Technology for Planar Power Semiconductor Deviaask&ge with
Improved Voltage Rating

by

Jing Xu

Dissertation submitted to the Faculty of the ViigiRolytechnic Institute and State
University in partial fulfilment of the requiremenfor the degree of

DOCTOR OF PHILOSOPHY
in
ELECTRICAL ENGINEERING

Khai. D. T. Ngo
Daan van Wyk
Guoquan Lu
Hardus Odendaal
Yilu Liu

Douglas Nelson

Dec. 5, 2008
Blacksburg, Virginia

Keywords: High voltage, Planar package, EmbeddedeP,&iC diode, MEDICI

Copyright 2008, Jing Xu



Technology for Planar Power Semiconductor Deviaask&ge with
Improved Voltage Rating

Jing Xu

ABSTRACT

The high-voltage SiC power semiconductor devicegehldeen developed in recent
years. They cause an urgent in the need for theepsemiconductor packaging to have
not only low interconnect resistance, less noisss Iparasitic oscillations, improved
reliability, and better thermal management, buto aldigh-Voltage (HV) blocking
capability.

The existing power semiconductor packaging teclgie® includes wire-bonding
interconnect, press pack, flip-chip technology, ahebsts interconnected parallel plates
structure (MIPPS), dimple array interconnection (PApower overlay (POL)
technology, and embedded power (EP) technology. neNof them meets the
requirements of low profile and high voltage rating

The objective of the work in this dissertation espropose and design a high-voltage
power semiconductor device packaging method withh &ectric field stress and low
profile to meet the requirements of high-voltagecking capability. The main
contributions of the work presented in this disstgoh are:

1. Understanding the electric field distributiontihe package.

The power semiconductor packaging is simulated fipguFinite Element Analysis
(FEA) software. The electric field distributionkeown and the locations of high electric
field concentration are identified.

2. Development of planar high-voltage power semiicator device packaging method

With the proposed structure in the dissertatioa,dlectric field distribution of a planar
device package is improved and the high electeid fintensity is relieved.

3. Development of design guidelines for the prodopéanar high-voltage device
packaging method.

The influence of the structure dimensions and tlagenal properties is studied. An

optimal design is identified. The design guidelimgiven.



4. Fabrication and experimental verification ok throposed high-voltage device
packaging method

A detailed fabrication procedure which follows tthesign guideline is presented. The
fabricated modules are tested by using a high powere tracer. Test results verify the
proposed method.

5. Simplification of the structure model of theposed device package

The package structure model is simplified throudte telimination of power
semiconductor device internal structure model. Singplified model can be simulated
by a non-power device simulator. The simulatiosuhes of the simplified model match

the simulation results of the complete model veejl.w
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Chapter 1. Introduction

1.1. Requirements for the power semiconductor packagingpower

electronics applications

Power electronics devices and modules are the &mpanents in power systems for
maneuvering the storage, conversion, and conditgprof massive electromagnetic
energy. Marketing demands on higher power deniigher frequency, higher current,
higher voltage, and higher temperature are thamdyiforces on pushing the packaging
technologies to a higher level.

Electronic packages provide protection (mechanichémical and electromagnetic),
heat dissipation, and power and signal distribufmnelectrical components and their
interconnections [1]. Hierarchically, the packagibegins at the interface of the
semiconductor chip itself, which is considered plogver semiconductor packaging. The
power semiconductor packaging deals with the attectt of one or more bare chips to a
substrate, the interconnection from these chipgaitkage leads, and the encapsulation.
The power semiconductor interconnection plays apontant role because it directly
interfaces with the chips that contain millionsti@nsistor circuits electrically, thermally
and mechanically.

In the specific application of power semiconduati@vices and modules, the power
semiconductor packaging must fulfill very differeeguirements compared to those for
microelectronic Integrated Circuit (IC) chips. stjrthe current and power handling
capability per bond or joint increases by severders of magnitude. This requires a
larger cross-section area for these interconnextioBecond, the voltage rating varies
with the power semiconductor and the applicationd aan be as high as several
kilovolts. This leads to high breakdown voltagan@d®ds on the insulation and the
encapsulation. Third, since these devices opetdimgla frequencies, in order to maintain
high efficiency, parasitic noise must be reducétierefore, the conduction path must be
minimized. Furthermore, the increased power derdhitves the power semiconductor
packaging to improve its role in heat dissipati@j. [ Last, reliability of the power



semiconductor interconnections is vital in ensutimat the electronic assemblies have an
extended lifetime.

Silicon Carbide (SiC) has gained tremendous inteassa promising wide-bandgap
material for high power and high temperature applims. Table | shows the
comparison of the properties between Silicon (8 @H-SIiC [3]. The high critical
breakdown electric field lends the SiC material tlewelopment of High-Voltage (HV)
devices. Substantial progress has been made iretaat years in SiC power device
development, especially in high-voltage area. ¥i@ PiN diodes of 10 kV or even
higher blocking voltage have been reported [4]-8]d the SIC MOSFETSs of 10 kV are

also demonstrated and evaluated in recent yeaf$29]

TABLE |

PROPERTIES OFSILICON AND 4H-SC
Property Si 4H-SiC
Bandgap, E(eV) 1.12 3.26
Electron mobility,m, (cnf/Vs) 1400 800
Hole mobility, m, (cnf/Vs) 450 140
Intrinsic carrier concentration; (cm®) at 300 K 1.5x18 5x10°
Electron saturated velocity, (x 10 cm/s) 1.0 2.0
Critical breakdown electric field, & (kV/mm) 25 220
Thermal conductivityQ (W/cm¥K) 15 3.0-3.8
Dielectric constant 11.8 9.8

With the increasing of the voltage rating of th€ Semiconductor devices, the power
semiconductor packaging is required to have noy tow interconnect resistance, less
noise, less parasitic oscillations, improved religh and better thermal management, but
also HV blocking capability, which increases thec#iic field stress in the insulation and

encapsulation in the package.

1.2. Review of existing packaging technologies of the wao

semiconductor devices and modules

The existing power semiconductor packaging of gmver semiconductor devices and

modules include wire-bonding, press pack, flip-chtipchnology, metal posts



interconnected parallel plates structure (MIPP@&npte array interconnection (DAI),

power overlay (POL) technology, and embedded pda®) technology.

1.2.1. Wire bonding

Wire bonding is the most common chip-level interoect technology in power
electronics nowadays. Fine wires are attached dstvthe I/O pads on a chip and its
associated package pins. This technology origihiten AT&T's bean lead bonding in
the 1950s. It accounted for over 90% of all ofpetu-package interconnections formed
in 1999 [13].

In a power semiconductor package, the power semictiar dice are solder-attached
to a copper heat spreader or substrate, and threesand gate terminals are connected
from the Aluminum (Al) chip bonding pads to the ke&plated copper leads by
Aluminum wires. The top of the dice and the bogdimires are encapsulated with
molding compound for insulation, mechanical sup@ord protection. Fig. 1.1 shows a

picture of wire bonded power semiconductor withitwet encapsulation [14].

Bt e ™ 8 LSRN A X Y

Fig. 1.1. Power semiconductor package using wireding technology14].

The advantages of the wire bonding technology ohelthe highly flexibility chip-to-
package interconnection process, the high yieldraoinnection processing, the easily
programmed bonding cycles, the very large indusikfyastructure supporting the
technology, and the rapid advances in equipmentst@and material technology. The
disadvantages include the slower interconnectiotesradue to the point-to-point
processing of each wire bond, the long chip-to-pgekinterconnection length, the

degraded electrical performance, the larger footprequired for chip-to-package



interconnection, the potential for wire sweep dgreamcapsulation over molding, and the

limited heat dissipation capability.

1.2.2. Press Pack

Press pack is one of the technologies without ugiadoonding wires. It was originally
developed by Fuji, Toshiba and ABB [15]-[18], armupked to the high-power devices,
such as diodes, thyristors, GTOs, etc., in the aféé/DC, SVC, transportation system,
and motor drives. The press pack structure halveddo a sandwiched structure and
involves the Molybdenum (Mo) strain buffers, gatsweection and insulation, Copper
(Cu) pole-piece and a ceramic ring. Fig. 1.2 shthespictures of the IGBT devices with

press pack interconnection [18].

spring for gate
contact

total height \\‘

10 mm

metallisation
total thickness =5 - 15 pm

Fig. 1.2. Pictures of the IGBT devices with prpask interconnect [18] © 2004 |IEEE. (a) Asymmetric
4500 V/1000 A Press Pack IGBT along with a submedrdmprising 12 IGBT chips. (b) Direct
pressure contact on the gate.

The press pack technology has a proven reliabiggord for the applications that
require extended thermal and power cycling religbil Since there is no soldering
process is involved, this method eliminates thédued stress on each material. It also
enables the redundant converter design and doud#d-sooling. The concerns of press
pack technology includes its higher manufacturiogtcthe more complicated mounting

arrangement to maintain the pressure, and the daosaged by the pressure force.

1.2.3. Flip-Chip Technology



Flip-chip technology is another available techngldgr the power semiconductor
packaging. It firstty emerged in IC as low-costighh density and reliable
interconnections [19][20]. The key material in 8teucture is the solder balls. The Ball
Grid Array (BGA) is one of the applications of Fighip technology. Some examples are
shown in Fig. 1.3 [21]-[24]. The advantages of B®Alude higher interconnect density,
better electrical performance than wire-bond dueshort interconnection path, better
thermal performance by using thermal vias, andrddriced placement and handling
issues. One big drawback of BGA is the difficultyinspect the formed solder joints

after assembling, which is very time-consuming.

. MIOSFET BIEA
% the Fomoa of on S0-8

FOES50A7M

(b)

(d)

Fig. 1.3. Examples of BGA package. (a) MOSFET B(2A]. (b) BGA for lateral
MOSFET [22] © 2004 IEEE. (c) FlipFET [23]. (d) BGfar Volterra integration module
[24].

The flip-chip on flex is the extension of the flghip technology and the flex circuitry
technology to the power electronics packaging akdg the advantages of these two
technologies [25]-[28]. As shown in Fig. 1.4, theodule using flip-chip on flex
technology has a multilayer structure. The bottayer is a direct-bond copper (DBC)
substrate which provides both the thermal and mtattpath. The top layer of the
structure is a double-sided flexible copper-clachifeate which is an adhesiveless

composite of polyimide file bonded to copper foil. A novel triple-stacked solder
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bumping technique is used to connect the powercdsuio the flexible substrate with a
circuit pattern for gate drive components. The uieds encapsulated in underfill
polymer materials to reduce the thermo-mechanicasses imposed on the solder joints.
Finally, the gate drive and control circuits areltbon the top of the flex circuitry using
either flip-chip or surface-mount technology. Tipswer semiconductor packaging
reduces the parasitcis, minimizes the thermal dgsd, realizes a three-dimensional (3D)
structure. However, this technology relies on soé&ler balls for the interconnection,

thus it has the same problem as the BGA technology.

Integrated Communications, Gate Drives and Protection
I

\' l 1 / AN

-----

svice evicd evice . sided Flex
[ 7 DBC _____\ ] ]
| / / Heat Spreader \ / \ |
e \ ! \
» Solder bump Encapsulant Underfill Adhesive

(a) (b)

Fig. 1.4. Flip-chip on flex technology [25] © 200BEE. (a) Picture of a module. (b) Cross-section
schematic.

1.2.4. Metal-Posts  Interconnected  Parallel Plates ( MPIPPs)
Technology

The metal-posts interconnected parallel plates f#R) technology is another power
semiconductor packaging [29][30]. It uses thedalyebonded metal posts to replace the
bonding wires, as shown in Fig. 1.5. An Aluminuntride (AIN) DBC is employed as
the base substrate. The power devices are attactibd substrate directly by soldering.
The copper (Cu) posts of different sizes and hsight soldered on the top of the devices
and the copper metallization on the AIN substrafde top DBC plate is etched to a
desired pattern and attached onto the copper posts.

This technology has lower DC resistance than tmveational wire bonding, and it is
also conclude that the parasitic noise is much tawan the wire bonding technology.
However, this technology requires the solderabigcgs through the metallization of the

Aluminum (Al) contact.
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Fig. 1.5. Metal-posts interconnected paralletgdatechnology [29] €1999 IEEE. (a) Picture of
MPIPPs module. (b) Cross-section schematic.

1.2.5. Dimple Array Interconnect (DAI) Technology

The dimple array interconnect (DAI) is a 3D powezmsconductor packaging
technique. The electrical interconnection is d&hbd by the formation of solder bumps
between device electrodes and the preformed afrdyrmples on a metal sheet, as shown
in Fig. 1.6 [31]. The result is a low-profile pkEminterconnection that is suitable for
multilayer integration with other components. Witie exception of fabrication the
dimpled copper sheet, the DAI process follows tipical solder joint fabrication
process.

Solder Dimple on Copper Flex

Solder

Bump Underfill

UBM
<« Passivation

Al Pad Silicon Chip

(a) (b)
Fig. 1.6. Dimple array interconnect technology][3&) Picture of DAI. (b) Schematic cross-section.
This technique reduces the interconnect parasinckincreases thermal capability of
the power semiconductor packaging. However, iai@t formed by controlled collapse
bonding (CCB), the mismatch of the coefficient lnémal expansion (CTE) between the



dimpled copper sheet and the silicon causes thameahanical problems which are the

stress concentrated along the high-angle joint edgie silicon.

1.2.6. Power Overlay (POL) Technology

The Power Overlay (POL) Technology developed by i§Enother approach which
eliminates the wire bonding through the utilizatmfithe metalized Cu vias/polyimide to
achieve power and control interconnection [32][33Rs shown in Fig. 1.7, power
semiconductor devices are soldered to a Direct Bdri€opper (DBC) substrate from the
backside. The difference in device thickness impensated by copper shims. A thin
layer of polyimide sheet is laminated over the dfter vias are laser machined or
mechanically punched through the film. The wholgp tsurface is metalized
(electroplated) with copper. Circuit patterns aohieved by the application of photo-
resist and chemical etching processes.

Emitter Bond Pad Cu Metallization

Diielectric Layer

[ e o QY
| BeODBCSubstrate J ]

Cu Shim Silica Filled Epoxy

Cu Post

Fig. 1.7. Cross-sectional schematic of a GE-P@lcsire.

The POL technology eliminates the wire bonds witktatiurgical interconnections. It
has better electrical performance through reducedrdonnections parasitics. The
thermal performance is improved through the reduaadber of thermal interfaces and
double-sided heat removal. The reduced profilerande flexible packaging provide the
options for stacking additional circuits. Howevéhnjs POL structure has not been

successfully tested for high-power applications.

1.2.7. Embedded Power Technology



Another multi-layer integration technology which ncdbe applied to the power
semiconductor packaging is the Embedded Power Déopyn A multi-layer structure
that uses ceramic substrates, screen-printablectiiel materials and solder is employed
to enclose the power semiconductor devices, as rshawFig. 1.8 (b). The power
semiconductor devices are mounted in the openingh® ceramic frame with adhesive
polymer that surrounds the device edges. Thelayter dielectric is a kind polymer that
is screen printed with designed pattern, for examible vias corresponding to the pads of
the devices. The deposited Cu pattern is on theasathe interconnect layer. In order to
handle high current, a copper electroplating preéeemployed to thicken the deposited
Cu seed layer. This multi-layer planar stackingstouction not only provides the power
semiconductor packaging through metallurgical conta aluminum pads on the power
semiconductor devices, but also carries the wifarghe top electric circuitry. Fig. 1.8
(a) is the picture of an Integrated Power ElectsnModule (IPEM) that uses the
Embedded Power Technology.

Componen

Sl ;1o - l..C-Chibewd Ceramic Solder

HEEE l 5 :-‘WMM&MWQ-F- ——

Base Substrate

Heat Spreader

(b)

Fig. 1.8. Embedded power technology. (a) PictdranolPEM using embedded power technology. (b)
Cross-sectional schematic of an IPEM using embegdeagtr technology.



This technology features the building-up of intemections on planar power
semiconductor devices which are embedded in a ¢erframe. The integrated power
stage similar to the Integrated Circuits (ICs)abricated through a thin- and thick-file
approach, which is an extension of wafer level pssctechnology. The compact
interconnection also eliminates the bond wires and-side contact interface. Both
electrical and thermal performance is improved ly low profile structure. Beside all
the merits of the POL technology, the passive camepts can be easily embedded in the
ceramic frame as the power semiconductor devicéiserEmbedded Power Technology,

which is not realized in the POL technology.

1.2.8. Summary of existing power semiconductor pack  aging of the
power semiconductor devices and modules

Wire bonding is the most mature and low-cost tetdmyo However, its large
footprint, high parasitics, and other disadvantage&e it less attractive. The press pack
is widely used as well, but the concerns of theht®logy come from the pressure and
the structure itself. The flip-chip on flex techogy, the metal-posts interconnected
parallel plates technology, and the dimple arraterconnect technology are 3D
integration technology. They are good for powenisenductor packaging as well as the
multi-chip system packaging. The elimination bé twire bonds makes the electrical
parasitics much less than the wire bonding packdgewever, the thermo-mechanical
stress and the process make them less favoralile.pdwer overlay technology and the
embedded power technology utilizes the metallutgazntact to form a multi-layer
stackable structure. The low profile, low parasitihigh thermal performance, and the
flexibility in packaging are the common advantagets these two technologies.
Compared to the POL technology, the embedded posatmology uses the thin- and
thick-film approach in the IC fabrication proceasd enables both power semiconductor
device and passive components to be integratedeénpackage. With the consideration
of the integration of more components in one paekdge embedded power technology
is a good candidate for both power semiconductokgging and system packaging.

The voltage rating, current rating, and availapibf these technologies are compared
in Table Il.
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TABLE Il
COMPARISON OFDIFFERENTPOWER SEMICONDUCTORDEVICE PACKAGING TECHNOLOGIES

Voltage Rating| Current Rating Commercialization
Wire Bonding > 6 kV > 4 kA Yes
Press Pack 6.5 kv > 1 kA Yes
Flip Chip on Flex 42V 6.5A No
Metal Post interconnected paralle00 V 10 A No
plate
Dimple array interconnect 600 V 50 A No
Power Overlay 2.4 kv 25A No
Embedded Power 400 V 10A No

1.3. Research objective and approach

The high-voltage packaging involves both structwptimization and material
improvement in the package. The structure optitiamas to minimize the electric field
intensity hotspots and make the electric field ribstion in the structure as even as
possible. The material study focuses on the higlectric strength material selection and
application. In addition, the proper selectionttod power semiconductor packaging for
the high-voltage system packaging is also requdze considered.

The embedded power technology is an attractive idatel for both power
semiconductor and system packaging, thus it iscealeas a candidate for the high-
voltage packaging. This research proposes thevoghge packaging that is suitable for
both power semiconductor packaging and the systeckgging derives from the
embedded power technology, so called high-voltagebeslded power (HVEP)
technology.

In designing for the high-voltage package, the dije is to build even electric field
distribution and keep the profile as low as possibWith the in-depth study on the
electric field distribution in the package using ttmbedded power technology, hotspots
are identified and analyzed. Furthermore, aftpa@metric study on the dimensions and
the material properties in the structure, a degjgmleline is suggested. This guideline

can facilitate the future design of the packages tteduce the design cycle time.
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1.4. Dissertation outline

This dissertation consists of seven chapters imetudecessary background, motivation
and the objectives of the research effort in ChapteChapter 1 also gives the review of
existing power semiconductor packaging technolodasthe power semiconductor
devices and modules. Chapter 2 surveys the egistigthods to relieve the high electric
field intensity in high-voltage power semiconductdevices and the wire bonding
packages.

In Chapter 3, the low-voltage package using embeéquever technology (LVEP) is
studied in details. The materials are evaluated the electric field distribution is
simulated in MAWELL. Based on the simulation résusimple solutions are discussed
as well. Chapter 4 presents the simulation in MEDDbf LVEP simulated in
MAXWELL in Chapter 3, and compares the resultsvio tdifferent simulators firstly.
Then the medium-voltage embedded power (MVEP) telcgy and the high-voltage
embedded power (HVEP) technology are proposed.t,Nle& dimensions and material
properties in the HVEP structure are studied. hayiler 5, the design guideline of HVEP
structure is suggested and the fabrication proocktse HVEP module is proposed. The
HVEP structure and the design guidelines are \eetrihy a fabricated 2 kV SiC diode
package in house. In Chapter 6, a simplified mofi¢he power semiconductor device is
proposed. The feasibility of the application o ttonformal mapping to the simplified
structure to calculate the electric field distribntmathematically is studied. Simulations
in MAWELL with the simplified model is done and cpared to the simulation results in
MEDICI for the HVEP structure. Finally, Chapterc@ntains a summary of the research
and the contribution of this work towards new pagkg technology for high-voltage

devices and modules.
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Chapter 2. Survey of Strategies for Reduction of Electric
Field in Semiconductor Die and Packages

2.1. Introduction

Inside the power semiconductor, the PN junctiorebdhe high voltage applied to the
device. Many measures have taken to reduce ttarieldield crowding at the PN
junction. These measures are reviewed firstiyis Chapter.

There are ways that have been reported to incithaseoltage capability of a package
using wire bonding technology. The high electrad concentration is studied through
simulation and several solutions are developedhid the peak electric field intensity in

the literature. These methods are discussed skcond

2.2. Overview of classical techniques for high electfield intensity
reduction in power semiconductors [34][35]

From the theoretical analysis, there is an uppembtdor the breakdown voltage of
parallel-plane (semi-infinite) junction in powerwiges. However, in practice this value
can be reduced by the presence of high electrid Giencentration at the edges of the
device. As shown in Fig. 2.1, which is a planafusiéd junction, there is electric field

crowding at the edges.

Fig. 2.1. Electric field crowding for a planarfdied junction

An elegant approach to reduce the electric fielthase edges is by the placement of
floating field rings, which is shown in Fig. 2.2h@& objective of this method is to extend
the depletion boundary along the surface and redheeelectric field at the main
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junction. A single field ring reduces depletion daycurvature, reduces the electric field
crowding, and enhances the breakdown voltage. Aenegreater improvement in
breakdown voltage can be obtained by using multifpat field rings working in

conjunction with each other. The depletion layeteads gradually away from the main

junction, as shown in Fig. 2.3.

IMamn
junction FLR
Fp = W :"_H
T EE =
N~ S

Depletion boundary

Fig. 2.2. Cross-section of edge termination wiingle floating field ring.

Fig. 2.3. Cross-section of edge termination withitiple field rings.

Another method for reducing the depletion layervature involves changing the
surface potential. One way for achieving this iplace a metal field plate at the edge of
the planar junction, as illustrated in Fig. 2.4.cBese the shape of the depletion region
depends on the surface potential, the depletioer lagreading at the surface is sensitive
to the potential applied to the filed plate. At tedge of the field plate, small oxide

thickness creates high peak electric field, buhm vicinity of the junction, thin oxide is
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helpful to decrease the peak electric field credtgdhe surface charges and the radius

effect. Thus a multiple step oxide method is pregoas shown in Fig. 2.5.
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Fig. 2.4. Planar junction with field plate.
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sio,

Fig. 2.5. Cross section of field plate with steqde.

Semi-insulating POlycrystalline Silicon (SIPOS) atkin SiQ films (O<x<2),
deposited by means of low pressure chemical vappogition on suitable substrates
(silicon or sapphire). Its conductivity varies invéde range and depends on the oxygen
content as illustrated in Fig. 2.6 [36]. Due to thatential difference between its two
terminals, which are the metal on the top of N+idgmnd P+ doping, a resistive field
plate with this material, as illustrated in Fig7 2nduces the leakage current to flow from
one terminate to the other. If the resistance ifotm in the SIPOS, there is a uniform
electric field along the surface direction in thE@S film. This uniform electric field
will modulate the surface electric field and extehe depletion boundary.

A common practice is to combine the field platehwtite floating field ring, as shown
in Fig. 2.8. Each floating field ring is connecteda field plate. The filed plate extends
beyond the edge of floating field ring. The fielhte reduces the electric field crowding

at each of the floating field rings.
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Fig. 2.6. Cross section of field plate with steqde.

Fig. 2.7. Cross section of resistive field plate.

Depletion boundary

Fig. 2.8. Cross Edge termination design combifiioating field rings with field plate.

2.3. Overview of high electric field reduction technigsein wire

bonding packages [37][38]

In [37] and [38], the study shows the high elecfredd concentration location in a

wire-bonding IGBT module using finite element sietidns in association with partial
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discharge measurements and proposes some solttidosver the high electric field
concentration.

The high voltage IGBT module is shown in Fig. 20One side of two IGBT or diode
chips is connected to the copper layer; the otigeris connected by the bonding wires to
the copper traces on the top of the substrate. vilide module is encapsulated by a
silicon gel. In the simulation, the IGBTs were miedewith the dielectric constant and

resistivity of silicon.

IGBT or Diode Chips

Dielectric I
gel
| Copper layer | B

‘ Substrate |
| Solder [

Module baseplate

Fig. 2.9. Cross-sectional diagram of an IGBT medhdckage using wire bonding. © 2003 IEEE

The simulation results show that the high eledietd concentrates at four locations:
(1) the metallization edge, (2) the silicon die), ff®m trace to trace and (4) from trace to
bonding wire. This is illustrated in Fig. 2.10. elbriginal value of the maximum electric
field intensity at the metallization edge is abdQkVV/mm when the applied voltage is 2
kV. There are several solutions proposed to relibeehigh electric field concentration at

the metallization edge.

0c106+07

Fig. 2.10. Crosg&lectric field concentration due to proximity beewetrack and bonding. © 2003 IEEE
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One of these solutions is the deposition of a tigsidayer on the top of the substrate.
This is shown in Fig. 2.11. The function of thepdsited resistive layer is explained in
the papers with the following reasoning. The dépdsresistive layer has lower
resistivity in comparison to the insulation mater@ad the substrate. Thus leakage
current flows through this layer, and the maximueceic field intensity is limited. The
resistivity depends on the structure and other na@tproperties. An optimal value of
about 10 Wm is given in the papers for their structures, sr@lmaximum electric field
intensity is reduced to 9 kV/mm. Furthermore, tlesulting leakage current is low
because the resistive layer doesn’'t connect thellization on both sides of the

substrate. This provides more freedom to choosgahe of resistivity.

Resistive Gel  |cen Electric field (V/m)

Solder

Base plate

Fig. 2.11. Influence of a resistive layer. © 20BEE

The second solution is to modify the shape of tletattization edge as shown in Fig.
2.12. The high electric field at the metallizatiedge can be reduced by modifying its
curvature. Furthermore, the metallization can b#hedded in the substrate. This
arrangement has much better electrical charagterisnd the maximum electric field
intensity is reduced to 9.2 kV/mm.

The third solution is an alternative solution te fbrevious one. Instead of embedding
the metallization in the substrate, it can be weitdd by a material with high field
breakdown value as shown in Fig. 2.13. This sofutimesn’t reduce the maximum

electric field strength.
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Fig. 2.12. Influence of modification of metal ed@2003 IEEE
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Fig. 2.13. Module reinforcement at the copper sd@2003 IEEE

2.4. Summary

In this Chapter, the classical high electric figleduction techniques in power
semiconductor are reviewed firstly. These techrsgoelude the floating field ring, three
methods of field plate, and the combination of ¢hiego techniques. Then the measures
in a wire bonding package to reduce the high feddcentration is introduced. Several
high field locations were found, and three solusiomere presented in the paper. The
results showed that the maximum electric field banreduced to less than 1/4 of the
original value.

From the measures utilized in the power semicormdwantd the methods proposed for
the IGBT module package, it can be seen greatteffas been taken to reduce the
curvature of the equipotential lines in the packiagsides using better material to replace
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the existing material. Thus, it is important to wnihe equal-potential line distribution in
the structure as well as the electric field disttibn.

In the simulation of the IGBT module package, theides are modeled as a lump
material; the internal information of the IGBT dewistructure is not included. The study
on the low-voltage embedded power (LVEP) structarthe next chapter is simulated by
following the same method as in this chapter. Tineukation provides a quick and
simple concept of the internal of the package, Wwhis useful for the structure

improvement in the future.

-20 -



Chapter 3. Development of High-Voltage Embedded Power
(HVEP) Technology via MEDICI

In the previous Chapter, an IGBT wire bonding modslevaluated in [37] and [38].
The IGBTs are modeled as a piece of lump Si matesaich doesn'’t reflect the real
situation inside the semiconductor devices. Frbmdlectromagnetic field theory, the
external electric field in the packaging materiad anternal electric field in the device are
not independent to each other. In the device gacgadesign, it is important to know
how the electric field inside the device influendabe external electric field in the
packaging materials. Software which models theisamductor device structure is
necessary to simulate the internal electric fidlthe device.

MEDICI is a powerful device simulation program thlan be used to simulate the
behavior of semiconductor devices. It models the-dimensional (2D) distributions of
potential in a device and can be used to prededtetal characteristics for arbitrary bias
conditions [39]. Thus, extensive 2D simulationsngsSMEDICI are performed to study
the high-voltage planar package of a 10 kV SiC diqd3] based on the LVEP
technology.

In this Chapter, the Low-Voltage Embedded Power (LY&E®dule and the SiC diode
used in MEDICI for the device package design areothtced first. Then, the LVEP
structure and an improved structure, which is dall€ EP #2, are evaluated in MEDICI.
Next, the geometry parameters and material pragsettiat could influence the electric
field are studied. Based on the simulation resaltsedium-Voltage Embedded Power
(MVEP) package is proposed, and the influence ofyfmmetry parameters and material
properties to this package is simulated as well. Hi§h-Voltage Embedded Power
(HVEP) is proposed and simulated. The influence ebngetry parameters of this

structure is studied intensively.

3.1. Introduction

The existing embedded power technology is a plamagration technology which is
originally developed for the packaging of the Imtggd Power Electronics Modules
(IPEMs). The IPEM integrates the switching devicesyduictors, controls and sensors,

-21 -



etc. into a standardized manufacturable compacissambly with improved electrical,
thermal, and mechanical performance. In this aggrpthe power chips are embedded in
a special encapsulating structure, as well asalhatterconnections are deposited planar
metallization as shown in Fig. 3.1. The key elementthis structure is the embedded
power stage which is comprised of ceramic frameygrcchips, insulation material, and
the metallization circuit that supports the higmsley interconnections of all IPEM

components [40]-[42].

L A L --—-w., —
L T S:Chip Ajl-muamg-mﬂﬂ—“ CeramiC | Solger

————— Base Substrate

Heat Spreader

Fig. 3.1. Cross sectional view of an IPEM.

Since it is difficult to measure the electric figliside the IPEM shown in Fig. 3.1,
finite element analysis is employed to explore fledds inside the modules. The
simulation only focuses on the region in dashed-liactangle shown above, which
represents the package of the semiconductor deiag. 3.2 is the enlarged picture of

this region.

Thick metallization

Thin metallization

t

. X Embedded
Ceramic carrier  jngylation

Embedded chip Metallization Top insulation

Fig. 3.2. Enlarged cross-sectional schematic @fpiickage of a semiconductor device using LVEP.

A 10 kV SiC PiN diode is designed in [43], anddtess-sectional schematic is shown
in Fig. 3.3. The device has a 1t thick lightly doped N-type (N region with the
doping concentration of @0* cm®. There is a novel multi-zone, single-implanted JTE

in the device to achieve the high blocking capapbili
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A Field Oxide

P-JTE

Fig. 3.3. Cross-sectional schematic of a 10 kV BiN diode [42].

When the power semiconductor is in the state otk voltage, the voltage is
dropped on the depletion region formed at the Pittjan. The potential outside the
depletion region is identical in the P-type regiand N-type region respectively, as
shown in Fig. 3.4. Varies Junction Termination Texdbgies (JTES) are employed to
extend the boundary of depletion region lateralyl aeshape the distribution of the
electric field. Laterally, the voltage is dropped the JTE region. The potential at the
top of the device is equal to the potential ontibdom of the device. This situation is
the same to all the semiconductors that use JTE poowe their blocking capability.
Thus, MEDICI is employed to simulate both semicondueand its package to model this

lateral voltage drop.

T
rP* —I Depletion Region : N !

Wo

X

E(x)

V‘X) /—

Fig. 3.4. Electric field and potential distributifor an abrupt parallel-plané/R junction [34].

X

3.2. Evaluation of two LVEP structures

The LVEP structure and its improved structure ardsited in MEDICI with the
mentioned 10 kV SiC PiN diode. The simulation moafehalf of the LVEP structure is
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shown in Fig. 3.5 (a). The dimension of the sirialamodel and the properties of the

materials are shown in Table Ill. The simulatiottisgs are shown in Table IV.

TABLE Il
DIMENSIONS OF THE SIMULATION MODEL AND MATERIAL PROERTIES
SiC diode Polyimide Embedded insulation material eranic

Thickness ifm) 115.5 100 508 508
Width (mm) 500 1100 500 100
Dielectric constant 9.72 3 4 3.8

TABLE IV

SIMULATION SETTINGS INMEDICI
Anode Cathode

Applied voltage (kV) 0 13.5
Meshing method Manual meshing
Simulation stop criteria Leakage current > fiA
Simulation method Variable step simulation

Fig. 3.5 (b) shows the equipotential lines in tHelg package. The total number of the
equipotential lines is 50, and the voltage diffeeetween two lines is around 275 V.
Since the voltage is applied to the metallizationtbe top of the polyimide and the
cathode of the diode, and the thickness of theimidie is much less than the thickness
of the ceramic, most of the equipotential linesdeown at the upper corner of the
device, and some of them also bend at the lowerecaf the device. Thus two electric
field “hotspot” are located at the upper corner #mallower corner of the devices inside
the embedded insulation material and the polyinmekpectively, as shown in the two
circles in Fig. 3.5 (b).

Fig. 3.6 (a) is the maximum electric field insiddypmide, which is measured along the
x direction from the left of the polyimide layer tbe right, as the dash-dot line AB
shown in Fig. 3.5 (a). Fig. 3.6 (b) is the maximetectric field intensity inside the
embedded insulation material, which is measuredgatbe y direction from the top of
this material to the bottom, as the dashed linedbbwn in Fig. 3.5 (a). The highest
electric field intensity points in both polyimidecthe embedded insulation material are
located at the upper corner of the device; in theedded insulation material, the second

highest electric field intensity is at the lowermer of the device. The remaining electric
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field peaks in the polyimide are nearby the logaiof the main junction and JTES. The
maximum electric field intensity in the polyimide b times of its dielectric strength at

13.5 kV, and the maximum electric field intensitythe embedded insulation material is
as high as 24 times of its dielectric strength.

Upper corner

\\\\\
nnnnnn

Lower Corne
1 1 1 ' '

| ——

500mMm ‘

200-
Distance

(Mm)

400-
0.0C 0.20 010040, 1:00.0.6Ce1013

Distance (mmr
(b)

Fig. 3.5. Simulation model and result of LVEP sture in MEDICI. (a) Dimensions and materials of
the structure. (b) Distribution of equipotentialds.

From the simulation result shown in Fig. 3.5, ithe bending of the equipotential lines at
upper and lower corner which makes high electetfintensity at these two locations.

An improved LVEP is proposed as shown in Fig. 3)7 \dich is called LVEP #2 here.
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The bottom of the package is covered by metallinatimmpared to LVEP to prevent the

bending of the equipotential lines at the lowerneor This structure is simulated in

MEDICI verify the idea. As shown in Fig. 3.7 (b)th@ugh the equipotential lines bend

down at the upper corner of the device with the esanechanism as it in the LVEP

structure, they bend to the right at the bottomthef LVEP #2 structure due to the

presence of the metallization on the bottom ofpthekage. This reduces the high electric
field at the lower corner of the device signifidgnas shown in Fig. 3.8. A comparison

of the simulation results between two LVEP structuseshown in Fig. 3.9.

o | ' 9| E = 600 kv/mm

0 E =250 kV/mm o

8 .

Q1 o
~—~ - E S|
E8 1 E T
< >
=] z E = 250 kV/mm
w f' 1w =3

o N

3

o
o S
0 0.00 100 200 300 400 500

.00 0.20 0.40 0.60 :0.80 1.00
A Distance (mm) B c Distance (um) D

(a) (b)

Fig. 3.6. Electric field intensity in the insulati materials of LVEP structure when the appliedage
on the cathode is 13.5 kV. (a) Along the x direet{lateral direction) line AB in the polyimide b)(
Along the y direction (vertical direction) line Gb the embedded insulation material.

3.3. Parametric study of LVEP #2

Although the electric field intensity at the lowsarner of the device is reduced greatly,
its value and the field intensity at the other potsare still much higher than the
dielectric strength of two insulation materialsotB LVEP structures cannot survive at a
voltage of 13.5 kV. The LVEP structure involves es&l materials and has many
dimension variables. A parametric study is donshow the influence of the material
properties and the structure dimensions to LVEPt#R&Ire before any improvement is

made on it. Table V gives the parameters showngn3-10 and the values.
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TABLE V

PARAMETERS OF THELVEP#2STRUCTURE STUDY

Nominal | Swept values Experimental
value value
Polyimide thickness Dnfm) 100 100-500 100
Dielectric constant of Polyimide 3 1-4 3
Dielectric constant of embedded insulation mategla| 4 1-4 4

Upper corne

C

Cathodé” | 508mm

Lower corner,

10mA—1—  500mm

200

Distance
(mm)

‘0.80

0.40 0.60 1.00

Distance (mm)
(b)

Fig. 3.7. Simulation model and result of LVEP #2isture in MEDICI. (a) Dimensions and materials
of the structure. (b) Distribution of equipoteitiaes.
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Fig. 3.8. Electric field intensity in the insulati materials of LVEP #2 structure when the applied
voltage on the cathode is 13.5 kV. (a) Along thdirection (lateral direction) line AB in the poiyide.
(b) Along the y direction (vertical direction) li@D in the embedded insulation material.

O Dielectric strength ®LVEP OLVEP #2
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Fig. 3.9. Comparison of the maximum electric figltbnsity between two LVEP structures.

The first parameter studied is the thickness ofptbigimide layer, D, as labeled in Fig.
3.10. Since the electric field is related to thiekness of the structure, increasing the
thickness will help to reduce the electric fieldeimsity. The polyimide layer is thinner
than the ceramic, which leads most of the equigiatelnes to bend down at the upper
corner of the device. The highest electric fieldtie polyimide is compared with
different thickness, as shown in Fig. 3.11. Witle increasing of the thickness, more
equipotential lines distribute in the polyimide, ialh leads the peak electric field
intensity to reduce. This can be seen from the ewis@n shown in Fig. 3.12. When the
thickness of the polyimide is comparable to theckhess of the ceramic, further
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increasing cannot help to reduce the field intgnsdry much. Thus, increasing the

thickness of the polyimide doesn’t convert the L\Midekage to a HVEP package.

T Ll Ll Ll Ll Ll )
Polyimide & ]
///////, SiC 1 115.5rnL
Anode b -
/ || Embedded Ceralhic
1 insulation ’ 1
Cathode/’ y material 1 508 nm
1 | o ]
F I I | | I | I
10 mm L—
— 1000 nm
1100 mm >

Fig. 3.10. Parameters in the LVEP#2 structureystud

—&— Upper corner —Lower corner

350 600
300

\ 500 A\
250 \
400 \
300

200 \0\,

100

200
150 1
100 ~1
50 A

E (kV/mm)
E (kV/mm)

0 T T .\-\I—.ﬁ
0 200 400 600 0 ‘ ‘
D (um) 0 200 400 600
D (um)
(@) (b)

Fig. 3.11. Variation of maximum electric field émsity with the thickness of polyimide. (a) Insitie
polyimide at the upper corner. (b) Inside the eddlesl insulation material at the upper and lower

corner.

The second parameter studied is the dielectric anhsf the polyimide. The influence
of this parameter is shown in Fig. 3.13. Fromdbleematic of the structure, it can be that
the polyimide layer is in series with the embeddetilation material. Thus, when the
dielectric constant of the polyimide increases, enuoltage drops on the embedded
insulation material, which means more equipotenitiedls bend down and cross the area

of the material and leads to higher electric fieitensity at the upper corner of the
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device. This can be observed from Fig. 3.14. Ae phhevious study showed, the
maximum electric field intensity inside the polyoheiis at the upper corner of the device.
Thus, the maximum electric field intensity in thdypmide increases with the dielectric

constant of the polyimide.
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(a)
Fig. 3.12. Comparison of the equipotential linéstribution between two different thicknesses of
polyimide. (a) D = 106m. (b) D = 500m.

When the dielectric constant of the embedded itsmamaterial increases, the
variation of the maximum electric field intensity the opposite because of the same
mechanism. This can be seen from the simulationtseisuFig. 3.15 and Fig. 3.16.

From these two simulations of material propertyiuence, it is observed that the
dielectric constant of these two insulation matesfeould match with their thickness. In
Fig. 3.14 (a), the dielectric constant of the polige and the embedded insulation
material is 3 and 4 respectively, there are ardihe@quipotential lines distributed in the
polyimide area which means the voltage drop is r@o8.8 kV. In Fig. 3.14 (b), the
dielectric constant of the polyimide and the emleedthsulation material is 1 and 4
respectively, there are around 26 equipotentiaslidistributed in the polyimide area
which means the voltage drop is around 7 kV. Ia tmay, the thin polyimide layer with
low dielectric constant could have the same voltdig&ibution as the thick embedded
insulation material with high dielectric constanthus the voltage can distributes in the
whole insulation area evenly, which leads to a loelectric field intensity. However,
this material selection is so critically dependemthe development of the material.

The parametric study shows that thickening the palye layer cannot help to convert

the LVEP structure to a HVEP structure. Change dena according to the physical
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dimension helps to reduce the high electric filatemsity at corners of the device.
However, this is determined by the availability different materials. Thus, new

structures have to be developed to block this katage.
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Fig. 3.13. Variation of maximum electric field intensity witthe dielectric constant of polyimide.
Inside the polyimide. (b) Inside the embedded latson material.
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Fig. 3.14. Comparison of the equipotential lingstribution between two di¢érent dielectric constant
polyimide. (a)e = 3. (b)e = 1.

3.4. Medium-Voltage Embedded Power (MVEP) structure

From the observation of the equipotential line ribsition in two LVEP structures, it
can be seen that the presence of the metallizatiothe bottom of LVEP #2 structure
changes the bending direction of the equipotehtias and thus avoids the high electric

field intensity at the lower corner. The bendingvdoof the potential lines makes the
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high electric field intensity at the upper cornéttee device, thus a structure that has less

potential lines bending down could help to reliéve high electric field intensity.
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Fig. 3.15. Variation of maximum electric field intensity withe dielectric constant of embedded insule
material. (a) Inside the polyimide. (b) Inside #mbedded insulation material.
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Fig. 3.16. Comparison of the equipotential lingstribution between tw different dielectric constant
embedded insulation material. &)= 4. (b)g’ = 15.

A Medium-Voltage Embedded Power (MVEP) structurergppsed and shown in Fig.
3.17 (a). The thickness of the polyimide on theitomcreased to 400m based on the
parametric study of LVEP #2. In this structures thottom of the package is metalized
and connected to the cathode of the device. Thiallization is also extended to the top
of the package through a via in the ceramic carrigrus, the metallization connected to
the anode and cathode is both on the top of thetshe. The extended metallization

connected to the cathode alleviates the bendiregjoipotential lines at the upper corner
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of the device, as given in Fig. 3.17 (b), whicham® the crowding of the electric field is
reduced too. This can be seen from Fig. 3.18, wisithe electric field intensity drawing
in the polyimide and the embedded insulation mateespectively. The maximum
electric field intensity in these two insulation texdals at the upper corner of the device
is reduced to 1/4 — 1/3 of the value of the LVER&tre, and the maximum electric field
intensity at the lower corner of the device in gpaxmore than 10 times less than in the
original structure. Fig. 3.19 shows the comparison

In the MVEP structure, the voltage between two @eoé top metalization is the
applied voltage. This requires that the insulatimaterial between these two pieces of
metalization can stand the applied voltage. THus ntinimum distance in the design in
between of two pieces metalization has to be gré¢hsm the applied voltage divided by
the dielectric strength of the insulation materiathich is around 300m in the
simulation model.

A parametric study is performed as well to leamitifluence of the material properties

and the dimensions. Table VI gives the paraméabeded in Fig. 3.20 and the values.

TABLE VI
PARAMETERS IN THEMVEP STRUCTURE STUDY
Nominal value Swept values
Polyimide thickness Dnfm) 400 100-500
Dielectric constant of Polyimide 3 4-8

The first parameter is the thickness of the polglemias shown Fig. 3.21. From the
simulation results, it can be seen that with thedasing of the thickness, the highest
electric field decreases, which is the same as WP #2. This mechanism can be seen
from Fig. 3.22. However, there is a phenomenorsatiiration when the thickness
reaches certain value, which means further inangasi the thickness cannot help to the
reduction of the field crowding. The other paramstedied is the dielectric constant of
the polyimide, as shown in Fig. 3.23. The higher direlectric constant is, the higher is
the maximum electric field intensity. This trendtlse same as it in the LVEP #2
structure. This is also indicated by that more pitaé lines bend down to the area of the
embedded insulation material as the dielectric toniancreases, as shown in Fig. 3.24.
It can be also found that the variation of the efiic constant in this MVEP structure
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doesn't influence the electric field intensity hetlower corner of the device inside the

embedded insulation material with 50 thick polyimide.
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Fig. 3.17. Simulation model and result MVEP stanetin MEDICI. (@) Dimensions and materials of

the structure. (b) Distribution of equipotentiialds.

The influence of these two parameters to the LVER#@ MVEP can be explained
using a simplified circuit. Since the polyimidedatine embedded insulation material are
in series with each other, as the area in the dalshe rectangle area in Fig. 3.25 (a),
these two can be simplified to two parallel plaa@acitorsC, andCe in series, as shown
in Fig. 3.25 (b). The capacitance is calculatednftbe dielectric constant, area and the

thickness in (3.1). The voltage drop on two sec@®nected capacitors is shown in (3.2)
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and (3.3). It is desired that the voltage drop tbe capacitor made of embedded
insulation material is as low as possible, whictanteless equipotential lines bend down
into this material. From (3.3), this can be realidy decreasing the capacitance of the
capacitor made of polyimid€,, which can be implemented by either decreasing the
dielectric constant or increasing the thickness.n t®e other hand, increasing the
dielectric constant of the embedded insulation neltean do the same job. Thus, when
the thickness of the materials is fixed, it is des$ito decrease the ratio between the

dielectric constant of the polyimide and the emlgetithisulation material.

A
C=e = (3.1)
D
C
= (3.2)
C, +C,
Cp
= ——— (3.3)
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Fig. 3.18. Electric field intensity in the insutat maerials of MVEP structure. (a) In the polyimidéb)
In the embedded insulation material.
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Fig. 3.19. Comparison of the maximum electricdi@itensity between two LVEP structures and the
MVEP structure.
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Fig. 3.21. Variation of maximum electric field amtsity with the thicknesef polyimide. (a) Inside tt
polyimide at the upper corner. (b) Inside the eddeel insulation material.
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Fig. 3.23. Variation of maximum electric field intensity witthe dielectric constant of polyimide.
Inside the polyimide at the upper corner. (b)desihe embedded insulation material.
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Fig. 3.25. Equialent circuit model of LVEP#2. (a) Structure ofIEP#2. (b) Series capacitor mode
a small area in the LVEP#2 structure.

3.5. Development of High-Voltage Embedded Power (HVEP)

structure

From the simulations in the previous section, ikmown that the equipotential lines
bend down at the upper corner of the device becafighe internal structure of the
device. This leads to the high electric field irsigyn at the corners of the device.
Although the MVEP structure has greatly improved thlecking capability of the
package, it is still cannot stand the voltage @ lsis 10 kV because the hotspot at the
upper corner of the device still exists.

To eliminate this high electric field crowding aethpper corner, one good method is
to prevent the equipotential lines from entering tirea of the embedded insulation
material. A piece of metalization can be insetiedhe device package to reshape the
electric field distribution. This is the idea ofghivoltage embedded power (HVEP)
structure, as shown in Fig. 3.26 (a). Comparedhto MVEP structure, the bottom
cathode metallization of the package is extendatidsurface of the ceramic carrier and
the embedded insulation material, instead of totdpeof the whole package. It has the
same potential as the cathode of the device, wikiaklso the potential of the body of the
device in blocking mode. This inserted metal lgy@vents the equipotential lines from
entering the embedded insulation material, and tleés entire voltage drop on the
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polyimide layer, which can be seen in Fig. 3.26 (fhis inserted metal layer is called

fileld-shaping metal layer.
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Fig. 3.26. Simulation model and result of HVERisture in MEDICI. (a) Dimensions and materials of
the structure. (b) Distribution of equipotentialds.
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It can be observed that the electric intensityhat area adjacent to the JTEs in the
device is high. This high electric field intensitgnnot be reduced by improving the
structure geometry because it depends on the aitstructure of the device, which is
determined by the device manufacturers, and &kert care by the passivation on the top
of the device from the manufacturers. Furthermsiage the field-shaping metal layer
prevents the equipotential lines from entering éimebedded insulation material, even
with the presence of the voids in the embeddedatisn material, it won't degrade the

voltage rating of the package.
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Fig. 3.27. Electric field intensity in the insulation mategadf HVEP structure. (a) In the polyimide.
In the embedded insulation material.
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Fig. 3.28. Comparison of the maximum electricdigltensity of different structures.
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3.6. Geometry impact on HVEP structure

There are several geometric parameters need toteeruieed in the design of a HVEP
structure. These parameters include the thicknegsegoolyimide — D, the position of
the inserted metal layer — t, the width of thedishaping metal layer — w, and the angle
of the edge of the polyimideq, as shown in Fig. 3.29. Table VII gives the pastars

shown in Fig. 3.29 and the values

TABLE VII
PARAMETERS IN THEHVEP STRUCTURE STUDY
Nominal value Swept values
Polyimide thickness Dnfm) 400 400 - 1000
Field-shaping metal layer positionnng) | O 0-200
Field-shaping layer widtmgm) 0 -400 - 500
Polyimide edge angle (°) 90 30-90

flat area

/ mm

Anode
Cathody'/

yL

X
10 mm T
S00mm ™) 000 mm
1100 mm

Fig. 3.29. Parameters in the HVEP structure study.

From the simulation results in Fig. 3.30, with tinereasing of the thickness of the
polyimide, the maximum electric field at the upgerner of the device in the polyimide
layer decreases. It influences the electric figitensity in the area in which the

equipotential lines are uniform as well, as showfig. 3.26.
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Fig. 3.30. Variation of maximum electric field intensity atetltorner of the device with the thickness of
polyimide.

When the field-shaping metal layer is extended fitbm cathode metallization on the
bottom of the package, its voltage is tied to 0 Vhe impact of the variation of the
position of this layer on the maximum electric diehtensity at the upper corner of the
device in the polyimide layer is shown in Fig. 3.3rom the simulation result shown in
Fig. 3.31 (b), the highest electric field intendiigppens at the edge of the inserted metal
layer instead of the corner of the device. Furttee, besides this value exceeds the
dielectric strength of the polyimide with the mowemh of the metal layer, the maximum
electric field intensity at the device corner inetembedded insulation material is

increases 3 times.
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Fig. 3.31. Variation of maximum electric field intensity withe position of the inserted metal layer.
Maximum electric field intensity in two insulatianaterials. (b) Distribution of Equipotential linast =
200mm.
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The increased electric field intensity at the edithe field-shaping metal layer can be
alleviated by thicken the polyimide layer. Whemst80 mnm and D is 1000mm, the
maximum electric field intensity at the edge of theerted metal drops to 40 kV/mm.
However, this measure cannot help to reduce thermem electric field intensity in the
embedded insulation material which is still 2 tintegher than the maximum electric
field intensity when t is equal to O.

Since the inserted metal layer is connected toctteode metallization, its voltage is
13.5 kV. Actually the voltage applied to this midtyer can be different values. Fig.
3.32 shows the equipotential line distributionwbtcases. As shown in Fig. 3.32 (b), the
equipotential lines bend down into the embeddedlat®n material, and the high
electric field intensity occurs at the upper corn€rg. 3.33 shows the comparison of the
simulation results of different combination of thgplied voltage and the position of the
field-shaping metal layer. When the field-shapmetal layer is tied to higher voltages,
the equipotential lines bend down into the embeddsdlation material, which results
high electric intensity at the corner of the devinside both the polyimide and the
embedded insulation material. Thus, the best posif this metal layer is at the same
surface as the device and its voltage is tiedecc#thode voltage.
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Fig. 3.32. Distribution of equipotential lines with differenbmbination of the position and the voltag:
the inserted metal layer. (a) ta@andV =0V. (b) t=206mand V =5 kV.
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The width of the -metal layer has great impact andlectric field distribution as well.
The definition of this parameter is the distanceMeen the edges of the field-shaping
metal layer and the device. The origin is at thgeedf the device. As shown in Fig.
3.34, there is an optimal point where the fieldphg metal is long enough to reach the
edge of the device which means w equals to 0. Wihemetal layer is too short which
means w is greater than 0, as can be seen from3H#§. (a), equipotential lines bend
down and the metal layer lose its shield effectheWthe metal layer is too long which
means w is less than 0, as shown in Fig. 3.35it(bbJpcks the equipotential lines from
entering the embedded insulation material extrermedyf. However, the near-evenly
distributed equipotential lines on the surfacehef device have to bend to reach the edge
of the metal layer, which creates high electritdfieoncentration at the edge of the metal
layer and the surface of the device. Thus, thar@twidth of the field-shaping metal
layer is realized when the edge of the field-shgpiretal layer touches the edge of the
device, which means w equals to 0.

Furthermore, when the field-shaping metal laygyhsly covers the edge of the device,
the maximum electric field intensity in the polyohei doesn’t increase dramatically, as
shown in Fig. 3.35 (a). Thus, it is preferred ttingre is little overlap between the field-
shaping metal layer and the device edge to thdiglteshaping metal layer is apart from

the device edge.

OV=135kV,t=0um BEV=135kV,t=100um OV=5KkV,t=0um
OV=5kVv,t=200um BEV=10kV,t=100um BV=10KkV,t=200um
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Fig. 3.33. Variation of maximum electric field émtsity with different combination the ptisn of the
inserted metal layer and its voltage
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Fig. 3.34. Variation of maximum electric field émsity with the width of the inserted metal layeig)
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Fig. 3.35. Distribution of equipoteati lines with different width of the inserted metayer. (a) w:
500mm. (b) w = -400mm.

In the previous simulations, the angle of the pulgie edgeq shown in Fig. 3.29 is
90°. Practically, this angle is usually less than® %&cause the overflow of the
polyimide. Thus, the influence of different anglsssimulated. In Fig. 3.36, the
maximum electric field intensity along a horizontele at y = -100mm is compared
among different angles. As it can be seen from Big7, the equipotential lines are
compressed at the edge of the polyimide becaugkeotmall angle there. Thus, the
electric field at the same position in the arearrika edge of the polyimide is higher

when the angle is small.
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Fig. 3.37. Distribution of equipotential lines tvitlifferent angle of the polyimide. (a = 3¢°. (b)q =
90r.

Although this angle is inevitable in the proces€an be moved to avoid the high field
crowding, as shown in Fig. 3.38 (a). Assume thgleanf the polyimide edge is 30by
increasing its height, h, the maximum electricdief the horizontal line at y = -10@im
is reduced. Thus, in reality, a “dam” can be biailtift the sharp angle of the polyimide
edge to avoid increasing the electric field intgnsi that area.

Since the field-shaping metal layer and the topatheation are in parallel, an extra
capacitor in the device package is introduced. CHpacitance can be estimated by using
(3.2).
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Assume that the area is usually less than 108G, rtive capacitance is less than 10 fF,

which is negligible.
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Fig. 3.38. Influence of the height of the anglah# polyimide wherg = 3¢°. (a) Structure. (b) Elect
field intensity variation with different values tife height.

3.7. Summary

In this Chapter, two LVEP structures are revisitediEDICI with a 10 kV SiC diode
embedded in the structures. The MEDICI simulatiohews that the double-sided
metallization can help to reduce the high eledteld intensity at the lower corner of the
device inside the embedded insulation material. m&garameters in the LVEP #2
structure are studied to obtain their influencesttos maximum electric field intensity.
The higher thickness of the polyimide layer can eéase the maximum electric field at
the corners of the device in two insulation materidowever, when the thickness of the
polyimide is comparable to the thickness of thewec, further increasing cannot help to
reduce the field intensity very much. From the enat property point of view, low
dielectric constant of the polyimide is desired.

Based on the simulations of the LVEP structures,\EM structure is proposed. The
cathode metallization is extended to the top ofstinecture. The maximum electric field
intensity at the corners of the device inside twsulation material is reduced greatly.
However, at a voltage of 13.5 kV, these values silé higher than their dielectric

strength. Some parameters in the structure aesiigated as well. It is shown that the
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influence of the thickness and the dielectric cantsbf the polyimide is the same as that
in the LVEP #2 structure. This can be explainedibypbfying the structure to a circuit
that consists of two capacitors in series.

A HVEP structure is proposed finally. A thin layef metal is field-shaping to the
middle of the structure and it is tied to the caonetallization. This field-shaping
metal layer prevents the equipotential lines fronteeng the embedded insulation
material. Thus, the maximum electric field at th@ners inside the two insulation
materials is reduced to the value below their dieie strength. Furthermore, since there
is no electric field in the embedded insulation enal, even with the presence of the
voids in the embedded insulation material, theag#t rating of the package won't be
degraded.

The HVEP structure design involves several geometmarpeters. They are the
thickness of the polyimide — D, the position of theld-shaping metal layer — t, the
extension length of the field-shaping metal layew,—and the angle of the edge of the
polyimide -qg. The thickness of the polyimide is proportionalit® dielectric strength
and the applied voltage in the flat area. The pesition for the field-shaping metal
layer is on the same surface as the device, andpghmal voltage applied this metal
layer is the same as the cathode. Simulationiatiioates that, the optimal width of the
field-shaping metal layer is that the edge of iblfshaping metal layer touches the edge
of the device. It can be found that the angle olyimide edge is less than 90
practically, and this smaller angle could influertbe package voltage rating greatly.
Although this angle is unavoidable, it can be solisg the application of a thick “dam”.
It is preferred that the angle of the polyimide wblbe 90 or even larger with the aid of
this “dam”.

The meshing method in MEDICI is manual meshing. Thenlver of meshes
influences the accuracy of simulation results. Eeev, since the critical areas are
known in the structures, the meshing in those aegeamich denser than other non-critical

areas. Thus, the accuracy is insured by this way.
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Chapter 4: Design Guidelines for the HVEP package and
Fabrication Process of a HVEP package

The main task of engineers is to apply their sdiergind engineering knowledge to the
solution of technical problems, and then to optenithose solutions within the
requirements and constraints set by material, tdolgical, economic, legal,
environmental and human-related considerations. eAgineering design process is a
process used by engineers to help develop produthe engineering design includes
many aspects and wide-range activities. Both @wmgla scientific knowledge and
experience play important roles in the engineedagign. Guidelines are useful in the
old product re-design and the new product desigme idea behind the design guidelines
is that there is a fundamental set of the prinsiplet determines good design practice.
These design guidelines can be derived from the ledne when a set of judgments
based on the design rules can yield correct saolsitio all problems.

In this Chapter, the general engineering desigwetiseis reviewed first. Then the
practice of the engineering design of the HVEP pgeka introduced. Next, the design
guidelines for the HVEP package are derived. Basethe design guidelines, a HVEP
package for a 2 kV SiC diode is developed. After package is designed, it fabrication
process is designed based on the device dimensiaatsyials, and the optimal rules in
the design guidelines, and the detailed the fatioicgprocess is shown. Finally, the

package is tested at the rated voltage and theiexg@al results are presented.

4.1. Design guidelines for the HVEP package

4.1.1. Introduction to engineering design

The engineering design is defined as the procesewbing a system, component or
process to meet desired needs. It is a decisidang@rocess (often iterative), in which
the basic sciences, mathematics, and engineerirences are applied to convert

resources optimally to meet a stated objective. oAgnthe fundamental elements of the
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design process are the establishment of objectarets criteria, synthesis, analysis,
construction, testing, and evaluation. The engingettesign process involves ten steps.
They are: (1) identifying a need; (2) defining thelgem; (3) conducting research; (4)
narrowing the research; (5) analyzing set critef@; finding alternative solutions; (7)
analyzing possible solutions; (8) making a decisi{® presenting the product; and (10)
communicating and selling the product [44].

Modeling is a technique used by the engineer tinded real situation for generating
guantitative solutions. Relevant approximationthe modeling are critical for obtaining
the best solution to the engineering problem. Thhe, engineer must have a clear
understanding of the physical basis of the reaksitn. Usually, more than one solution
exists, the best one is generally found based eretigineer’s scientific knowledge and
experience. An evaluation of the solutions to fine optimal one is necessary.

4.1.2. Design practice in the HVEP package

In [45], the design practice in a thermal desigmisoduced. Similarly, in the electrical
design of the high-voltage packaging, the firsktasto identify the objectives of the
design, which is to keep the maximum electric figlignsity of the insulation material at
or below its dielectric strength. Three general svay analyzing the design situation
include analytical analysis, mathematical modeliaggd experiments. Some common
solutions to achieve this objective include justifiselection of high dielectric strength
material and the manipulation of the structure. tiBation of the design generally
concentrates on selectively choosing the best sabfi@lesign parameters that optimize
performance reliability at lowest cost. Finallgetbest design parameter quantity will be
chosen as the output of the design for prototypeamation.

The design process of a HVEP package can be illastiatFig. 4.1. The input to the
design includes the device dimensions, ratingsetbetrical schematics, the packaging
material properties and dimensions, and the reopgnts from process. The electric field
modeling can be performed with analytical analgsisnathematical modeling. Since the
structure of the device and the package is complex,mathematical modeling has to
simplify the structure and approximate the reakcaherefore, experimental validation

is always required to validate the accuracy ofrtfuglel if mathematical modeling is used
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as a tool for the electric field analysis. The nuoa modeling is another method to
describe the behavior of the package. Comparetthidaomathematical method, it can
analyze much more complicated situation. Thus tiraarical method is often used to
mathematically describe and obtain information lo@ ¢lectric field distribution. After

the parametric study, an optimized design is obthin With the consideration of the
concurrent engineering design process in which dleetrical, thermal, and process

constraints are performed in parallel, a good pcbdesign is achieved.

Not Satisfied Checkwith | gjisfied
Device Procegs
information Cons‘t‘ralnts
A4 A 4
R HVEP package | | HVEP package | | Parametric| |  Design ,| Design
design input modeling studies Optimization Output
N s A
Electrical L A
layout Experimental Check .W'th
information Validation Electrical —
constraints | Satisfied

Not Satisfied

Fig. 4.1. Engineering design process of HVEP pgeka

4.1.3. Design guidelines for the HVEP package

A design guideline is defined by a standard orgpie by which to make a judgement
or determine a policy or course of action. Des@ndelines can be from theory,
empirics, or practices. The role of the design gjin@s is to provide some insight to the
design parameters during the design process. ddthohe engineer may be faced with
the available choices for the design, the key pointising the design guidelines is to
recognize the available information as well askhewn constraints. By understanding
the behaviour of the electric field, the enginean choose appropriate materials and
geometries to optimize the design.

The purpose of the design guidelines is to provideensuggestive and general rules in
determining and predicting the electric field dlmttion in the HVEP package. From the
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simulations in Chapter 4, the guidelines for thesigie of HVEP package can be
summarized as the followings.

(1) Position of the field-shaping metal layer.

The position of field-shaping metal layer influendbe electric field intensity at the
corners of the device in both insulation material@hen the field-shaping metal layer
moves up, it loses its effectiveness of shieldimg eémbedded insulation material. Thus,
the electric field intensity increases in both iation materials at the corners of the
device.

When the voltage applied to this layer is 0 V, fgussition of the field-shaping metal
layer should be as close as possible to the sudbttee device. The best position is on
the same surface as the device.

(2) Width of the field-shaping metal layer.

When the field-shaping metal layer is nonadjacerhé edge of the device, the electric
field intensity at the device corners increase$he increasing of the distance between
the field-shaping metal layer and the edge of #naa#. In this situation, the metal layer
cannot prevent the equipotential lines from bendiog/in into the embedded insulation
material. When the field-shaping metal layer omesl the device, it blocks the
equipotential lines from bending down into embeddegllation material completely.
However, high electric field concentrates at thgeedf this layer due to the bending of
equipotential lines, and the maximum electric figltensity increases dramatically with
the increasing of the overlapping length.

When the field-shaping metal layer touches theeeafgthe device, it gives the best
electric field distribution. It is more favourabtleat the metal layer overlaps little of the
device than that it is nonadjacent to the edgéetdevice.

(3) Voltage applied to the field-shaping metal laye

Different combination of applied voltage and pasitiof the field-shaping metal layer
gives different electric field intensity at the ners of the device in the two insulation
materials. The higher applied voltage is, the Esglding effect is the field-shaping
metal layer.

The best applied voltage is the same as the catluidge.

(4) Thickness of the polyimide layer
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The maximum electric field intensity at the uppernas in the polyimide decreases
with the increasing of the thickness. The eledietd between the field-shaping metal
layer and the top metallization is nearly uniformlhe minimum thickness of the
polyimide can be estimated by ratio between thedratoltage and the thickness.
Simulation is necessary for more accurate results.

(5) Angle of the polyimide edge

The small angle of the polyimide edge introduceséigelectric field intensity in the
material. It is desired to keep that angle bei@Yy 9 This can be controlled by adding a
“‘dam” in the structure. When the “dam” is high agh, small angle doesn't influence
the electric field too much. Thus, a “dam is neeidelthe package and its thickness is the
same as the polyimide layer.

The best position and the best width of the fieldpshg metal layer are called optimal

rule.

4.1.4. A design example

The designed guideline in the previous section canapplied to a single device
package or a multi-device package. A design exangpgiven in Fig. 4.2, which is the
package of an IGBT and its anti-parallel diode.

(1) From the input of the design, for example, thmensions of the devices and
materials, the electrical rating and properties] tre electrical schematics, the physical
layout is designed, as shown in Fig. 4.2 (a).

(2) The layout of the field-shaping metallization designed. From the design
guidelines above, the field-shaping metallizatitiwoidd be on the same surface as the
device, touches the edges of both devices andedetdi the bottom metallization, as
shown in Fig. 4.2 (b). Here the connection of tieéd-shaping metallization and the
bottom metallization is designed to be realizeduigh a via.

(3) The polyimide layer is designed. From the desguideline, the minimum
thickness of the polyimide can be estimated. Satmh is necessary for more accurate
results. Dams for the device contacts are addéormo 90 polyimide angles, as shown
in Fig. 4.2 (c).
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(4) The layout of the top metallization is designewith the consideration of the
electrical schematics, the top metallization angl dihrangement of the components are
designed, as shown in Fig. 4.2 (d).

(5) After all the requirements and constraintsarecked, some of the designed layouts
may be revised.

ITEs Anode Via Collector Gate

Diode IGBT
Ceramic

Embedded insulation material

(@)

Field-shaping Metal layer

Diode IGBT
w_/

Metallization

(b)

Dam for anode Dam for collector Dam for gate

-y

Diode IGBT
%/_\_/

(©)

Lead/Pin Components Lead/Pin

Polyimide ‘ ’

Diode IGBT
M/

(d)

Fig. 4.2. A design example. (a) Physical layout design. Iifbgrted metal layer design. (c) Polyin
layer design. (d) Top metallization design.
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4.2. Fabrication process of a HVEP package

From the design guidelines for the HVEP packageackage for a 2 kV SiC diode is
developed firstly. Then the designed package isidated and tested to validate the

design.

4.2.1. Devices and materials

The 2 kV SiC diode is from Cree Inc. Its picturel @imensions are shown in Fig. 4.3.
The thickness of this device is 3Bt (15 mil). The anode and the cathode metallization
is gold which is solderable. The JTEs are aroundatime contact and covered by
passivation from the manufacturer.

The polyimide is Epo-Tek 600 from Epoxy Technology.Inkk is a one-component
polyimide system. The dielectric constant is 2] &s dielectric strength is 17 kV/mm.
This material needs to be cured at AS0or 1 hour and then at 275 for 1 hour [46].
The thickness of the polyimide is determined by #iraulation. The device in the
simulations is the same device as previous sectidre results show that the maximum
electric field intensity at the upper corner issléban 17 kV/mm when the thickness is
150mm. Thus, the thickness of the polyimide layer isced as 150m.

EP3HT from Master Bond Inc. is selected as the endzbdusulation material. It is a
one-component, heat-curing epoxy adhesive/sealdihie ceramic carrier provides the
mechanical support to the device, and its thickie568mm (20 mil). The metallization

is copper in the package.

2.7
mm rln5m Anode -
JTEs with

<4 passivation on
the top

3.5 mm

5 mm !

Fig. 4.3. Picture and dimensions of a 2 kV SiQdéio
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4.2.2. Design of the fabrication procedure

Although both the LVEP package and the HVEP packagebased on the embedded
power technology, the HVEP package has more cometicatructure than the LVEP
package. Therefore, the fabrication of the HVEP pgekneeds to be re-designed.

The fabrication of the LVEP package is shown in Big.. It includes 6 major steps.
First, the opening for the device is cut on thean®c carrier by using a laser machine.
Second, the device is embedded in the ceramic poxiyas dispensed around the device
to seal it in the ceramic. The surface of the devscaligned with the ceramic and the
epoxy on the top side. Third, the polyimide ist@ated on the flat surface through
screen-printing. Fourth, thin layer of copper épdsited on the top surface by sputtering.
Fifth, the top metallization is thickened by elegtiating for the electrical conduction.
Last, the unnecessary thin layer copper is etchvey.a

Besides all these steps, the fabrication of the HpBckage needs the deposition of the
double-sided metallization and the field-shapingah&yer, and the formation of the
“dam”. The designed fabrication procedure of theBPVpackage is shown in Fig. 4.5.
The different steps between the LVEP package anHYieP package are highlighted by
solid-line rectangle. The detailed fabrication stape as followings.

(1) Layout design. The dimensions of the openimgte device are designed based on
the dimensions of the diode. The position of the igi determined by the mechanical
strength of the ceramic empirically, which requigsleast 3 mm distance between
openings. Then the dimensions of the ceramiceraisidesigned based on the opening
and the via. All the design drawings are done ADGoftware.

(2) Ceramic cutting. A piece of ceramic is cuthis step by using the laser machine.
First, the design drawings are imported to the pogthat controls the laser machine.
Then parameters that control the power, repetitate, rpulse width, and speed of the
laser are setup for cutting the ceramic. Finalhe laser is run by the program to
execute the command that cuts the opening anchvieeidesign.

(3) Chip embedding. First, a piece of the Kaptapetis attached to one face of the
ceramic carrier right on the opening as the hotufethe device. Second, the diode is

fitted into the opening with the anode adheredh® Kapton tape. Third, the EP3HT
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material is dispensed to the space between thecaleamd the ceramic by using a
dispenser, and it is cured at 18D for 10 minutes in an oven. Since the presendbeof
field-shaping metal layer in the HVEP structure, firecess control effort is greatly
reduced since the voids introduced in the EP3Hhimdtep are no longer a threat to the
package breakdown voltage.

(4) Shim soldering. First, the size of the coppkim is determined by the contact
dimensions of the device. Then a mask is desigmed\ter the size of the shim. Third, a
piece of copper is coated with photoresist. A#@minutes soft bake at 8C, this piece
of copper is covered by the designed mask and expasder the UV light for 20
minutes. This is called photolithography proce$rth, the exposed copper piece is
washed in the diluted D4000, and the ratio betwi24000 and water is 1 to 20. After
this step, the shim area is protected by the phsistron the copper piece. Fifth, the
copper piece is put into an etching tank and etchéche duration of etching is
determined by the thickness of the copper. Sikth,photoresist on the copper shim is
rinsed off by Aceton after the etching is done. eT¢opper shim from the etching
machine is soldered to the anode of the diode Iygus80°C Pb/Sn solder paste and
hotplate of 210C. Since the shape of the cross-section the shtrapezoidal due to the
etching step, the larger area side is preferrdoetsoldered with the contact to form an
obtuse-angle dam for the polyimide layer.

(5) Field-shaping metal layer deposition. Firspiece of Kapton ring mask which fits
the dimensions of the JTEs of the device is cutdggithe laser machine. Second, this
Kapton mask is adhered to the device and protéefsJTE area. Third, the device
package is put in the chimer of a sputtering maelindeposit both titanium and copper.
The deposition duration of the titanium and coppe#5 minutes respectively, and the
thickness of these two metals is around 500- &®0and 1000, respectively. Forth,
the Kapton ring mask is peeled off. In this st&pm the simulation results in the
previous section, the Kapton mask is preferred ¢osmaller than the actual JTE
dimensions since it is difficult to precisely casitthe mask to be the same size as the
JTEs. The via is deposited as well.

(6) Interlayer patterning. First, a piece of Kaptimask is necessary to protect the top

of the copper shim. Second, a designed screeoadet to a screen printer and the
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device package is fixed to the platform of the snrprinter with the anode side faced up.
Third, the polyimide is printed onto the anode sideng the screen printer. Forth, the
Kapton mask is peeled off and the device packagngut into an oven and cured
following the curing profile given in the datashedt thick polyimide layer is necessary,
this step can be performed repetitively.

(7) Sputtering. The device package is put intodi@mber of the sputtering machine
and thin layers of metals are deposited on botbssid the package by two rounds of this
step.

(8) Electroplaing. First, a mask is designed fdtgra of the anode-side metallization.
Second, the photolithography process is preceddti@nevice package as described in
step (4). Third, the device package is put into ¢bpper-plating solution with the
desired pattern open. The current of the electoy is set to 0.1 A since the area is
small.

(9) Micro--etching. The excessive sputtered coret titanium are removed by the
micro-etchant respectively.

(10) Final cutting and assembling. The excessivangie carrier is cut by using the

laser machine. The external components or I/O ambe soldered in this step.

1. Ceramic Cutting +—Ceramic
L - Device
2. Chip Embedding —  Fpoxy
'L <— Polyimide
3. Interlayer Patterning -

{ Thin-film copper
4. Sputtering

15 Thick-film copper
5. Electroplating i

\ 4

6. Etching

Fig. 4.4. Major fabrication steps of the LVEP pagé&.
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Fig. 4.5. Major fabrication steps of the HVEP pagé.

4.2.3. Fabrication process and experimental results

The fabrication process is shown in Fig. 4.6 thro&gi 4.13. The final package is
less than 1 mm thick. The Five HVEP package aradated and tested by using a high-
power curve tracer. The test results show thatdated package can block the rated
voltage which is 2 kV, as it can be seen in Fig44which is one of the results. In the
mean time, two LVEP package are fabricated anddestewell. Both of them failed at
1.1 kV-1.2 kV.

The cross-sectional view of one of the fabricateckpge is shown in Fig. 4.15. The

dimensions of the fabricated HVEP package are medausing an Environmental SEM
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(ESEM). One of the measurement results is showngn4z16. From Fig. 4.16 (a), it
can be clearly seen that the angle formed by tipperoshim is greater than 90 The
total thickness of the shim and the solder layaar@ind 155mm. The thickness of the
polyimide at the shim edge is much thicker than gsham because the screen-printing
process cannot be well-controlled at the locatibig. 4.16 (b) is the ESEM picture at the
package edge. At this location, the screen-pignimocess can be well-controlled.
Therefore the thickness of the polyimide is aroud@ rim to 150mm. A comparison of

the designed values and the fabricated valueshasgrsin Table VIII.

Ceramic
(thickness = 0.508 mm)

1. Ceramic cutting

1.8 kV SiC diode
(thickness = 0.381 mm) R

Fig. 4.6. Fabrication process of the HVEP packatgp 1. Ceramic cutting.

2. Chip embedding W
| |

]
K Top view Bottom view

Fig. 4.7. Fabrication process of the HVEP packatgp 2. Chip embedding.

3. Shim soldering

Top view

Fig. 4.8. Fabrication process of the HVEP packatgp 3. Shim soldering.
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4. Masking

Top view

Fig. 4.9. Fabrication process of the HVEP packatgp 4. Masking.

5. Inserted and bottom
metallization sputtering

N

Fig. 4.10. Fabrication process of the HVEP packatgp 5. Thin layer copper deposition.

/ 6. Interlayer \

patterning

o /

Fig. 4.11. Fabrication process of the HVEP packatgp 6. Interlayer patterning.

/ 7. Top metallization \

sputtering

- /

Fig. 4.12. Fabrication process of the HVEP packatsp 7. Top metallization deposition.

-61 -



/ 8. Final package

\ Top view Bottom view

Fig. 4.13. Fabrication process of the HVEP packatgp 8. Electroplating and etching.
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Fig. 4.14. Test result of the fabricated HVEP fzayk

TABLE VIII
COMPARISON OF DESIGNED VALUES AND FABRICATED VALUE®FHVEP PACKAGE
Designed value Fabricated value
Polyimide thickness Dnfm) 150 230 @ shim edge
140 @ package edge
Shim thicknessnm) 150 155
Polyimide edge anglg (°) 90 125-135
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Metal clip

Silicone gel
Solder mask
Shim Polyimide
SiC Diode I Ceramic Via
Epoxy

Fig. 4.15. Cross-sectional picture of one fabadatVEP package.

Polyimide
Polyimide
Shim
Ceramic

Solder
SiC Diode

(@) (b)
Fig. 4.16. ESEM picture of one fabricated HVEPkzaye. (a) Copper shim edge. (b) Package edge.

4.3. Summary

In this Chapter, the general engineering desigotipeis reviewed first. The design
procedure of the HVEP package is presented. Frapé#nameters study in previous
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Chapter, a general design guideline is propose® k& SiC diode package is designed
by following the design guidelines.

The structure of the HVEP package is more complicdbesh that of the LVEP
package. Thus the fabrication procedure of the LVagkage needs to be re-designed to
satisfy the requirement of the HVEP package. Theidation of the LVEP package is
revisited first. Then the new fabrication processthe HVEP package is proposed. In
the fabrication, the thickness of the polyimide evhis through screen-printing, and the
accuracy of the alignment of the Kapton ring masktiie JTE area cannot not be easily
controlled.

Five HVEP packages are fabricated in house. Thedsglts show that they can block
the rated voltage which is 2 kV. An environmen&tM measurement is done to
measure the dimensions of the fabricated packdape. experimental results validate the

simulations and the design guidelines.
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Chapter 5: Simplified Modeling of the HVEP Package

Simulation in MEDICI contains the internal infornati of the power semiconductor
devices, and its results are closer to the reallypwever, the simulation is very time-
consuming. Usually it takes hours to run one satioth on a Linux system in the
previous Chapter. On the other hand, in the estdge of design, it is not necessary to do
this elaborated simulation. Simple and quick mdshare needed to give an overall idea
of the design.

The complexity of the HVEP package partly comes fthm internal structure of the
device. It is not easy to model this in a mathérahtvay or in an electromagnetic field
simulation software like MAXWELL 2D. Thus, the mdd# the power device needs to
be simplified first. Then the HVEP package can leeeimathematically calculated or

simulated in a quick and simple way.

5.1. Model simplification

Although the internal structures are different frome power semiconductor device to
the other, the mechanism is the same when thelglacking voltages. The JTE relieves
the high electric field crowding at the corner bé&tmain PN junction, and establishes a
horizontal voltage drop on the surface of the deunstead of a vertical one.

When the device is blocking voltages, its surfaae & voltage drop in certain scheme
and the rest of the device body has the same patenfFrom this mechanism, a
simplified model can be built as shown in Fig. 5The JTE is modelled as a conductor
and its voltage is a function of the x-axis asig. 5.1 (b). The bottom, the left and the
right of the device are at same potential. This @ehadn be further simplified as a piece
of conductor that has different voltage added ffedint segments. Then the HVEP
structure can be simplified as well, as shown m Bi2. Since the area of the embedded
insulation material and the ceramic is fully shegldthis part can be eliminated and the
only the polyimide material and different voltageubdaries are left in the model.

Since the purpose of the JTE is to avoid electritd frowding in the structure, it

makes the voltage drop on it as linear as possilblig. 5.3 shows the voltage distribution
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on the JTE of the device in the simulation. Thereftine voltage distribution can be
simplified as a linear function of the distancexidirection. The final simplified model
can be used in the mathematical calculation andithalation is shown in Fig. 5.4. Only

the polyimide area is of interest.

V =10kV

V=0V V = f(x) V=10kV

V=0V

() (b)
Fig. 5.1. Model of the power semiconductor devi¢&@) Model in MEDICI. (b) Simplified model.

V=0V V =1(x) V=10kV
Embedded Ceramic
insulation

material

<!

Fig. 5.2. Simplified model of the HVEP package.
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10 12.5

Voltage (kV)
o0 25 50 75

00 0.20 040 o060 0.80 1.00
Distance (mm)

Fig. 5.3. Voltage distribution on JTE.

V=0V vV=fx) V=10kV

Fig. 5.4. Simplified model for mathematical cabtidn and simulation.

5.2. Simulation in MAXWELL 2D

MAWELL 2D is a powerful electro-magnetic simulatisoftware. It is user-interface
friendly, simple and fast when it runs static aliedield simulations. However, it cannot
model the internal structure of the power semicatatudevices in the software. With
the simplified structure in Fig. 5.4, the intermalormation of the device is unnecessary,
then it is possible to perform the initial simudats in MAXWELL 2D.

The voltage distribution on the JTE is modelled in MBW. 2D, as compared to
MEDIC results in Fig. 5.5. The origin is at point &d the curve is reconstructed by 6
segments, as shown in (5.1).
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V,=0

5 =

3900

=
1300

.=

5 —

4600
0.0999

(x- 017)+200

(x- 027)+7800
0.0499

(x- 032)+11700
0.0499

500
0.0599

(x- 037)+13000

V, =13500

0<x< 017mm

017mm< x< 027mm

027mm< x < 032mm

032mm< x < 0.37mm

037mm< x < 043mm

X > 05mm

(5.1)

The electric field distribution along thedirection at differeny positions in Fig. 5.4 is

shown in Fig. 5.6. The upper dashed- line givesetietric field intensity at the position

of the corner of the device, and the lower daslied-gives the electric field intensity in

the uniform distribution area, as explained in FBgl. The error of the MAXWELL
simulation results is define in (5.2) and it issiman Fig. 5.8.

error =

Voltage (kV)

MAXWELL- MEDICI ,

100% (5.2)
MEDICI
0 10
N N
— S\ —
S = g
S
g 0
2 g
o > 9 Segmental model
5 Te)
T} 2 Linear model
N
o
OO.OO 020 040 o060 0.80 1.00 0.11 0.33 0.55 0.77 0.99 1.1
Distance (mm) Distance (mm)
(a) (b)
Fig. 5.5. Comparison of the voltage distribution on JTE in MEI and MAXWELL. (a) Voltag:

distribution in MEDICI. (b) Voltage distributiomiMAXWELL.
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y ILﬂiform distribution areg

V=0V V=fx) V=10kV

Fig. 5.7. Explanation of two values in Fig. 5.6.
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Fig. 5.8. Errors of the simulation results in MAXBML. compared to the results in MEDICI.

From the comparison, it can be seen that the MAWEIrhulation results give less
than 10% error compared to the MEDICI simulatiowith the simplified model, the
simulation in MAXWELL can be used as initial simtitan of the structure and it can
give an overall idea of the structure. More elabed and accurate simulations need to be
performed in MEDICI.

5.3. Summary

Although the simulations in MEDICI include the imal information of the device,
and it gives an accurate and comprehensive eldattt distribution, the simulation is
very time-consuming. In the early stage of desigis not necessary to spend so long
time to do the simulation. On the contrary, a difigal structure is preferred to give a
simple, quick and clear overall understanding efgiackage first.

In this Chapter, the proposed HVEP structure igp8frad. The device is replaces by a
conductor with 0 V and a conductor with a pieceenisear voltage distribution in
series. In this simplified structure, only theyolide area is of interest.

The simplified structure can be applied to perfaha simulation in MAXWELL 2D.
After the voltage distribution on the JTEs is mdedl the simulation results in both
MEDICI and MAXWELL are presented. The MAWELL sination results give less
than 10% error compared to the MEDICI simulatiowith the simplified model, the
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simulation in MAXWELL can be used as initial simtitan of the structure and it can
give an overall idea of the structure. More elabed and accurate simulations need to be
done in MEDICI.
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Chapter 6: Summary

The high-voltage SiC power semiconductor devicegehdeen developed in recent
years. They cause an urge in the need for the psamiconductor packaging to have
not only low interconnect resistance, less noisss |parasitic oscillations, improved
reliability, and better thermal management, buto aldigh-Voltage (HV) blocking
capability. With the ever-rising electric fieldtemsity in the package caused by the high
voltage, the understanding the distribution of étectric field is becoming crucial to the
design, providing proper structure for high-voltage

The primary objective of the high-voltage power semductor package is to limit the
maximum electric field intensity of the insulationaterials to be lower than their
dielectric strength. A good understanding of eledield distribution can help in both
identifying potential dielectric failure and desigg appropriate structure improvement
strategies for the package. Simulation tools aqmeementation are commonly used to
perform the analysis. Advanced material that hgk Hielectric strength will also aid in
blocking high voltage of the package.

In this research, a thorough static electric fiaiahlysis is performed and an in-depth
understanding of the electric field distribution thie LVEP, MVEP and HVEP. The
objectives discussed in Chapter 1 are accomplisfidee summary and contributions of
this research are discussed in the following.

6.1. Contributions

I. Understanding of the electric distribution in the Low-Voltage Embedded Power
(LVEP) package in MEDICI
a. The studies show that two electric field hotspote at the upper and lower corner
of the device in the LVEP package.
The LVEP structure is revisited with a 10 kV SiCNPdiode. With the internal
structure of the device, the simulation shows twtspots in both insulation materials are
at the upper and lower corner of the device. ifkernal structure of the device makes

the bending of the equipotential lines at both eosnn the insulation materials.
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b.  Studies show the electric field distribution of tli®uble-sided metallization LVEP
structure and the impact of the parameters in thsructure on the electric field
distribution.

The double-sided metallization is proved to be Hactéve way to reduce the high
electric field concentration at the lower cornel™EP structure. The higher thickness
of the polyimide layer can decrease the maximunctetefield at the corners of the
device in two insulation material. However, whém thickness is comparable to the
thickness of the ceramic, it is less effective.orfRrthe material property point of view,

low dielectric constant of the polyimide is desired

[I. Development of a Medium-Voltage Embedded Power (MVEP) structure in

MEDICI
a. Development of a MVEP structure in MEDICI.

Based on the understanding of the LVEP structuMY&P structure is proposed. The
cathode metallization of the MVEP structure is agled to the top of the structure. The
maximum electric field intensity at the corners tbk device inside two insulation
material is reduced greatly.

b. Studied show the impact of the parameters on thectic field distribution in the
MVEP structure.

The higher thickness of the polyimide layer canrdase the maximum electric field at
the corners of the device in two insulation materiddowever, when the thickness
reaches certain value, it is less effective. Fthenmaterial property point of view, low
dielectric constant of the polyimide is desiredheTinfluence of the thickness of the
polyimide and the properties of the materials iglaxed by simplifying the structure to

a circuit that consists of two capacitors in series

[ll. Development of a High-Voltage Embedded Power (HVEP) structure in MEDICI
a. Development of a HVEP structure in MEDICI.
A thin layer of metal is inserted to the middle tbe structure and it is tied to the
cathode metallization. This field-shaping metajelais a shield to the embedded

insulation material. Thus, the maximum electrieldi at the corners inside the two
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insulation materials is reduced to the value beloeir dielectric strength. Furthermore,
since the embedded insulation material is shieltethe field-shaping metal layer, even
with the presence of the voids in the embeddedatisn material, it won't degrade the
voltage rating of the package.

b. Studies show the impact of parameters on the electreld distribution in the
HVEP.

The thickness of the polyimide is proportional t® dielectric strength and the applied
voltage. The best position for the field-shapingtahlayer is on the same surface as the
device, and the optimal voltage applied this mietgdr is 0 V. Simulation also indicates
that the length of the field-shaping metal layeowdt neither exceed the edge of the
device nor be apart from the edge too much. Tkeresult is obtained when the edge of
the field-shaping metal is right at the edge ofdkeice. It can be found that the angle of
polyimide edge is less tan Q@nd this smaller angle could influence the paekagtage
rating greatly. Although this angle is unavoidaliiean be solved by the application if a

thick enough “dam”.

V. Development of design guidelines for the HVEP package and verification
a. Development of design guidelines for the HVEP sttuie.

The design procedure of the HVEP package is prederBased on the simulations and
parameter study, the design guidelines are givél). The best position of the field-
shaping metal layer is on the same surface asaweed (2) The best width of the field-
shaping metal layer is when the field-shaping miaetgdr touches the edge of the device.
(3) The best applied voltage is the same as thedatvoltage. (4) The thickness of the
polyimide layer is determined by the rated voltagel the dielectric strength of the
material from calculation or simulation. (5) A ‘dathat has the same thickness as the
polyimide is needed in the package to prevent #taral angle of polyimide caused high
electric field concentration.

b. Development of fabrication process of a HVEP packag

Due to the difference of the HVEP structure and BPV&ructure, several steps are
added to the standard LVEP fabrication process tad dimensions are changed
accordingly.  The shim soldering, field-shaping atletation and double-sided
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metallization deposition, and thicker polyimide dayare the core difference between two
processes. A HVEP package for a 2 kV SiC diodteggned following the given design
guidelines and fabricated following the proposeacpdure.
c. Experimental verification of the proposed HVEP skture and the design
guidelines.

Test results show that the fabricated 2 kV SiC dipdckage can block at least 2 kV.
The Environmental SEM image shows that the faletgiackage follows the design
guidelines.

V. Development of a simplified model of HVEP package
a. Simplification of the model of the power semicondacdevices.

The model of power semiconductor devices is singalito a conductor with difference
voltage on different segments. No more internfdrmation of the device is necessary.
This simplified model can be applied to both mathBoal analysis and non-
semiconductor simulator software, such as MAWELIdtoquick and simple calculation
or simulation compared to MEDIC which is very tim@asuming.

b. Investigation on the feasibility of the applicatioof conformal mapping to the
electric field calculation in the HVEP package.

Conformal mapping is a very useful mathematicabthheo calculation field problems.
Theoretically, after a series of the conformal magghe simplified model of the HVEP
structure can be transformed to a rectangle in lwthe potential distribution is known.
Then this potential distribution can be inversasfarmed back to the original simplified
model and the electric field intensity can be clatad accordingly. However, due to the
limitation of the mathematical software, severeenccurs in both forward and inverse
mapping procedure, which finally fails the effeetiness of the mapping.

c. Comparison of the simulation in MAWELL with the siplified model and that in
MEDICI.

From the comparison, it can be seen that the MAWEIrhulation results give less

than 10% error compared to the MEDICI simulatiowith the simplified model, the

simulation in MAXWELL can be used as initial simtitmn of the structure and it can
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give an overall idea of the structure. More elabed and accurate simulations need to be
done in MEDICI.

6.2. Recommendations

New materials The selection of the insulation materials is amant to achieve high-
voltage blocking capacity and better reliabiliklthough the current design of the HVEP
package is based on the current available insulatiaterial with low dielectric strength,
the selection of the insulation materials shouldticwe to search for emerging insulation
materials that have high dielectric strength.

Electrical performance Although the package using embedded power téogndias
a promising electrical performance of switching aodduction, it is necessary to test the
forward characteristics of the HVEP package sinew tayer is added to the LVEP
structure. These tests include the in-circuit slwitg speed, switching and conduction
loss, EMI, etc.

Reliability and thermo-mechanical performande the structure, the CTE mismatch of
the copper and the semiconductor will cause themaohanical issues in the package.
The thermo-mechanical stress investigation, thermalformance, and cooling
technology are needed to be studied.

Expandability to HV module packageEmbedded power technology can be used to
power semiconductor device package as well asytters package. Theoretically, the
HVEP device package can easily expended to a HVulegobckage. However, issues

include the layout design, thermal problems, ENIi, e
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Appendix Mathematical Modeling of the Simplified Model of
HVEP

The electric field calculation is quite simple asidaight-forward when the structure
and the material are simple enough. However, tiage distribution of the simplified
model shown in Fig. 5.4 is irregular. Hence thectic field cannot be calculated

directly. Some further mathematical manipulatismeeded.

Al Conformal Mapping and Schwarz-Christoffel Transfmation

A conformal mapping is a transform of geometricufigs in which infinitely small
pieces are transformed into similar ones [47]-[5B] map is called conformal at zO if it
preserves oriented angles between curves througlaszvell as their orientation. A
Schwarz-Christoffel mapping is a transformationtioé complex plane that maps the
upper half-plane conformally to a polygon. A payginw plane shown in Fig. A.1 (a)
has vertices atn, W, %, W, with corresponding interior angleg, ap, ¥4, an, respectively.
The pointswi, W, Y4, W, are mapped into pointsg, Xz, ¥4, X, on the real axis of the
plane shown in Fig. A.1 (b), respectively. A trmmsation which maps the interior R of
the polygon of the w plane on to the upper halhpl&’ of the z plane and the boundary
of the polygon on to the real axis is given bydaj (2),

W= Az X e (e x ) )
L
w=A (Pt (e x ) hize B o

where A and B are complex constants.
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Fig. A.1l. Schwarz-Christoffel transformation. (Bplygon (original plane) (b) Uppéalf plane
(destination plane)

Consider a rectangle in thNg plane, which is symmetrical with respect to thagmary
axis, as shown in Fig. A.2 (a), it can be confotynedapped onto the upper-half plane.
The boundary point8, 0, C = -b, 0, b are mapped into the boundary points -1, 0, 1én th
R plane respectively. Let the image of the p&nbe a point of the real axiskldue to
the principle of symmetry the image of the pohis the point -I{. From the Schwarz-
Christoffel transformation, the function realizitige inverse mapping of the upper-half
plane onto the rectangle is:

r dx

W= Cl (3)
"V XL ko)
%
4 W Plane 4 t
A iH E R Plane
A B C E
B c = = = B s
b 0 b u -1/k 1 1 1/k
€Y (b)

Fig.A.2. Elliptic function of first kind. (a) Régngle (original plane) (b) Uppéalf plane (destinatic
plane)
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The function

F(r,m)=C, | ax (4)

L o fL- )

is called the elliptic integral of the first kindThe numbem is called the parameter and

the numberk =+/mis called the modulus of the elliptic integral. ofisionally suppose
that 0 <m< 1.
The value

F(Lm)= 1 ds _ s/zL (5)

°oJit- s?Ji- mg) ° J1- msin®;

is called the complete elliptic integral of thesfirkind and is designated &§m) or

simplyK. Thus the segment (-1, 1) is mapped into the seg(K, K) by this function.
The pointE =1/k =1//m inthe R plane is mapped into the point

w=F(U/km)= ds T ds

Jo s ms) & e ms)

The first term in this formula is the complete @iic integral and the second term is

(6)

transformed by the change of the variable

ms +my’ =1 (7)
wherem'=1- m is the so-called complementary parameter of biygie integral, and

1/k ds 1 dt

R ns) ) Y

For brevity the value of the complete elliptic eégtal of the first kind of the

complementary parameteK(n') is designated askK'. Therefore, the point
X, =1/k =1/Jm is mapped into the poirK+iK’, and the whole upper-half plane is
mapped onto the rectangle with the basead the heighk’.

The parametem is unknown when searching for the function (3)cdn be found from
the equation

Kigl(-mr)n) - % ®)

where H is the height of the rectangle in the wnplaand b is the half width of the

rectangle, as shown in Fig. A.2 (a).
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Then the constar@; is determined as

b
C = K(m) (10)

where G is the constant in the integration in (3).

A2 Model of HVEP package

Neither the equipotential lines nor the electraidican be mathematically plotted in the
simplified model in Fig. 5.4. It is desired to leaa structure that either the electric field
distribution or the equipotential lines can be lyasxpressed or calculated. For example,
Assume that the aspect ration (AC/CD) is very sptaéin the equipotential lines can be

approximately straight, as shown in Fig. A.4.

V =10 kV

v =f(y) z

V=g(x)

@) (b)

Fig.A.3. Transformation of the simplified struatur(a) Simplified structure (rotate 90 (b) Transforme
structure.

Thus, the strategy in this section is to conveet gtructure shown in Fig. A.3 (a) to a
structure similar to Fig. A.3 (b) through a serdsonformal mapping. Then, the easily
calculated potential distribution information cae bransformed back to the original
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structure through the reverse transformation. I§inkoth the potential and electric field

distribution in the original structure are known.

Az
Equipotential lines E
o I O I I
I I I
V=0V V =10kV
I I I I I R
c 1 D x

V=9(x

Fig.A.4. Equipotential lines approximation

Through the elliptic integral of the first kind anté inverse mapping, the Elliptic
Jacobian functions, a rectangle and the upperghatfe can be transformed between each
other. Thus, this transformation is done firsdg, shown in Fig. A.5 (a) and (b). The
parameter m=k® is defined approximately as the function of thetiora
K'(m)/K(m)=H /b by mean of interpolation based on the dimensidnthe original
structure.

The destination rectangle iz plane is shown in Fig. A.5 (d) and its correspondi
upper-half plane after the transformation are ig. A.5 (¢). Thus there is one more
transformation is necessary to map the upper-HaliepFig. A.5 (b) to the upper-half
plane in Fig. A.5 (c). A linear-fractional transfieation can perform this.

The transformation

:az+b
a+d

f ,ad- bgt 0 (11)

is called linear-fractional transformation. It cha considered as combinations of the
transformation of translation, rotation, stretchiagd inversion. This transformation
maps circle irz plane into circles in ther plane.

If z1, 25, 3 andz, are four distinct points in the z plane, thendbantity

e
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is called the cross ratio of;, 2z, zz and zz. This ratio is invariant under the
transformation, and this property can be used itainimg specific transformation

mapping three points into three other points.

“V
H \
A E t
dy f—————- b
A B cC D E
B C
> u —= = - 5 S
b b 1Kk 1 | s g 1k
() (b)
N A
n z
G
A E
A B © D E BE T by
—.n - - - m c D; X
1p b, 1 +1 1p - I
() (d)

Fig.A.5. Transformations. (a) Original rectandlev). (b) Upperhalf plane after Elliptic Jacobi
transformation §-). (c) Upper-half plane after linear-fractionahrisformation rf-n). (d) Destindbn
rectangle after elliptic integral of the first Kiiig2).

Thus, the destination rectangle can be mapped thenoriginal rectangle through the
Elliptic Jacobian transformation, linear-fractioriednsformation, and elliptic integral of
the first kind.

A3 The problem
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As mentioned in the previous section, the parammeteomes from the interpolation,
and there is an assumption that the aspect ratitheofdestination rectangle is small.
However, it is found that the aspect ratio of tlestthation rectangle is about 1.5 when
the dimensions of the structure in Chapter 5 aphiegh

Fig. A.6 shows the variation of the aspect ratioboth original rectangle and the
destination rectangle. It can be seen that innthele range ok, the aspect ratio of the
destination rectangle is always greater than lis Hlso observed that when k is very
close to 1, the aspect ratio can be close to Ws,Tin the last transformation, which is the
mapping from the upper-half plane to the destimatextangle, the parameter has to be
very close to 1 to make the aspect ratio of thetimkson rectangle to be small.

Therefore, one more transformation has to be atlwl#ds mapping.

Aspect ratio

Fig.A.6. Variation of aspect ratio with the paraderek.

An exponential transformation can be applied. Txponential function of the
complex variables is defined as

w=e’ =g’ =e*cosy+ie*siny (13)
The aspect ratio of the destination rectangle dsiced to 0.2 after this transformation is

added. However, from the nature of the exponefiattion, it amplifies more on the
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large numbers than the small numbers. Due to ithé@ation of the mathematical
software, MATLAB, it cannot identify these amplifidarge numbers individually. This
causes big errors in the both forward mapping andrse mapping. As shown in Fig.
A.7, points; is a small number, and poingg s;, ands, are large numbers. After the
exponential transformation, poist is mapped into poinp; in the p-g plane. However,
because the mapped pointssgfs; ands, are too large, the software recognizes them as
one point in thep-g plane, infinity. After the linear-fractional traformation and the
elliptic integral of the first kind are done, po#tis mapped into a point somewhere on
the boundary of the destination rectangle, postss; ands, are mapped to the same
point, iG. This wrong forward mapping gives the wrong infiation to the inverse
mapping as well. Points,, s3, ands, are merged to one point back to the original
rectangle after the inverse mapping. This mapeimgr is caused by the software and it

is inevitable.

Py Py
e S; S5 S - —m—>p
| L —= —»S inf
(@) (b)
n
m, z
- i iG lizyiz,iz,
1 4
———eme==as —E—>m W x+iz)
inf » X

|
() (d)

Fig. A.7. Error generation in the forward mappin@) upper-half plane ie-t plane. (b)p-g plane afte
exponential transformation. (0)-n plane after linear-fractional transformatio(d) Destination rectang
in x-z plane.

Theoretically, the electric field distribution dfe simplified structure shown in Fig. 5.4
can be calculated through a series of conformalpmgpmathematically, however, the
limitation of the mathematical software causes itadNe error during the calculation,
which fails the mapping.
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