN HEMT much

better heat dissipation of power devices can be reached.

CON - CON CON - CON
SiN GaN (2 nm) SiN GaN (3 nm)
AlGaN (20 nm) AlGaN (17 nm)
g =
opEG ~  GaN (300 nm) 2DEG ~ GaN buffer ( 1.7 um)
C-doped GaN (4 pm) Nucleation layer
Si (300 - 400 wm) 4H-SiC ( ~ 450 pm)
(a) (b)

Fig. 5.18. SAS process: (a) AlGaN/GaN/Si HEMT structure; (b)
AlGaN/GaN/SiC HEMT structure, where Gate is Schottky gate metal, CON is
Ohmic contact metallization, and M1 is metallization for PAD and
interconnections.
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The source AlGaN/GaN HEMT structures grown on Si and SiC substrates are
described in Fig. 5.18 a) and b), respectively. The proposed heterostructure layers with
an induced 2-dimensional electron gas (2DEG) are commercially grown by metal
organic chemical vapor deposition (MO CVD) method using an optimized growth
process.

The SiC AlGaN/GaN wafer is from CREE and is<475 um in thickness, the substrate
is 4H-SiC, with 100.00 mm in diameter, the resistivity is greater than 1.0x10° Q cm,
both sides are polished. The AlGaN barrier layer in both types of heterostructures
contains 29.5% of Al.

The simplified GaN HEMT process flow from SAS is as follows:

1)  DIE cut of AlGaN/GaN/Si or AIGaN/GaN/SiC wafer
2) Contact

- Ohmic Contact deposition

- Contact patterning by ,,lift-off*

- Contact annealing
3)  Active region

- Active area patterning

- Active area MESA dry etching
4) Gate

- Gate Schottky metal deposition

- Gate patterning by ,,lift-off
5)  Passivation

- Passivation layer (SiN) deposition

- Passivation patterning by dry etching
6) PAD metallization M1

- M1 deposition

- M1 Patterning by ,,lift-off*

The MESA etching is applied outside the defined active area to break the 2DEG

region and to allow separation/isolation of transistors (from each other) placed nearby

on the same substrate.
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The Ohmic Contact comprises of an Nb (20 nm) / Ti (20 nm) / Al (120 nm) / Ni
(40nm)/Au (70 nm) stack. In comparison to the conventional Ti/Al/Ni/Au
metallization scheme, a thin Nb layer is added to enhance the surface morphology and
specific contact resistivity [126]. Ni is used to prevent the forming of Au-Al
intermetallics and unwanted in-diffusion to the sample interface.

Two different Schottky gate metallization were proposed for possible comparison
of the HEMTSs performance at elevated temperatures in the future. In our experiments,
a stack of Ir (40 nm) / Au (80 nm) or Ni (40 nm) / Au (80 nm) was used.

The PAD metallization M1 consists of Ti (15 nm) / Au (100 nm). It is designed to
improve metallic interconnections and device bonding. The thin Ti layer is deposited

prior to Au to strengthen the adhesion.

Fig. 5.19. Fabricated GaN HEMT normally-on transistor a) waffle gate after
MESA etching, Schottky gate and ohmic contact fabrication (before SiN
passivation and PAD metallization process); b) finger gate HEMT after all
process steps.

Sample fabrication has been divided into two phases:
o in the first phase, the samples have been used for process tuning and
preliminary evaluation
o insecond phase samples has been used for qualifications
The sample from the first phase is present in Fig. 5.19 a) where GaN HEMT
normally-on transistor with waffle gate is stopped before SiN passivation and PAD
metallization process. Finally, fully finished GaN HEMT normally-on transistor with
finger gates is in Fig. 5.19 b). All samples of GaN HEMT with waffle gate from the
first phase has been facing two types of problems. The waffle gate GaN HEMT with
smaller gate and source spacing than 1um has been shorted Fig. 5.20 (a). This type of

errors has been caused by week resolution of used lithography and has been fixed by
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using larger gate-source spacing than 1um. For waffle gate, GaN HEMT with larger
thanlum gate and source spacing those shorts has not been observed. The second type
of the issue has been observed on crossing area of waffle gates. There was a short
between gate and source interconnections in metal above Fig. 5.20 (b). The issue has
been caused due to unconformity of the gate electrode at crossing area and due to thin

SiN passivation. The problem can be solved by using a thicker passivation layer.

% | 4/24/2018 10 pm
g* ; S

Fig. 5.20. Defects of Waffle GaN HEMT transistor: a) short of gate and source
contact due to lithography issue for small 1um proximity; b) short of the gate
and source interconnection with metal above, due to unconformity of the gate
at crossing area and due to thin SiN passivation

After all, issues have been analyzed and solved the second phase of fabrication
should begin. The samples from the second phase are now in the fabrication process.
The physical design verification of GaN IC has realized with Calibre DRC [79] with

a custom run set of DRM rules.

5.6. Measurement

For measurement of GaN HEMT transistors has been used Semiconductor Device
Parameter Analyzer/Semiconductor Characterization System Mainframe B1500A

from Agilent Technologies.
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Semiconductor Data evaluation
— Device in Compressor
Parameter PC
Analyzer )
B1500A 4 Air
Thermo-system
S Thermonics
Measured T-2500E
Oscilloscope chip —
LeCroy LT374M e AT

Fig. 5.21. Measurement scheme for GaN HEMT transistors

For verification reason oscilloscope, LeCroy LT374M has been used. To set precise

temperature conditions, the thermos-system Thermonics T-250E has been used.

o —e—\V/GS=-5.0V
0% —e—\V/GS=-4.5V
0004 VGS=-4.0V
< 0003 VGS=-3.5V
—~ 0.002 —e—\/GS=-3.0V
0.001 —e—\/GS=-25V

0 o ——VGS=-2.0V

0001 ° 02 04 06 08 1 —e—VGS=-15V
Vos [V] ——V/GS=-1.0V

Fig. 5.22. The measured output characteristic of AlGaN/GaN/Si HEMT
normally-On, with finger gate structure for different gate voltages at 25°C,
current limit for measurement is 5 mA

The drain-source resistance measurement has been realizing by four terminals

method where based on sensed drain-source voltage Vps the drain current Ip is forced.
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Fig. 5.23. The measured transfer characteristic of AlGaN/GaN/Si HEMT
normally-On, with finger gate structure at 25°C,

Measurement of drain current versus drain-to-source voltage output characteristic,
of AlGaN/GaN/Si HEMT with finger gate structure for different gate voltages at 25°C
isin Fig. 5.22.

The transfer characteristic of AIGaN/GaN/Si HEMT with finger gate structure is in
the Fig. 5.23. The transfer and output characteristic for AlIGaN/GaN/Si HEMT with
waffle gate pattern, octagon, and dissimilar square waffle gate pattern will be measured

on second phase samples where the issue with short is fixed.

5.7. Conclusion for Waffle GaN
Topologies

To improve the channel resistance of HV power GaN HEMT the new topologies
have been proposed and described. The specific on-resistance can be reduced by using
proposed new power GaN HEMT topologies with dissimilar square waffle pattern [11]
and with octagon waffle pattern [10]. The area saving compared to standard finger gate
pattern is up to 40 % depending on contact shape and pattern. In addition production
cost of GaN HEMT can be reduced by decreasing chip area and by it yield
improvement. The standard waffle gate pattern and proposed two new gate patterns
the dissimilar square waffle and octagon waffle pattern can apply for any lateral
normally-On or normally-Off GaN HEMT processes. New proposals are lateral
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structures and due to this are perspectives for integration into power management
integrated circuits on GaN substrates. Shape and pattern of contacts (rectangle, square,
square with chamfer or circle) influence on-resistance of new GaN HEMT. The square
shape of contacts placed in the waffle pattern can reach more than 40 % area reduction
for Cs/Cp<0.3 and 16.1 % reduction for contacts spacing Cs same as contact
dimension Cp what is the best Area Increment Al performance improvement compared
to other contact shapes in waffle patterns. In opposite, the circle shape of contacts
placed in the waffle pattern can reach up to 6.9 % area reduction for Cs/Cp < 0.5 and
1.2 % area reduction for Cs/Cp =1 compare to finger topology what is lowest Al
performance improvement compare to another contact shape. The higher chamfer on
square contacts leads to a decrease of Al performance. Pattern with square and circle
contacts reach up to 21% area reduction for Cs/Cp < 0.3 and 10.3 % area reduction for
Cs/Cp =1 compare to finger topology what is better Al compare to square contacts
with 58% chamfer where has been reach up to 16.6 % area reduction for Cs/Cp < 0.3
and 6.1 % area reduction for Cs/Cp = 1.

For the higher drain to gate BV of GaN HEMT, the square shape drain contact with
higher chamfer or circle shape is more suitable. In general, for the same on-resistance
the area can be reduced for: waffle gate pattern, new dissimilar square waffle gate
pattern or octagon waffle gate pattern if contacts dimension Cp is 1.1 times larger than

contacts spacing Cs.

5.8. Possible Future Development of
Wafttle GaN Topologies

The main advantage of proposed AlGaN/GaN/Si HEMT with waffle gate pattern,
octagon waffle and dissimilar square waffle gate patterns is that is compatible with
different processes, not just for power conversion but also for high-frequencies
modulation system where the specific resistance is reduced. Therefore, the
development of RF AlGaN/GaN/Si HEMT with waffle gate pattern, octagon waffle,

and dissimilar square waffle gate patterns are promising for future GaN IC.
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6. Additional Structure Proposals

The dimension scaling of HV power Trench MOSFET in smart power IC is very
beneficial due to efficiency improvement of power discreet and due to production costs
reduction by decreasing chip area and by it yield improvement in SiC. To fulfill those
expectation several lateral HV Trench MOSFET are described and modeled.

Parts of this chapter has been presented by the author of this thesis in [12] Author
of this thesis contributes to this chapter by 80%.

6.1. New Trench MOS Proposals

The Trench MOSFET is shown in Fig. 6.1 is currently a widely used architecture as
overcoming the Drift MOSFET architecture, and Double diffused MOSFET (DMOS)

architecture regarding specific On resistance.

Fig. 6.1. Vertical channel orientation of Trench MOSFET [12]

The MOSFETSs using the trench gate allow to reach lower specific on-resistance
hence vertical structure to enhance the channel density. To improve the specific On-
Resistance of the Trench MOSFET architecture, the different trench gate pattern like
Waffle [34] or hexagon in XtreMOS [1] is used.
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6.1.1. Trench MOS with source with
waffle pattern
Due to the improvement of specific On-Resistance, the new architecture of Trench

MOSFET with Source with Waffle pattern is proposed Fig. 6.2. New Trench MOSFET

is a vertical structure with the lateral connection of all terminals.

D

Nwell P well

Fig. 6.2. Proposal of new Trench MOS with Source with Waffle pattern [12]

A gate is a vertical trench, source and Bulk are on top and Drain is at the bottom
and is laterally connected. A Bulk implant is located between Gates and is on surface
connected via Salicide with Source.

When the spacing between polysilicon Gates Spovy is smaller than the dimension of
polysilicon Gate XpoLy, then the sum of gates perimeters which is equivalent to channel
width is larger than for conventional Trench MOSFET.
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MOS geometry comparison

— |
— :
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<| ! —— Trench MOS
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Fig. 6.3.: Comparison of new Trench MOS with Source with Waffle pattern
(Waffle MOS) with conventional Drift MOS and Trench MOS base on
normalized gates perimeter (equivalent to channel width) [12]

If the spacing between gates segments SpoLy is smaller than the dimension of gate
segment XpoLy then the sum of gates perimeters, (which is equivalent to channel
width) is larger than for conventional Trench MOSFET (6.4).

POLY

Channel Width

Channel Width
Channel Width
Channel Width
Channel Width

a) b)
Fig. 6.4. Top view on channel width for: a) Trench MOSFET b) improved
channel width of Trench MOSFET with Source with Waffle pattern [12]

Trench MOS with Source with Waffle pattern by using multi-square trench gate has
a larger gate perimeter (equivalent to channel width) than conventional Trench MOS
Fig. 6.3 and so we can expect lower specific On-Resistance.
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6.1.2. Trench MOS with triangle gate
pattern

The Trench MOS with Source with Waffle pattern overcome conventional Trench
MOS structures because by using multi-square trench gate we can fit more gate
perimeter per area. To find even better topology we have to find 2D polygon with even
larger perimeter Pp per area first.

Let’s consider basic formulas for calculation of perimeter Pp and

Pp=ns (6.1)
area of regular polygon Ap with n sides and with the length of side s
1 1
ApziapnszzapPp (6.2)

Where ap is apothem and define the shortest distance from the side of a polygon to

the center and can be calculated as follows
s

ap = W (6.3)

From equations (6.2) and (6.3) we can get the formula for side length of regular

polygon s as follows

Ap tan (1) (6.4)
n

s=2

By insertion (6.4) to equation (6.1) we can get a direct relation between perimeter

Pp of a regular polygon on some sides n and on its area Ap as follows:
T
Ap tan (7) (6.5)

For comparison of polygon let’s consider unit polygon area equal to one. Then we
get the following Tab. 6.1.

From Tab. 6.1we can see that square is not an optimal polygon regarding the
perimeter. The largest perimeter for a unit area is for a polygon with a triangle shape.
Another conclusion is that when the number of polygon sides increases the perimeter

is decreased.
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Tab. 6.1. Dependence of Perimeter of a regular polygon on some polygon sides n for

polygons with the unit area (Ap=1) [12].
Polygon triangle | square | pentagon | hexagon circle
Sides n 3 4 5 6 infinite
Perimeter
4.56 4.00 3.81 3.72 3.54
PP(Ap:].)

To get Trench MOSFET with lower specific On-Resistance, we have to choose
a trench gate with triangle pattern Fig. 6.5. The higher perimeter means higher channel

width, and its lower resistance.

Fig. 6.5. Proposal of new Trench MOS with Triangle gate pattern (Triangle
MOS) [12].

When the spacing between polysilicon Gates SpoLy is smaller than the dimension of
polysilicon Gate XpoLy, then the sum of gates perimeters which is equivalent to channel
width is larger than for Trench MOS with Source with Waffle pattern or for
conventional Trench MOSFET Fig. 6.6.

The trench MOS with Triangle gate should have lower specific On-Resistance than
Trench MOS with Source with Waffle pattern or conventional Trench MOS hence
Trench MOS with Triangle gate have larger gate perimeter (equivalent to channel

width) per area.
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MOS geometry comparison
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Fig. 6.6. Comparison of new Trench MOS with Triangle gate pattern (Triangle
MOS) with conventional Drift MOS and Trench MOS and with Trench MOS
with Source with Waffle pattern (Waffle MOS) base on normalized gate
perimeter (equivalent to channel width) [12].

6.1.3. Conclusion for trench MOS

In was described two new Trench MOSFET structures with optimized specific On
resistance parameter. The first structure is Trench MOSFET with Source with Waffle
pattern and the second structure is Trench MOSFET with Triangle gate pattern. If gates
segments spacing is smaller than segment dimensions, then both new structures have
better specific On resistance than Drift MOSFET or Trench MOSFET. Smallest
specific On resistance is reach for Trench MOSFET with Triangle gate pattern.

Due to sharp edges of the gate segment, the lower break down voltage is expected
for Triangle gate pattern. Trench MOSFET with Source with Waffle pattern should be
a good compromise due to lower specific On resistance and higher breakdown voltage.

For different trench MOSFET structures comparison, the normalized gate segment

perimeter was used as an alternative figure of merit to specific On resistance.

6.2. GaN Nano-channel GAA

Nanowire-based field-effect transistors are among the most promising means of

overcoming the limits of today's planar silicon electronic devices, in part because of
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their suitability for gate-all-around architectures (GAA) Fig. 6.1., which provide
perfect electrostatic control and facilitate further reductions in “ultimate” transistor

size while maintaining low leakage currents [127].

Fig. 6.1. Nanowire-based field-effect transistors (GAA FET) [127]

The GAA FET concept is currently considering for low power and low voltage
applications only. However, base on analogy with FInNFET architecture which was
implemented in HV segment we can expect that GAA FET concept can be also applied
in the high voltage power application.

To ensure that GAA structure provides for the highest capacitive coupling between
the gate and the channel the cross-section of the channel must be small enough so that
the gate can deplete the heavily doped channel entirely (OFF state). The concept of
the junctionless transistor is very promising and suitable for the requirement of a new
semiconductor device. The doping concentration is constant and uniform throughout
the device.
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/. Power IC Layout Implemen-
tation Flow Improvements

It is well-known practice in the semiconductor industry that by optimizing
implementation flows can be reduced the development time, and it cost.

The smart power IC contain not only power devices but also analog and digital
control parts. All modern CAD environments (from Cadence and Synopsys) allow
doing only manual analog layout implementation. Only for digital designs (due to
standard cells dimensions) is possible to realize automatic placement and automatic
outing.

To optimize analog layout implementation flow for smart power IC, the several
improvements were developed and are using in STMicroelectronics.

Parts of this chapter has been presented and published by the author of this thesis in
[13], [14], [15]; [16], and [17]. Author of this thesis contributes to this chapter by 85%.

7.1. Incremental Control

During the creation of analog layout in Cadence, CAD environment layout
engineers spend a lot of time by modifying objects in a database. By applying new
control concept and targeting modern control approaches our solution unifies and
simplifies control of any layout object to speed-up work. Discussed new control
techniques are compatible with Cadence CAD environment and both current control

devices as keyboard/mouse and new gesture tracking devices [15].

Edit Properties X
9 Loyer (TEGE )
2 Com >

Selected wire Type new width value Updated wire

Fig. 7.1. The example of standard four steps modification flow for wire width
change in the Virtuoso Layout Suite [14]
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Virtuoso Layout Suite is very universal and user-friendly environment for physical
implementation of integrated circuits [75]. Common concept for modification of
selected layout objects is through the Edit Properties window and consist from four
steps. For example, a width of a selected wire can be changed by using the bindkey
“Q” to call the Edit Properties window, then type a new value for the wire width and

press the OK button to apply Fig. 7.1.

9 E - -
X
X
Selected MOSFET Incremental Control Updated fingers

Fig. 7.2. The example of a number of gate finger modification of MOSFET by
using Incremental Control [14].

X XXX

The Incremental Control Fig. 7.2 brings an intuitive common control concept which
reduces the number of actions needed to reach the optimal result.

The principles of the new control concept for layout object modifications are
described by Fig. 7.3 and is described in [14].

Redraw Object

Read RQT

Does Initial
Value exist?

Is Initial
Value needed?

Set Last Updated Value
Read Last Updated Value to Actual Value

Read Transform Function
from IC-DB

T

Read Actual Values
from CAD-DB

Is Object
Selected?

Does Last Updated Value
equal to Actual Value?

Is Initial Value
needed?

Read Object ID
from CAD-DB

{

| Read IC-DB |

Fig. 7.3. The flow chart of Incremental Control [14].

Set Initial Value
to Actual Value

Is Object
in IC-DB?

Apply Transform Function

L4

Create Initial Value
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To quantify layout productivity gain, the average time of standard control
modification tsc and the average time of Incremental Control modification tic to reach
the target value of layout objects with random initial value are introduced. Relative
difference of tic and tsc has been used for calculation of average layout productivity
gain for each layout object type. Based on measurement which is noted in Tab. 7.1,
time-saving is in the range of 23% to 66%. In Tab. 7.1 there is evidence that higher

efficiency is reached when different objects are modified simultaneously.

Tab. 7.1. Layout productivity measurement results [15]

Layout (tic-tsc) / Layout (tic - tsc) /
object tsc [s] | tic [S] tsc object tsc [s] | tic [S] tsc
[%6] [%0]
via 5.6 2.0 -64.7 pin +label | 15.1 | 5.0 -66.7
wire 4.6 3.5 -23.4 rectangle | 5.2 3.2 -38.5
pin 7.0 4.5 -36.1 transistor 5.6 3.7 -33.6
label 5.8 35 -39.9 capacitor | 5.4 3.5 -35.2

Discussed new control technique is compatible with the Cadence CAD environment
and with current control devices such as a keyboard, mouse. In addition to it is also
compatible with new gesture tracking systems. The Incremental Control is usually
mapped to mouse wheel but has been experimentally mapped to gesture recognition
camera Creative Senz3D using Fig. 7.4 [128].

Fig. 7.4. Gesture control mapped to the incremental interface tested with the 3D
tracking camera [16].

The Incremental Control is a new control concept which is very intuitive and
simplifies interaction with the IC CAD environment. The Incremental Control is
implemented in Cadence Virtuoso to be used for modification of layout objects such
as wires, pins, labels, vias, rectangles, MOSFETSs and capacitors. Main applied ideas

are typing removal and incremental approach. Using the Incremental Control, the
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productivity of analog layout creation has been improved in the range of 23% to 66%.
Moreover, this type of interaction seems to be more native to all backend designers
who use it. By using gesture control camera mapped to Incremental Control bindkeys,
layout objects have been changed. Based on our experience, the gesture tracking

device needs an additional improvement of precision [15].

7.2. Similar Search

During the creation of analog layout in Cadence Virtuoso environment, layout
engineers spend a lot of time by selecting objects in a database. By applying new
“Similar Search” concept for search and select control and targeting modern control
approaches, the Similar search solution Fig. 7.5 unifies and simplifies search control

of any CAD object to speed-up the work.

X X net03 X X

Vsup © ®
[ [ ®
bl [ == ®
&Iz

net02

Similar to PMOS 5V

[4] L=4 um

(31 S=VCCB=VCC L=4 p

m

[1] SSVCC B=VCC D:netogk

Similar to NMOS 1.8V

[6] L=1 pm
[4] W=3 um L=1 um

[3] D=net02 G=net03 L=1 um\

(a)

(b)

Fig. 7.5. Similar search control in Cadence Virtuoso environment (a) in the
schematic editor, (b) in layout editor [129].

Discussed new control technique is compatible with Cadence Virtuoso
environment, both schematic and layout editor.

This innovative control concept offers a form-less interface for faster search and
removes the need to type. Layout engineers experienced with the new control concept
prefer this new flow to the classic one as object search, and select procedure has been
simplified. Time needed to select relevant instances is measured for different designs
isin Tab. 7.2
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Tab. 7.2. Layout productivity measurement results [17]

Num. of (tscript - tman) /
) . tman tscript | tman/ tscript
Design instances [s] [s] [-] tman
] i
Cascoded mirror 17 49.6 7.0 71 -85.9%
(schematic)
Cascoded mirror 73 76.0 6.1 125 -92.0%
(layout)
Digital decpder 14 20.3 4.9 4.1 -75.9%
(schematic)
Digital decoder 18 22 4 5.2 4.3 -76.8%
(layout)

Where tman is a time of manual selection and tscript is a time of selection with similar
search script. The control concept is very intuitive and improves the productivity of
analog layout search and select technique. Time saving is in the range of 76 % to 92

%. The highest level of efficiency is mainly achieved in very complex circuits. [17]

7.3. Smart Placement & Sorting

Addition innovation is an evolution of previously mention the invention of Similar
Search where there have been replacing, time consuming, need of a selection of
different type of reference devices in the database and now tool can do sorting base on
electrical or geometrical properties on whole or patronal database at once.

A new pre-placement phase of integrated circuits (IC) analog-mixed-signal (AMS)
physical design flow, automatically sorts electrical devices used in planar IC
technologies according to their topological, structural and electrical properties. The
presented design phase replaces human labor and allows to save design time and
prevent human mistakes. A flow chart describing the pre-placement implementation is

shown in Fig. 7.6 and is described in [13].
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Fig. 7.6. Flow chart of the automatized pre-placement phase [13].

A software implementation of the proposed method works with virtual objects of
layout instances which are moved only once at the end of the script when creating the
final pre-placement matrix. Algorithm complexity is decreased by a new way of virtual
objects matrix indexing. The automatic pre-placement phase has been used during the
design of AMS circuits in 160 nm BCD8sP and SOIBCDS8s technologies from
STMicroelectronics and has been faster in the range of 3 000to 20 000 times compared
to manual sorting as it is present in Tab. 7.3. Where the number of layout instances is
N, the number of rows is Nrow, number of non-empty elements Nne. For
quantification of layout productivity increase, time of manual standard sorting tms and
time of automatic preplacement phase tep to reach the final sorted matrix are
introduced. The time saving between manual sorting and automatic pre-placement is
described as a relative ratio p, estimated relative ratio pe, relative difference of p and
pE IS dr

The estimation of the ratio between manual sorting time and automatic pre-
placement time shows a growing time saving with increasing circuit complexity
compared to standard layout flow. The introduced enhanced layout flow is able to
prevent creation of hardly detectable errors occurring at the beginning of AMS
physical design, especially the wrong bulk connection errors of semiconductor

devices.

112



Tab. 7.3. Layout productivity measurement results [13].
. NLi | Nrow | NNe | tms tep p PE dr
Type ofcireut O] (B E e [ [ [%]
Comparator 29 4 11 | 110 | 0.028 | 3929 | 3471 -11.66
Comparator with hysteresis 32 6 13 | 155 | 0.038 | 4079 | 4288 5.13
Signal clamper 40 9 17 | 246 | 0.032 | 7688 | 5754 -25.15
Operational amplifier 52 7 16 | 249 | 0.065 | 3831 | 4330 13.03
Supply selector 66 6 17 | 167 | 0.047 | 3553 | 4060 14.26
Over voltage protection 78 8 15 | 174 | 0.055 | 3164 | 2930 -7.4
Rail-to-rail input comparator | 94 4 23 | 431 | 0.106 | 4066 | 5266 29.52
Zero crossing detector 99 6 20 | 362 | 0.068 | 5324 | 4019 -24.52
Error amplifier 112 9 19 | 299 | 0.092 | 3250 | 3384 412
Trimm Operational amplifier- | 112 8 26 | 572 | 0.117 | 4889 | 5724 17.08
Low drop out regulator 122 | 40 57 | 2280 | 0.089 | 25618 | 20099 -21.54
Soft start 129 7 25 | 390 | 0.098 | 3980 | 4858 22.05
Over current protection 197 | 13 32 | 746 | 0.143 | 5217 | 5470 4.85
Programmable comparator 213 15 33 | 742 | 0.173 | 4289 5455 27.18
Fast comparator 324 9 28 | 677 | 0.196 | 3454 | 3092 -10.48
Current reference 358 44 79 | 3420 | 0.199 | 17186 | 16407 -4.53

The automatic pre-placement phase saves hours of reworks and speeds up the entire

design process [13].

7.4. Conclusion for Development of
Design Methodology

During the creation of analog layout in power IC in Cadence, CAD environment
layout engineers spend a lot of time by modifying objects in a database. By applying
new control concept and targeting modern control approaches proposed solution
unifies and simplifies control of any layout object to speed-up work. The control
concept is very intuitive and time saving is in the range of 23% to 66%. There is
evident that higher efficiency is reached when different objects are modified
simultaneously.

In the process of creation of analog layout in power IC in CAD environment, the
layout engineers spend a lot of time by selecting objects in a database. By applying
new “Similar Search” concept for search and select control and targeting modern
control approaches, the Similar search solution unifies and simplifies search control of
any CAD object to speed-up the work. The control concept is very intuitive and

improves the productivity of analog layout search and select technique. Time saving
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IS in the range of 76 % to 92 %. The highest level of efficiency is mainly achieved in
very complex circuits.

A new pre-placement phase of integrated circuits analog-mixed-signal (AMS)
physical design flow, automatically sorts electrical devices used in power IC
technologies according to their topological, structural and electrical properties. The
presented design phase replaces human labor and allows to save design time and
prevent human mistakes. The automatic pre-placement phase has been used during the
design of AMS circuits in 160 nm BCD8sP and SOIBCD8s STMicroelectronics
processes and it has been faster in the range of 3 000 to 20 000 times compared to

manual sorting.

7.5. Possible Future Development of
Design Methodology

The partial or full automatization of AMS physical implementation flow is actual
but also challenging topic for each semiconductor CAD vendors and their users.

Seems to be by promising to apply proposed automatic pre-placement phase [13]
into constraints for automatic placers. Where main advantage is coming from the
reduction of device count, substituted by pocket count. It will significantly reduce the
number of combination and simplify to find optimal floorplan.

For additional improvement of AMS physical implementation flow will need to
overcome the limitations of the current algorithm and use of Machine Learning (ML)

is most promising.
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8. Conclusion

The most important parameter of power MOSFETs devices is specific
on- resistance, which plays a critical role in both trends of modern electronics:
miniaturization and efficiency improvement, respectively. The main qualitative
parameter used for optimization of power MOSFETS is Area Increment Al. It is
a relative difference of specific on-resistances between compared topologies.

The effective W/L channel ratio of cross element in Waffle MOS is 0.55871 with
tolerance 107°. It is much precise value than 0.55 described by Saqib [66]. It is useful
to use waffle gate pattern in case, when the gate length di is smaller than 2.26 times
a spacing between polysilicon gates ds. In opposite case, when polysilicon width ds is
2.26 times larger than the spacing between polysilicon ds then waffle gate pattern in
term of resistance per area is worse than standard gate pattern with fingers.

To achieve a high reliability of power MOSFETS transistors the bulk connection
have to be robustly connected. This lead to power MOSFETSs segmentation and it
influenced the specific on-resistance parameter. In this work two MOSFET topologies
with waffle gate with a diagonal and orthogonal source and drain interconnections has
been described for the first time. Moreover, its new analytic models have been
describe. It also allows to descibre non-square shapes of power MOSFETS compare to
Vemuru [68].

The MOSFET structure with waffle gates with orthogonal source and drain
interconnections has been described, and its analytic model of channel area has been
the first time proposed. In addition, orthogonal source and drain interconnections are
much more simple in comparison to orthogonal topology proposed by Madhyastha
[69], where an orthogonal source and drain interconnection have metallization more
complex and has a weak electro-migration limit.

In additional, the analytic models of effective width to length channel ratio have
been compared by numerical 2D FEM simulation. Here, the good match has been
observed between analytical and numerical models with differences less than 2 % for

both waffle structures.
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Moreover, this thesis confirms that models considering core area elements only [66]
are not sufficient precise for the exact description of power MOSFETs with
segmentation, and therefore in this work the new more precise models are presented.

There has been compared the example of MOSFET topology with waffle gate
pattern with diagonal source and drain interconnections and the standard MOSFET
with finger gates with the condition of the same on-resistance. The result of it is that
the waffle gate pattern with diagonal source and drain interconnections occupies
42.38 % less area than the standard one.

Similarly, the second example of MOSFET topology with waffle gate with an
orthogonal source and drain interconnections occupies 22.43 % less area compared to
the standard MOSFET with finger gates with the condition of the same on-resistance.

Moreover, there has been defined conditions where the segmented power
MOSFETS structures with waffle gates occupy less area than the standard MOSFETs
with finger gates with same channel resistance.

In power IC, it has been presented 19 % area saving of power 5V MOSFET in
160nm BCD8sp process by using waffle power MOSFET with orthogonal source and
drain interconnections.

To improve the channel resistance of HV power GaN HEMT the new topologies
have been proposed and described. The specific on-resistance can be reduced by using
proposed new power GaN HEMT topologies with dissimilar square waffle pattern [11]
and with octagon waffle pattern [10]. The area saving compared to standard finger gate
pattern is up to 40 % depending on contact shape and pattern. In addition production
cost of GaN HEMT can be reduced by decreasing chip area and by it yield
improvement. The standard waffle gate pattern and proposed two new gate patterns
the dissimilar square waffle and octagon waffle pattern can apply for any lateral
normally-On or normally-Off GaN HEMT processes. New proposals are lateral
structures and due to this are perspectives for integration into power management
integrated circuits on GaN substrates. Shape and pattern of contacts (rectangle, square,
square with chamfer or circle) influence on-resistance of new GaN HEMT. The square
shape of contacts placed in the waffle pattern can reach more than 40 % area reduction
for Cs/Cp<0.3 and 16.1 % reduction for contacts spacing Cs same as contact
dimension Cp what is the best Area Increment Al performance improvement compared
to other contact shapes in waffle patterns. In opposite, the circle shape of contacts

placed in the waffle pattern can reach up to 6.9 % area reduction for Cs/Cp < 0.5 and

116



1.2 % area reduction for Cs/Cp =1 compare to finger topology what is lowest Al
performance improvement compare to another contact shape. The higher chamfer on
square contacts leads to a decrease of Al performance. Pattern with square and circle
contacts reach up to 21% area reduction for Cs/Cp < 0.3 and 10.3 % area reduction for
Cs/Cp =1 compare to finger topology what is better Al compare to square contacts
with 58% chamfer where has been reach up to 16.6 % area reduction for Cs/Cp < 0.3
and 6.1 % area reduction for Cs/Cp = 1.

For the higher drain to gate BV of GaN HEMT, the square shape drain contact with
higher chamfer or circle shape is more suitable. In general, for the same on-resistance
the area can be reduced for: waffle gate pattern, new dissimilar square waffle gate
pattern or octagon waffle gate pattern if contacts dimension Cp is 1.1 times larger than
contacts spacing Cs.

During the creation of analog layout in power IC in Cadence, CAD environment
layout engineers spend a lot of time by modifying objects in a database. By applying
new control concept and targeting modern control approaches proposed solution
unifies and simplifies control of any layout object to speed-up work. The control
concept is very intuitive and time saving is in the range of 23% to 66%. There is
evident that higher efficiency is reached when different objects are modified
simultaneously.

In the process of creation of analog layout in power IC in CAD environment, the
layout engineers spend a lot of time by selecting objects in a database. By applying
new “Similar Search” concept for search and select control and targeting modern
control approaches, the Similar search solution unifies and simplifies search control of
any CAD object to speed-up the work. The control concept is very intuitive and
improves the productivity of analog layout search and select technique. Time saving
is in the range of 76 % to 92 %. The highest level of efficiency is mainly achieved in
very complex circuits.

A new pre-placement phase of integrated circuits analog-mixed-signal (AMS)
physical design flow, automatically sorts electrical devices used in power IC
technologies according to their topological, structural and electrical properties. The
presented design phase replaces human labor and allows to save design time and
prevent human mistakes. The automatic pre-placement phase has been used during the
design of AMS circuits in 160 nm BCD8sP and SOIBCD8s STMicroelectronics
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processes and it has been faster in the range of 3 000 to 20 000 times compared to
manual sorting.

The results of this doctoral thesis are summarized in section 1.3 and come from the
development, which has been supported by the Grant Agency of the Czech Technical
University in Prague, grant No. SGS17/188/0HK3/3T/13 (Mikro a nanostruktury a
soucastky), grant No. SGS14/195/0HK3/3T/13 (MiNa), grant No. SGS11/156/OHK3
/3T/13, the GACR project No. 02/09/160, and Ministry of the Interior grant No.
VG20102015015. Parts of this thesis have been developed in cooperation with
companies ST-Ericsson and STMicroelectronics. Fabrication of proposed GaN HEMT
has been realized with the cooperation of Slovak Academy of Science (SAS).
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