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High Temperature SiC Embedded Chip Module (ECM)

with Double-sided Metallization Structure

Jian Yin
Abstract

The work reported in this dissertation is intended to propose, analyze and demonstrate a
technology for a high temperature integrated power electronics module, for high
temperature (e.g those over 200°C) applications involving high density and low stress.

To achieve this goal, this study has examined some existing packaging approaches,
such as wire-bond interconnects and solder die-attach, flip-chip and pressure contacts.
Based on the survey, a high temperature, multilayer 3-D packaging technology in the
form of an Embedded Chip Module (ECM) is proposed to realize a lower stress
distribution in a mechanically balanced structure with double-sided metallization layers
and material CTE match in the structure.

Thermal and thermo-mechanical analysis on an ECM is then used to demonstrate the
benefits on the cooling system, and to study the material and structure for reducing the
thermally induced mechanical stress. In the thermal analysis, the high temperature ECM
shows the ability to handle a power density up to 284 W/in’ with a heat spreader only
2.1x2.1x0.2cm under forced convection. The study proves that the cooling system can be
reduced by 76% by using a high temperature module in a room temperature environment.

Furthermore, six proposed structures are compared using thermo-mechanical analysis,
in order to obtain an optimal structure with a uniform low stress distribution. Since pure
Mo cannot be electroplated, the low CTE metal Cr is proposed as the stress buffering
material to be used in the flat metallization layers for a fully symmetrical ECM structure.
Therefore, a chip area stress as low as 126MPa is attained.

In the fabrication process, the high temperature material glass and a ceramic adhesive
are applied as the insulating and sealing layers. Particularly, the Cr stress buffering layer

is successfully electroplated in the high temperature ECM by means of the hard chrome



plating process. The flat metallization layer is accomplished by using a combined
structure with Cr and Cu metallization layers.

The experimental evaluations, including the electrical and thermal characteristics of the
ECM, have been part of in the study. The forward and reverse characteristics of the ECM
are presented up to 250°C, indicating proper device functionality. The study on the
reverse characteristics of the ECM indicates that the large leakage current at high
temperature is not due to the package surrounding the chip, but chiefly caused by the
Schottky junction and the chip passivation layer. Finally, steady-state and transient
measurements are conducted in terms of the thermal measurements. The steady-state
thermal measurement is used to demonstrate the cooling system reduction. To obtain the
thermal parameters of the different layers in the high temperature ECM, the transient
thermal measurement is applied to a single chip ECM based on the temperature cooling-

down curve measurement.
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Nomenclature

Area, m’
Specific heat, J/Kg-K
Thickness, m
Current, A
Thermal conductivity, W/m-K
Power loss, W
Electrical resistance, Q2
Thermal resistance, °C/W
Time, s
Temperature, °C
Voltage, V
Density, Kg/m’
Poisson’s ratio

Stresses, MPa
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Chapter 1

Introduction

1.1 Current Trends in High Temperature Power Electronics

Packaging

There has been a growing demand in recent years for high temperature power
electronics suited to the harsh environments encountered around combustion engines in
automobile and aircraft environments.[1] When a module has a high temperature
capability, it is not only suitable for a harsh thermal environment, but this will also lead
to a reduction in cooling requirements to a room temperature ambient. The availability of
silicon carbide (SiC) and Gallium Nitride (GaN) devices have expanded the possibilities
for high temperature, hybrid circuit designs. However, the packages supporting such
devices are inadequate in electrical interconnection, thermal management and reliability
under high-temperature operations/environments. So the advancement of packaging
technology tailored for high temperature applications is a necessity. Although
conventional packaging technologies, such as wire bond technology and pressure contact
technology, pushed the temperature up to 350°C, these technologies employ the
unbalanced structure or CTE mismatch materials, which introduces high mechanical
stresses in the structure and can cause failure or reliability problems. Additionally, these
technologies, due to their discrete packaging structure have reached their limits to reduce
parasitic inductance, enhance efficiency and improve thermal performance. Therefore, it
is necessary to develop a three-dimensional high temperature module with a mechanically
balanced structure, as well as match the CTE of the materials in the package for
improving its long-term reliability performance. The three-dimensional multilayer
packaging technologies has the potential to break the existing limits. Since the three-
dimensional structure provides flexibility to design the multilayer module and also
shortens the electromagnetic and thermal paths attributed to wire bond, it has evident

improvements in thermal performance, operating frequency and power density.



1.2 Aim of the Study
1.2.1 High Temperature Embedded Chip Module (ECM) Technology

While the mechanically balanced structure, as well as the material CTE match, is a
necessity at high temperature and three-dimensional multilayer packaging technologies
are the trend of the high temperature power electronics packaging, this study will develop
a high temperature, multilayer 3-D packaging technology in the form of an Embedded
Chip Module (ECM), to realize a lower stress distribution in a mechanically balanced
structure with double-sided metallization layers and material CTE match in the structure.
In addition, the single chip can be properly packaged for universal high temperature

applications by means of ECM structure.

1.2.2 Research Work Covered in this Dissertation

In this dissertation, the survey of packaging technologies for high temperature including
the wire bond technology, pressure contact technology and flip chip technology will be
introduced in chapter 2. Three-dimensional multilayer packaging technologies are only
introduced for normal temperature applications, since no high temperature 3-D
technology is found. The reason to choose the high temperature Embedded Chip Module
(ECM) technology is stated.

In chapter 3, the proposed high temperature Embedded Chip Module (ECM) is
introduced with the essential improvements required for high temperature applications.
After the introduction of the functions and requirements for high temperature applications,
the sealing and insulation materials, metallization materials, chip and substrate selections
of the high temperature Embedded Chip Module (ECM) are carefully investigated.

Chapter 4 presents the thermal analysis and theoretical behavior analysis of a packaged
SiC chip at high temperature. The one-dimensional model as well as the three-
dimensional FE model is introduced, and IDEAS simulation is employed to analyze the
EMC at a room temperature ambient. Then the theoretical reverse characteristics of the
SiC chip are given by analyzing the Schottky junction properties.

The thermo-mechanical analysis for a high temperature ECM is described in Chapter 5.

The optimal structure for low mechanical stress in the package is obtained in this chapter.



The different structures with Cu metallization layers are compared to the case with Mo
metallization layers. Although Mo is a good metallization layer candidate for high
temperature EMC, pure Mo can not be implemented in the module by means of an
electroplating process. To solve this problem, a Cr metallization layer is introduced as a
buffering layer to reduce the mechanical stress, while the Cu metallization layer is used
for the lateral current conduction. A fully symmetrical structure with combined use of Cr
and Cu metallization layers are presented to achieve low mechanical stress in the chip
area.

The eight-step fabrication process of the high temperature ECM is illustrated in chapter
6, including layout design, laser cutting process, screen printing process, sputtering
process, photo masking process, electrical plating process, etching process and final
cutting and assembling process.

Experimental evaluations in chapter 7, including electrical and thermal tests, are
described. The electrical tests show the forward and reverse characteristics of the high
temperature ECM. This module has been tested up to 267°C. The module leakage
currents at high temperature, due to the passivation layer, Schottky junction and package
around the chip, are also studied. To obtain the thermal characterization and improve the
thermal performance, the high temperature steady and transient thermal measurements
are proposed and investigated.

Finally, a recommendation and conclusion are given in chapter 8. Suggested work for

further improvement is presented as well.



Chapter 2
Survey of Packaging Technologies for High

Temperature

2.1 Introduction

The survey of packaging technologies for high temperature will be introduced in this
chapter to show the current status of the high temperature packaging technology. The
wire bond technology, pressure contact technology, flip chip technology and normal
temperature 3-D multilayer packaging technologies are investigated. And the reason to

choose the high temperature embedded chip module technology is stated.

2.2 Current Packaging Technologies for Power Electronics

Modules for High Temperature Applications

2.2.1 Wire-bond Technology

The wire-bond technology is the most widely used in chip packaging for high
temperature applications [2]-[8]. For the normal temperature applications, large diameter
Al wire bonding is used with Si power devices. However, at high temperatures the
mechanical strength of Al decreases. Also, Al would be incompatible with the Au wire
bond pads used on SiC die due to inter-metallic formation and Kirkendall voiding at high
temperature. Large diameter (10mil) Au and Pt wire bonding is available for high
temperature applications. Both require substrate heating. Au wire provides higher
conductivity than Pt, but Pt has higher mechanical strength at high temperatures. Large
diameter Au wire has been successfully bonded to both pads on the die and to the thick
Au/Ni/Cu substrate metallization. At this point, Pt wire is only bondable to the substrate

metallization [3].



Fig. 2.1 25pm gold wire ball/wedge bonds as produced by a fully automatic production machine,

bonding speeds approx. 5 wires/second

High temperature applications can weaken both the wire and the wire bond by
annealing the wire and causing inter-metallic reactions at the bond site, respectively.
Annealing increases the grain size in the wire, reducing the wire’s strength and fatigue
resistance. Inter-metallic reaction can lead to the formation of voids and brittle
compounds that cause fatigue fracture at the bond interface. Inter-metallic formation is
most often seen at temperatures exceeding 125 °C in Au wire/aluminum (Al) bond pad
interconnects [2]. Other wire bond systems, such as Al wire/nickel (Ni) bond pad, have a
slower rate of inter-metallic formation, and thus a higher allowable use temperature [6].
Temperatures in excess of 300 °C require monometallic wire-bond systems such as Au
wire/Au bond pad.

Three different types of wire bonds were evaluated in [2] for use in silicon carbide
based hybrid circuits at 500°C. Small diameter (0.001") gold and platinum wires were
tested for small signal applications and large diameter (0.010") platinum wire for high
current carrying applications. Small diameter platinum wire was included in the study as
an alternative to gold because of its higher tensile strength. The large diameter platinum
wire was used in place of the more traditional large diameter aluminum wire. In both the
platinum and gold wire a decrease in pull strength over time was experienced. This was

not due to a weakening of the first or second bond but the annealing of the metal wire that



Pull Strength (g)

occurs at elevated temperatures (Fig. 2.2(a) and (b)). Pull tests on the large diameter wire
bonds yielded strengths several times greater than conventional large diameter aluminum
bonds, as shown in (c). However, due to the contact pad metallization stack-up, all circuit
assemblies failed in about 250 hours. The contact pad in (d) shows where the contact

metal has lifted from beneath a wire bond.
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Fig. 2.2 Pull strength comparisons for different wire bonds



Thick film metallization based wire-bond also is used in [3] for high temperature (up to
500°C) chip level packaging. Small diameter gold wire (0.001") was bonded to gold thick
film printed pads by thermal-press wire bonding technique. The electrical resistance was
studied at room temperature and 500°C versus accumulated testing time as shown in
Fig.2.3. Although the resistances under all these conditions were desirably low and
slightly decreased at an average rate of 2.7% over 1500 hour testing period, the wire-
bond resistance under 500°C is about 2.5 times higher than the resistance at room
temperature. This will limit its applications in high current and high temperature
conditions.

Although the wire bond technology is well known and low-cost interconnect method,
suitable for discrete device packaging, its unbalanced mechanical structure composed of
the wire bonds at the top and the die attachment material at the bottom may produce high
differential stress to cause failure at high temperature. In high temperature applications,
the reliability of the wire bond technology is still a challenge and the resistance of the
wire bond increases appreciably, which limits its applications for high current use.
Additionally, its unbalanced mechanical structure leads to unbalanced thermal paths and
limits the thermal cooling path from the wire-bond side, thus leading to a bulky package.
For high frequency applications, the parasitic inductance due to the bond wires may be

problematic.
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2.2.2 Pressure Contact Technology

Pressure contact technology is another packaging technology for high temperature
applications as in [9] - [12].

A 3kV 600A 4H-SiC high temperature diode module was developed in [9] by
employing the pressure contact technology. Fig. 2.4 (a) shows a top and a cross-sectional
view of a designed pressure contact flat package diode module, which includes 5 diode
chips. Both cathode and anode main electrodes are composed of copper alloy, and the
intermediate electrodes are composed of molybdenum, which acts to reduce the thermal
expansion coefficient difference between SiC and copper alloy electrodes. Spacers are
used for accurate chip arrangement and are composed of ceramics. The 5-diode module
showed the low leakage current and forward voltage, however, the module was only
tested up to 150°C as shown in Fig.2.4 (b) and the long-term reliability characterization

was not considered in this paper.
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Fig. 2.4 Top and cross-sectional views of a designed pressure contact flat package diode module

A hermetic 6H-SiC pressure sensor package was introduced in [10] and [11]. The
structure of the pressure sensor package in [10] is shown in Fig. 2.5 (a). An AIN substrate
at the bottom serves as a receiving platform for the SiC sensor. The bottom AIN substrate

also serves as the first level of protection of the sensor from harmful particulates in the



high temperature environment. The bottom substrate, together with the top substrate,
which is also made from the AIN, forms a sandwich construction to protect the sensor.
Because the top and bottom substrates are made of the same material (AIN) with thermo-
mechanical properties similar to that of the SiC sensor, the mechanical stresses due to the
thermal expansion mismatch between the substrates and the die are significantly reduced
to harmless levels. The packaging technique allows a die (or a die array) to be intimately
attached to next level of metallization via a through-hole in the substrate. This approach
eliminates wire bonds, which are known to be the weakest links, and makes the packages
more reliable. The packaged SiC MEMS pressure sensor was operated at 600°C and
200psi, however, the long-term reliability characterization hasn’t been performed. A
Similar structure of the 6H-SiC pressure sensor package [11] is shown in Fig.2.5 (b). The
wire bonds were avoided in the structure and electrical contacts were made using a metal-
glass frits mixture. This pressure sensors packaged with this method were tested for
pressures up to 1000psi and at temperatures up to 500°C, however, the reliability

characteristics was not given.
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Fig. 2.5 Schematic drawing of the packaged sensor structure



Despite the merits, the largest disadvantage of pressure contact technology is its higher
manufacturing cost and the more complicated mounting arrangement to maintain pressure.
Also, limited research work has been published on the effects of thermo-mechanical
stresses on these pressure contacts during actual operation of the devices and hence, the
reliability of these modules is still under investigation. Finally, the pressure contact
technology can only package the active components and is one type of discrete packaging

technology.

2.2.3 Flip Chip Technology

Flip chip technology [13] [14] is another available technology for high temperature
applications. The key material in the structure is the solder balls, which should be a high
temperature material. The gold bump used in the GaN based microwave power amplifiers
[13] to replace the solder ball shows one possible approach to enable the flip chip
technology to be used for higher temperature applications. As shown in Fig.2.6, the
HFET epilayers structures in this study were grown over basal plane sapphire or
insulating SiC substrates using the low-pressure metal organic chemical vapor deposition
(MOCVD) technique. The devices were then FC bonded onto 500-m-thick AIN substrate
using gold bumps. No-flow epoxy underfill was then used to fill the air gap between the
chip and the AIN substrate. This module operated at the maximum active region
temperature of 250°C. However, the GaN based structure is not purposely designed for
high temperature applications and its maximum temperature is limited by the epoxy
underfill material. Although the gold bump can be used to replace the solder ball for high
temperature applications, the gold bump requires a process temperature up to 1000 °C
and the high cost is another large concern for it.

Another high temperature flip chip example is shown in Fig. 2.7. [14] Two SiC PIN
diodes were flipped over and attached to AIN substrate, with the metal leads for topside
connections. The high temperature solder was used for leads and die attachment materials.
The module was operated up to 250°C; however, the heat dissipation ability was reduced
due to the long lead connections and the insulating silicone material. The long term

reliability test has not been performed in this research.
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Fig. 2.6 GaN based flip chip structure
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Fig. 2.7 12KV SiC PIN diodes with high voltage, high temperature packaging

The unbalanced mechanical structure at the top and bottom sides of the chip may cause
high thermally induced differential stress in high temperature applications. Both the gold
pump and high temperature solder as chip attachments have much higher CTE than the
SiC chip. So the CTE mismatch and unbalanced mechanical structure in the module can
cause high mechanical stress and finally result in reliability problems. The high process
temperature for both cases is also a disadvantage. Besides, this technology is still one

type of discrete packaging technology.
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2.2.4 Candidates of Three-dimensional Multilayer Packaging Technologies
for High Temperature Applications

2.2.4.1 Power Overlay (POL) Technology

The Power Overlay (POL) Technology, developed at General Electric Company, is a
high-density-interconnect (HDI) process for the interconnection of multichip modules.
This technology has an interconnect layer built on top of the semiconductor devices and
base plates. The schematic shown in Fig. 2.8 illustrates the section view of the POL
design concept. [15] - [17]
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Fig. 2.8 A cross-sectional schematic of a GE-POL structure [15]

Some of the anticipated advantages of the POL structure are described as follows:
- Elimination of wire bonds with metallurgical interconnections improving reliability;
- Better electrical performance through reduced interconnection parasitics;
- Improved thermal performance via reduced numbers of thermal interfaces and two
sided heat removal;
- Reduced profile and more flexible packaging options for stacking additional circuits;
- Limited number of processing steps compared with other 3d packaging options; and
- Low cost.

The POL process utilizes power semiconductor devices (IGBT, MOSFET, and diode)
that are mounted to the backside of a dry polymer film, which is a suitable dielectric
material, such as Kapton. The Kapton tape has pre-formed vias with specific pitch and
size. These vias serve as electrical paths for circuit functioning. Metallization on the vias
(making contact to the devices) and the polymer dielectric is achieved through a
combination of sputtering and plating process. First, a barrier and adhesion layer of Ti

(typically 1000A) is sputtered followed by a seed layer of copper (1000A). On top of the
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seed copper layer, a five mil thick copper layer is deposited by electroplating. This thick
copper layer provides a low-loss interconnection of the power devices. Finally, a thick
photoresist is applied on the thick copper to pattern etch conductor pads on the
electroplated metallization. DBC substrates are attached on the backside of devices
through soldering. More layers can be built up repeatedly to realize a multilayer
interconnect structure. Low profile passive components can also be embedded into the
overlay. The inherent multiplayer nature of POL will facilitate the integration of gate
drive and other circuits into a three-dimensional package.

However, GE-POL structure has not been successfully tested for high-power
applications; furthermore, the key material, Kapton, is not a high temperature material
and will fail at about 250°C. Therefore, POL technology is difficult to push to high

temperature.

2.2.4.2 The Flip-chip on Flex Technology for the Construction of 3-D Packaged IPEMs

The flip-chip technology firstly emerged in IC as low-cost, high density, and reliable
interconnections [18] [19]. This technology eliminates wire-bonds and utilizes solder
joints that are capable of carrying large currents for interconnecting devices. The low-
profiled solder joints introduce smaller parasitic inductance and capacitance than
conventional wire-bond connections. Also, the use of an underfill dielectric material
between the devices and substrate helps to achieve protection and stress reduction in the
devices as well as improve heat transfer. The flip-chip on flex technology extends flip-
chip and flex circuitry technologies to power electronics packaging and takes advantages
of these two technologies. [20] - [23]

As shown in Fig.2.9, the bottom layer of this multilayer structure, a direct-bond copper
(DBC) substrate, is used to attach the power chips. The DBC substrate serves three
purposes: providing a thermal path for flip-chip devices; providing an electrical path and
completing the electrical layout; and supporting the robust assembly of the module. The
top layer of the structure is a doubled-sided flexible copper-clad laminate, which is an
adhesiveless composite of polyimide film bonded to copper foil. A novel triple-stacked

solder bumping technique is used to connect the power chips to the flexible substrate with
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a circuit pattern for gate-drive components. The devices are encapsulated in underfill
polymer materials to reduce the thermo-mechanical stresses imposed on the solder joints.
Finally, gate drivers and control circuits are built on top of the flex circuitry using either
flip-chip or surface-mount technology. The structure would reduce the package and wire
bond parasitics, and permit higher-frequency operation with increased conversion
efficiency. The structure would also minimize thermal rise and completely encapsulate

the chips and interconnection structure for a robust integrated module.

Integrated Communications, Gate Drives and Protection

bump

Fig. 2.9 Flip-chip on flex technology for the construction of 3-D packaged IPEMs

The flip-chip on flex technology realizes a three-dimensional structure and eliminates
the wire bond connections to achieve smaller parasitic inductance. However, this
technology relies on the solder balls for connections, which are not suitable for higher
temperature (more than 350°C) applications, even though the application of the solder

ball is the main advantage in flip-chip on flex technology.

2.2.4.3 Embedded power technology

The main features of this integration technology, which differs from the other 3-
dimensional packaging approaches are that the power chips are embedded in a special
encapsulate structure, as well as all interconnections are metallgurically deposited. The
main element is a MCM multilayer structure with compact metallization interconnects. It
offers higher power density and performance. In the view of the process technology, low

temperature hybrid techniques are developed to fabricate all structural layers. In addition,
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it has the capability of packaging all multilayer power electronics components such as

hybrid drive/control circuits and integrated capacitors/ inductors. [24] - [26]
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Fig. 2.10 Embedded power technology

The embedded power stage, shown in Fig. 2.10 integrates multiple power chips into one
compact component with further interconnection. It is composed of a flat ceramic frame,
embedded bare power -chips, dielectric interlayer and deposited metallization
interconnection. This multilayer coplanar stacking construction provides not only the
chip-level interconnect through metallurgical contact to aluminum pads on Si chips, but
also carries the wiring for the top electronic circuitry. The ceramic frame or multichip
carrier is provided with openings. The chips are mounted in these openings with adhesive
polymer surrounding the chip edges. Such a flat surface provides a platform for the planar
processing that is to follow. The interlayer dielectric is a kind of printed polymer with
designed pattern screen, i.e., via holes corresponding to the Al pads of the chips. The

deposited Cu pattern is employed as interconnect layer. As shown in Fig. 2.10 (c), the
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metallization such as Ti-Cu or Cr-Cu deposited layers on Al pads of the semiconductor
chip and polymer provide low film stress with good adhesion and electrical/thermal
conduction. For carrying high current, a thick electro-plated (>5mils) Cu layer is
deposited on the sputtered Cu seed layer. Then, the metallization layer is patterned to
form the power and the control circuits and their I/O pads.

This integrated power chips stage provides a vertical interconnect structure due to the
vertical semiconductor construction of the power chips (MOSFET and IGBT) in Fig.2.10
(b). The bottom sides of the chips, as drain or collector electrodes are usually metallized
with a final solderable metal layer such as Ag or Au, and can be directly interconnected
through soldering. The topside of the stage is of built interconnection which is designed
to incorporate other electronic components through soldering (or surface mount).

Thus, a 3-D assembly structure, as shown in Fig.2.10 (a), is obtained. As in
conventional multichip modules, a DBC (direct-bond-copper) base substrate is employed
to provide a good electrical connection and excellent thermal path beneath the power
chips. This substrate will be directly mounted on the heat spreader or/and heat sink for
the necessary thermal management. After completing all interconnections the whole
assembly will be encapsulated in a plastic case.

The technology features the building-up of interconnections on co-planar power chips
embedded in a ceramic frame. Thus, an integrated power stage similar to integrated
circuits (ICs) is fabricated through a thin- and thick- film approach, which is actually an
extension of wafer level process technology. This compact interconnection eliminates the
bond wires and one side contact interface (less packaging levels). In addition, the other
components can be directly mounted on this stage. Therefore, a solid, 3-D power
electronics subassembly is obtained. These are benefits to the reduction of electrical
inductance and improvements on thermal behavior in the packaging structure. The
embedded power technology leads to the reduced size of the geometric footprint, the
parasitic capacitance and the peak junction temperature as compared to the discrete

module.
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2.3 Evaluations for Current High Temperature Packaging
Technologies

Based on the survey of the current high temperature packaging technologies, the wire
bond, pressure contact and flip chip technologies are available for applications. Although
the wire bond technology is a low-cost interconnect method, suitable for discrete device
packaging, the high differential stress due to its unbalanced mechanical structure and
material CTE mismatch may cause failure at high temperature. Besides, the severe wire
resistance increase at high temperature will limit its applications for high current use.
Pressure contact technology is another usually high temperature technology. Although a
balanced structure may be used in the structure, the stress due to the pressure is still under
investigation. High cost is another disadvantage for pressure contact technology. The flip
chip technology is used less compared to other technologies, chiefly due to the high
processing temperature of the die attachment material. The material CTE mismatch and
its mechanically unbalanced structure are also other reasons. Therefore, these current
high temperature technologies have clear limits at high temperature due to their
asymmetric structure, materials and CTE mismatch in the structure, thus normally leading
to the reliability problem. Additionally, all current high temperature technologies are still
discrete packaging technologies, and thus can only package the active components.

3-D multilayer packaging technologies are the trend of the power electronics packaging
and show the potential ability to reduce parasitic inductor, enhance efficiency, improve
the thermal performance and shrink the packaging volume. In the Power Overlay (POL)
technology, the kapton tape as the adhesive and alignment layer in the structure is not an
appropriate material for high temperature and is difficult to be replaced with an
alternative high temperature material while keeping a similar structure. A similar problem
happens in the flip-chip on flex technology. The key connection material, the solder ball,
is used only for temperature up to 350°C. Although the gold bump could replace the
solder ball, the high process temperature up to 1000°C makes it impractical. Therefore,
the Power Overlay (POL) technology and the flip-chip on flex technology are difficult to
develop for high temperature applications.

In the embedded power technology, the ceramic layer is used as the alignment and

carrier layer and the metallization layer is employed for connections. All these key
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materials are suitable for high temperature while some materials such as polyimide and
epoxy can be replaced with proper high temperature materials. These properties of the
embedded power module provide the potential capability to work at high temperature.

Therefore, for high temperature applications, our proposed high temperature Embedded
Chip Module (ECM) should have these features:

-- High temperature material and interaction with semiconductor dies and surrounding
materials;

-- Proper processing technologies for implementation of selected materials;

-- Low mechanical stress and the associated thermal expansion coefficients (CTE’s);

-- Balanced structure with the low CTE metallization material,

-- 3-D multilayer packaging structure appropriate to high temperature operation.

24 Summary

The survey of packaging technologies for high temperature includes wire-bond
interconnect and solder die-attach, flip-chip and pressure contact technologies. The three-
dimensional multilayer packaging technologies working at normal temperature
environments are introduced, including power overlay, flip chip on flex and embedded
power technologies. However, current high temperature technologies have clear limits at
high temperature due to their asymmetric structure, materials and CTE mismatch in the
structure, thus normally leading to reliability problems. Additionally, no high temperature
3-D technology is existing and all current high temperature technologies are still discrete
packaging technologies.

After detailed studies and comparisons in the current 3-D multilayer packaging
technologies, the requirements and features of the desired high temperature module are

presented.
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Chapter 3
Proposed Embedded Chip Module (ECM) for High

Temperature

3.1 Introduction

3.1.1 Proposed Embedded Chip Module (ECM) for High Temperature
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Fig. 3.1 Proposed embedded chip module(ECM) with double-sided metallization structure

The embedded power technology shown in Fig. 2.9 shows the potential ability to work
at high temperature since this technology makes use of the ceramic carrier as the
alignment layer (compared to POL technology) and the metallization layer as the inter-
connections (compared to Flip chip on flex technology). However, this technology still

requires essential improvements for high temperature applications.
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The components or materials in the embedded power technology shown below are not
suitable for high temperature applications:
-- Epoxy material;
-- Organic dielectric material;
-- Ceramic substrate due to the CTE mismatch;
-- Silicon chip;
-- Cu metallization material due to its high CTE;

-- Low temperature solder attachment.

Therefore, based on the required features of the current high temperature technology,
the proposed high temperature embedded chip module (ECM) is shown in Fig. 3.1. The
schematic cross sectional view of the module structure is presented in Fig. 3.1(a).
Metallization layers on both sides are proposed for connections to replace wire
bond/solder or metallization/solder. This double-sided metallization structure provides a
mechanically balanced structure to reduce the mechanical stress at high temperature as
well as enables double-sided cooling for better thermal performance. Additionally, it may
incorporate integrated functional components, while the embedding of components into a
flat ceramic carrier makes a multilayer high density interconnect system possible, by

using integrated planar processing.

An important aspect of the design for this high temperature ECM is to select the proper
materials and their combinations for high temperature applications. Fig. 3.1(b) presents a
zoom-in of the different layers in the ECM. Four different layers are found on both sides
of the chip. A thin passivation layer, usually thin-film Si3N4, is deposited on top of the
chip during the chip fabrication process (not shown). This layer provides protection
against damage from processing and is chosen by the chip manufacturer. Due to the high
mechanical stress at high temperature, CTE match is an important issue in material
selection to reduce this stress, so that the substrate material as the backbone of the
structure should be chosen as a low CTE material similar to the semiconductor device
material, leading to a material such as AIN. The adhesive layer between the chip and the

substrate is designed to assemble multiple chips in one carrier. High temperature
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materials with CTE similar to chip and substrate such as glass or ceramic adhesive are
good candidates for the adhesive layer in the high temperature module. The interlayer is
designed for planarization of the whole assembly after embedding multiple components.
It is applied by screen printing or spin-coating. Via holes are formed to connect the
metallization pattern to the metal pads on the chips. High temperature materials such as
glass are proposed as the interlayer. The metallization layers on both sides, which are
composed of a sputtered adhesive metallization layer, a sputtered metal layer and a plated
metal layer, reduce the interconnection resistances and parasitic inductance dramatically.

A pressure contact connection is used for I/O pins.

The high temperature ECM technology could also apply to a single chip packaging for
general purpose use. An example showing how to package a MOSFET chip using ECM
technology is presented for general purpose use including normal and high temperature
applications in Fig. 3.2. The packaged single chip using ECM technology is flipped over
with gate and source terminals on the bottom side. A high temperature die-attach material,
such as Nanoscale silver [54] or high temperature thermal grease, is used for heat
conduction between the base substrate and the active ECM part. Since the top
metallization provides a large area as the drain terminal, the heat sink or other cooling
systems could be connected here to realize double-sided cooling. Pressure contacts such
as screws can be used for connecting the drain terminal to base substrate as well as for
applying the pressure to fix the ECM part to the base substrate. Therefore, the proposed
universal ECM combines the benefits of reduced parasitic inductance, enhanced
efficiency, improved thermal performance and reduced packaging volume with ease of
assembly.
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Fig. 3.2 An example for packaging the proposed universal ECM
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3.1.2 Functions and Requirements for High Temperature Applications

Essential improvements are required to realize a 3-D module for high temperature
applications, so further study on the functions and requirements for high temperature
applications becomes necessary. High-temperature power electronics packaging is a
system problem, not just a problem for discrete and integrated circuits. As temperatures
increase, some materials, such as epoxy and dielectric, fail at high temperatures.
Semiconductor devices are limited to high temperatures due to the limitation imposed by
their material properties and traditional packaging technology. Mechanical stresses
caused by thermal expansion mismatches between different materials severely increase
under high-temperature environments. Therefore, the keys to successful high-temperature
integrated power electronics modules are the availability of stable high-temperature
electronics components and the packaging of these components using the proper
materials. Interconnect materials such as glass and new die-attach materials, are expected
to be used in the high-temperature module to replace the epoxy, dielectric and solder.
Silicon carbide (SiC) and Gallium Nitride (GaN) have long been viewed as potentially
useful semiconductors for high temperature applications. However, only SiC has been
considered in this study. To minimize the mechanical stress due to the CTE mismatch,
material with a similar CTE to the SiC chip, such as AIN or SizN4, will be applied to
replace the alumina substrate. Because of its good electrical resistivity, Cu metallization
is widely used in the module working at normal environmental temperature. However, it
is no longer a good candidate for high temperature applications due to its large CTE of
16.5ppm/°C, so new solutions to implement the low CTE metallization are necessary in

the high temperature module.

3.2 Selection of Sealing and Insulating Materials

3.2.1 Glass Material

3.2.1.1 Glass properties

Glass is a high temperature material with good chemical stability and high electrical

resistance. It is composed of oxides, such as SiO,, B,0s, Al,O3;, ZnO, MgO, CaO, BaO,
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PbO, Li;0, Na,O and K,0. The different oxides have different contributions on the glass
properties, such as durability, density, viscosity, and CTE.
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Si0;

Na;0 Viscosity

Fluidity K0 B.Os  Low Expansion
High Expansion
Solution

Fig. 3.3 Glass properties

In the scheme of Fig.3.3, three lines are drawn at angles of 120 degrees to each other.
Toward the lower right is the line indicating the effect of silica. This oxide gives molten
glass viscosity and cold glass its essential vitreous character. Silica contributes least to
the thermal expansion of glasses. Soda appears toward the lower left. Soda promotes
fluidity of the melt and expansibility of the glass. It is also the oxide chiefly responsible
for the attack of water on glasses, which may be labeled, for want of a better term,
solubility. In the third direction, we have lime, characterized by its effect in providing the
durability of glasses against attack by water and also promoting diversification, or the
tendency of glasses to crystallize out of the vitreous condition. Potash is like soda to a
lesser degree, so its line is accordingly drawn in the same general direction. We may
include Lithia in this category, and draw its line a little to the left of the soda line. Boric
oxide must be given an intermediate position between soda and silica. It has some fuxing
power, but at the same time its melts are viscous, that is, the borates the expansion of
glasses. Alumina must be placed between lime and silica because it increases the

viscosity of molten glasses more viscous than does an equal amount of lime, may be
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placed farther to the right. Lead oxide, on the contrary, forms a rather low melting silicate
and promotes the fluidity and subsequent workability of the molten glass when it is used
as the base to give the mixture durability. It belongs well to the left of the lime position.
Finally, barium oxide, whose behavior or effect upon physical properties is intermediate
in character, may be placed between lime and lead oxide.

This scheme suffers from oversimplification because these effects cannot be clean-cut,
and the oxide cannot be sharply differentiated from each other in their influence on the
behavior and properties of glass. However, an idea of the compromises which are
necessary to adapt the available oxides to the production of fusible, workable, and
durable commercial glass may perhaps be obtained from a study of their respective
position on the chart. [27]

Glass should be selected to provide optimum compatibility with the device
requirements and usage, as well as the application technique used to apply it. The most
critical characteristics of glass are:

» Type of glass

» Coefficient of Thermal Expansion at the glass set point
» Transformation Temperature (Tg)

« Particle Size Distribution (PSD)

» Glass flow and wettability at the processing temperature

« Compatibility of the glass composition with the application

3.2.1.2 Glass paste and glass firing profile

Glass powders can be applied to substrates and parts with a variety of techniques:
screen-printing, doctor blade, electrophoreses, spin-coating, preforming, etc. This
typically involves the mixing of the glass powder in a liquid vehicle to form a glass paste.
The vehicle using to apply the glass is typically composed of a binder, which is used to
promote adhesion and green strength, and a solvent. The higher the binder content of the
vehicle the greater the green strength and the higher the viscosity of the vehicle, and

subsequently, the viscosity of the glass slurry. [28]
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Glass slurry viscosity is controlled by the ratio of glass powder to vehicle, and by the
particle size distribution of the glass. The finer the glass powder is, the higher the slurry
viscosity for the same ratio and the more difficult it is to remove the binder.

For a typical glass paste firing process shown in Fig. 3.4, the solvent is removed during
a drying stage by heating in air at 120 °C for 10 - 20 minutes.

The binder is then removed during a separate binder burnout stage at 295 °C. The
binder decomposition is most efficiently done in air, at a temperature below the
transformation temperature Tg of the glass. Insufficient binder burnout can lead to
excessive porosity and possible reduction of any heavy metal components, such as Pb,
present in the glass. The time and temperature required is dependent on the binder
selected, thickness of the glass layer, and the particle size distribution of the glass. A

binder burnout profile, sometimes called a glazing profile shown in Fig.3.4.

400 | 390 °C
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o 2 °C/min
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Time(min)
Fig. 3.4 Glass firing temperature profile

Final firing should typically be done in an oxidizing atmosphere, or if necessary to
prevent oxidation of metal parts, in a neutral atmosphere such as Nitrogen. Reducing
atmospheres can cause reduction of heavy metals from the glass. Fig.3.4 shows the firing

process is performed at 390 °C with 15 — 20 minutes.
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Heating rates are generally determined by part size, configuration, and thermal
conductivity and should assure that the substrate/parts and the glass are in equilibrium.
Devitrifying glasses are particularly sensitive to heating rates. Cooling rates are similar to
heating rates, except within the annealing range of the glass. The fired unit should be
cooled as slow as possible from the Annealing Point (T,) to the Strain Point (Tg). Rates
should be less than 5°C/min or less than 3°C/min for large parts, or where CTE mismatch

between glass and substrate are present.

3.2.1.3 Disadvantages of the glass

The glass firing temperature is very high, normally more than 400 °C. Since a high
firing temperature during the glass firing process can damage the device or change the
device properties, the glass composition has to be changed for low temperature firing.
Unfortunately, it is not practical to form a glass paste with a firing temperature lower than
350°C while keeping a low CTE similar to the SiC chip.

Glass normally has a high Coefficient of Thermal Expansion (CTE) more than
Tppm/°C when the glass firing temperature is about 400 °C. Since other materials in the
ECM have relatively low CTEs about 3 — 4ppm/°C, the CTE mismatch will result in the

high stress in the module and cause a module failure.

Table 3.1 Physical properties of glass

Typical uses Alumina
Usual screen mesh 80

Peak glazing temperature 380-440°C
Peak sealing temperature 400-420°C

Thermal expansion coefficient, (x 107 /°C) (20-250°C) 64

Density, grams/cc 5.4
Dilatometer softening point 375°C
Dielectric constant (1kHz) 15
Dissipation factor (% @1kHz) 0.7
Volume resistivity, ohm-cm@25°C >1013
Breakdown voltage DC Volts/mil >300
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As discussed, the glass paste contains binder, which is burned out during the firing
process. However, if the glass sealing layer is too thick, it has the potential problem of the
insufficient binder burnout, which could cause small holes in the surface and gas bubbles
in the glass. Additionally, it can also lead to possible reduction of heavy metal
components. Both of these could reduce the glass voltage insulation rating. Fig. 3.5
illustrates voids in the glass due to the binder burnout process. Fig. 3.5(a) shows a simple
test structure with a hole in AIN substrate filled by glass only and (b) presents the
structure of a SiC chip embedded inside an AIN substrate by means of a glass sealant.
Both structures show the voids and small bubbles in the glass. A voltage breakdown
measurement demonstrated that the voids in the glass reduce the glass voltage rating

severely and could lead to a voltage rating that was too low(less than 100V).

Substrate

Substrate

(a) (b)
Fig. 3.5 Voids in the glass due to the binder burn out

3.2.2 Other Materials

3.2.2.1 Resbond material

Since repeated experiments using glass paste as an adhesive sealant for chip location
(see Fig. 3.1(b)) consistently showed up low breakdown voltage due to the voids/bubbles,

it was clear that another high temperature sealing material is needed to replace it. The
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commercial ceramic adhesive material Resbond 919 was selected as a good candidate for
high temperature applications.

Resbond 919 was formulated with the use of the specific ceramic binders to offer an
adhesive with exceptionably high electrical resistance. [29] These special binders
maintain their high electrical resistance and dielectric strength even when exposed to
temperatures up to 2800°F. The detailed applications are listed as bellows:

-- Bonds electrode rods into electrically insulating ceramic tubes and protects them from
voltage breakdown and corrosive atmospheres;

-- Seals light bulb fixtures, insulating them with out cracking when exposed to heat and
thermal cycling;

-- Forms protective tubes for fiberglass covered extension wires. Protect against heat and
corrosion.

Resbond 919 can be used for electrical insulation in potting, sealing, coating, ingnitors,

heating coils, instrumentation, thermocouples and in all electrical applications.

Table 3.2 Physical properties of adhesive material

Continuous Use Temp. °F 2800
Base Mg0-ZrO;
Form Paste
Compressive Strength (psi) 4500
Flexural Strength (psi) 450
Thermal Expansion (x10°/°C) 4.5
Thermal conductivity (W/m.K) 0.577
Dielectric Strength (V/mil) 270
Volume Resistivity (ohm cm) 10"
Components 2

The physical properties of this material are shown in Table 3.2. Resbond 919 has a very
similar CTE of 4.5ppm/°C to SiC and AIN, so it is compatible within the structure, giving
low stress at high temperature. Additionally, it provides a dielectric strength of
270volts/mil and a volume resistivity of 10'' ohm-cm (at room temp). It is easily

incorporated into the production process.
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The resbond ceramic paste is prepared by mixing 10g water and 50g ceramic adhesive
powders. Then the paste is put to the sealing gap between the chip and the AIN carrier
carefully. The curing process may take up to 24 hours at room temperature; however,

curing process can be accelerated by keeping at 65°C for 4 hours.

3.3.2.2 Polymer material

Polymer materials are known for the following characteristics: inertness, gas phase
deposition, pinhole free, adherence to metals, composites, plastics, elastomers and
ceramics and excellent barrier properties. Polymer materials available to the current
market have so far been found to be useful only up to 300°C. Parylene HT is a new
fluorinated variant of Parylene polymer that provides thermal stability up to 450°C. [30]
In addition, it offers other improved properties such as low dielectric constant, low
coefficient of friction etc.

Organic vapor-deposited Parylene HT, a new fluorinated variant of Parylene, is suited
for electrical and environmental protection of power electronic components, printed
circuit boards, microelectronics, automotive parts and medical devices; thereby
enhancing their reliability without hermeticity. It is also suitable for contamination and
corrosion control, dry lubrication and as an interlayer dielectric in manufacturing high
density and high-speed integrated circuits. Parylene HT offers a solution to many existing
polymer conformal coating challenges in part because of its low dielectric constant,
thermal stability at higher temperatures, low moisture absorption values and dry lubricity.
In addition to its excellent and exceptional thermal and electrical properties, new
Parylene HT also shares important properties with traditional Parylenes (Parylene N, C
and D) including freedom from solvents, lack of shrink-generated stress, excellent gap fill
capability and uniform pinhole free coverage. However, for higher temperature

applications of more than 400°C, this material isn’t suitable.
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3.3 Metallization Material Selections

3.3.1 Candidates of Metallization Material

For high temperature applications, it is important to achieve the low stress in the
module by choosing proper materials with similar CTEs. Copper metallization has a CTE
16.5ppm/°C, which is 4 times larger than the CTE of the SiC chip. With such a large CTE
mismatch at high temperature, the module will normally fail due to chip crack or
metallization peeling. Therefore, to obtain the low stress for protecting the chip, it is
necessary to replace copper metallization with a type of metal that has a similar CTE to
the SiC chip. Additionally, for the power electronics module, it is required to have the
thick metallization trace for carrying high currents, thus proper approaches such as the
electrical plating process are used to implement the metallization and obtain the thick
trace.

Mo is the most widely used metal in electrical contact for high temperature applications.
The mechanical stress using Mo metallization is very low, due to its similar CTE to the
SiC chip, so it is a good candidate for high temperature applications. However, it is
impracticable to implement pure Mo to the high temperature ECM directly through the
electrical plating process. The Ni and Mo alloy can be electrodeposited [31] - [33]
although the electrical plating process is still under investigation and the Ni/Mo alloy
may still have a much larger CTE compared to the SiC chip. Therefore, we still need to
find a good candidate used for high temperature EMC.

Table 3.3 lists all candidate metals, which could be implemented with the electrical
plating process. Except for Mo and Cr, other materials with CTE below 10ppm/°C, such
as Ru, Rh and Pt, are too costly and normally used for jewelry decorative purpose. In
these candidates, Chromium (Cr) shows a very similar CTE to the SiC chip while its
electrical resistivity is much higher than Cu. However, we can obtain the proper electrical
resistivity in the high temperature module by a combined use of thin Cr layer and thick
Cu layer, which means that Cr layer plays only as a stress buffer layer to protect the chip
and the Cu layer as the main current carrying layer. Therefore, it is possible to achieve
both the low mechanical stress and the low electrical resistivity in the high temperature

module by finding an optimal module structure to implement the Cr and Cu metallization.
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Table 3.3 Candidates for replacing the Cu metallization [34]

CTE Electrical resistivity
(ppm/oC) (uohm.cm)
Mo 4.8 5
Chromium (Cr) 4.9 12.7
Ruthenium (Ru) 6.4 7.1
Rhodium (Rh) 8.2 4.3
Platinum (Pt) 8.8 10.6
Palladium (Pd) 11.8 10
Nickle (Ni) 13.4 7
Gold (Au) 14.2 2.2
Copper (Cu) 16.5 1.7
Silver (Ag) 18.9 1.6
Zinc (Zn) 30.2 5.9

Chromium is a good candidate in the high temperature module and has many good

advantages:
1. Similar CTE to the SiC material,
2. Good adhesion material;
3. Easy to be electrically plated;
4. Low cost;
5. Wear resistance, lubricity and oil retention.
Disadvantages:
1. High electrical resistivity compared to Cu;
2. Highly toxic plating solution could cause the problem of health hazards.

3.3.2 Combination of Cu and Cr for metallization layer

Chromium is a good candidate for use in the high temperature module; however, it has

a large electrical resistivity of 12.7uohm.cm, which is 7.5 times that of Copper. For

power electronics applications, the large carrying current is normally applied to the
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metallization layer, thus the resistance of the metallization is required to be small enough,
in order to avoid a large voltage drop and high power loss. By combining Cu and Cr as
the metallization, it is possible to achieve both a low mechanical stress and good
electrical conductivity. The chromium as the buffering layer should be kept as thin as
possible due to its high resistivity, while should have enough thickness to achieve the low
stress for protecting the chip. The copper layer as the main current carrier should have a
fixed thickness, which is sufficient for carrying currents. Therefore, it is important to
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Fig. 3.6 Combined structure using Cr/Mo and Cu metallization

Maximum mechanical stress

Fig. 3.6 shows a simple structure, which analyzes the mechanical stress at 210°C by
using the Cu and Cr/Mo metallization layers. It is a symmetrical structure in Fig. 3.6(a)
with the SiC layer covered by the Cr/Mo layer, which is under the Cu layer. Since the
copper layer is the current carrier, the thickness of Cu is fixed at 65um, which is thick
enough for carrying currents. By adjusting the Cr/Mo layer from 10um to 60um, the
mechanical stress can be simulated by using [-DEALS software. Fig. 3.6(b) shows a
specific case of the simulation results. The maximum stress occurs at the edge of the

interface between the Mo/Cr and Cu layers, while the stress distributions are almost
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horizontally uniform in the middle part. The maximum stress, which is at the edges of the
interface between the Mo/Cr and the Cu layers, is chiefly caused by the sharp corner and
large CTE difference between Cr and Cu. Since this maximum stress is far from the chip
and can be released to a harmless level using the edge termination technology (it will be
introduced later), we only consider the interfaces in the uniform stress part between

Mo/Cr & Cu and between Mo/Cr & SiC for analysis.
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Fig. 3.7 Mechanical stress analysis for different thickness of Cr/Mo
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The simulation results for different Cr/Mo thickness are shown in Fig. 3.7. Both cases
for Mo and Cr show similar simulation results, although the stresses of Cr case shown in
Fig. 3.7(a) is slightly smaller than the Mo case shown in Fig.3.7(b). The interface stresses
between Cr/Mo and Cu in the middle part are almost unchanged. It means that the
uniform stresses in the middle part have no relationship with the Cr/Mo thickness.
Although the uniform stress at the interface between Mo/Cr & Cu is high at 400MPa, the
low stress about 100MPa is achieved at the interface between Mo/Cr & SiC. This
illustrates that the high stress interface has shifted away from the chip surface to the
interface between the Mo/Cr & SiC by using Cr/Mo layer as the stress buffering layer.
Since the interface between the metal and semiconductor has the weakest bonding in the
structure, the stress between the SiC chip and the metallization should be reduced to a
harmless level. However, the larger interface between chromium and copper presents a
metal-to-metal bonding, which can be resistant to much higher stresses than the interface

between metal-to-semiconductor.[58]

3.3.3 Chrome Plating Process

3.3.3.1 Chrome plating types

The chromium can be implemented to the high temperature ECM as the buffering layer
through chrome plating process. The electrical plating of hard chromium is a recognized
means of prolonging the life of all types of metal parts subjected to wear by corrosion,
friction and abrasion. Hare chromium, because it has a low surface energy, is more often
deposited on sliding or revolving parts and is therefore used on moving components of
engines, pumps, compressors, hydraulic and air operated plant, presses, etc. The
chromium deposit is also highly resistant to corrosion, and a large number of applications
where it is used to protect parts from corrosion are in popular demand. Another attribute
is that the process is a relatively cold one and can therefore be used to import a very hard
surface to delicate parts without fear of distortion. With these attractive properties and
because it can be applied with perfect adhesion to numerous base metals, this specialized

form of electroplating has assumed such an important position in the engineering and
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allied industries today. [35]-[37] There are mainly two types of chrome plating:
decorative chrome plating and hard chrome plating.

Decorative chrome plating is sometimes called nickel-chrome plating because it always
involves electroplating nickel onto the object before plating the chrome. It sometimes
involves electroplating copper on the object before the nickel, too. The nickel plating
provides the smoothness, much of the corrosion resistance, and most of the reflectivity.
Decorative chromium plating provides a durable coating with a pleasing appearance and
is usually deposited in a thickness range of 0.002 to 0.020 mils. Common items with
decorative chrome include appliances, jewelry, plastic knobs, hardware, hand tools, and
automotive trim.

When chromium is applied for any other purpose, or when appearance is a lesser
feature, the process is commonly referred to as hard chromium plating, or functional
chromium plating. Hard chromium plating typically ranges from 0.1 to 10 mils thickness.
Hard chromium plating is chrome plating that has been applied as a fairly heavy coating
(usually measured in thousandths of an inch) for wear resistance, lubricity, oil retention,
and other 'wear' purposes. Some examples would be hydraulic cylinder rods, rollers,
piston rings, mold surfaces, thread guides, gun bores, etc. It is not really harder than other
chrome plating, it is just called hard chromium because it is thick enough that a hardness
measurement can be performed on it, whereas thinner plating will break like an eggshell
if a hardness test is conducted. Hard chrome plating is almost always applied to items that
are made of steel, often hardened steel. It is metallic in appearance but is not particularly
reflective or decorative.

Chromium plating provides excellent hardness (typically 700-1,000 Vickers), bright
appearance with no discoloration, and resistance to corrosive environments; it is easily
applied and has a low cost. However, hexavalent chromium plating suffers from low
cathode efficiency, poor metal distribution, lack of coverage around holes, and is very
difficult to use in barrel plating. It is also a worker- and environment-unfriendly process.

To reduce the mechanical stress and act as a buffering layer, the thickness of the
chromium layer should be between 10 um to 60 um. So only the hard chrome plating is a

proper method for high temperature ECM applications.
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3.3.3.2 Anode and solution

Lead, or its alloys, is used as the anode material: this oxidizes anodically to lead
peroxide, so that during electrolysis an anode of the latter material is always present. The
chief anode process consists in the evolution of gaseous oxygen. Cr’" ions also present in
the electrolyte are oxidized to chromic acid at the same time, so that ultimately
equilibrium is established during the electrolysis in which as much trivalent chromium is
oxidized at the anode as enters the electrolyte from the cathode. If the anode area is too
small, and the anode current density therefore becomes high, the re-oxidation of trivalent
chromium takes place at lower current efficiency, so that it gradually increases in the
electrolyte and may ultimately be harmful to the operation. Conversely, too large an
anode area may result in a reduction of the Cr’* content, although no evidence is to be

found that this condition has any adverse effect in practice.

3.4 Chip selection

Silicon Carbide (SiC) power devices are expected to show superior performance
compared to devices made with other semiconductors as shown in Table 3.3. This is
primarily because 4H-SiC has an order of magnitude higher breakdown electric field (2 —
4X10° V/cm) and higher temperature capability than conventional Silicon (Si) materials.
The high breakdown electric field allows the design of SiC power devices with thinner
and more highly doped voltage blocking layers. A comparison of the ideal breakdown
voltage versus blocking layer-doping concentration is shown in Fig. 3.8(a). The more
highly doped blocking layer (more than 10 times higher) provides lower resistance for
SiC devices because more majority carriers are present than for comparably rated Si
devices. A comparison of the voltage blocking layer thickness for a given breakdown
voltage is shown in Fig. 3.8(b). The thinner blocking layer of SiC devices (1/10th that of
Si devices) also contributes to the lowering of the specific on-resistance by a factor of 10.
The combination of 1/10th the blocking layer thickness with 10 times the doping
concentration can yield a SiC device with a factor of 100 advantage in resistance

compared to that of Si devices. Because SiC has a larger band gap, SiC devices can be
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made to operate reliably at much higher temperatures than their Si counterparts (300°C

for SiC vs. 150°C for Si).[38][39]

Table 3.4 Physical properties of semiconductors

Doping of the Blocking Layer (onr?)
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Fig. 3.8 Comparison of for SiC and Si

3.5 Substrate selection

3.5.1 Alternative substrate materials

The substrate as the chip carrier and the backbone of the structure is a highly important

layer. The selection of substrate material should be carefully considered for high-
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temperature applications, since the CTE mismatch between the substrate, adhesive and
chip could cause severe cracks. Three types of substrate materials were compared: Al,Os,
AIN and Si304. Their thermal and mechanical properties are shown in Table 3.4.

As shown in Table 3.4, aluminum nitride (AIN) has the highest thermal conductivity
and a CTE only slightly higher than SiC. Silicon nitride (Si3N4) has a near CTE to SiC,
however, it has a low thermal conductivity similar to Alumina (ALOs). It is also
important to have a low CTE for the sealing material compared to the SiC chip and the
substrate. Therefore, a simulation with a structure composed of the SiC chip, substrate

and ceramic adhesive is necessary to for the substrate selection.[40]

Table 3.5 Material properties

Properties Adhesive | Al,O; AIN Si3Ny SiC
Modulus of Elasticity (GPa) 70 370 330 304 420
Thermal Conductivity (W/mK) 2.16 26 170 30 120
CTE (ppm/oC) 4.6 7 4.5 3.3 4
3.5.2 Substrate Selection
Ceramic adhesive
Substrate

(b) ALLO; case

(a) Model structure
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Fig. 3.9 Substrate material selections

A simple structure shown in Fig.3.9 (a) was chosen with the chip assembled in the
substrate by resbond material sealing. IDEAS software was employed to study the simple
model and three displacement restraints at three different points were defined as shown in
Fig. 3.9 (a). The stress-free temperature is set at 390°C, which is the glass paste firing
temperature. The mechanical stress results of the Al,Os, AIN and Si,0O; substrate material
structure were respectively presented in Fig. 3.9 (b), (c) and (d). The largest mechanical
stress of 683MPa and the strain displacement were detected in case (b), which uses Al,O;
as the substrate material. The case using Si3N4 substrate has a maximum stress 167MPa.
AIN proved to be a good CTE match with the chip and had the lowest mechanical stress
of 110MPa and the strain displacement in all three cases. Additionally, AIN had the
highest thermal conductivity, which potentially improved the heat dissipation ability of

the module. Therefore, AIN was chosen as the substrate material in our applications.
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3.6 Summary

In this chapter, the high temperature ECM is proposed with a mechanically balanced
structure with double-sided metallization layers and material CTE match in the structure.
High temperature materials, such as the glass and Resbond adhesive, are proposed for the
insulating and sealing layers. The voltage rating problem due to the air bubble in the
sealing glass is studied. To achieve the low stress in the chip area, the combined use of Cr
and Cu metallization layers are proposed. The optimal structure with the low stress is
obtained by changing the thickness of the Cr buffering layer. The hard chrome plating
process can be a proper processing approach to implement the Cr buffering layer to the
high temperature ECM. For high temperature applications, the SiC device shows a good
candidate by the comparisons with the Si device. In the substrate selections, the AIN
substrate is finally chosen since it has the lowest stress in the structure compared to the

ALO;5 and Si3Ny substrates.
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Chapter 4

Analysis of a High Temperature Embedded Chip
Module (ECM)

4.1 Introduction

The high temperature in the module could be caused by either the environmental
temperature encountered around combustion engines, such as the automobiles and
aircrafts, or the high heat generation from the components in the module. Under high
environmental temperature, the high temperature ECM has a cooling system similar to
the Si based “normal” temperature module, because both of them have a similar
temperature difference from junction to ambient. Therefore, in this chapter, we focus on
the EMC working at an ambient temperature of 24°C with an economic cooling system.
Due to the increasing device density, the Si based module has to survive with
complicated thermal design and bulky cooling system, which limits the device density to
increase further. Fortunately, the high temperature module can operate at higher
temperature with the same environmental temperature as the Si based module, which thus
simplifies the thermal design, eliminates the bulky cooling system and finally increases
the power density. Therefore, it is necessary to show the cooling system reduction by
using a high temperature ECM working at an ambient temperature of 24°C, while
keeping its maximum temperature at a safe operating level.

Thermal models such as 1-D, 2-D, and 3-D, can facilitate analysis of the steady- and
transient-state thermal behavior of an ECM. The 3-D model [41] [42] introduces a digital
model for the analysis of the electro-thermal behavior to offer better optimization of
thermal losses due to the complication of the semiconductor device. The thermal model is
described by the 3D finite difference and allows consideration of the heat distribution
dissipated in the device components. This model, which always uses a three-dimensional
finite element method (3-D FEM), is highly accurate. The 2-D model [43] [44] presents
the use of the boundary element method (BEM) to investigate the transient thermal
response of electronic packages consisting of dissimilar materials. Although 3-D FEM is

commonly used for predicting the temperature distribution in such devices, it suffers from
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poor accuracy in the calculation of the flux field. However, the BEM formulation
considers both the temperature and flux fields through the internal equations. This
permits an accurate prediction of sharp temperature gradients over the domain. Although
the 3-D FEM and 2-D BEM deliver very accurate results, their usage is limited by
constraints on computational time in arbitrary load cycles and the available computer
memory. However, the 1-D model quickly offers insight into the physical layers of the
components, providing useful information in a few minutes for arbitrary or periodic
power waveforms. In this chapter, two types of thermal models, a 1-D thermal model
employing an equivalent RC thermal network and a 3-D FEM thermal model, will be
used to analyze the high temperature behavior of the proposed module.

In the high temperature SiC ECM, the leakage current of the SiC device used, due to
the Schottky junction, increases dramatically at high temperature. A leakage current that
is too high will destroy the module and limit the module in high temperature applications.
Therefore, the theoretical SiC chip reverse characteristics are analyzed in this chapter to

predict the leakage current trend at high temperature.

4.2 Thermal Model of the Embedded Chip Module

4.2.1 One-dimensional Thermal Model

Compared to 2-D and 3-D thermal models, one-dimensional thermal model can
quickly offer insight into the physical layers of the components and provide the accurate
thermal parameters with short computable time. More importantly, 1-D thermal model
can be directly applied to electrical simulations by combining the thermal and electrical
analysis to obtain more realistic simulation results. The RC thermal equivalent model,
which is always used in the 1-D model, is investigated to extract thermal resistances and
time constants for a thermal network. The uniqueness of the RC model is its introduction
of the time constants based on the Elmore delay, which represents the propagation delay
of the heat flux through the physical geometry of each layer. [46] The dynamic behavior
predicted by the thermal network is equivalent to numeric solutions of the 3-D FEM. RC
model can quickly provide physical identifications for different layers of the structure.

Therefore, this approach enables a system designer to obtain the thermal parameters,
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identify the physical meanings of these parameters and quickly optimize the thermal
system by adjusting the physical structure, while simultaneously couple the thermal

prediction with a circuit simulator to analyze the electro-thermal behavior of a module

system.
Heat Gonerati R1 R2 R3
eat Generation i .
‘ ‘ HeatSink  Heat Genergtﬂa/w_qﬁ_&em Sink
— R1 R2 R3
—»
qo i i To q0 To
TC1 p—e) Tc3 C1 C2 C3
| L 1
(a) (b)

Fig. 4.1 Candidate models for representing the experimental system:

(a) Cauer-equivalent circuit and (b) Foster-equivalent circuit

The candidate 1-D RC thermal equivalent model of Fig. 4.1 suggests an idealized
discrete network representing the packaged module. The current generator qo corresponds
to the thermal power in the heat source, the ideal voltage generator T, represents the heat
sink, and the electrical ground is the environmental temperature. Since the electronic
network is 1-D, its thermal property is nearly satisfied when the thermal losses in its
environment, either by radiation or convection through the lateral walls or the top surface
of the packaging, are negligible in comparison with the 1-D heat flow that occurs due to
the conduction mechanism.

Although both thermal equivalent circuits can uniquely represent the semiconductor
packaging, it must be pointed out that the only circuit that is suitable for faithfully
representing the system from the physical standpoint is the Cauer network. The passive
elements of the Cauer-equivalent model, the thermal resistance and capacitors, have a
real physical meaning: each RC cell represents the contribution to the thermal impedance
of a given part of the whole system. And the value of each resistance R; is generally
determined by the material thermal conductivity of the given part and by its size, while
the capacitor Ci; is related to the mass and to the specific heat of the sector. [47]

For dynamic problems, each layer has to be subdivided into one or several cells in order

to accurately represent the heat conduction mechanism. There are two popular cell types:
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R-C cell and R-C-R cell (T-type), shown in Fig.4.2 (a) and (b). The R-C cell is a
simplified structure, which is only composed of one R and one C. However, to further
significantly increase the accuracy of the model, the R-C-R cell is a better choice.
Especially, while each layer is represented by one cell, the R-C-R cell structure can be
corresponded to the physical structure more clearly, therefore, describe the physical
structure more accurately.

In one-dimensional thermal model, the R-C-R cells as shown in Fig. 4.2 (b) are used to
represent the contributions of the physical sectors in the thermal system. For each cell,
the thermal resistance and thermal capacitance are physically related to the shapes and
lengths of the solid parts representing this cell. Since each cell could include the
contributions of more than one layer, or vice versa, identification of the contributions of
each layer in terms of an R-C-R cell is required to obtain the accurate thermal
characteristics for thermal design. Furthermore, the thermal parameters relating to the
physical structure can be applied to obtain other important information of the physical

structures, such as the interface thermal resistance and the failed layer in the structure.

T

(a) R-C cell
R : Rrhi Rtz
S
<> i N i R Cru

(b) R-C-R cell

Fig. 4.2 Cell types: (a) R-C cell and (b) R-C-R cell
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To represent each layer in the thermal system, thermal resistance and thermal
capacitance are calculated by knowing the physical information of each layer including
the material properties, shapes and lengths. In the R-C and R-C-R cells, the calculated
thermal resistance Rryi, Rrmz, Rrp, capacitance Cry can be expressed in equation (4.1),
(4.2) and (4.3).

h

Ry = (4.1)

C,, =clpl¥V (4.2)
R

RTHl :RTHZ = ;H (43)

where h -- Thickness of one layer S -- Cross-section area
k -- Thermal conductivity ¢ -- Specific heat

p -- Density V-- Volume

4.2.2 Model for FE Analysis

The 3-D finite element models were created using commercial software, [-DEAS. I-
DEAS provides a solid modeler to model solid geometry and electro-system cooling
(ESC) solver for thermal simulations. ESC allows conjugate heat transfer analysis with
comprehensive 3D computational fluid dynamics (CFD) solutions. In addition, ESC
combines finite element modeling (FEM) based analysis with control volume formulation
to achieve accurate solutions. The fluid flow and thermal model are solved iteratively.
This powerful technique conveniently couples dissimilar fluids and thermal models by
introducing a thermal couplings methodology to the thermal network. More information
on the capabilities of ESC can be found in [48].

The ESC solver allows for conductive, convective, and/or radiative analysis. In this
study, radiation was assumed negligible, and both conductive and convective modes were
used. Conduction is a process of heat transfer from a solid-solid interface due to the
atomic or molecular activity. A general conduction rate equation is known as Fourier’s

Law and can be expressed as follows:
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observed from Eq. 4.1 that the heat flux is a directional quantity.

The process of heat transfer from a solid-fluid interface due to fluid motion is known as

convection. The overall effect of convection heat transfer is known as Newton’s law of

cooling and can be expressed as follows:

Q=h.A.(Tw-Ta),

where Q is the quantity of the heat convection, h is the heat transfer coefficient in W/m’-

K, A is the convection surface area, Ty, is the temperature of the convection wall, and Ta

is the ambient fluid temperature.

4.3 Simulation
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Fig. 4.3 Comparisons of a SiC module working under high and normal environmental temperature
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The high temperature in the module could be chiefly caused by the environmental high
temperature. Besides, when the module works under normal environmental temperature
(room temperature), high temperature may caused by the heat dissipation generated from
the module. As shown in Fig. 4.3, it illustrates the different thermal designs for a high
temperature ECM, when the module works at high and normal environmental
temperature. In Fig. 4.3, the horizontal axis represents the heat dissipations from the
module, while the vertical axis shows the related temperature. For both cases, the
maximum allowable temperature of the SiC chip Ty, is fixed at a safe level and the heat
dissipations is assumed to be equal. Since both cases have the similar heat paths from the
chip junction to the heat sink (or heat spreader), the junction-to-case temperature ATjc;
under high environmental temperature is almost equal to the junction-to-case AT, under
normal temperature. That is:

ATjc1 = ATje2

However, the case to ambient temperature AT, and AT, are different for both cases

due to the different ambient temperatures. It is obvious that:
ATca1 <ATca2

So it is easy to know that the module working at high environmental temperature
requires a much smaller thermal resistance from the case to ambient than that of the
module working at normal environmental temperature. In other words, a larger heat sink
(or heat spreader) is required for the module working at high environmental temperature
to achieve a lower thermal resistance from the case to ambient. The angles of a; and ay
can represent the total thermal resistance of the junction to ambient, thus the module
working under normal environmental temperature has a larger thermal resistance.

Fig. 4.4 compares the thermal designs for the Si and SiC based modules. Both modules
work at normal environmental temperature and have the same heat dissipations. The
junction-to-case temperatures for both are similar. That is:

AT = ATje3

Since the maximum allowable temperature of the SiC chip is much larger than the Si
based chip, the case to ambient temperature AT, of the SiC based module is much
higher than the temperature ATjc; of the Si based module. So:

ATca3 <ATea
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The required thermal resistance of the SiC based module from the case to ambient is
much larger than the Si based module, so the SiC based module requires a smaller

cooling system than the Si based module.
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Fig. 4.4 Comparisons between the Si and SiC based modules

Therefore, from the comparisons, the SiC based module working under normal
environmental temperature only requires the simplest cooling system in three cases. To
demonstrate the cooling system reduction, the high temperature SiC ECM will be
simulated using IDEAS software under high and normal environmental temperature
respectively. Then the Si based module will be compared with the SiC based module

under normal environmental temperature.
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4.3.1 Under High Environmental Temperature

Table 4.1 Physical properties of different components

Item Material Characteristic Thermal
Thickness Conductivity

(mm) (W/m-K)
Diode Chip SiC 0.425 120
Substrate AIN 0.508 170

Sealing material Glass/adhesive 0.508 0.96/0.577

Screen-printing layer Glass 0.125 0.96
Metallization layer Cu 0.075 380

Any component level thermal analyses must consider the details of the power
electronics package. Understanding the physical structure of the package is the first step
in the analysis process. [49] The basic model of the high temperature single ECM are
shown in Fig. 4.3. The finite element models included 2D linear triangle shell elements
and 3D linear tetrahedron solid elements. To improve the accuracy of the simulation
results, all available physical details, such as material properties and structure dimensions,
were included in the models. Due to the thin layer of the interface materials, interface
conditions within the modules were specified as equivalent thermal resistances, which are
assumed to be zero in the simulation.

The ESC solver in the IDEAS software was employed in the simulations. The physical
characteristics including thickness and thermal conductivity are shown in Table 4.1. Heat
generation of 15W in the SiC chip was assumed to be uniform. The ambient temperature
was chosen as 200°C, since the used SiC Schottky diode is not suitable for temperature
larger than 200°C due to its large forward drops and leakage currents. One important heat
path within the high temperature module was from the heat sources to the top
metallization layer through the copper fillets as shown in Fig. 4.5. The heat path from the
heat source through the adhesive sealant to the ceramic carrier or the top metallization
layer is not important, since the adhesive has thermal resistance that is appreciably higher
than AIN and metal. At the top surface of the metallization layer, heat was then

transferred to ambient air through convection and the convection was assumed to have a
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heat transfer coefficient at 20 or 80 W/m*-K. Another important heat path is from the heat
source to the bottom metallization layer. The bottom surface of the metallization layer
was supposed to attach to a heat spreader or a heat sink. A reasonable thermal resistance
between the environment and the bottom metallization layer is assumed as 0.67°C/W, so
the temperature difference between the bottom copper to the ambient is about 10°C.
Therefore, the boundary condition of the bottom surface of the metallization layer was at

constant temperature of 210°C.

Top copper

N
Copper fillet

Chip

Sealing material

Bottom copper

Fig. 4.5 Physical structure of a single chip ECM

The temperature distribution of four different layers in the high temperature ECM is
shown in Fig.4.6. The heat is generated in the SiC chip, so the maximum temperature
224°C is detected in the chip area. Since the sealing adhesive has very low thermal
conductivity, the heat flux flows from the copper fillet to top copper layer almost in one
dimenstional heat path. The heat dissipation from the top copper layer due to the
convection could be calculated using equation 4.2,

Q=h.A. (Tw—Ta) =20 (36x10°)(220-200) = 0.0144 W

where the heat transfer coefficient h is 20 W/m>-K, the convection surface area A is
36mm’, the temperature of the top surface Tw is 220°C, and Ta is the ambient
temperature.

Therefore, due to the poor cooling on the top surface, 99.904% of the heat generated
from the chip is dissipated from the bottom heat path.
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Fig. 4.6 Temperature distributions of a singe chip ECM with a 15W heat dissipation

4.3.2 Comparison to a Si Based module

Compared to the Si based power electronics module, the high temperature module can
operate at a higher temperature with the same environmental temperature, thus
eliminating the bulky cooling system and increasing the power density. The thermal
analysis for high temperature applications is to keep the temperature at a safe operating
level while minimizing the cooling system.

A one-dimensional thermal model can be used to describe the single chip ECM shown
in Fig.4.5. Four thermal resistances are employed to describe the heat path shown in
Fig.4.7. The heat is generated in the chip and flows through the metal fillet to the top and
bottom metal surface (Rj; and Rjp) then dissipates to the air (R and Ryp,). In this thermal
model, R; is the thermal resistance between the junction to top metal surface, Ry, is the
thermal resistance between the top metal surface to ambient, R;;, is the thermal resistance
between the junction to bottom metal surface, and Ry, is the thermal resistance between

the bottom copper surface to ambient.
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Fig. 4.7 One-dimensional thermal model for single ECM

We assume that the maximum safe temperature in ECM is 224°C and the environment
temperature is 24°C. The dissipated heat from the chip is 15W. Due to the poor heat
dissipation caused by the small top surface as discussed previously, we only consider the
heat path from the bottom side to the air and all heat generation is assumed to be
dissipated from bottom side. As shown in Fig. 4.7, the resistance R;, is composed by half
of the chip resistance Rewip and the copper fillet resistance Rgie. Therefore, we can
calculate the Rj, using equation 4.1 and 4.3, then we know the copper surface temperature
Tw is 207.78°C. So we can know the required surface area for heat dissipation under

convection at 20 and 80 W/m*-K [45] using equation 4.7.

R, =R, +R ., =0.946+0.1356 =1.0816 °C/W (4.6)
-9 4.7)
W1, -T,)

Table 4.2 Comparison of a Si based module and a high temperature ECM

Convection Condition h=20 W/m>-K h=80 W/m*-K
Maximum safe operating temperature (0C) 84 224 84 224
Heat transfer coefficient ( W/m’-K) 20 20 80 80
Required heat dissipated area (cm’) 171.3 40.8 | 42.825 10.2
Length of 2mm thick heat spreader(cm) 9.1 4.33 4.43 2.08

If the Si based module has the same structure and dimension as the high temperature
ECM shown in the Fig. 4.5, Table 4.2 shows the enormous reduction on the cooling
system by applying high temperature ECM in the environment temperature 24°C. Under
both convection conditions, the high temperature ECM only requires 23.81% heat
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dissipation areas of the Si based module as shown in Fig.4.8. Under forced convections
with h at 80 W/m?-K, the high temperature ECM shown in Fig. 4.5 only requires a heat
spreader with the size 0f 2.08 x 2.08 x 0.2 cm to dissipate 15W heat generation.

0 Si based module [0 High temperature module

180
160 -
140 -
120 -
100 -
80 -

60 - 66 W/inch3863 W/inch?

40 -
0

h=20 W/m*-K h=80 W/m*-K

Area(cmz2)

Fig. 4.8 Comparisons of the required dissipation areas
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Fig. 4.9 A high temperature ECM with a 2.1x2.1x0.2cm heat spreader under forced convections E
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Fig. 4.9 presents an example to show the cooling system for an ECM under forced
convections with h at 80W/m”-K. The ECM is attached to a heat spreader with 2.1 x 2.1 x
0.2cm at environment temperature 24°C. The maximum junction temperature in the ECM

is 213°C, which is under the designed safe operating temperature 224°C.

4.4 Theoretical Behavior of SiC Chip Reverse Characteristics
at High Temperature

The reverse characteristics are important for high temperature applications, since the
Schottky leakage current increases dramatically as the temperature climbs higher than
200°C. A leakage current that is too large will decrease the voltage rating, or even destroy
the device and limit the device applications. The leakage current of Schottky rectifiers
consists of the space charge generation current from the depletion region, the diffusion
current from the semiconductor neutral region, and the thermionic current across the
barrier. The first two components are the same as those observed in P-i-N rectifier. The
third component is substantially greater than that for P-i-N rectifiers. This has been an
important limitation to the high temperature performance of Schottky rectifiers. [50] [51]

When a reverse bias voltage Vg is applied to the Schottky barrier, the leakage current
density can be expressed as below:

Jy T AT e 00 D[ -] (4.8)
Where A is the effective Richardson constant A/(cm®K?), T is the device temperature (K),
q is electron charge, @y, is the barrier height between the metal and semiconductor (eV),
and k is Boltzmann's constant.

For the material 4H-SiC, equation 4.8 can be drawn in Fig. 4.10 at 100°C, 150°C,
190°C and 236°C. The leakage current at a certain temperature is almost constant with the
reverse voltage increasing, while becoming larger with the temperature increasing. The

leakage currents at 100°C and 150°C are too small to be seen in Fig. 4.10.
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Fig. 4.10 Reverse characteristics without barrier lowing

In Eq. 4.8, the barrier height is given as a constant. Under the application of the reverse
bias voltage, it has been found that there is a reduction in the Schottky barrier height due
to image force lowering. This image force lowering is caused by the positive mirror
image charge of the same magnitude in the metal, when an electron in the semiconductor
approaches the metal.

The reduction in the barrier height due to image force lowering, indicated as A®y, is
given by:
qE

471€ (49)

N

A, =

where g, 1s the SiC dielectric constant. The maximum electric field E,, is related to the

applied reverse bias Vg by:

2gN
E, = \/%(VR +7,,) (4.10)

N

where Ny is the drift region doping concentration (1/cn’).
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Although the reduction in barrier height is a small change, it is an important
phenomenon which contributes to an increase in the reverse leakage current with
increasing reverse bias voltage because the leakage current is an exponential function of
the barrier height. Therefore, the reverse leakage current including the Schottky barrier

lowering effect is given by:

J. = ATZe—(q(%—A‘Dh)/kT)[e—(qVR/kT) -1] 4.11)
R .
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Fig. 4.11 Reverse characteristics with barrier lowing

In addition, the leakage current of the Schottky rectifier contains the space charge
generation component (which increases with reverse bias voltage) and the diffusion
component. These components to the leakage current represent only a small fraction of
the total leakage current, which can usually be neglected. The calculated leakage of the
4H-SiC diode can be shown as in Fig. 4.11. Due to the barrier lowering effect, the
leakage currents will increase slowly as the reverse bias voltages increase.

In order to account for the larger reverse leakage current at high reverse bias voltages, it
is necessary to take into account the pre-avalanche multiplication of carriers at the high
electric fields when the applied reverse bias approaches close to the breakdown voltage.

The impact ionization process can be treated as a purely electron initiated process using
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the electron current injected across the metal-semiconductor interface by thermionic
emission. The total electrons that reach the edge of the depletion region will be larger
than those injected at the metal-semiconductor interface by a factor M,, the electron
multiplication factor. Then this multiplication coefficient M, can be given by:

M= 1 4.12)

n -433x10"# E, W

1-1.52(1-e ™ )

where W is the thickness of the depletion region.
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Fig. 4.12 Reverse characteristics with barrier lowing and multiplication

So the reverse characteristics of the 4H-SiC Schottky diode are shown in Fig. 4.12 by
considering the barrier lowering effect and the pre-avalanche multiplication. As shown in
Fig. 4.12, when the temperature is below 200°C, the leakage currents are relatively low
while the reverse voltage is below the breakdown voltage 600V. However, as the
temperature becomes higher more than 200°C, the leakage current increases dramatically,

even when the reverse voltage is below the break down voltage.
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4.5 Summary

In this chapter, thermal models, including the 1-D and 3-D FEM, are introduced to
analyze the high temperature ECM. Under high environmental temperature with 15W
heat generation, the junction temperature of the SiC chip is 24°C higher than the
environmental temperature and it has a similar cooling system to the Si based module.
However, an enormous reduction in the cooling system is obtained using the high
temperature ECM under normal environmental temperature. The high temperature ECM
only requires 23.81% heat dissipating areas compared to the Si based module, while it
only requires a heat spreader with a size of 2.08 x 2.08 x 0.2cm to dissipate 15W heat
generation and finally achieves a power density of 284 W/inch®. The theoretical SiC
Schottky reverse characteristics are analyzed with considerations of the barrier lowering
and the pre-avalanche multiplication effects. The predicted curves show that the leakage

current increases dramatically when the temperature increases more than 200°C.
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Chapter 5

Thermo-mechanical Analysis of a High
Temperature Embedded Chip Module (ECM)

5.1 Thermo-mechanical Model of the Embedded Chip Module
(ECM)

Thermo-mechanical stress due to the thermal mismatch in the high temperature ECM
will affect long-term reliability. The temperature difference inside the chip, which is
caused by power dissipation, as well as the environmental temperature change, will
produce thermo-mechanical stress. During the packaging process, residual stress will be
introduced to the chip because of the sandwich structure of the packaging, due to the
difference of the material characteristics such as Young’s modulus, linear expansion
coefficient and thermal conductivity. [52]-[54] The residual stress and thermo-
mechanical stress will fracture the chip, make cracks on the ceramic substrate or result in
a metallization failure. In this chapter, thermo-mechanical stress due to temperature
changes in the high temperature module, from the room temperature to the operating
temperature about 210°C, is studied.

Table 5.1 shows the mechanical properties of the different parts and materials in the
ECM. For high temperature applications, the thermo-mechanical stress caused by
temperature change is severe. In this respect, it also has to be taken into account that the
different materials in the structure have different temperatures of zero stress. For solder it
is the melting temperature, for an electroplated layer it is approximately room
temperature, while for example for glass or sintered layers it is again different. Therefore,
the proper material selection to attain CTE match in the ECM is important. To choose
suitable materials and obtain the lowest stress at high temperature, six cases in Fig. 5.1
are compared with different structures and materials, taking all the different stress free
temperature into account. The first case, which is shown in Fig. 5.1 (a), is a bench mark
with an unbalanced structure. The copper metallization is only used for the topside

connections, while a high temperature solder Au80Sn20 is employed as the die
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attachment material. Case 2 has a similar unbalanced structure, while nanoscale silver [55]
is used to replace the high temperature solder as die attachment material. Case 3 shows
another unbalanced structure with only one side Cu metallization layer and no material
under the chip to present the extreme case of very soft die-attach material. Case 4
presents the proposed balanced structure using the bottom metallization layer to replace
the die attachment materials in case 1 and 2. Since it may cause a bending effect due to
the thicker AIN substrate as compared to the SiC chip in the module shown in Table 5.1,
we change the thickness of the AIN substrate to the same value as the SiC chip in case 5.
To further reduce the stress, the proposed low CTE metal Mo in case 6 is applied to
replace the Cu metallization layer, which has a high CTE of 16.5ppm/°C.

Table 5.1 Important properties of different parts and materials

Item Material Characteristic CTE Module of Stress-free
Thickness (ppm/oC) Elasticity Temperature
(mm) (GPa) O
Diode Chip SiC 0.425 4 420 25
Substrate AIN 0.508 4.5 329.7 25
Sealing material Resbond 0.508 4.5 70 25
Screen-printing Glass 0.125 6.4 70 400
layer
Metallization layer Cu 0.075 16.5 124 25
Metallization layer Mo 0.075 4.8 329 25
High temperature Au808Sn20 0.085 16.5 136 390
solder
Nanoscale silver Ag 0.085 19 10 390

Metallization

Glass Adhesive

Chip
HT solder

(a) Case 1 with high temperature solder attachment
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Metallization Glass
m _

(b) Case 2 with Nanoscale silver attachment

Metallization Glass Adhesive

(d) Case 4 with double-sided metallization

(e) Case 5 with the same thickness of chip and AIN substrate
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AIN Chip

(f) Case 6 with Mo metallization layer

Fig. 5.1 Comparison to obtain the optimal structure

5.2 Simulation

The stress simulations were conducted using the structural analysis within the IDEAS
software. Since different materials require different processing temperature during
fabrication, this will affect the stress in the different layers. For example, due to the high
firing temperature up to 400°C during the glass fabrication process, if we assume that its
mechanical stress at firing temperature is zero, high stress will occur at low temperature
between the glass and other layers. However, other materials, such as copper and ceramic
adhesive, are applied at room temperature; therefore, we set the room temperature as the
stress free temperature for these materials. The temperature of the structure was increased
from 25°C to about 210°C and the temperature distribution from thermal simulation is
used as the input for the stress simulation to obtain the mechanical stress distribution. The
type of element used for the stress simulations is solid parabolic tetrahedron. Also, we
assume that the stress and strain always have a linear relationship, so we can compare and
optimize module structures evidently even when the mechanical stress is over the
material’s yield stress.

The displacement constraint of the structure is shown in Fig. 5.2. The point A located at
the corner of the bottom surface of the metallization layer was fully constrained
(translational and rotational) in all directions, while the second point B located at another
corner of the metallization layer illustrated in Fig. 5.2 was constrained in the x and y
direction. The third point C at the corner of the metallization layer was constrained only
in the z direction. The cutting plane presents the mechanical-stress distributions is in the

middle of the ECM module at section T-T as shown in Fig 5.2.

62



Fig. 5.2 The ECM structure with displacement constraints
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(c) Case 2
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Fig. 5.3 Mechanical stress comparisons
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For case 1 of the unbalanced structure shown in Fig. 5.1(a), the stress simulation result
is shown in Fig. 5.3(a), by assuming the linear relationship between the stress and strain.
The maximum stress 1380MPa occurs between the solder and the AIN substrate due to
the large bending effect caused by the mechanically unbalanced structure. The yield
stress of the high temperature solder Au80sn20 is 270MPa [56]. The stress simulation
result of the proposed balanced structure case 3 is also shown in Fig. 5.3(a). The
maximum stress 716MPa is located between the ceramic adhesive and the Cu
metallization layer. The yield stress of plated Cu is in the range of 260-440MPa [57].
Although the balanced structure still has a large stress in the module, its stress
distribution is more uniform and the maximum stress is reduced by 48.1% compared to
the unbalanced structure case 1. Additionally, almost no bending is found in the balanced
structure.

Since the maximum stress in the module normally occurs at the sharp edges or corners,
which are impractical in the real case, we only consider the stress distributions in the
cutting plane presented in Fig. 5.2. Fig. 5.3 shows the mechanical stress distributions of
case 1 to 6. Since the nanoscale silver has much lower elastic modulus than the high
temperature solder in case 1, the stress between the chip and the attachment in case 2 is
reduced largely compared to case 1. However, both cases have the maximum stress of
about 495MPa between the chip and Cu metallization due to the bending effect, which is
caused by their unbalanced structures. Since the nanoscale silver is a very soft material,
the simulation results of case 2 is similar to case 3, which has only topside metallization
and no material under the chip. Therefore, from case 1 to 3, the bending effect due to the
mechanically unbalanced structure causes a larger stress in the chip area in comparison to
the balanced structure.

As a balanced structure, case 4 has the chip area maximum stress at 450MPa. However,
it still has the internal imbalance caused by the thicker AIN substrate compared to the
chip, so the high stress point 590MPa in case 4 is detected at the bottom copper layer near
the ceramic adhesive due to the bending effect. To further reduce this stress, the AIN
substrate is chosen as the same thickness as the chip in case 5, shown in Fig. 5.3 (f). Thus,
a more uniform stress distribution is achieved at the bottom copper layer, although the

maximum stress is still high up at 443MPa due to the large CTE of the copper. The chip
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area maximum stress in case 5 is 422MPa. In case 6, by employing a low CTE metal Mo,

a uniform stress distribution with the highest stress 65MPa is shown in Fig. 5.3(g).

5.3 Comparisons and improvements
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Fig. 5.4 Maximum stress comparisons

The chip area maximum stress is located at the interface between the metal and the SiC
chip, which is the weakest bonding in the structure. So the chip area stress should be
considered carefully and reduced a harmless level. In Fig. 5.4, the chip area maximum
stresses of six different cases are compared by changing the materials and structure in the
high temperature ECM. Since the mechanically balanced structure is important for high
temperature applications, case 1 to 3 show the high maximum stress about 500MPa due
to the bending effect, which is caused by their unbalanced structures. Even in the
balanced structures, the internal balance is still important for reducing the stress. By

removing the internal imbalance due to the thicker substrate, case 5 reduces the chip area
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maximum stress to 422MPa from 450MPa in case 4. Thickness match avoids a bending
effect in the structure, thus enables the double-sided metallization to achieve a
mechanically balanced structure for both sides. The CTE match is another key concern in
high temperature applications. Due to the high CTE of copper metallization, both case 4
and 5 have CTE mismatch problems, so they still have large stresses in the structure. By
choosing a low CTE metal, such as Mo, case 6 has almost similar CTEs for different
materials, thus achieves a low stress 58MPa and leads to a uniform stress distribution in
the structure.

The advantage of avoiding the high CTE of the copper metallization is shown by using
the metal Mo for the metallization layers. The maximum stress in case 6 decreases
dramatically to only 58MPa and is reduced by 88% compared to case 1. The uniform
stress in the structure will achieve a robust configuration and improve the long-time
module reliability.

From the comparison of Fig. 5.4, the stress is very high using the Cu metallization layer
and the high stress of about 500MPa normally occurs at the interface between the chip
and Cu metallization layer. Such a high mechanical stress will cause module failure
quickly. Therefore, in order to achieve a good CTE match and an excellent long term
reliability performance, the high CTE Cu metallization must be replaced by a metal with
a similar CTE to the SiC chip. Although Mo seems like a very good candidate for the
metallization layer, pure Mo can not be electroplated. [31]-[33] Only the alloys of Mo
and the iron family metals such as Ni and Fe can be electroplated. However, the CTE of
the alloys is unknown and maybe very high due to the high CTE of the iron family metals.
Therefore, as stated in 3.3.2, to reduce the stress, we can use a combined metallization
layer with a low CTE-metal that can be electroplated as a stress buffering layer and Cu
for the current carrying layer. Such a metal is chromium as will be discussed
subsequently.

To implement the combined metallization layers and achieve an optimal structure, we
changed two variables in the module, one is the thickness of the Cr layer d and the other
one is the Cr layer angle o, as shown in Fig. 5.5(a). Fig. 5.5(b) shows the stress
distributions of the cross-sectional area for a specific case. The Cu metallization layers at

both sides are fixed at a constant thickness 65um, which is adequate for carrying currents.
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We checked two mechanical stresses in the cross-sectional area: the chip area

maximum stress and the maximum stress between the Cr and Cu. The chip area

maximum stress is in the chip top surface under the edge of the Cr layer, on which the

maximum stress between the Cr and Cu occurs. The chip area maximum stress is located

at the interface between the metal and the SiC chip, which is the weakest bonding in the

structure, thus should be reduced to a harmless level less than 200MPa. The larger

interface between chromium and copper presents a metal-to-metal bonding. It is

reasonable to expect this interface to be resistant to much higher stresses than the metal-

to-semiconductor interface.[58]
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Fig. 5.5 A cross-sectional view of changing the thickness d and angle a
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By employing [-DEAS simulations, the mechanical stresses as a function of the (@T "

layer thickness d are presented in Fig. 5.6. As the Cr thickness increases to 50um, all

three mechanical stresses decrease very linearly. However, the mechanical stresses

become almost constant when the thickness is larger than 50um. Therefore, 50um is the

desired Cr thickness for the stress buffering layer. At this thickness, the module can attain

the minimum stress while keeping Cr thickness as thin as possible to reduce the vertical

electrical resistance. The chip area maximum stress shown in Fig. 5.6 is still very high
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between 250MPa to 390MPa, so it is difficult to achieve the desired stress by only

changing the Cr thickness.
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Fig. 5.6 Mechanical stresses changed with Cr thickness d
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While keeping the desired Cr thickness at 50um, we changed the Cr layer angle a above
the chip from 0° to 85°. The simulation results are shown in Fig. 5.7. As the angle o
becomes larger, the metallization layer structure is closer to a flat metallization layer, thus
the stress between Cr and Cu becomes smaller. However, the maximum stress of the chip
area has no relationship with the angles and is almost unchanged at about 260MPa.
Therefore, we can’t reduce the maximum chip area stress to a harmless level by changing
the angle of the Cr layer. Further adjusting on the metallization structure should be
considered for the chip area stress reduction.

Due to the CTE mismatch between the Cu and Cr layers, the sharp corners or uneven
metallization layers could cause high stress distributions. By using the flat metallization
layers shown in Fig. 3.7(a), the maximum stress of the chip area can be reduced to a very
low level around 100MPa. So we chose the flat metallization structure shown in Fig. 5.8
to further reduce the stress of the chip area. In this structure, we choose the desired Cr
layer thickness at 50um and the Cu layer thickness at 65um. The interface between the
Cu and Cr metallization layers is kept planer to avoid stress crowding. The simulation
results in Fig. 5.8 are very similar to the flat metallization layer simulations shown in Fig.
3.7(a). The maximum stress occurs at the edges, while the stress distributions are almost
horizontally uniform in the middle part. The chip area maximum stress has been reduced
to 163MPa and the Cr maximum stress above the chip to 147MPa. Although the Cu
metallization layer shows relatively high mechanical stress about 400MPa, the metal-to-
metal bonding is robust, thus the higher stress between Cr and Cu is considered
acceptable.

Although the stress can be reduced to an acceptable level by using the Cr buffering
layer, additional electrical resistance could be introduced in the current flow path due to
the high electrical resistivity of the Cr layer. As shown in Fig. 5.8(a), to attain the flat
metallization layers, a Cr fillet, which has a thickness 100um identical to the glass layer
has to be filled on the chip top surface. Therefore, the additional resistance caused by this
Cr fillet as well as the flat Cr metallization layer should be considered carefully. For the
worst case, the current flows from the chip to the Cu metallization layer only through the
Cr cylinder, which has a thickness h and a diameter D as shown in Fig. 5.8(a). So the

additional resistance due to the use of Cr can be calculated as:
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plh

=2.427x107°Q
D
)

where p is the Cr electrical resistivity at 12.7uQ.cm, h is the thickness of the Cr cylinder
150um and D is the diameter of the Cr cylinder 1mm.

The additional resistance for the worst case due to the use for the Cr layer is only
24.27u€, so this demonstrates that the resistance increase due to the Cr buffering layer

can be neglected in the electrical design.
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Fig. 5.8 Flat metallization structure
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The structure shown in Fig.5.8 is not a fully symmetrical structure, so the mechanicEaT
stress at the top half part is slightly higher than the bottom part due to the bending effect.
By adding another glass layer at the bottom side of the AIN substrate, a fully symmetrical
structure is shown in Fig. 5.9(a). The mechanical stress in the fully symmetrical structure
as shown in Fig. 5.9(b) is further reduced, with the maximum chip area mechanical stress

126MPa and the Cr maximum stress above the chip 122MPa.
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Since nanoscale silver material is a good candidate for high temperature and its elastic
modulus is low at about 10GPa, it can also be used as the buffering layer similar to Cr in
the fully symmetrical structure. Fig. 5.10 shows this structure using nanoscale silver to
replace the Cr layers as the buffering layers. The chip area maximum stress 167MPa
shown in Fig. 5.10(b) is slightly higher than the case of the Cr buffering layer as shown in

Fig. 5.9, while the maximum stress 392MPa in the structure is lower than Cr case.
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Fig. 5.11 Improvements by using Cr stress buffering layer

By the combined implementation of Cr and Cu metallization layers, the EMC structure
is optimized to achieve the minimum mechanical stress. The improvements of the chip
area maximum stress are shown in Fig.5.11. When a balanced structure with only Cu
metallization is used, the maximum chip area mechanical stress reduced to 422MPa from
500MPa, which is in an unbalanced structure using high temperature solder. While the Cr
layer is applied as the stress buffering layer and the Cu layer as the lateral current
carrying layer, the chip area maximum stress is further reduced from 250MPa to 163MPa
by using flat metallization layers. When a fully symmetrical structure is employed, the

stress can be reduced to as low as 126MPa by using the Cr buffering layer and 167MPa
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for the nanoscale silver buffering layer. The final improved stress 126MPa is reduced by
74.8% compared to case 1 and this stress is even lower than the Si based module, which

works at lower environmental temperature of about 25°C. Therefore, by using the fully

symmetrical structure shown in Fig.5.9, the mechanical stress can be appreciably reduced
Pa

and the module reliability is expected to be highly improved. AR
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Although the mechanical stress of the chip area has been reduced to an acceptable level,
the edges of the interfaces between the Cr and Cu layers still have large mechanical
stresses, about 450MPa as shown in Fig.5.9. The high stresses at the edges can be
released by using an edge termination technology as shown in Fig.5.11. The copper
metallization can be intentionally designed as a thin thickness at edges (shown in Fig.
5.11(a)) instead of a uniform thickness, so the high edge stress can be evenly distributed
at edges to avoid stress crowding. Fig. 5.11(b) shows the simulation results using the
termination technology. The maximum stress of 385MPa in the cross section occurs in
the middle part of the Cu metallization layer instead of at edges. The maximum stress at
edges is only 378MPa.

Additionally, the metal-to-metal bonding has a fully different bonding mechanism from
the metal-to-SiC bonding. The metal-to-metal bonding is more robust, thus has larger

yield strength compared to the metal-to-SiC bonding. [58]
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54 Summary

The thermo-mechanical model is introduced in this chapter. Six cases of an ECM with
different materials and structures are simulated to compare the mechanical stress. The Cu
metallization cases show high stresses due to the high CTE of Cu, although the
mechanical stress can be reduced by using a structure with the AIN substrate as thick as
the SiC chip. Since pure Mo can not be implemented to the ECM structure using the
electroplating process, a low CTE metallization such as Cr is employed as the stress
buffering layer for high temperature applications, since this metal can be electroplated.
To achieve a low stress, the Cr layer is optimized by changing its thickness and angle,
although the maximum chip area stress is still relatively high at 250MPa. To further
reduce the high stress occurring in the chip area, a fully balanced structure with identical
flat metallization layers on top and bottom is applied to the EMC structure. The chip area
maximum stress is finally reduced to 126MPa, which is even lower than the Si based
module, which works at a lower environmental temperature of 25°C. By calculations, the
additional electrical resistance caused by one side Cr layer is only 24.27uQ, so the Cr
buffering layer doesn’t introduce a high electrical resistance to the EMC module.
Although the high stresses at the edges are a concern, the edge termination technology
can be applied to release the edge stress. Additionally, the edges have a strong metal-to-
metal bonding at the interface between Cr and Cu layers, thus can tolerate the high stress.
These thermal-mechanical analyses will provide a reference for further improvements in

the ECM.
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Chapter 6

Design and implementation of a High Temperature
Embedded Chip Module (ECM)

6.1 Introduction

After the component selection, thermal and thermo-mechanical analysis, the structure
of the high temperate embedded chip module is determined. To fabricate the high
temperature module, eight steps are required in the manufacturing process, including
layout design, laser cutting process, screen printing process, sputtering process, photo
masking process, electrical plating process, etching process and final cutting and

assembling process.

6.2 Layout design

The layout design is used to organize the whole process and prepare the different layers
of the embedded chip module for further fabrication process. The detailed size
information for the different layers is required and careful consideration from the system
level is necessary in the layout design process. Fig. 6.1 shows the embedded chip module
layout design. This module is fabricated on a piece of AIN substrate with 2 x 2 inches
shown in (a), and all layers including top metallization layer (b), chip layer (c), bottom
metallization layers (d), and cutting layer (e), are associated in (a) with different colors.

The four cutting holes in (e) are designed for I/O pins using screw connections.
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Fig. 6.1 Layout design
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6.3 Laser cutting process
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Fig. 6.2 Laser cutting process

Laser cutting is a mostly thermal process in which a focused laser beam is used to melt
material in a localized area. As shown in Fig. 6.2(a), during the laser cutting process,
a beam of high-density light energy is focused through a tiny hole in the nozzle. When
this beam strikes the surface of the work piece, the material of the work piece is
immediately cut. A co-axial gas jet is then used to eject the molten material from the cut
and leave a clean edge as shown in Fig. 6.2(b). Laser cutting machines can accurately
produce complex exterior contours and can be complementary to the CNC/Turret
process. Laser cutting takes direct input in the form of electronic data from a CAD
drawing to produce flat form parts of great complexity. With a 3-axis control, the laser
cutting process can profile parts after they have been formed on the CNC/Turret process.

Lasers work best on materials such as carbon steel or stainless steels. Metals such as
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aluminum and copper alloys are more difficult to cut due to their ability to reflect the
light, as well as absorb and conduct heat. The advantages of laser cutting are: [59]

* High quality cut - no finishing

* Flexibility - simple or complex parts

* Non contact - no marks

*  Quick set up - small batches

* Low heat input - low distortion

 Virtually any material can be cut

In the fabrication process, the laser cutting is employed to cut the AIN substrate with

the profile shown in the Fig. 6.1(c) and (e).

6.4 Adhesive Sealing and Screen printing process
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Fig. 6.3 Preparation of Resbond material

Rebond material is applied as the adhesive sealing material to fix the chip in the
ceramic carrier. As shown in Fig.6.3 (a), the resbond ceramic paste is prepared by mixing
10g water and 50g adhesive powders. Then the prepared paste is carefully filled in the
gap between the chip and ceramic using a needle, as shown in Fig. 6.3(b). The fixed SiC
chips with the ceramic are put in the oven for curing. The curing process may take up to
24 hours at room temperature; however, curing can be accelerated by keeping at 65°C for

4 hours.
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Fig. 6.4 Screen-printing process

The detailed screen-printing process is shown in Fig. 6.4. The equivalent of the printing
plate for the screen printer is the SCREEN - a wooden or aluminum frame with a fine
nylon MESH stretched over it as shown in Fig. 6.4(a). The screen is fitted on the press
and is hinged so it can be raised and lowered. The substrate to be printed is placed in
position under the screen and glass paste is placed on the topside of the screen. A rubber
blade gripped in a wooden or metal handle called a SQUEEGEE is pulled across the top
of the screen; it pushes the glass paste through the mesh onto the surface of the substrate.
To repeat the process the squeegee floods the screen again with a return stroke before
printing the next impression. [60] The glass screen-plating layers are implemented to both
sides of the substrate to achieve a symmetrical structure. Then the glass layer is put in the
oven for glass firing, which follows the firing profile shown in Fig. 3.4. Fig. 6.4(c) shows
the glass layer after firing.
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6.5 Sputtering process
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Fig. 6.5 Sputtering process

Sputtering is a momentum transfer process in which atoms from a cathode/target are
driven off or sputtered by bombarding ions. In this process the momentum of bombarding
ions is more important than their energy. For example, a hydrogen or helium ion
accelerated to 3,000eV will cause very little sputtering compared to an ion of argon
(which is chemically inert) with the same 3,000eV energy. This is simply because the
lighter hydrogen or helium ion has much less momentum. Sputtered atoms travel until
they strike a substrate, where they deposit to form the desired layer. As individual atoms
they are chemically active and readily form compounds with the ions and atoms of the
bombarding gas. For this reason inert argon is used as the bombarding gas. When argon
ions strike the target their electrical charge is neutralized and they return to the process as
atoms. If the target is an insulator, the neutralization process results in a positive charge
on the target surface. This charge may reach the level where bombarding ions are repelled
and the sputtering process stops. To continue the process the polarity must be reversed to
attract enough electrons from the discharge to eliminate surface charge. This periodic
reversal of polarity is done automatically by applying RF voltage onto the target
assembly (hence the term RF sputtering). [61]

83



To achieve a seed layer for the Cr electroplating process, a Cr layer is sputtered to the
substrate surface. This is a long process for about 2-3 hours since Cr is a very hard
material. However, this process can be reduced by sputtering a Ni layer for 30 minutes

following a Cr sputtering for 20 minutes.

6.6 Photo masking process
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Fig. 6.6 Glass firing temperature profile

84



Photo masking is used to protect one area of the sputtering layer while working on
another. The photo-resistor film is applied to the sputtering layer, giving it characteristics
similar to a piece of photographic paper. A photo aligner aligns the substrate to a mask
and then projects an intense light through the mask, exposing the photo-resistor with the
mask pattern as shown in Fig. 6.6(a). Then the exposed sample is placed into the
developer solution and the soluble areas of the photo-resistor are dissolved by developer
chemical. Fig. 6.6 (b) show the top side mask, while (c) presents that the photo-resistor

covers on the sputtering layer with other areas open for electroplating. [62]

6.7 Electroplating process for Cr

(b) Hard chrome plating setup

Fig. 6.7 Hard chrome plating
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Two types of chrome plating processes are available: decorative chrome plating and
hard chrome plating. Since the requirement for Cr thickness in the high temperature EMC
is more than 50um, hard chrome plating process is employed in the module fabrication.
To make the electroplating solution, we add 16 fl. Oz of distilled water to the tank, 1 kg
of chromium crystals (CrO;) to the water and 10 milliliters of sulfuric acid (98%). The
plating solution is sensitive for the concentration of the sulfuric acid. [63] A lead anode
as shown in Fig. 6.7(a) is employed and the toxic mist containing chromium acid may
form during the plating process as shown in Fig. 6.7(b). So it is essential to do the
chromium electroplating process in a fume hood. The plating current is much higher than
other plating process, such as Cu plating and Ni plating. The normal plating current
density is about 300mA/cm’ and 25um thickness can be obtained using this current
density about one hour.

To realize a flat metallization structure as simulated and shown in Fig. 5.9, the Cr fillets
need to be filled in the open glass holes on the chip topside. As shown in Fig. 6.8(a), the
Cr fillets have to be electroplated to the same thickness as the glass layer before the Cr
buffering layer can be applied. The picture in Fig. 6.8(a) shows how three Cr fillets are
formed in the glass holes. To identify the difference after the plating, a glass hole is left
open in the picture. After the Cr fillets are formed in the open glass holes, a new photo
resist layer needs to be developed with the designed pattern for the metallization layer.
Fig. 6.8(b) shows the cross-sectional view with the Cr buffering layer. The picture
showed in Fig. 6.8(b) indicates the flat surface in the structure. Therefore, it is necessary

to have a two-step Cr electroplating process to form the flat metallization layers.

3mm

Cr fillets _|

Plated Cr fillet Photo resistor
] & [ ] Sputtered
Cr layer

An open
glass hole

(a) First step to form Cr fillets
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Cr buffering layer Photo resistor

[ | \ | Sputtered
Cr layer

A

(b) Second step to form the Cr buffering layer
Fig. 6.8 Two-step Cr plating process

6.8 Electroplating process for Cu

The Cu electrical plating process is to increase the thickness of the designed
metallization layer for carrying currents laterally in the structure. The sample to be coated
is placed into a container containing a copper plating solution and the sample is
connected to an electrical circuit, forming the cathode of the circuit. [64] When an
electrical current is passed through the circuit, metal ions in the solution are attracted to
the sample. The result is an evenly-coated layer of metal around the item. The Cu anode
is always used in the Cu plating process. The normal current density is about 20mA/cm”
and 25um can be obtained using this density after one hour. Fig. 6.9(b) shows the Cu is
plated on the designed open areas, which are not covered by a photo resist layer. Fig. 6.9

(c) presents the desired cross-sectional view after the Cu electroplating process.

SiC chips

Photo resistor layer

(@) (b)
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Cr buffering layer Plated Cu layer Photo resistor
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Cr layer
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(c)
Fig. 6.9 Cu electrical plating
The hole with a Cr fillet 250um The hole without a Cr fillet

i

Cu and Cr

— Ceramic

100um

(b)

Fig. 6.10 Cross-sectional view of the sample

To demonstrate the flat metallization layers in the structure, we cut the sample

following a line across two glass holes, one is filled with a Cr fillet and another has no Cr
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fillet as shown in the picture of Fig.6.8 at section A-A. The cross sectional view of two
glass holes is shown in Fig. 6.10. As shown in Fig. 6.10(a), the flat metallization is
achieved in the hole with a Cr fillet, while the metallization layer is uneven in the hole
without the Cr fillet. The zoom-in cross-sectional view in Fig. 6.10(b) clearly shows the

Cr fillet, which is under the Cu metallization layer.

6.9 Etching process

Plated Cr layer Plated Cu laver

e

(a)
Fig. 6.11 Etching process

The etching process is designed to remove the excess sputtering layer and develop the
final metallization pattern for both sides of the module. The copper etching solution is
used to remove the sputtered copper layer and the chromium etching solution removes the
sputtered chromium layer. Since it is a micro-etching process, the electrical-plated
chromium and copper layers are too thick to be etched while the excess sputtering layer is
removed. Fig. 6.11(b) shows the designed pattern is kept while the unnecessary sputtering

layers are removed.
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6.10 Final cutting and assembling process

In this final step, the whole substrate will be cut to the designed pattern for the final
assembling process. Laser cutting is employed again in this step and the final sample after
cutting sample is presented in Fig. 6.12(a). The four holes in the profile are designed for

I/O pins using screw connections as shown in Fig. 6.12(b).

O dem 2

Fig. 6.12 Final cutting and assembling process

In total, two kinds of modules were manufactured for testing, i.e.
e a module with SiC diode and only Cu electroplated metallization as shown in Fig.
6.12(a) and (b);
* a module with a buffering layer of Cr and Cu for lateral current conductor as

shown in Fig. 6.12 (c).
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6.11 Summary

The fabrication process of the high temperature ECM is covered. Two SiC diodes are
packaged in one module. The new glass material is successfully applied as a screen-
printing material and resbond material is used as the sealing material. The Cr buffering
layer is implemented through a hard chrome plating process and a flat Cr metallization
layer is formed through a two-step Cr plating process. The double-sided metallization
layers are realized with the sputtering process followed by the electrical plating process
for both sides. Pressure contact connection using screws is employed for I/O connections.

The high temperature ECM is ready for experimental evaluations.
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Chapter 7

Experimental Evaluation

7.1 Introduction

After the design and implementation of a high temperature embedded chip module, the
experimental evaluations for the high temperature module, including electrical and
thermal tests, will be introduced in this chapter. The electrical test shows the forward and
reverse characteristics of a high temperature ECM, in order to demonstrate its proper
device functionality at high temperature. The leakage currents of the module at high
temperature are studied as well. The thermal test, including steady-state and transient
measurements, is conducted to evaluate the thermal performance of a high temperature
module. The stead-state thermal measurement is employed to show its capability to
reduce the cooling system. To optimize the thermal design of the module structure, the
transient thermal parameter analysis method is proposed, which is based on a temperature
cooling-down curve measurement. The transient analysis process is described in this
chapter to obtain the thermal parameters of a high temperature EMC. Ultimately, the
electrical and thermal tests provide a comprehensive overview for the characteristics of a

high temperature ECM and offer a useful reference for further improvements.

7.2 Electrical test

7.2.1 Experimental setup

The high temperature embedded chip module was packaged with two 1.4 X 1.4 mm’
silicon carbide Schottky diodes (SIDC02D60SIC?2). For the high temperature applications,
two screws were employed as I/O pins, which were connected through two clips for
measurement. A schematic of the experimental setup is shown in Fig. 7.1(a). The ECM
was put into a heating chamber, and in order to test the module in a thermal equilibrium
environment, a thermocouple was attached to the module to measure the chamber
temperature. The module was measured with only one voltage pulse of 200us to avoid too

much power input. Here, one pulse means that the power curve tracer only generates one
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voltage pulse to measure the forward voltage drop through the die when the whole device
is in thermal equilibrium. This is important in this experiment because any large amount
power input will change the thermal environment equilibrium. [65]

This low power level can also be proved by calculations of the temperature increase
under the maximum current 6A. As the device is measured using a single pulse, which is
only 200us, the temperature increase of the chip is calculated as follows, assuming that

the whole input energy is used to heat up the die region:
q=—c[p|]’%, (7.1)
T

1
clply

Temperature increase AT = JZ qdr =2.065°C

where density (kg/m’) p is 3100, pulse period T is 2E-4, specific heat capacity (J/kg.K) ¢
is 750, chip volume (m’) V is 8.33E-10, input power (W) q is 20, sensing current (A) I is
6.

Since the maximum temperature increase is only 2.065°C using a single pulse, it is
proved that the one-pulse heat input is relatively low and doesn’t greatly change the

thermal environment equilibrium.

ﬂ <" Module

One-pulse testing

Fig. 7.1 Experimental setup
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7.2.2 Forward characteristics

During the experiment, the device is unheated except for the heat generated by the
sensing current, which is generally insignificant. When the component is in a constant-
temperature environment, any point on the component case will eventually reach the
same temperature as the component junction, assuming the heat generated by the sensing
current is very small. Under these conditions, the component is said to be in a thermal
equilibrium with its surrounding environment. Measurement of the forward voltage and
the associated chamber temperature comprises one data point for construction of the
forward characteristics.

In the forward testing, the connection from the DBC board to the power curve tracer
uses four-wire technology, which means the voltage difference across the temperature-
sensing junction should not include the voltage drops across the wires that carry the sense
current to the sense junction. This method minimizes the voltage drop measurement error
and improves the experimental accuracy. The whole device is heated in the chamber so
that a thermal equilibrium is attained, and a thermocouple is placed on the bottom of the
module to measure the case temperature.

The forward characteristics of two high temperature ECMs, which are specified in Fig.
6.12, are shown in Fig. 7.2. The curves represent the typical forward characteristics from
room temperature up to 279°C. Fig. 7.2(a) shows the forward characteristics of a high
temperature ECM using only Cu metallization layers. The forward voltage drop decreases
as the temperature increases below the current of about 2.5A, while the forward voltage
drop increases as the temperature increases. The characteristics of the positive
temperature coefficient at the high current more than 2.5A. Fig. 7.2(b) presents the
updated forward characteristics with Cr and Cu combined metallization layers. The
positive temperature coefficient can be observed at currents more than 1A. The forward
voltages in (b) are much smaller than (a), thus the EMC using the Cr and Cu combined

metallization layers shows a better forward conduction performance.
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The module has been tested up to 250 °C

(a) ECM with only Cu metallization layers
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(b) ECM with Cr and Cu combined metallization layers

Fig. 7.2 Forward characteristics
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In the test of the high temperature ECM only using Cu metallization layers, we found
that the forward voltage became larger after only several power cycles at the same
environmental temperature. This indicates that the delamination becomes larger at the
interface between the chip and Cu metallization. Finally, after the module was cooled
down from 250°C to room temperature, the module could not be tested functionally,
which indicated a module failure. All these tests show that the Cu metallization is not
suitable for attaching to the chip surface directly, since high stress occurs at the interface
between the chip and Cu metallization. Due to the delamination, the curves in Fig. 7.2(a)
don’t show an apparent positive temperature coefficient at high currents, since an
additional large voltage is dropped on the interface between the chip and metallization
layer. However, for a high temperature ECM using the combined Cr and Cu metallization
layers, the curves in Fig. 7.2(b) show lower forward voltages and the positive temperature
coefficient can be observed at a lower current. These improvements are due to the good
adhesion between the Cr metal and chip at high temperature, since the low thermally

induced stress occurs in the chip area by using the Cr buffering layer.

7.2.3 Reverse characteristics

Both high temperature ECMs, which are shown in Fig. 6.12, presents similar reverse
characteristics given in Fig. 7.3(c). The six curves represent the reverse characteristics
from room temperature to 236°C. The reverse leakage current increases as the
temperature increases. As the temperature exceeds 200°C, the leakage current increases
dramatically. This leakage current in Fig. 7.3(c) may come from three sources: the
package around the chip, the passivation layer and the Schottky junction. To study the
leakage current due to the package, we used a chip-sized AIN substrate in a structure
shown as in Fig. 7.3(a) to replace the SiC chip in the ECM structure. So the leakage
current measured from this structure is chiefly from the leakage of the glass and the
resbond material. This reverse measurement for this structure was done at 270°C using
the same setup shown in Fig. 7.1. Fig. 7.3(b) shows that the package leakage current is
measured up to 1.6uA with the forward voltage high up to1200V. Since the measured
leakage current is extremely small below 0.6uA at 600V, the leakage current at high

temperature due to the package around chip can be neglected
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(d) Theoretical reverse characteristics of the Schottky junction

Fig. 7.3 Reverse characteristics study

The theoretical reverse characteristics of the Schottky junction have been discussed in
4.3. So if the cross-sectional area of the SiC Schottky junction we used is 1xImm?, the
theoretical leakage currents of the SiC Schottky junction can be obtained at different
temperatures as shown of Fig. 7.3(d). Since the detailed parameters of the SiC diode are
still unknown due to the confidential policy of the chip manufacturer, Fig. 7.3(d) can only
show the trends of the reverse characteristics of the SiC Schottky diode we used. From
the comparison with the measured leakage currents in Fig. 7.3(c), the trends of the
theoretical curves are in good agreement with the measured curves, while the theoretical
leakage currents are still smaller than the measured curves of the high temperature ECM.
This leakage current difference may be caused by the passivation layer, which can
decompose at high temperature, thus the passivation leakage current may become large at
high temperature. The photo-imide material is used as the passivation layer in the SiC

chip under test.[28]
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7.2.4 Summary

The electrical test presents the forward and reverse characteristics of the high
temperature module. The forward and reverse characteristics of the ECM are presented
up to 270°C indicating proper device functionality. The ECM using the Cr and Cu
combined metallization layers shows a better conduction performance compared to the
ECM using only Cu metallization layers. The study on the reverse characteristics of the
ECM indicates that the large leakage current at high temperature is not due to the package
around the chip, but chiefly caused by the Schottky junction and the chip passivation

layer.

7.3 Steady State Thermal Measurement

Since the high temperature embedded chip module can reduce the bulky cooling system
and improve the power density in normal temperature environments, the steady state
thermal measurement is designed to demonstrate these capabilities. Fig. 7.4 shows the
measurement set up with a high temperature EMC using the proposed simple cooling

system, which is only a copper heat spreader.

High-T
Solder
High-T
ECM | 16 l
10
1.5
Heat 1.67
spreader i 4
2.5
< 22.5 >
(11)1 Unit: mm
g p;

(a) (b)

Fig. 7.4 Steady-state thermal measurement setup

It is a similar setup to Fig.4.7. As shown in Fig. 7.4(a), the high temperature EMC
packaged with two SiC Schottky diodes was attached to a small piece of heat spreader
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with the size of 22.5x22.5x1.67mm using a high temperature solder (Sn10Pb88Ag2).
Two thin wires were employed as the electrical connections and attached to the pads
using the high temperature solder as well. A thermocouple was attached at the bottom
side of the heat spreader to monitor the case temperature. The detailed package size
information is presented in Fig. 7.4(b) as the EMC and heat spreader are considered in the

package profile.

250

69.4W/in’

200
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(18.5W, 200°C)
279.3 W/in®

100
50 /

Input Power (W)

Temperature (oC)

—e— Forced convection —=— Natural convection

Fig. 7.5 Case temperature with natural and forced convections

The ECM was heated up with the constant voltages and currents to a steady state, while
the case temperature was recorded at each steady state. Fig.7.5 shows the relationship
between the input power and case temperature under natural and forced convection. The
ECM was running up to 210°C (case temperature) with the input power at SW under
natural convection, while the case temperature is still very low at 70°C with the same
input power under forced convection. By knowing the package profile information shown
in Fig. 7.4(b), the power density can be calculated as 69.4W/in’ at case temperature
200°C under natural convection. For forced convection, we can’t measure the power

density at case temperature 200°C because the required large input power is impractical
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for the measurement. So a linear relationship between the case temperature and the input
power is assumed by ignoring the radiation heat at high temperature. By calculations, the

power density of 279.3W/in” at 200°C is obtained with the power input at 18.5W.

7.4 Transient thermal parameter measurement

7.4.1 Introduction

Since the trend in power electronics is toward greater packaging density, speed and
high power dissipation, improvements in the thermal management of power
semiconductor devices are becoming more and more important. Good thermal
characteristics in transient conditions could provide a good tool to design and optimize
the power packaging modules for high efficiency and high power density. [66]

As discussed in 4.2.1, although three-dimensional finite element method (3-D FEM)
delivers very accurate results, its usage is limited by an imposed computation time in
arbitrary load cycles. Therefore, a one-dimensional thermal network is investigated to
extract thermal resistances and thermal capacitors. The dynamic behavior predicted by
the thermal network is equivalent to numeric solutions of the 3-D FEM. More
importantly, the one-dimensional thermal network can be used directly in the software for
electrical design, such as Saber and Pispice. So the system designer can couple the
thermal prediction with a circuit simulator to analyze the electro-thermal behavior of
module system, simultaneously. This is also help the designer to identify and improve the
one-dimensional network in a few minutes with the arbitrary or periodic power
waveforms, and finally provide a reference to optimize the physical system for improving
its thermal performance.

The usual way to obtain the thermal characteristics is to get the thermal resistance --
the ratio of thermal gradient to the heat flux density for one-dimensional heat conduction.
This always generates a total value of the whole thermal system without any information
about the contributions of the various layers of the system and the dynamic behavior of
the device temperature. Since this type of information is helpful for a designer, a simpler

method, which can give accurate characterizations, is necessary. Employing the 1-D
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thermal model shown in Fig. 4.1(a), the transient thermal parameter analysis method for
evaluation of thermal resistances and capacitances is based on an experiment using the
temperature cooling-down curve measurement. This method allows both the accurate
determination of thermal parameters of a power device and the observation of the
physical meaning of the calculated thermal resistance contributions. [67]-[69]

This method has been successfully applied to a single chip embedded power module to
obtain its thermal transient characteristics at normal temperature environments [70]. For
high temperature applications, some material properties, such as the thermal conductivity
and specific heat, may alter with the temperature. So in the transient thermal parameter
for the high temperature EMC, the temperature dependent parameters need to be
considered.

The flow chart shown in Fig. 7.6 describes the detailed steps of the transient thermal
parameter analysis method. The one-dimensional equivalent thermal network is obtained
from careful analysis of the high temperature ECM structure and the thermal parameters
of this one-dimensional network are calculated by knowing the physical information of
the single-chip module. However, since the calculated thermal network is not accurate
due to the inadequacy of physical information, further steps to adjust the calculated
parameters are required to obtain the accurate equivalent network.[70] As shown in the
flow chart, the calculated equivalent thermal network is input into the saber simulation to
get a temperature cool-down curve of the chip. Then this simulated cool-down curve is
compared to another temperature cool-down curve, which is obtained by the experimental
measurement. To get the accurate equivalent thermal network, the thermal parameters in
the calculated equivalent thermal network are adjusted until the simulated cool-down
curve finally matches the experimental cool-down curve. Therefore, the accurate thermal
parameters can be obtained in the finally adjusted thermal network after the comparison
of the two cool-down curves.

In this part, the transient thermal parameter analysis method will be introduced by
focusing on a high temperature ECM. First, as outlined in the explanation of the
experimental setup, the temperature cool-down experiment, including the control scheme

and analysis process, is explained. The experimental characterizations, which are

102



obtained by comparing the experiment and simulation cool-down curves, are then

discussed. Finally the accurate thermal parameters of the ECM are given and analyzed.
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Fig. 7.6 Experimental method

7.4.2 Experimental setup

The proposed measurement setup for a high temperature transient test is shown in Fig.
7.7. In this setup, a high temperature ECM was attached on three layers of alumina and
one layer of the Cu heat spreader using the high temperature thermal grease. The whole
setup is put on the hot plate, which can be controlled at a constant temperature 180°C.
Since the alumina has a relatively low thermal conductivity, three alumina ceramic layers
are intentionally inserted under the EMC, so as to increase the thermal resistance from the
chip junction to the hot plate. With the large thermal resistances in the heat flow path, a
higher temperature difference from the chip junction to hot plate can be achieved for
better measurement during the high temperature cooling-down test.

To employ the 1-D thermal model shown in Fig. 4.1(a), the necessary boundary

conditions and initial states are required. Firstly, we assume that the heat generated from
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ECM only flows to the hot plate through the ceramics and heat spreader, and that there is
no heat leakage from the top and other sides. To achieve this, the whole setup shown in
Fig. 7.7 was insulated with fiberglass material and put within two metal boxes, which
were sited on the hot plate. Ideally, there would be no heat flow between two metal boxes
if the two metal boxes had the same temperatures as the hot plates, thus it is a perfect
insulation. However, due to the thermal resistances of the metal boxes, the temperature
distributes evenly over the metal boxes and the actual temperatures of two metal boxes
are lower than the hot base plate. The purpose of using two boxes is to reduce the heat
flow from the inside box to outside, thus a high temperature on the inside box, which is
close to the hot plate, can be obtained. The possible leakage heat can be reduced by

decreasing the temperature difference from the chip junction to the inside box.
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Fig. 7.7 Experimental setup for the high temperature transient measurement

To prove the low heat leakage from the setup, we measured the box temperatures as
shown in Fig. 7.7. The inside box has a temperature 168°C that is close to that of the base
plate, while the outside box has a side temperature 118°C and a topside temperature
107°C. We assume that the uniform temperature distribution is at the setup from the EMC
to the Cu heat spreader and the highest temperature of this setup is 235°C. So the thermal
resistance Ry, from the setup to the inside box and the related leakage heat Iy can be

calculated as below:
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Rth = 2
kS (7.2)
_ T
1, 2

where K is the thermal conductivity of the fiberglass 0.04W/m.K, L is the distance from
the setup to the inside box, S is the cross section area of the heat flow, T is the maximum

temperature difference between the setup and the inside box at 62°C.

Fixture for fixing the inside box
(c) (d)

Fig. 7.8 Experimental setup of the cool-down temperature curve

From equation 7.2, the thermal resistance from the setup to the topside of the inside box
is 757.6°C/W and the possible heat leakage from the topside is below 0.08W. The thermal
resistance from the setup to the sides of the inside box is even higher at 1250°C/W and
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the possible heat leakage is below 0.025W. Therefore, the total maximum heat leakage
from the setup is below 0.105W. This low leakage is acceptable since the total input
power for heating up the EMC is about 8.5W.

The physical experimental setup is shown in Fig. 7.7. As shown in Fig. 7.8(a), the
adjustable D.U.T with several ceramic layers was carefully attached above the heat
spreader using Teflon fixtures, because of their favorable thermal characteristics. The
whole setup was built on a temperature controllable hot plate and a thermocouple was
attached to the hot plate with kapton tape to monitor the temperature of the bottom side of
the heat spreader, shown in Fig. 7.8(b). Then in Fig. 7.8(c), two metal boxes were
employed for the good insulation purpose with their bottom sides attached to the hot plate.
The insulating material fiberglass was filled into the two metal boxes due to its good
thermal insulation properties. Finally, as shown in Fig. 7.8(d), the outside box was
covered by the fiberglass to prevent the heat from flowing to the environment.

The device under test (D.U.T) in the setup is an adjustable fixture shown in Fig. 7.7, so

it is a universal experiment setup designed for different packaging samples.

7.4.3 Measurement of the cool-down temperature curve

7.4.3.1 Calibration

a. Introduction

The measurement of chip temperature is essential to the evaluation of thermal
performance for the design, application and manufacture of the module. The electrical
testing method for the temperature measurement is widely used. It is a direct, non-contact
technique, since it utilizes the chip itself as the temperature sensor. Although methods
such as infrared and liquid crystal sensing can be used to measure chip temperatures, their
application is limited to visible surfaces. In contrast, the electrical method can be
performed at a distance without introducing a sensor, using only the electro-temperature
properties of semiconductor junctions. It is used extensively for direct component

characterization measurements.
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The calibration is used to set up the relationship between the temperature and the
electrical parameter. This relationship can be measured and used to compute the
semiconductor temperatures.

For diodes, the diode forward voltage is always chosen as the electrical parameter to
build the relationship with the temperature since it has a linear association with the
temperature.

For the estimation of the diode junction temperature using the forward voltage drop, it
is necessary to analyze the characteristics of the diode. The forward voltage drop is a
function of (1) Junction temperature and (2) forward current [71] [72]. When (2) is

constant, the forward voltage drop will have a linear relationship with the temperature.

b. Experimental setup and results

Chamber ) Thermocouple
Measurement > Die

DBC

Fig. 7.9 Calibration setup

Fig.7.9 shows the calibration experimental setup. In this setup, the whole sample is put
in a temperature controlled chamber to reach a thermal equilibrium state. The electrical
parameters are measured with a very low sensing current, because any large amount of
power input will change the thermal equilibrium environment. In this calibration, we
employed the same experimental setup shown in Fig. 7.7 as the cooling-down
measurement. By doing this, the system differential error between two measurements can
be avoided. In Fig.7.7, the whole setup is well insulated with two metal boxes, so the
leakage heat from the setup is negligible and a thermal equilibrium state can be achieved
easily. The equilibrium temperature can be controlled by the hot plate from room
temperature to 300°C. The sensing pulse is at 1 KHz with a small duty cycle at 0.075 to
avoid too much power input. This low power level can also be proved by calculations of

the temperature increase under one pulse input by assuming the heat will not accumulate
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during each pulse. Then assuming that the whole input power is used to heat up the die

region, the chip temperature increase is calculated as follows:
q=—cQ)Wﬁj—T, (7.3)
dr
1
clpV
where density (kg/m3) p is 3100, pulse period T (S) is 7.5E-5, specific heat capacity at

(J/kg.K) ¢ is 750, chip volume (m’) V is 8.33E-10, input power (W) q is 0.5, sensing
current (A) is 0.5.

Temperature increase A7 = j; gdr =0.01936°C

So the temperature increase due to the input power is only 0.01936°C. It proves that the
heat input is low enough not to heat up the junction or greatly change the thermal

equilibrium environment.

Temperature (0C)

Forward Voltage (V)

Fig. 7.10 Calibration result

With the calibration setup shown in Fig.7.6, the forward voltage of the SiC diode was
measured from 80°C to 220°C with the sensing current at 0.5A. Fig. 7.10 illustrates the

linear relationship between the forward voltage and the temperature and shows a negative
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temperature coefficient at low forward currents. The curve fitting using MATLAB
software shows the relationship can be represented by:
Y=-409.0 X + 620.6 (7.4)

where x is the forward voltage, y is the related temperature.

7.4.3.2 Cool-down temperature measurement

The cool-down temperature curve is measured by setting a given power level on the
diode to heat it up to a stable temperature, rapidly switching off the electrical power
while simultaneously recording the forward voltage drop with the time evolution by

injecting measurement current pulses as explained previously.
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Fig. 7.11 Heating and cooling control

109



To take a good measurement of the high temperature cool-down curve, the device needs
to be heated up to a constant temperature, which is much higher than the temperature of
the base hot plate. So enough input power and necessary thermal resistances between the
chip and the hot plate are required to obtain this high temperature difference between the
chip and the hot plate. In this experiment, we chose the input power as 8.47W and added
three layers of ALO3 ceramics between the chip and the hot plate as discussed. After the
setup reaches the steady state, the heating input needs to be removed. Then sensing pulses
are employed to measure the diode forward voltage with a low power input to avoid
heating up the device. The sensing pulses employed here are the same as in the
calibration test. The pulses are at 1 kHz and the sensing current is at 0.5A, so the
temperature increase due to each pulse is only 0.01936°C, which has been calculated in
equation 7.3. This proves that the input power is low enough not to heat up the device.

The detailed control scheme to measure the temperature cooling-down curve is shown
in Fig. 7.11. Two different actions occur during the experiment. Before time T, the high
temperature ECM is heated up by conducting the high forward current 2.94A through the
SiC diode. The heating continues until the DUT reaches a steady thermal state as shown
in Fig.7.11(a). After time T, the ECM is allowed to cool down by removing the high
forward current. At time ty, it is turned on for a short duration d, and a low sense current
is applied to the SiC diode. The temperature-sensitive, forward voltage Viorwara 0f SiC
diode is then measured during each pulse as shown in Fig. 7.11(c). During this sampling
interval, the chip junction is heated until the sense current is removed. However, as
shown when properly executed, the heating is minimal and can be further reduced to a
negligible level with faster data acquisition.

To realize the control scheme shown in Fig. 7.11, an experimental control circuit was
built as shown in Fig. 7.12. Two MOSFETs were employed to control the heating and
cooling processes and an oscilloscope was used to measure the diode forward voltage
drop Viorward. During the heating period, both MOSFETs were turned on as shown in Fig.
7.12(b). The resistor R1 was shorted by the MOSFET D2 and the high forward current
2.94A would flow through MOSFET D2 to heat up the ECM. After the setup reached the
steady state, the MOSFET D2 was turned off to let the setup cool down. A series of 1kHz
pulses generated by a signal generator were applied to control the MOSFET D1. The
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sensing current was reduced as low as 0.5A, since R1 was added to the measurement
circuit during the cooling-down period. The diode forward voltage was then recorded by
an oscilloscope during each pulse, which has a period at 75us. To ensure the forward
current as a constant during the cooling-down measurement, the voltage source should be
much larger than the diode forward voltage during each pulse. We selected 18.3V as the
source voltage, which was much larger than the diode forward voltage of 0.9V at

temperature 180°C.
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Fig. 7.12 Experimental circuit for measuring the cool-down temperature curve

With the control scheme shown in Fig. 7.11, the diode forward voltage drop at each
pulse was recorded by setting the forward current (about 0.5A). To get an accurate
forward voltage, hundreds of sampling data was taken during each pulse and then
averaged through the MATLAB program shown in Appendix III. The diode forward
voltage versus time during the cooling-down period is shown in Fig. 7.13. The small
variations of the forward voltage curve up to 3mV are caused by the recording errors of

the oscilloscope; however, these small variations are negligible since the temperature
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variation caused by 3mV is only 1.227°C according to the calibration relationship of

0.409°C/mV.

AV =3mV
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Fig. 7.13 Forward voltage recording during cool-down period
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Fig. 7.14 Temperature cool-down curve recording

Using the calibration relationship stated in the equation 7.4, the forward voltage curve
with time shown in Fig. 7.13 can be converted to a transient temperature curve shown in
Fig. 7.14. This process used the MATLAB program shown in Appendix III. In this
experiment, since the temperature cooling-down curve was recorded with the hot plate
temperature at 180°C, the temperature change of the chip was more than 50°C. The
temperature dependent parameters of the materials should be considered with such a large
temperature change. This cooling-down temperature curve shown in Fig. 7.14 is decided
by the thermal properties of the different physical parts on the heat flow path. So by
building a thermal model, which includes the physical information of these parts, it is
possible to obtain the same temperature cooling-down curve as the experimental curve. In
other words, by comparing the simulated curve from the thermal model and experimental
curve, the thermal model can be identified to accurately represent the real packaging

structure. So it is necessary to build a thermal model to represent the physical structure.

7.4.4 Equivalent thermal network

7.4.4.1 Introduction

The key step to apply the transient thermal parameter analysis method is to build up a
thermal model, which can describe the thermal behavior of the high temperature ECM
including the transient and steady states. As discussed in 4.1.1, one-dimensional thermal
model quickly offers insight into the physical layers of the components, providing useful
information in a few minutes as well as presenting relatively accurate results. Therefore, a
one-dimensional thermal model is employed in the transient thermal parameter analysis
method to describe the thermal characterizations of a high temperature ECM. The
characterization results can then be applied in a design for more efficient power device

packages.
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7.4.4.2 Equivalent thermal network analysis
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Fig. 7.15 Equivalent thermal network

To set up a one-dimensional thermal network, the thermal parameters of each layer
need to be calculated through equation 4.1-4.3 based on the physical structure. An R-C-R
cell shown in Fig. 7.15(a) is employed to represent each layer in the structure. With the
calculated thermal resistances and capacitance of each layer, an equivalent thermal
network can be obtained to have a direct physical correspondence to Fig. 7.15(b). Fig.
7.15(c) shows the calculated equivalent thermal network, which physically represents the
high temperature ECM system shown in Fig. 7.15(b).[65]

As shown in Fig. 7.15(c), the heat is generated from the SiC diode, which is represented
by a heat source. Since the bottom-side temperature of the heat spreader is kept constant,
a voltage source is employed to characterize this controlled constant temperature. This

step can eliminate the complicated cooling system under the heat spreader and simplify
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the thermal model. The generated heat can flow from both top and bottom sides. The heat
path to bottom side is as follows: metallization, thermal grease 1, ceramicl, thermal
grease 2, ceramic2, thermal grease 3, ceramic3, thermal grease 4, heat spreader, thermal
grease 5, and kapton. Compared to the heat path on the bottom side, the topside of the
EMC is well insulated, so the thermal system is considered as a one-sided cooling system.
Since chip temperature decrease is more than 50°C in the cool-down temperature curve,
the temperature dependent parameters including the thermal conductivity and specific
heat are considered necessarily. In the ECM system as shown in Fig. 7.15(b), only three
materials AI203, SiC and copper shown in Table 7.2, which have large thickness, are

considered to be dependent on the temperature change.

Table 7.1 Temperature dependent parameters [73]

Material Thermal conductivity K Specific heat C
AI203 K=2X10"T-0.12T+ 34 C=0.73(T-200)+1060
SiC K=155X10°T-1.11 T+ 285 C=1.28(T+23)+600

Copper Constant Constant

Although the identification of the physical correspondence could be obtained directly
through the calculated thermal equivalent circuit, many factors limit the accuracy of the
calculated thermal parameters. One of the most important factors is the interface
resistance. The interfaces formed between the contacting surfaces can play a major role in
the determination of the thermal network established between the source and sink [74]. In
the structure of the EMC system of Fig. 7.15 (b), eleven interface thermal resistances are
detected; however, these interface thermal resistances are difficult to obtain by
calculations, although they play an important role in the heat path. Another important
factor is the heat-spreading angle, which could affect the calculation results seriously,
since heat flow is not pure l-dimensional or a pure lateral. The 45° spreading
approximation is shown to provide the reasonable accuracy in thermal calculations for

components in which the size of the heat source area is greater than the component
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thickness. If the source width W is equal to or smaller than the thickness H, then the
calculation errors compared with the FEA solution are more than 15% and increase with
the decrease of the source width. [75] Since we measure the cool-down temperature curve
in the experiment, the thermal capacitances with the stored heat from the steady state play
as heat sources during the cooling period. So it is difficult to accurately describe the
cooling thermal behavior only using the calculated thermal parameters. Other practical
factors could cause unexpected errors in the calculations including solder voids,
metallization delamination, measurement errors of thin film (such as solder and grease
layer) and so on. Since the calculated thermal equivalent network shown in Fig. 7.15(c)
can’t represent the physical structure accurately, further steps are required to adjust the

calculated parameters in the equivalent network.

7.4.4.3 Saber simulation

Since the calculated equivalent thermal network isn’t accurate, the experimental
method is required to adjust the thermal parameters in the equivalent network. The
experimental cooling-down temperature curve is employed as a reference for adjusting.
The calculated equivalent thermal network can be input into the Saber software by setting
the same initial and boundary conditions as the experiment. So another cool-down
temperature curve of the SiC diode can be obtained through simulations. Theoretically,
there is only a unique equivalent network for a given physical structure. [61] Therefore,
by comparing the experimental and simulated cool-down curves, the calculated thermal

network can then be adjusted.

7.4.4.4 Comparisons

To set up an accurate physical correspondence, the calculated thermal network adjusted
by the experimental thermal measurement is a practical method.

As shown in Appendix II of thermal parameter calculations, the total thermal resistance
can be obtained by equation 7.2, if the input heat is known as 8.74W and the temperature
increase of the diode is 53°C.

Therefore:

Riota= 52°C / 8.47W = 6.12 °C/W

116



In the preliminary calculations, a 45° heat spreading angle is assumed and the total
thermal resistance of 6.12°C/W is a prerequisite. By setting the same initial conditions as
the measurement, the calculated equivalent thermal network can be simulated to obtain a
temperature cooling-down curve, which is shown as the smooth curve in Fig. 7.16. The
measured SiC diode temperature cool-down curve is shown as the “noisy” curve. Fig.7.16
shows that the simulated cool-down curve from the preliminary calculated network can’t
match the experimental curve. So further adjusting is required based on fully
understanding the thermal transient behaviors as well as the physical structure in the
EMC system.

In Fig.7.16, the measurement curve can be divided into two parts: very small time
constants part 1 and large time constants part 2. The small time constants are related to
the diode spreading domain and the large time constants are related to the ceramics and
copper plate domain. As explained in Fig. 7.17, during the cool-down process, the heat
first spreads from the chip to the region 1 of the die spreading domain, following the
45°C spreading angle. As time goes on, the large time constants decided by the ceramics
and the copper plate become dominant, so the stored heat in the region 2, which is from
the whole area of the ceramics and copper plate, plays the major role over a longer time.
In Fig.7.16, the simulated curve from the preliminary calculated parameters has larger
time constants than the experimental curve in the diode spreading domain, however, it
has smaller time constants during the ceramics and copper plate domain. Therefore, the
preliminary calculations should be adjusted as follows:

1. Adjust the thermal resistances and thermal capacitances of the ceramic 2 and 3

based on the full area (increase the time constants of part 2);

2. Adjust the thermal resistances and capacitances of the different layers in the die
spreading area, which includes the metallization and ceramic 1. (decrease the time
constants of part 1);

3. Provide more accurate thermal resistances for each layer. Due to the 45°C heat
spreading angle, the top half-part resistance will be larger than the bottom half-part

resistance in each layer as shown in Fig.7.15(a).
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Fig. 7.16 Simulated curve direct from the calculated equivalent curve

The cool-down curve is very sensitive to the thermal parameter change, which means
the parameters can be adjusted to accurately fit the experimental curve. Also, the thermal
parameter change of the different layers will change the different part of the curve, since
the time constants of the different layers become larger on the heat path. For example, if
the thermal parameters of the ceramic layer are increased, the middle part of the cool-
down curve will be higher than the experimental curve. Therefore, the calculated thermal
parameters can be modified to get a simulated cool-down curve to fit the measured curve
by adjusting the thermal parameters of every layer. An experimental based identification
on the thermal contributions can be performed by combining the physical structure

information and the experimental measurement.

118



Chip

Die spreading
—domain

2 4 — Ceramics and copper
t// plate domain

Fig. 7.17 Thermal behaviors during the cool-down process
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Fig. 7.18 Comparisons by considering the temperature dependent parameters

After the adjusting, two simulated curves are shown in Fig. 7.18 with the temperature

dependent parameters considered at 190°C and 232°C respectively. The measured
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temperature cool-down curve is shown as the “noisy” curve, which is located between the
two simulated curves. These shows that the large temperature change in the system will
result in the material thermal properties alteration, finally affect the thermal behaviors in
the system.

To match the measurement curve, the temperature dependent properties of different
materials, including the thermal conductivity and specific heat, are averaged using the
parameters at 190°C and 232°C. The averaged parameters are then input to the equivalent
thermal network for simulations. The final matching result is shown in Fig. 7.19. The
simulated temperature curve from the average thermal properties shows as the smooth
curve, which matches the measured curve very well. The thermal parameters employed in

the final matched thermal network are shown in Table 7.3.
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Fig. 7.19 Matched results with the average physical properties
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Table 7.2 Thermal parameters of different layers after adjusting

Thermal Resistance Thermal Capacitance

(°C/W) (J/K)

SiC chip 0.939 2.423x10”

Metallization 0.020 2.56x10”

Thermal grease 0.631 1.061x10”
Al,O3 ceramic 1.953 0.017

Thermal grease 0.362 1.848x107
Al>O3 ceramic 0.857 0.065
Thermal grease 0.070 0.010
Al,O3 ceramic 0.294 1.030
Thermal Grease 0.070 0.010
Heat Spreader 0.0452 0.543
Thermal grease 0.0694 0.010
Kapton 1.504 0.0081

The transient thermal measurement shown here is only applied to a high temperature
ECM using Cu metallization layers, not to a high temperature ECM using combined Cr
and Cu metallization layers yet. Because of the thin thickness of the Cr buffering layer
and the relatively high thermal conductivity of Cr at 94W/m' K, the measurement results
of a high temperature ECM, which uses combined Cr and Cu metallization layers, may be
similar to the results shown in Table 7.3. To explain it clearly, we consider a combined
metallization module shown in Fig. 5.8, which has a similar structure to the ECM under
test only using Cu metallization, which is shown in Fig. 7.15(b). The thermal resistance
of'a Cr buffering layer in the heat path can be calculated as below:

R, =—% =0.054°CIW
A

where d is the thickness of the Cr buffering layer at 50um, A is the thermal conductivity
of Cr and A is the cross-sectional area at 9.85mn’.

Therefore, due to the large thermal resistance from the junction to ambient in the heat
path, the thermal resistance of the Cr buffering layer can be neglected in the thermal

design.
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7.4.5 Summary

Experimental evaluation for the high temperature ECM is introduced in this chapter,
including the electrical and thermal testing. Forward and reverse characteristics of the
ECM are presented and the ECM has been operated up to 267°C. Then the steady-state
thermal measurement is presented with a simple cooling system under natural and forced
convection. The calculated and experimental results are in good agreement. The power
density attained under forced convection is 279W/in’ by running the module at more than
200°C. Finally, a high temperature transient thermal experiment is described to get the
transient thermal parameters of a unique Cauer-equivalent thermal circuit. The
temperature calibration, experimental setup, control circuit, temperature cool-down curve
and curve fitting are presented. Physical identification of the contributions can be
performed by combining the physical structural information and experimental
measurement. The temperature dependent parameters are considered in the transient
thermal measurement. The experimental results can be applied with a view to adopt the

packaging technology for more efficient high temperature packages.
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Chapter 8

Conclusions

8.1 Contributions

I. Development of a High Temperature 3-D Embedded Chip Module (ECM)
With A Mechanically Balanced Structure

a. The studies show that the material CTE match and the mechanically balanced
structure are important for high temperature applications.

Most current high temperature technologies have reliability problems due to the
material CTE mismatch and the unbalanced structure. The high mechanical stress occurs
at the interface between the CTE mismatch materials and distributes at one side of the

module due to the bending effect caused by the mechanically unbalanced structure.

b. This research develops a three-dimensional multilayer structure for high
temperature applications.

The three-dimensional structure has a low profile, better electrical performance and
improved thermal performance. Since no 3-D high temperature module has been studied

before, the research in dissertation is very important for the future research.

c. The high temperature embedded chip module has been measured up to 270°C.
The forward and reverse characteristics of the high temperature module were measured
up to 270°C. Additionally, the steady-state thermal testing demonstrates that the module

can be run at a very high case temperature of over 200°C.

Il. Implementations of New Material for High Temperature Applications

a. Glass is used in the high temperature module.
This research studies the relationship of the glass CTE and the glass firing temperature.
The study shows that the reduction of the glass CTE can lead to a high glass firing
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temperature. Thus by changing the glass composition, it is impractical to match the CTE
of the SiC chip at 4ppm/°C, while keeping the firing temperature below 400°C. So a glass
with CTE of 6.4ppm/°C is finally applied in the module. The proper method is

successfully developed to implement the glass to the high temperature module.

b. Resbond material is successfully implemented to solve the reverse breakdown
problem.

This research examines the SiC chip and the materials around it, in order to resolve the
breakdown problem of the high temperature module. It shows that the small holes and air
bubbles in the sealing glass layer around the embedded semiconductor chip, which is due
to the glass binder burnout in the firing process, cause the voltage breakdown. “Resbond”
material is implemented to solve the breakdown problem successfully, since this material

does not have the binder burnout problem.

¢. Chromium metallization is implemented using a hard chrome plating process.
Studies show that the Cu metallization layer can cause high mechanical stress and lead

to module failure at high temperature. The low CTE metal, chromium, is introduced and

successfully electroplated as a buffering layer in the high temperature module using the

hard chrome plating process.

lll. Development of a New Packaging Structure to Achieve the Low
Mechanical Stress

a. Combined metallization structure by using Cr and Cu.
Due to the high electrical resistivity of the chromium metal, a new combined
metallization structure by using Cr and Cu is developed, in which Cr acts as the stress

buffering layer and Cu as the lateral current carrying layer.
b. Development of a fully symmetrical structure with flat metallization.

To implement the combined metallization structure for reducing the mechanical stress,

different packaging structures are studied and compared. The mechanical stress is finally
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reduced to 126MPa in the chip area by employing a fully symmetrical structure with flat

metallization.

¢. Demonstration of the packaging process of the new packaging structure.
The packaging process of the new packaging structure is successfully developed
including implementation of chromium, the fully symmetrical structure and the flat

metallization.

IV. Understanding of the Cooling System Reduction in the Normal
Temperature Environments and the Reverse Behaviors of the High
Temperature ECM at High Temperature

a. The study shows that the cooling system can be reduced by 76% using a high
temperature module.

Studies show that the high temperature EMC can handle the power density of 284W/in’
under the forced convections with a small pieced of heat spreader with 2.1x2.1x0.2cm,
while the power density of the normal temperature module is only 68W/in’. The high
temperature ECM only requires 23.81% of the heat dissipated areas of a normal

temperature module.

b. The reverse characteristics of the high temperature ECM are studied.

The reverse behaviors of the high temperature EMC are studied through the
investigation of the SiC Schottky junction, the high temperature module package and the
passivation layer. The theoretical reverse characteristics of the SiC junction are built up
by considering the barrier lowering and the pre-avalanche multiplication effects. The
studies show that the leakage current at high temperature is caused by the SiC Schottky

junction and the passivation layer, not by the high temperature module package.
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V. Development of an Experimental Method to Obtain the Transient Thermal
Characteristics of the High Temperature Module

a. High temperature measurement by using the forward voltage of the high
temperature module.

The calibration is set up by using the relationship of the forward voltage of the ECM
and the temperature. The high temperature cool-down measurement is successfully

measured from 230°C to 180°C.

b. The temperature dependent parameters were considered in the analysis
The temperature dependent parameters such as thermal conductivity and specific heat

are examined to make the results more accurate.

c. A method was developed to obtain the transient thermal characteristics of the high
temperature module.

The method includes the high temperature cool-down measurement, the thermal
parameter calculations, development of the thermal network, simulations and
comparisons of the calculated and experimental curves. The transient thermal

characteristics of the high temperature EMC are developed using this method.
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8.2 Recommendation

8.2.1 Module Improvements

From the simulation results shown in Chapter 5, the thickness match between the SiC
chip and AIN substrate is important to reduce the thermally induced mechanical stress.
However, the thin AIN layer is prone to fracture during thermal cycling due to its low
flexural strength and fracture toughness. Silicon nitride (Si3N4) is a good candidate for
thin layer applications, since it has an intermediate thermal conductivity, a close CTE
match to SiC and 2.4 times of the AIN fracture toughness. The thermal studies have
shown that the high thermal conductivity of AIN is not of primary importance in this
application.

For further practical applications in the system, the ECM requires attachment material
for the cooling system. This material can be nanoscale silver paste, phase change material
or even high temperatue thermal grease. Furter investigations are necessary to

demonstrate the system applications.

8.2.2 Reliability Test

Although the ECM has been tested up to 250°C in the chamber for both forward and
reverse characteristics, the long-time reliability test has not been finished. Further
experimental setup and reliability analysis are essential to qualify the ECM’s realistic

applications.
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Appendix | Data Sheet for the SiC Schottky Diode

*

|“F|"EU“ Preliminary
'|-l'||'|'- _.L-. g
Silicon Carbide Schottky Diode
FEATURES: Applications: oy
s Warlds first 800V Schottiy diode *  SMPS, FFC, snubber I‘x J'
*  Revolufionary semiconducior matenal -
Silicon Carbide -
Switching behavior benchmark -
Mo reverss recovery
Mo temperature influence on the switching
behavior
Ideal diode for Power Factor Correction
Mo farward recovery
Chip Type Ver I Die Size Package Ordering Code
. § Ei-. _
SIDCDZDE0SIC2 GO0V | BA 1.4 % 1.4 mm? sawn on foil QE?D"E#‘EE
- . QE7050-A4162-
SIDCOZDE0SICE 600V | BA 14x14mm’ unsawn A2
MECHANICAL PARAMETER:
Raster size 14214
mm
Anods pad size 1.08 x 1.08
Area tofal / active 174271191 mn
Thickness 401 um
Wafer size 50 mm
Flat position a deg
Mlax. possible chips per wafer BET pos
Passivation frontside Fhotoimide
Anode metalization 3200 nm Al

1400 nn Mi Ag —sysiem

Cathode metalization suitable for epoxy and soft sokder die bonding

Die baond electrically conductive glue or solder
Wire bond Al = 250um
Reject Ink Dot Size 2= 0.3 mm

Recommended Storage Environment store in onginal {:Lérﬁ!?:t; m dry nitragen,

Edited by INFINEON Technologies Al PS DD HW3, L48144A, Edition 1, 01.10.2001
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—

|“|:|neu“ Preliminary
rac | [iN=R K= B s
Maximum Ratings
Parameter Symbol Condition Value Umit
Repetitive peak reverse voltage VRRru GO0 v
Surge peak reverse voltage Vazm GO0
Continuous forward current lmited by | .
F

Ti”l?l:
Singl Ise for et

MAIS LISE Tonware e leam T.=25°C, to =10 me sinusoidal 218 A
{dependng on wire bend configuradan)
Mazimum repefitive forward current Te=1007C, T,=150°C,

. lemu ri=i 4 28
lirmited by T jmu ==
Mon repetifive peak forward current lemas To =25°C, fp=10us il
Operating junciion and storage . - .
temperaturs Tj. Targ -85, +175 =
Static Electrical Characteristics {tested on chip). Tj=25 °C. unless otherwise specified

Value
Parameter Symbeol Conditions - Unit
mir. Typ. e

Reverse leakage current (/5 Ve=600W T =25°C 20 200 (pA
Fonward valizgs drop Ve le=6A T,=25°C 1.5 17|V

Dynamic Electrical Characteristics, at T, =28 °C, unless ciherwise specified, tested al component

- Value )
Parameter Symbaol Conditions _ Unit
miim. Typ. I,
Total capacitive charge Qe [e=fd
QA= Z00A s T, =150 °C 21 nC
Va=400V
Switching tims [ [p=(A
dirar=2 004 us T, =180 °C na ns
Va= 400V
Total capacitance [ fp=04 ooy <01
2iar=200A s R
TEI5°C ~
r=1MHz V=300V 20 pF
Ve=600V 15

Edited by INFINEDH Technologies Al PS DD HW3, L4814A, Edition 1, 01.10.2001
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Infineon
SIDC02D60SIC2
CHIP DRAWING:
- 1468 -
i
£ N |
= 5
i =
K / T
"
1 |
_;_165__: - 1880 -
| 1 |
I | | I
V. Flat Y,

Edited by INFIMEOM Technologies Al PS DD HV3, L4814A, Edifion 1, 01.10.2001
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Appendix Il Thermal Parameter Calculations

A2.1 Introduction

A one-dimensional thermal network is employed to analyze the high temperature ECM
system shown in Fig. A2.1. The simulation results based on this network is compared to

the experimental results to obtain the accuracy thermal parameters in the thermal network.

Metallization Glass
I T D
Grease 1

Ceramic 1
Ceramic 2 ¥ Grease 2
Ceramic 3 ¥~ Grease 3
Grease 4
—— &«— Grease 5

Hot Plate

Fig. A2.1 Cross-sectional view of the measurement setup

A2.2 Calculations for the thermal parameters of the bottom side
of the die

The thermal effect of the AIN carrier for embedding the chip is negligible because the
ceramic adhesive surrounding the chip has a low thermal conductivity. So the layers
under the bottom side of the die are: SiC, copper metallization, thermal greasel, ALOs3,
thermal grease 2, Al,O3, thermal grease 3, Al,Os, thermal grease 4, heat spreader, thermal
grease 5 and kapton tape layers, as shown in Fig. A2.1.

The total thermal resistance can be calculated by equation A2.1, since the input heat is
8.74W and the temperature increase of the diode from the measurement is 53°C.
Therefore:

Rioar= 53°C / 8.47W = 6.12 °C/W (A2.1)

To match the total resistance, each layer in the structure needs to be analyzed as below:

140



1. SiC layer
Consider that the thickness of SiC chip is 0.445mm and the thermal conductivity is 120
W/°C-m.

Thickness: d =0.445 mm
Thermal conductivity: A = 120 W/ °C.m
Area: A=14=196 mm’
Specific heat: c=7501J/Kg.°C
Density: p=3100 Kg/m’
Thus:

d

Thermal resistance R = =1.892 °C/W

A
=c

[H
Thermal capacitor Cg. =cp¥ =2.027x107 J/)K

2. Copper metallization layer

Consider that the thickness of the metallization layer is 0.075mm and the thermal
conductivity is 380 W/°C-m. To match the total thermal resistance, the conductivity area
of Cu is chosen as 19.7 mm?, because of the high thermal conductivity of the Copper.

Thickness: d=0.075 mm

Thermal conductivity: A = 380 W/ °C.m

Area: A=19.7 mm*
Specific heat: ¢ =385J/Kg.°C
Density: p = 8900 Kg/m’
Thus:

Thermal resistance R, = 4 - 0.01 °C/W

AU
Thermal capacitor C,, =cp¥ =5.14x107 J/K

3. Thermal Grease 1
Consider that the thickness of the thermal grease is 0.02mm and the thermal

conductivity is 3 W/°C.m.

Thickness: d=0.02 mm
Thermal conductivity: A =3 W/ °C.m
Area: A=19.7mm>
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Specific heat: ¢ =2092 J/Kg.C
Density: p = 2400 Kg/m’
Thus:

Thermal resistance R = =0.333°C/W

grease A D4
Thermal capacitor C,,,,,, =cp =0.002 J/K

4. Al,O;3 ceramic 1

Consider that the thickness of the Al,Os; is 0.5mm and the thermal conductivity is
26W/°C.m. The 45°C heat spreading angle is assumed in the calculations for this layer.

Thickness: d=0.5mm

Thermal conductivity: A =26 W/ °C.m

Area: A= 19.7+296 = 24.6 mm’
Specific heat: ¢ =800 J/Kg.C

Density: p = 3985 Kg/m’

Volume: V= Ax0.5=12.3mm’

Thus:

Thermal resistance R ,,,; = ﬁ =0.7692 °C/W
Thermal capacitor C,,,; =cpllV =0.03985 J/K

5. Thermal Grease 2
Consider that the thickness of the thermal grease is 0.02mm and the thermal

conductivity is 3 W/°C-m.

Thickness: d=0.02 mm
Thermal conductivity: A =3 W/ °C-m
Area: A=30mm’
Specific heat: ¢ =2092 J/Kg.°C
Density: p = 2400 Kg/m’
Thus:

d

Thermal resistance R = =0.222 °C/W

grease A D4
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Thermal capacitor C =clplV =3.012x107 J/K

grease

6. AlOs ceramic 2
Consider that the thickness of the A,Os3 is 0.5mm and the thermal conductivity is 26
W/°C-m.

Thickness: d=0.5mm
Thermal conductivity: A = 26 W/ °C-m
Area: A=30+42 =36 mn’
Specific heat: ¢ =800 J/Kg.C
Density: p = 3985 Kg/m’
Volume: V= (42+30)0.5/2=18 mm’
Thus:

) d N
Thermal resistance: R ,;,,; = ——— =0.5342 "C/W

A4
cp ¥ =0.05738 J/K

Thermal capacitor: C,,,,

7. Thermal Grease 3
Consider that the thickness of the thermal grease is 0.02mm and the thermal

conductivity is 3 W/°C.m.

Thickness: d=0.02 mm

Thermal conductivity: A =3 W/ °C.m

Area: A=42mm’

Specific heat: ¢ =2092 J/Kg.°C

Density: p = 2400 Kg/m3

Thus:

Thermal resistance: R, = ﬁ =0.1587 °C/W
Thermal capacitor: C,,,,, =clplV =4.217x1 07 J/K

8. AlOs ceramic 3
Consider that the thickness of the A,Os3 is 0.5mm and the thermal conductivity is 26
W/°C.m.
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Thickness: d=0.5 mm
Thermal conductivity: A =26 W/ °C.m

Area: A= 42+36 = 49 mm’
Specific heat: ¢ =800 J/Kg.C

Density: p = 3985 Kg/m’

Volume: V= (42+56)0.5/2=24.5 mm’
Thus:

Thermal resistance: R ,,,; = ﬁ =0.3925°C/W

Thermal capacitor: C,,,; =clpl =0.0781J/K

9. Thermal Grease 4
Consider that the thickness of the thermal grease is 0.02mm and the thermal

conductivity is 3 W/°C.m.

Thickness: d=0.02 mm
Thermal conductivity: A =3 W/ °C.m
Area: A=49mm’
Specific heat: ¢ =2092 J/Kg.°C
Density: p = 2400 Kg/m’
Thus:

d

Thermal resistance: R = =0.1361 °C/W

grease A
=C

Thermal capacitor: C IV =4.92x107 J/K

T

grease

10. Copper layer
Consider that the thickness of one fillet is 1.65mm and the thermal conductivity is 380
W/°C.m.

Thickness: d=1.65mm
Thermal conductivity: A = 380 W/ °C.m
Area: A =12x8 = 96 mm’
Specific heat: c=385J/Kg.C
Density: p = 8900 Kg/m’
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Thus:

Thermal resistance: R, = =4.523x107 °C/W

[H
Thermal capacitor: C., =cpV =0.5428 J/K

11. Thermal Grease 5
Consider that the thickness of the thermal grease is 0.02mm and the thermal

conductivity is 3 W/°C.m.

Thickness: d=0.02 mm
Thermal conductivity: A =3 W/ °C.m
Area: A=96mm*
Specific heat: ¢ =2092 J/Kg.°C
Density: p = 2400 Kg/m’
Thus:

d

Thermal resistance: R = =0.0694 °C/W

grease A
=C

4
Thermal capacitor: C oV =9.64x107 J/K

grease

12. Kapton
Consider that the thickness of kapton is 0.05mm and the thermal conductivity is 0.37
W/°C.m.

Thickness: d=0.05 mm

Thermal conductivity: A = 0.37 W/ °C.m

Area: A =12x8 = 96 mm’

Specific heat: c=1190 J/Kg.°C

Density: p=1420 Kg/m3

Thus: Thermal resistance: R,,,,, = ﬁ =1.4077 °C/W

Thermal capacitor: C,, =cp¥ =8.111x107° J/K
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Appendix Ill MATLAB Programs

cl ear;
home
| oad hllv.txt %l ot the voltage figure

V=h11lv;
x=0;
for i=3:7812500-2
if (V(i)>0.0001) & (V(i-1)<0.0001) & (V(i-2)<0.0001) % sum
% n=V(i +8) ;

for c=1:104
if (V(i+mtc)<l) %lel ete the wrong numnber
conti nue
el sei f (V(i +mtc) >2)
conti nue
end
g=q+V(i +mtc) ; % get the sum of the voltage
n=n+1,;
end
% f (V(i+2+c)>1)
i
i +m+c
n
% h=i +3+c;
% end
X=x+1,;
A(X) =x*1e- 3- le- 3;
B(x) =g/ n;
% C(x) =g/ n;
end
end
pl ot (A, B)
% for z=1:x
% tenp(z)=68. 061*B(z)-67.111;
% end
%l ot (A O
%l ot (A, tenp)
%l ot (A tenp,' --rs','LineWdth',2,...
% ' Mar ker EdgeCol or' , " k', . ..
% ' Mar ker FaceColor','g', ...
% ' Marker Si ze' , 10)
Y%save(' Z:\research\waveformonly wire
bond\total \tenpl00_230nms.txt', ' tenp','-ASCII")
Y%save(' Z:\research\waveform 12_19\total \ A360nms.txt',"'A",'-ASCl | ")
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Appendix IV Fabrication Process and Material
Properties
A3.1 Fabrication Process

Cleaning

Type of cleaning: NaOH (5%): 2 hr; H,SOy4 (5%): 2 hr; Acetone; air dried
Full name/information of materials used: NaOH (5%), H,SO, (5%), Acetone
Duration of process: > 4hr

Temperature: Room temperature

Size of substrate: 2°"x 2"’

Drying procedure: Air dried

Laser Cutting

Temperature: Room temperature

Size of substrate: 2°"x 2"’

Speed and power levels used:

power level at 120W is used for the AIN substrate cutting process. The cutting program
requires to be repeated 3 times for a finished substrate, due to the high thermal

conductivity of AIN.

Chip Embedding

Full name/information of materials used: Resbond 919 material from Cotronics Corp.
Temperature: Room temperature
Size of substrate and dies:

Substrate: 2°° x 2"’

SiC die: 1.4mm x 1.4mm
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Notes: The resbond paste is prepared by mixing 10g water and 50g resbond powders.
Then the paste is put into the sealing gap between the chip and the AIN carrier carefully.

The curing process may take up to 24 hours at room temperature.

Screen printing

Temperature: Room temperature
Full name/information of materials used: Glass paste 1191Hz from Ferro Corp.
Glass: 120 °C/10min - 275 °C/15min — 390 °C/10min, temperature rise: 1 C/min.

Size of substrate: 2"’ x 2"’

Sputtering

Vacuum: < 2 x 107

Type & Duration of Sputter:
Cr: 30 min
Ni: 30 min
Cr: 30 min

Size of substrate: 2°"x 2"’

Notes: Before sputtering, surfaces of each module were cleaned.

Photo resisting:

Duration of process:

Soft bake: 85 °C/45min;

Exposure: exposed under ultraviolet light for 20 minutes (exposed part can’t be washed
by developer),

Developer: the ratio of water and D4000 is 1: 20;

Soak the sample into the developer to wash away the unneeded photo resist for 20
minutes.

Temperature: Room temperature
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Size of substrate: 2"’ x 2"’

Cr Electroplating

Duration of process:
Plating current: 300mA/cm’
Plating time: 1.5 hr
Temperature: Room temperature
Spacing and sizes of materials: 200 mm’
Full name/information of materials used: Chromium crystals from Caswell Corp.

Size of substrate: 2°"x 2"’
Notes:
The hard plating solution is prepared with 16 fl. Oz of distilled water, 1 kg of chrome

crystals (CrO;3) and 10 milliliters of sulfuric acid (98%).

Cu Electroplating

Duration of process:
Plating current: 20mA/cm’
Plating time: 3 hr
Temperature: Room temperature
Spacing and sizes of materials: 200 mm’
Full name/information of materials used: Cu>SO,

Size of substrate: 2"’ x 2"’

Etching

Duration of process: 20-30 minutes for each module
Full name/information of materials used: Ni and Cr micro-enchants

Size of substrate: 2’ x 2"’
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A3.2 Material Properties

A3.2.1 Glass paste

FERRO

ELECTRONIC MATERIALS

@

Description: Ferro low tempseraturs
compositions are screen primtable thick film
glass pastes for hemetic sealing of alurmina
ceramic packages, glass optoelectronic
displays and many other sealing applications.

The compositions contain glasses, which have
wvery low softening points, in the range of 340-
375°C. The low softening points permit using

a low peak temperaturs during glazing and

sealing operations. This feature is particularly

important in sealing operations involving
packages containing thermally sensitive

semiconductor devices. The low temperature

featurs also eliminates bowing of the glass
panels during sealing of large area displays.

Ferra's 1161HZ sealing glass features a large
particle size for sealing alumina ceramics, such

as Cerdip package lids. Offers low alpha
emission, good chemical resistance and
hermeticity.

Processing Recommendations

Printing: Stainless steel screens with ary mesh

openings that will accommodate the particle
size of the paste may be used. Generally.
thick seals will require large screen openings,
such as BO mesh and thin seals will call for
similar screen openings such as 200 mesh.

Screen emulsion may be vared from about 0.5

mils to 3.0 mils, depending on seal height
desired.

Paste Storage & Shelf Life: The paste should
e stored in tightly capped comtainers, in a
cool, dry place awsay from direct sunlight.

Properly stored material will have a shelf life in

excess of B months.

Mems & Sensor Materials

1161HL
Dielectric

Drying: Wet prints can be dried up to 150°C in
a convection or forced-air oven, orin a belt
dryer with either conventional or infrared
heating.

To better control print definition or slump,
slower initial drying at a lower temperatuns,
e.q. B0° to 100°C, is recommended, followed
by a pericd at 150°C to insure complets
=zalvent removal.

Thinming: Thinning is not recommended, since
the paste is supplied at the comact viscosity
for application. Contact your local Ferro
Representative for appropriate solvent details,
should thinning become necessary to replace
salvent lost through evaporation.

Glaze Cycle: The wehicle in 116 THI low
temperature sealing compositions will be
rermmoved during the glaze cycle at about
280°C, The glasses begin to sinter and lose
particle identity at about 340°C. To avaoid
wahicle entrapment, a furnace time-
temperature profile showuld be used that
produces a plateau region in the first half of
the glaze cycle at about 280°C. This is
followed by a temperature increass to 380-
400°C, in the last half of the cycle. The actual
peak temperature selected depends on
substrate mass and final application. Some
experimentation in selecting a peak glazing
temperature will b2 required which produces a
glaze free of air bubbles and wehicle binder.
The peak temperature is not limited to 400°C,
or the eventual peak temperature wused during
the seal cycle; it may b= lower or higher.

Rew: 1200

150



& FERRO

ELECTRONIC MATERIALS

Page Two

Seal Cycle: The object during the seal cycle is
to simply re-soften the glaze which has been
applied to one, or both surfaces to b= sealed.
This requires a peak temperature, cccurring
mid-way in the cycle, as low as 400°C, A
peak temperature lower than 400°C may be
used with some compositions when weights
are used to apply pressure. The peak
temperature should be held for just a few
minutes (2-3), long enough to re-flow the
glazed surfaces and accomplish the seal.

Mems & Sensor Materials

1161HZ
Dielectric

_T}'pin:.al Proparties

Typical Uses:

Alumina

Usual Scresn Mesh:

80

Feak Glazing Temperature:

380-440°C

Peak Sealing Temperature:

400-420°C

Thermal Expansion Cosfticient, ix10-7/°C) (20-250°C) G4

Density, grams/co

5.4

Dilatometer Softening Paint

37s"C

&lpha-Particle Emission (counts/hourdcm)

=1

Diglectric Constant (1kHz)

15

Dissipation Factor (32 & TkHz)

0.7

Walume Resistivity, ohm-cm & 25°C

=101

Breakdoem Woltage DC Valts/mil

=300
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A3.2.2 Resbond material

ELECTRICALLY RESISTANT ADHESIVES

2800°F - RESBOND 919

Electrically Resistant Adhesive

Resbond 919 was formulated with the use of Cotronics’
proprietary ceramic binders to offer an adhesive with
exceptionably high electrical resistance.

These special binders maintain their high electrical resistance

and dielectric strength even when exposed to temperatures

up to ZB00°F.

Resbond 919 has a dielectric strength of 270 volts/mil and a

Volume Resistivity of 10! ochm-cm (at room temp.).

Just mix the 919 powder to a creamy paste, apply and drv at

room temperature,

Users Report:

« Bonds electrode rods into electrically insulating ceramic
tubes and protects them from voltage breakdown and
corrosive atmaosp heres.

« Seals light bulb fixtures, insulating them with out cracking
when exposed to heat and thermal cycling.

« Forms protective tubes for fiberglass covered extension
wires, Protecting against heat and corrosion.

Use Resbond 919 for electrical insulation in potting, sealing,

coating, ingnitors, heating coils, instrumentation,

thermocouples and in all electrical applications.

152

Room Temp. Cure - Use to 3000°F

Applying 919 to Secure a Hi-Power Resistor

Resbond

Continous Use Temp. °F
Base

Form

Compressive Strength (psi)
Flexural Strength (psi)
Thermal Expansion (107 FF)
Thermal Conductivity”
Dielectric Strength (vokts / mil)
Wolume Resistvity (ohm cm)
Components

Calor

Consistency

“BTU in/{ Hr °F Ff*

920
3000

ALD,

Faste
4.5
270

1011

Paste



A3.2.3 Hard chrome plating

PREPARING CASWELL HARD CHROME SOLUTION

Preparation of Solution
To make approx _ gal of CASWELL Hard Chrome Sclution:
Add 5.5 US Pints (16 fl cz) of DISTILLED WATER to the tank.
Add 1 can of CASWELL Chrome Crystals to the water. (1kg) ‘g

Add 30 mulliliters (1 fl oz. or approx 3 teaspoons of BATTERY ACID

To make up lavger quantities, multiply the figure accordingly.

Therefore a 4 gallon setup would need 12 pints (4 x 5.5) DISTILLED
WATER.

4 cans af CASWELL Chrome Crystals {4 x Ikg)

120 milliliters {4 fl oz or 12 feaspoons) of BATTERY ACID

Evaporation. Water loss by evaporation takes place in the mixed Caswell Hard Chrome solution as a result of contact with
the atmosphere. It is recommended that solution level be checked daily and the necessary amount of water added each day to
maintain the original level. Daily evaporation loss is small, but may be minimized by keeping the plating tank covered when
not in use. To avoid damage to glass heaters, only raise the level when they are cold.

Contamination. Caswell Hard Chrome solution is designed to minimize the effects of contamination. Non-ferrous metals
such as brass, bronze, copper and zmne.. etc., if allowed to remain i the solution for long periods of time. either being
stripped, or not electrically connected may cause contamunation of the Caswell Hard Chrome. thereby reducing the efficiency
of the solution or shortening its effective life. DO NOT STRIP NON-FERROUS METALS (Brass, copper. broanze, etc.) in
Caswell Hard Chrome Solution.

See procedure for cleaning and plating non-ferrous metals.

Your Caswell Chrome setup should be located where atmosphere is free of heavy dust or o1l mist. If the solution is covered
with an oil film, the oil will tend to cling to the tool or part when. It is immersed nto the soluticn and cause plating failures.

Temperature Caswell Hard Chrome solution is designed for operation at room temperature (65-90F). In cases where the
rooin temperature drops. lowering the temperature of the Caswell Hard Chrome solution to below 65F, the solution must be
brought up to plating temperature before use. For optimum results, set your tank heater thermostats to approx 80 F
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REATE OF DEPOSITION CHART

The Fate of Deposttion Chart illustrates the

L thickness of Chrome plate deposited on the
surface of the base metal in aoy given time,
TR bazed oo the recommended current density
of 2 amps. per sg. . For exampls, should
e s vou want to increase the dizmeter of a plug
8T - - gage 'tl:.'_EI.IIIIZII". approximatsly 15 mipres
f plating fime at the standard curent density
S0 = - of 2 amps. per sg. in. would be necessary in
— d«*; order to deposit (00057 on the surface of the
- plug gaze.
L e-H
| E In the GEWERAL HARD CHROME
£ PLATIMNG INSTEUCTIONS (p 92), nofice
RIT B that an inital plating acton (after siripping)
il ts based ow 3 current density of 1 amp. per
e ,.n"" 5. in., and that the instructions call for dus
Azl ) lower current density to be maintained for 1
| muivnate, after which fthe current density is
=P then increased o the higher rate of 2 amps.
. -bie PEr 5. In.
i IMPORTANT -
e o
_.r‘f - ALL TIMING CALCULATIONS
R sray REFERRED TO IN THE RATE OF
e 1 1 1 DEROSITION CHART ARE BASED ON
Plaklag Time {is taura] TEHE 2 AMP PER 50.IN.
NEiE
2 CUREENT DENSITY AND TIMIMNG
REQUIRED FOR THE DESIRED
woan DEPOSIT THICKMESS SHOULD START
I N N N O S WHEN THE 2 AMP . PER
1B B 0I5 18 N M OIT S ¥ M 4 BRI 4 sa 51 .= g7 A0 SQ.IN.CURRENT DENSITY STARTS.
Roaie of Deposiien Chart Current Densities
Values piven are hased on the recommended corrent density of 2 amps per si), n
Solution tenp 20 deg £ Cuarent density is dafined as the ampserage
) {current} applied to cne sq. o of surface o
! he plated with your setp.

Tools and parts are always plated at the cument density of 2 snps. per sg. in As an example of how o srrive at the proper
ammnater reading for tools or parts to be plated, assume a oarting tool witk 5 square inches of surface 1o be plated During
plating, the smmetar would e sat to read 10 amips. (After the fmorial stripping and platog procedurs has been followed) the
ammeter reading would remain at 10 amps uatil the desired deposit thickpess 15 attalned.
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Appendix V Theoretical Calculation for SiC

Schottky Junction [50] [51]

Effective Richardson constant: A= 146EIO4

AA

A.m-2.K-2 (4H-SiC)

Boltzmann's constant: k:=8.61700 >
Barrier height between the metal and semiconductor:  ®g:=1.1 ev for Ti/4H-SiC
SiC dielectric constant: £:=9.6¢ €0 :=8.854x 10?2 F/m
Electron charge: q:=1.600 19 Q
Doping concentration: Vb:i=60( V
Ideality factor: n:=1.2
Thickness of depletion region: W= 024000 9 m
Drift region doping concentration: Ng:= 7,1|:|1018 1/m?®
Barrier lowing effect due to image force lowing:
2Ny
q0 - [@Vr+ Vb) jzmmd
eldo E_ = [(Vr+ Vb)
FAY = m
% armt{elo) elgo
Multiplication coefficient Mn ‘= !
Due to avalanche breakdown: 2N, 493
-43300 % QVe+Vb) | W
1- 15201 e t+n
A4.1 Only consider the SiC Schottky junction
Temperature (K): T :=46: T1:= 427 T2 :=37: T3 := 50¢
Current density:
-vr ) (©5)
vy = -arme T -1 KT
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-vr ) - (@)

KITL ) KT

2
JLI(VI‘) =-AlT1 I£e

-vr ) - (@)

T2 g K2

2
I (VD 1= -A[T2 £

-vr ) - (@)

KT3 ) kT3

I (VD = -A T3° £e

6

r’ig LV, 236°C

T 0 (VD)

_E‘..'\ —

=T (VD)

=

2 ItV

8
190°C

0
0 200 400 600 800

Voltage (V)

Fig. A4.1 Reverse characteristics without barrier lowing

A4.2 Consider the barrier lowering effect

Current density:

2EIN
q0 TVr+Vb)
- (D -
£ —vr ) B 4[{elRo)
Joavo = -Am e T -1 e K
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2N

q0 [QVr+Vb)
P €ldo
-ve ) B Af{elEo)
TV = AT T -1 e kT
2GIN
q0 [QVr+Vb)
P €ldo
-ve ) B Af{elEo)
TV = AT e T -1 e kT2
2GIN
q0 [QVr+Vb)
— (D —
-ve ) B AfT{elEo)
I gV = ATl T -1 e K
8 236°C
& I3V
% USAEON
b —
R PAL)
& 4
5 JLavo
4 .
o] 2 190°C
0
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Voltage (V)

Fig.A4.2 Reverse characteristics with barrier lowing
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A4.3 Consider the multiplication coefficient due to avalanche breakdown

Current density:

2N
q0 [Vr+Vb)
_ (D _
£ v ) B Aff{elRo)
. 1 124 kT K[T1
JLa(VD =-All " T1 N e 1)@
_2{ 260N }
-4.3300 Qvr+Vb) | W

| 1- 15201 —e t+n |

100

80
eig I 5(VD)
= T 60
2 (VD
o= 0
B 1w 236°C
= 146°C
g
5
= " 190"0\

0 ,

0 200 400 600 800

Voltage (V)

Fig. A4.3 Reverse characteristics with barrier lowing and multiplication
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