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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 200oC) 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/in3 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 



 III

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 250oC, 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 
 
A          Area, m2

 

c           Specific heat, J/Kg-K 

d           Thickness, m 

I            Current, A 

k           Thermal conductivity, W/m-K 

Q          Power loss, W 

RE         Electrical resistance, Ω 

RTh        Thermal resistance, °C/W 

t             Time, s 

T            Temperature, °C 

V           Voltage, V 

ρ                  Density, Kg/m3  

ν             Poisson�s ratio 

σ            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 350oC, 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.  
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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. 
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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 267oC. 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. 
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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].  
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Fig. 2.1 25µm 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 500oC. 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 
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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. 

   

 

 

 

 

 

 
      

 

 

    

  (a) Average pull strength of 1 mil gold                                   (b) Average pull strength of 1 mil platinum  

 wire bonds. Error bars are two standard deviations.                 wire bonds. Error bars are two standard deviations. 

 

 

 

 

 

 
 

 

 

 

         

       (c) Average pull strength of 10 mil platinum wire bonds.                                   (d) Contact metal lifted  

                 Error bars are two standard deviations.                                                       from beneath a wire bond 

 

Fig. 2.2 Pull strength comparisons for different wire bonds 
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Thick film metallization based wire-bond also is used in [3] for high temperature (up to 

500oC) 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 500oC 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 500oC 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. 

 

 

 

 

 

 
 

 

 

 

Fig. 2.3 Electrical resistance of 1 mil wire bond on room temperature and 500oC 
 

 



 8

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 150oC as shown in Fig.2.4 (b) and the long-term reliability characterization 

was not considered in this paper. 

 

  

 

 

 

 

 

 

 

 
 

                          (a) Experimental setup                                                (b) Module testing results 

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 AlN substrate 

at the bottom serves as a receiving platform for the SiC sensor. The bottom AlN substrate 

also serves as the first level of protection of the sensor from harmful particulates in the 
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high temperature environment. The bottom substrate, together with the top substrate, 

which is also made from the AlN, 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 600oC 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.  

  

 

 

 

 

 

 

 

 

 

 

 
 (a) (b) 

Fig. 2.5 Schematic drawing of the packaged sensor structure 
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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 AlN substrate 

using gold bumps. No-flow epoxy underfill was then used to fill the air gap between the 

chip and the AlN substrate. This module operated at the maximum active region 

temperature of 250oC. 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 oC 

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 AlN 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 250oC; 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 

 

 

 

 

 

 

 

 

 

 
 

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]  

 
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 1000Å) is sputtered followed by a seed layer of copper (1000Å). 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 250oC. 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. 

 

 
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 350oC) 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] 

 

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 

 

(a) Assembly of top components and bottom base substrate 

 

 

(b) Integrated power chips stage (c) Zoom-in cross-section view 

Fig. 2.10 Embedded power technology 
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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 350oC. Although the gold bump could replace the 

solder ball, the high process temperature up to 1000oC 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. 

 

 

 

2.4 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 

 

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.  

 

 

(a) Proposed high temperature embedded power module 

 

 

 

 

 

 

 

(b) Detailed cross section of the module 

Fig. 3.1 Proposed embedded chip module(ECM) with double-sided metallization structure 
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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 AlN. 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. 

 

 

 

 

 

 

 
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 AlN or Si3N4, 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/oC, 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 SiO2, B2O3, Al2O3, ZnO, MgO, CaO, BaO, 
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PbO, Li2O, Na2O and K2O. The different oxides have different contributions on the glass 

properties, such as durability, density, viscosity, and CTE.  
 

 

 

 

 

 

 

 

 

 

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. 

 

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. 

Fig. 3.4 Glass firing temperature profile 
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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 (Ta) to the Strain Point (Tst).  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 

7ppm/°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 380-440oC 

Peak sealing temperature 400-420oC 

Thermal expansion coefficient, (x 10-7/oC) (20-250oC) 64 

Density, grams/cc 5.4 

Dilatometer softening point 375oC 

Dielectric constant (1kHz) 15 

Dissipation factor (% @1kHz) 0.7 

Volume resistivity, ohm-cm@25oC >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 AlN substrate filled by glass only and (b) presents the 

structure of a SiC chip embedded inside an AlN 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). 

 

 
(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 2800ºF. 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. oF 2800 

Base Mg0-ZrO2 

Form Paste 

Compressive Strength (psi) 4500 

Flexural Strength (psi) 450 

Thermal Expansion (x10-6/oC) 4.5 

Thermal conductivity (W/m.K) 0.577 

Dielectric Strength (V/mil) 270 

Volume Resistivity (ohm cm) 1011 

Components 2 
 

The physical properties of this material are shown in Table 3.2. Resbond 919 has a very 

similar CTE of 4.5ppm/oC to SiC and AlN, 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 1011 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 AlN carrier 

carefully. The curing process may take up to 24 hours at room temperature; however, 

curing process can be accelerated by keeping at 65oC 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 300oC. Parylene HT is a new 

fluorinated variant of Parylene polymer that provides thermal stability up to 450oC. [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 400oC, 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/oC, 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/oC, 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] 

 

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 

 CTE 

(ppm/oC) 

Electrical resistivity 

(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 
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Maximum mechanical stress

Interface between 
Mo/Cr &Cu Interface between Mo/Cr & SiC

Cr/Mo

Cr/Mo

Cu (65um)

Cu (65um)

SiC 

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 

choose the proper thicknesses for both Cu and Cr to get the optimal tradeoff.  

 

 

 

 

 (a) 

 

 

 

 

 

 

 

 

 (b) 
Fig. 3.6 Combined structure using Cr/Mo and Cu metallization 

Fig. 3.6 shows a simple structure, which analyzes the mechanical stress at 210oC 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 I-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. 

 

 

 

 

 

 

 

 

 

 
 

(a) Cr case 

 

 

 

 

 

 

 

 

 

 

 

 
(b) Mo case 

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. Cr3+ 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 Cr3+ 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 � 

4X106 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 (300oC 

for SiC vs. 150oC for Si).[38][39] 
Table 3.4 Physical properties of semiconductors 

 

  
            (a)                                                                                                     (b) 

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: Al2O3, 

AlN and Si3O4. Their thermal and mechanical properties are shown in Table 3.4. 

As shown in Table 3.4, aluminum nitride (AlN) 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 (Al2O3). 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 

 

 

3.5.2 Substrate Selection 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Model structure                                                                                       (b) Al2O3 case 

 

 

 

Properties Adhesive Al2O3 AlN Si3N4 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 

Substrate 

Chip 

Ceramic adhesive 683MPa 
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(c) AlN case                                                                                                    (d) Si3O4 case 

 

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 390oC, which is the glass paste firing 

temperature. The mechanical stress results of the Al2O3, AlN and Si2O3 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 Al2O3 

as the substrate material. The case using Si3N4 substrate has a maximum stress 167MPa. 

AlN 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, AlN had the 

highest thermal conductivity, which potentially improved the heat dissipation ability of 

the module. Therefore, AlN was chosen as the substrate material in our applications. 

 

 

 

110MPa 167MPa 
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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 AlN 

substrate is finally chosen since it has the lowest stress in the structure compared to the 

Al2O3 and Si3N4 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 24oC 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 24oC, 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. 

 

 

 

 

 

 
 (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 q0 corresponds 

to the thermal power in the heat source, the ideal voltage generator T0 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 Ri 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: 

R1 R2

C1 C2 C3

Heat Generation

R3

Heat Sink

qo To

R1 R2 R3

C1 C2 C3
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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. 

 

 
 

 

 

 

(a) R-C cell 

 

  

 

 

 

 

(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 RTH1, RTH2, RTH, capacitance CTH can be expressed in equation (4.1), 

(4.2) and (4.3). 

Sk
hRTH ⋅

=                                                                    (4.1) 

  VcCTH ⋅⋅= ρ                                                               (4.2) 

221
TH

THTH
R

RR ==                                                       (4.3) 

where h  -- Thickness of one layer    S -- Cross-section area 

           k --  Thermal conductivity     c -- Specific heat 

           ρ -- Density                            V-- Volume 

 

4.2.2 Model for FE Analysis 

   The 3-D finite element models were created using commercial software, I-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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where q� is the heat flux, k is the thermal conductivity, and T is the temperature. It can be 

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 ),                                                           (4.5) 

where Q is the quantity of the heat convection, h is the heat transfer coefficient in W/m2-

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

is the ambient fluid temperature. 

 

4.3 Simulation 

 

 

 

 

 

 

 

 

 

 

 
 
 

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 Tm 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 ∆Tjc1 

under high environmental temperature is almost equal to the junction-to-case ∆Tjc2 under 

normal temperature. That is:                                           

∆Tjc1 ≈ ∆Tjc2 

However, the case to ambient temperature ∆Tca1 and ∆Tca2 are different for both cases 

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

∆Tca1 < ∆Tca2 

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 α1 and α2 

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:  

∆Tjc2 ≈ ∆Tjc3 

Since the maximum allowable temperature of the SiC chip is much larger than the Si 

based chip, the case to ambient temperature ∆Tjc2 of the SiC based module is much 

higher than the temperature ∆Tjc3 of the Si based module. So: 

∆Tca3 < ∆Tca2 
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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. 

 

 

 

 

 

 

 

 

 

 

 

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 

 

 

 

 

 

 

 

 

 

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 200oC, since the used SiC Schottky diode is not suitable for temperature 

larger than 200oC 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 AlN 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 

Item Material Characteristic 

Thickness 

(mm) 

Thermal 

Conductivity 

(W/m-K) 

Diode Chip SiC 0.425 120 

Substrate AlN 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 
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heat transfer coefficient at 20 or 80 W/m2-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 0.67oC/W, so 

the temperature difference between the bottom copper to the ambient is about 10oC. 

Therefore, the boundary condition of the bottom surface of the metallization layer was at 

constant temperature of 210oC. 

 

 

 

 

 

 

 

 

 

 
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 

224oC 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 (36x10-6)(220-200) =  0.0144 W 

where the heat transfer coefficient h is 20 W/m2-K, the convection surface area A is 

36mm2, the temperature of the top surface Tw is 220oC, 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 (Rjt and Rjb) then dissipates to the air (Rta and Rba). In this thermal 

model, Rjt is the thermal resistance between the junction to top metal surface, Rta is the 

thermal resistance between the top metal surface to ambient, Rjb is the thermal resistance 

between the junction to bottom metal surface, and Rba 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 224oC and the environment 

temperature is 24oC. 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 Rjb is composed by half 

of the chip resistance Rchip and the copper fillet resistance Rfillet. Therefore, we can 

calculate the Rjb using equation 4.1 and 4.3, then we know the copper surface temperature 

Tw is 207.78oC. So we can know the required surface area for heat dissipation under 

convection at 20 and 80 W/m2-K [45] using equation 4.7. 

0816.11356.0946.0 =+=+= filletchipjb RRR  oC/W                           (4.6) 
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Table 4.2 Comparison of a Si based module and a high temperature ECM 

 

 

 

 

 

 

 

 

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 24oC. Under 

both convection conditions, the high temperature ECM only requires 23.81% heat 

Convection Condition h=20  W/m2-K h=80 W/m2-K 
Maximum safe operating  temperature (oC) 84 224 84 224 

Heat transfer coefficient ( W/m2-K) 20 20 80 80 
Required heat dissipated area (cm2) 171.3 40.8 42.825 10.2 

Length of 2mm thick heat spreader(cm) 9.1 4.33 4.43 2.08 
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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/m2-K, the high temperature ECM shown in Fig. 4.5 only requires a heat 

spreader with the size of 2.08 x 2.08 x 0.2 cm to dissipate 15W heat generation. 
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Fig. 4.8 Comparisons of the required dissipation areas 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Fig. 4.9 A high temperature ECM with a 2.1x2.1x0.2cm heat spreader under forced convections 

h=20 W/m2-K h=80 W/m2-K 
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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/m2-K. The ECM is attached to a heat spreader with 2.1 x 2.1 x 

0.2cm at environment temperature 24oC. The maximum junction temperature in the ECM 

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

 

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 

200oC. 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 VR is applied to the Schottky barrier, the leakage current 

density can be expressed as below: 

]1[ )/()/(2 −= −− kTqVkTq
R

Rbn eeATJ φ                                                                        (4.8) 

Where A is the effective Richardson constant A/(cm2K2), T is the device temperature (K), 

q is electron charge, Φbn 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 100oC, 150oC, 

190oC and 236oC. 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 100oC and 150oC 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 ∆Фb, is 

given by: 

s

m
b

qE
πε4

=∆Φ                                                                                          (4.9) 

where εs is the SiC dielectric constant. The maximum electric field Em is related to the 

applied reverse bias VR by: 

)(
2

biR
s

d
m VV

qN
E +=

ε
                                                                           (4.10) 

where Nd is the drift region doping concentration (1/cm3). 
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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: 

]1[ )/()/)((2 −= −∆Φ−− kTqVkTq
R

Rbbn eeATJ φ                                                         (4.11) 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                    

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 Mn, the electron 

multiplication factor. Then this multiplication coefficient Mn can be given by: 

)1(52.11

1

1
1033.4 93.424

n
WEn

m

e

M
+

×− −

−−

=                                                                 (4.12) 

where W is the thickness of the depletion region. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

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 200oC, the leakage currents are relatively low 

while the reverse voltage is below the breakdown voltage 600V. However, as the 

temperature becomes higher more than 200oC, 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 24oC 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/inch3. 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 200oC. 
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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 210oC, 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 AlN substrate as compared to the SiC chip in the module shown in Table 5.1, 

we change the thickness of the AlN 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/oC.   

 
 Table 5.1 Important properties of different parts and materials 

 

 

  

 

 
(a) Case 1 with high temperature solder attachment 

 

 

Item Material Characteristic 

Thickness 

(mm) 

CTE 

(ppm/oC) 

Module of 

Elasticity 

(GPa) 

Stress-free 

Temperature 

(oC) 

Diode Chip SiC 0.425 4 420 25 

Substrate AlN 0.508 4.5 329.7 25 

Sealing material Resbond 0.508 4.5 70 25 

Screen-printing 

layer 

Glass 0.125 6.4 70 400 

Metallization layer Cu 0.075 16.5 124 25 

Metallization layer Mo 0.075 4.8 329 25 

High temperature 

solder 

Au80Sn20 0.085 16.5 136 390 

Nanoscale silver Ag 0.085 19 10 390 
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(b) Case 2 with Nanoscale silver attachment 

 

 

 

 

 

 

(c) Case 3 with no material under the chip 

 

 

 

 

 

 

 

 
(d) Case 4 with double-sided metallization 

 

 

 

 

 
 

 

(e) Case 5 with the same thickness of chip and AlN substrate 
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(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 400oC 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. 
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Fig. 5.2 The ECM structure with displacement constraints 

 

 

 

 

 

 

 

 
      

    

 

 

 

 Case 1: An unbalanced structure                                                Case 3: A balanced structure 

 

 

 

(a) Structure comparisons 
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(b) Case 1 

 

 

 

 

 

 

 

 

 

 

 
 

(c) Case 2 
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 (d) Case 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

(e)Case 4 

 

 

Metallization

AlN

Thermal adhesive

Chip

MetallizationMetallization

AlN

Thermal adhesive

ChipChip

450MPa 

484MPa 

 

AlN
 

 Glass

 

Metallization

Chip

Adhesive 



 66

 

 

 

 

 

 

 

 

 

 
 

 

 

(f)Case 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(g) Case 6 

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 AlN 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 AlN 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 AlN 

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 α, 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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(b) 

Fig. 5.5 A cross-sectional view of changing the thickness d and angle α 

 

By employing I-DEAS simulations, the mechanical stresses as a function of the Cr 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.6 Mechanical stresses changed with Cr thickness d 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.7 Mechanical stresses changed with Cr layer at 50um and as a function of angle α 
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While keeping the desired Cr thickness at 50um, we changed the Cr layer angle α above 

the chip from 0o to 85o. The simulation results are shown in Fig. 5.7. As the angle α 

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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where ρ is the Cr electrical resistivity at 12.7uΩ.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 

24.27uΩ, so this demonstrates that the resistance increase due to the Cr buffering layer 

can be neglected in the electrical design. 
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(b) 

Fig. 5.8 Flat metallization structure 

 

The structure shown in Fig.5.8 is not a fully symmetrical structure, so the mechanical 

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 AlN 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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Fig. 5.9 Fully symmetrical structure 
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Fig. 5.10 Fully symmetrical structure using nanoscale silver 
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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. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

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 25oC. Therefore, by using the fully 

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

and the module reliability is expected to be highly improved. 
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                           Fig. 5.12 Edge termination technology to reduce the high edge stress  
 

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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5.4 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 AlN 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 25oC. By calculations, the 

additional electrical resistance caused by one side Cr layer is only 24.27uΩ, 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 AlN 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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(a) Layout design 

                        

                                                                                        

   (b) Top copper layer                                                   (c) Chip layer 

                                                    

(d) Bottom copper layer                                         (e) Cutting layer 

Fig. 6.1 Layout design 
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6.3 Laser cutting process 

 
(a)                                

 
(b) 
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(d) 

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 

 6mm
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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 AlN 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 65oC for 

4 hours. 
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                                   (b)                                                                                               (c) 

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  

 

 

 
  

 

 

  

 

 

  

 

                                                       (a)                                                                                     (b) 
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] 
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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 
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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 
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      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 (CrO3) 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/cm2 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. 

 
 

 

 

 

 

 

 

 

 (a)  First step to form Cr fillets 
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(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/cm2 

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. 
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Fig. 6.9 Cu electrical plating 
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(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 
  

 

 

                   

 

 

 

       (a)                                                                (b) 

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). 

  

 
 (a)                                                                                      (b) 

 

 

 

 

 

 

 

 

 

 

(c) 

Fig. 6.12 Final cutting and assembling process 

 

In total, two kinds of modules were manufactured for testing, i.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). 

1cm 
1cm 
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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 mm2 

silicon carbide Schottky diodes (SIDC02D60SIC2). 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:  

 
τ

ρ
d
dTVcq ⋅⋅⋅−= ,                       (7.1) 

             Temperature increase ∫ Ο=
⋅⋅

=∆
t

Cqd
Vc

T
0

065.21 τ
ρ

 

 

where density (kg/m3) ρ is 3100, pulse period T is 2E-4, specific heat capacity (J/kg.K) c 

is 750, chip volume (m3) 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. 

 
 

Fig. 7.1 Experimental setup 

 

Module 
One-pulse testing 
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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 279oC. 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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(a) ECM with only Cu metallization layers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

(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 250oC 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 236oC. The reverse leakage current increases as the 

temperature increases. As the temperature exceeds 200oC, 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 AlN 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 270oC 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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(a) A structure to measure the package leakage current 

 

 

 

 
 

 

 

 

 
(b) Leakage currents due to the package around the chip at 270oC 

 

 

 

 
  

 
 

 

 
 

 

 

 

 

(c) Measured reverse characteristics of a high temperature ECM 
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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 1x1mm2, 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 270oC 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. 

 

 

 

 

 

 

 
 

 

 

 (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. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

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 210oC (case temperature) with the input power at 5W under 

natural convection, while the case temperature is still very low at 70oC 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/in3 at case temperature 

200oC under natural convection. For forced convection, we can�t measure the power 

density at case temperature 200oC 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/in3 at 200oC 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 
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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. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 
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 180oC. 

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.  

 

 

 

 

 

 
 

 

 

 

 

 

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 168oC that is close to that of the base 

plate, while the outside box has a side temperature 118oC and a topside temperature 

107oC. 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 235oC. So the thermal 

resistance Rth from the setup to the inside box and the related leakage heat Ith can be 

calculated as below: 
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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 62oC. 
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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 757.6oC/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 1250oC/W and 

Teflon 

High temperature 
ECM 

Hot plate 

Thermocouple 

Inside box 
Outside box 

Fixture for fixing the inside box 

Fiberglass 



 106

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 
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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 300oC. 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:  

τ
ρ

d
dTVcq ⋅⋅⋅−= ,                                                              (7.3) 

             Temperature increase ∫ Ο=
⋅⋅

=∆
t

Cqd
Vc

T
0

01936.01 τ
ρ

 

where density (kg/m3) ρ is 3100, pulse period T (S) is 7.5E-5, specific heat capacity at 

(J/kg.K) c is 750, chip volume (m3) V is 8.33E-10, input power (W) q is 0.5, sensing 

current (A) is 0.5. 

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. 

 
Fig. 7.10 Calibration result 

  

With the calibration setup shown in Fig.7.6, the forward voltage of the SiC diode was 

measured from 80oC to 220oC 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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(a) Temperature transient of die  

I forward 
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      (c) Forward voltage of the SiC diode  
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        (b) Forward current of the SiC diode.  
Up to T, heating current. From t1 onwards, injected pulse measurement 

t

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Fig. 7.11 Heating and cooling control     
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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 Al2O3 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 t1, 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 Vforward of 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 Vforward. 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 180oC.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 (a) (b) 

 

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 1.227oC according to the calibration relationship of 

0.409oC/mV.  

 

 

 

 

 

 

 

 

 

 

 

 

 
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 180oC, the temperature change of the chip was more than 50oC. 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, ceramic1, 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 50oC 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 Al2O3, 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 

Al2O3 K= 2 X 10-4 T2 -0.12 T + 34 

 

C= 0.73(T-200)+1060 

 

SiC K= 1.55 X 10-3 T2 -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 1-dimensional or a pure lateral. The 45o 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 53oC. 

Therefore: 

Rtotal= 52oC / 8.47W = 6.12 oC/W 
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In the preliminary calculations, a 45o heat spreading angle is assumed and the total 

thermal resistance of 6.12oC/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 

45oC 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 45oC 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. 
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Fig. 7.17 Thermal behaviors during the cool-down process 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 7.18 Comparisons by considering the temperature dependent parameters 
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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 190oC and 232oC.  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. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.19 Matched results with the average physical properties 
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Table 7.2 Thermal parameters of different layers after adjusting 

 

 

 

 

 

 

 

 

 

 

 

 

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:  

054.0=
⋅

=
A

dRCr λ
oC/W 

where d is the thickness of the Cr buffering layer at 50um, λ is the thermal conductivity 

of Cr and A is the cross-sectional area at 9.85mm2. 

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. 

 

 Thermal Resistance 
(oC/W) 

Thermal Capacitance 
(J/K) 

SiC chip 0.939 2.423x10-3 
Metallization 0.020 2.56x10-3 

Thermal grease 0.631 1.061x10-3 
Al2O3 ceramic 1.953 0.017 

Thermal grease 0.362 1.848x10-3 
Al2O3 ceramic 0.857 0.065 

Thermal grease 0.070 0.010 
Al2O3 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 
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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 267oC. 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/in3 by running the module at more than 

200oC.  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 270oC.  

The forward and reverse characteristics of the high temperature module were measured 

up to 270oC. Additionally, the steady-state thermal testing demonstrates that the module 

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

 

II. 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/oC, while keeping the firing temperature below 400oC. So a glass 

with CTE of 6.4ppm/oC 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. 

 

c. 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.  

 

III. 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. 

 

c. 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/in3 

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/in3. 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 230oC to 180oC. 

 

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. 

 

 

 

 

 

 

 

 

 

 

 



 127

8.2 Recommendation 

8.2.1 Module Improvements 

From the simulation results shown in Chapter 5, the thickness match between the SiC 

chip and AlN substrate is important to reduce the thermally induced mechanical stress. 

However, the thin AlN 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 AlN fracture toughness. The thermal studies have 

shown that the high thermal conductivity of AlN 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 250oC 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 I Data Sheet for the SiC Schottky Diode 
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Appendix II 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.  

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

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 AlN 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 grease1, Al2O3, 

thermal grease 2, Al2O3, thermal grease 3, Al2O3, 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 53oC. 

Therefore: 

Rtotal= 53oC / 8.47W = 6.12 oC/W                                          (A2.1) 

 

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

Ceramic 1 

Ceramic 2 

Ceramic 3 

Cu

Hot Plate

Grease 1 
 
Grease 2 
 
Grease 3 
 
Grease 4 
 
Grease 5 



 141

1. SiC layer 

Consider that the thickness of SiC chip is 0.445mm and the thermal conductivity is 120 

W/oC-m. 

Thickness:                   d = 0.445 mm 

Thermal conductivity: λ = 120 W/ oC.m 

Area:                            A = 1.42 = 1.96 mm2 

Specific heat:                c = 750 J/Kg.oC 

Density:                        ρ = 3100 Kg/m3 

Thus:  

Thermal resistance 8921
A

dRSiC .=
⋅

=
λ

 oC/W 

Thermal capacitor   3
SiC 10x0272VcC −=⋅⋅= .ρ  J/K 

 
2. Copper metallization layer 

Consider that the thickness of the metallization layer is 0.075mm and the thermal 

conductivity is 380 W/oC-m. To match the total thermal resistance, the conductivity area 

of Cu is chosen as 19.7 mm2, because of the high thermal conductivity of the Copper. 

Thickness:                   d = 0.075 mm 

Thermal conductivity: λ = 380 W/ oC.m 

Area:                            A = 19.7 mm2 

Specific heat:                c = 385 J/Kg.oC 

Density:                        ρ = 8900 Kg/m3 

Thus:  

Thermal resistance 010
A

dRCu .=
⋅

=
λ

 oC/W 

Thermal capacitor   3
Cu 10145VcC −×=⋅⋅= .ρ  J/K 

 
3. Thermal Grease 1 

Consider that the thickness of the thermal grease is 0.02mm and the thermal 

conductivity is 3 W/oC.m.  

Thickness:                   d = 0.02 mm 

Thermal conductivity: λ = 3 W/ oC.m 

Area:                            A=19.7mm2 
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Specific heat:                c = 2092 J/Kg.oC 

Density:                        ρ = 2400 Kg/m3 

Thus:  

Thermal resistance 3330
A

dRgrease .=
⋅

=
λ

oC/W 

Thermal capacitor   0020VcCgrease .=⋅⋅= ρ  J/K 
 

4. Al2O3 ceramic 1 
 

Consider that the thickness of the Al2O3 is 0.5mm and the thermal conductivity is 

26W/oC.m. The 45oC heat spreading angle is assumed in the calculations for this layer. 

Thickness:                   d = 0.5 mm 

Thermal conductivity: λ = 26 W/ oC.m 

Area:                            624
2

629719A ... =+= mm2 

Specific heat:                c = 800 J/Kg.oC 

Density:                        ρ = 3985 Kg/m3 

Volume:                        V= Ax0.5=12.3mm3 

Thus:  

Thermal resistance 76920
A

dR 3O2Al .=
⋅

=
λ

 oC/W 

Thermal capacitor   039850VcC 3O2Al .=⋅⋅= ρ  J/K 
 

5. Thermal Grease 2 

Consider that the thickness of the thermal grease is 0.02mm and the thermal 

conductivity is 3 W/oC-m.  

Thickness:                   d = 0.02 mm 

Thermal conductivity: λ = 3 W/ oC-m 

Area:                            A=30mm2 

Specific heat:                c = 2092 J/Kg.oC 

Density:                        ρ = 2400 Kg/m3 

Thus:  

Thermal resistance 2220
A

dRgrease .=
⋅

=
λ

 oC/W 
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Thermal capacitor   3
grease 10x0123VcC −=⋅⋅= .ρ  J/K 

 
6. Al2O3 ceramic 2 

Consider that the thickness of the Al2O3 is 0.5mm and the thermal conductivity is 26 

W/oC-m.  

Thickness:                   d = 0.5 mm 

Thermal conductivity: λ = 26 W/ oC-m 

Area:                            36
2

4230A =+= mm2 

Specific heat:                c = 800 J/Kg.oC 

Density:                        ρ = 3985 Kg/m3 

Volume:                        V= (42+30)0.5/2=18 mm3 

Thus:  

Thermal resistance:  53420
A

dR 3O2Al .=
⋅

=
λ

 oC/W 

Thermal capacitor:   05738.032 =⋅⋅= VcC OAl ρ J/K 

7. Thermal Grease 3 

Consider that the thickness of the thermal grease is 0.02mm and the thermal 

conductivity is 3 W/oC.m.  

Thickness:                   d = 0.02 mm 

Thermal conductivity: λ = 3 W/ oC.m 

Area:                            A=42mm2 

Specific heat:                c = 2092 J/Kg.oC 

Density:                        ρ = 2400 Kg/m3 

Thus:  

Thermal resistance: 15870
A

dRgrease .=
⋅

=
λ

 oC/W 

Thermal capacitor:   3
grease 10x2174VcC −=⋅⋅= .ρ  J/K 

 

8. Al2O3 ceramic 3 

Consider that the thickness of the Al2O3 is 0.5mm and the thermal conductivity is 26 

W/oC.m.  
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Thickness:                   d = 0.5 mm 

Thermal conductivity: λ = 26 W/ oC.m 

Area:                            49
2

5642A =+= mm2 

Specific heat:                c = 800 J/Kg.oC 

Density:                        ρ = 3985 Kg/m3 

Volume:                        V= (42+56)0.5/2=24.5 mm3 

Thus:  

Thermal resistance:  39250
A

dR 3O2Al .=
⋅

=
λ

oC/W 

Thermal capacitor:   07810VcC 3O2Al .=⋅⋅= ρ J/K 

9. Thermal Grease 4 

Consider that the thickness of the thermal grease is 0.02mm and the thermal 

conductivity is 3 W/oC.m. 

Thickness:                   d = 0.02 mm 

Thermal conductivity: λ = 3 W/ oC.m 

Area:                            A=49mm2 

Specific heat:                c = 2092 J/Kg.oC 

Density:                        ρ = 2400 Kg/m3 

Thus:  

Thermal resistance: 13610
A

dRgrease .=
⋅

=
λ

 oC/W 

Thermal capacitor:   3
grease 10x924VcC −=⋅⋅= .ρ  J/K 

 
10. Copper layer 

Consider that the thickness of one fillet is 1.65mm and the thermal conductivity is 380 

W/oC.m. 

Thickness:                   d = 1.65 mm 

Thermal conductivity: λ = 380 W/ oC.m 

Area:                            A = 12x8 = 96 mm2 

Specific heat:                c = 385 J/Kg.oC 

Density:                        ρ = 8900 Kg/m3 
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Thus:  

Thermal resistance: 2
Cu 10x5234

A
dR −=
⋅

= .
λ

 oC/W 

Thermal capacitor:   54280VcCCu .=⋅⋅= ρ  J/K 
 

11. Thermal Grease 5 

Consider that the thickness of the thermal grease is 0.02mm and the thermal 

conductivity is 3 W/oC.m.  

Thickness:                   d = 0.02 mm 

Thermal conductivity: λ = 3 W/ oC.m 

Area:                            A=96mm2 

Specific heat:                c = 2092 J/Kg.oC 

Density:                        ρ = 2400 Kg/m3 

Thus:  

Thermal resistance:   06940
A

dRgrease .=
⋅

=
λ

 oC/W 

Thermal capacitor:    3
grease 10x649VcC −=⋅⋅= .ρ  J/K 

 
12. Kapton 

Consider that the thickness of kapton is 0.05mm and the thermal conductivity is 0.37 

W/oC.m. 

Thickness:                   d = 0.05 mm 

Thermal conductivity: λ = 0.37 W/ oC.m 

Area:                            A = 12x8 = 96 mm2 

Specific heat:                c = 1190 J/Kg.oC 

Density:                        ρ = 1420 Kg/m3 

Thus: Thermal resistance:  40771
A

dRkapton .=
⋅

=
λ

oC/W 

Thermal capacitor:   3
Cu 10x1118VcC −=⋅⋅= .ρ  J/K 
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Appendix III MATLAB Programs 
 
 
clear; 
home 
load h11v.txt                          %plot the voltage figure 
 
V=h11v; 
x=0; 
for i=3:7812500-2 
    if (V(i)>0.0001) & (V(i-1)<0.0001) & (V(i-2)<0.0001)           % sum 
 %      m=V(i+8); 
       q=0; 
       n=0; 
       m=69; 
    for c=1:104 
        if (V(i+m+c)<1)                    %delete the wrong number 
            continue 
        elseif(V(i+m+c)>2) 
                continue 
            end 
        q=q+V(i+m+c);                      % get the sum of the voltage 
        n=n+1; 
    end 
    %if (V(i+2+c)>1) 
    i 
    i+m+c 
    n 
  %  h=i+3+c; 
  %  end 
    x=x+1; 
    A(x)=x*1e-3-1e-3; 
    B(x)=q/n; 
   % C(x)=q/n; 
    end 
end 
    plot(A,B)          
  % for z=1:x 
   %     temp(z)=68.061*B(z)-67.111; 
   % end 
    %plot(A,C) 
    %plot(A,temp) 
 %plot(A,temp,'--rs','LineWidth',2,... 
    %         'MarkerEdgeColor','k',... 
     %    'MarkerFaceColor','g',... 
        % 'MarkerSize',10)   
  %save('Z:\research\waveform\only wire 
bond\total\temp100_230ms.txt','temp','-ASCII') 
  %save('Z:\research\waveform\12_19\total\A360ms.txt','A','-ASCII') 
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Appendix IV Fabrication Process and Material 
Properties 

A3.1 Fabrication Process 
 
Cleaning 

 

Type of cleaning: NaOH (5%): 2 hr; H2SO4 (5%): 2 hr; Acetone; air dried 

Full name/information of materials used: NaOH (5%), H2SO4 (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 AlN substrate cutting process. The cutting program 

requires to be repeated 3 times for a finished substrate, due to the high thermal 

conductivity of AlN. 

 

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 AlN 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 10-6 

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/cm2 

 Plating time: 1.5 hr 

Temperature: Room temperature 

Spacing and sizes of materials: 200 mm2 

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 (CrO3) and 10 milliliters of sulfuric acid (98%).  

 

Cu Electroplating 

 

Duration of process: 

 Plating current: 20mA/cm2 

 Plating time: 3 hr 

Temperature: Room temperature 

Spacing and sizes of materials: 200 mm2 

Full name/information of materials used: Cu2SO4 

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 

 

 
 



 151

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 152

A3.2.2 Resbond material 
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A3.2.3 Hard chrome plating 
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Appendix V Theoretical Calculation for SiC 
Schottky Junction [50] [51] 

 
 
 

 

 
 
 

 
 

 
 

 

 
 
 

 
 
 
 
 

 
 
 

 
 

 

 
   Current density: 

 
 
 

Effective Richardson constant: A 146 104⋅:=  A.m-2.K-2 (4H-SiC) 

Boltzmann's constant: k 8.617 10 5−⋅:=  

Barrier height between the metal and semiconductor: for Ti/4H-SiC 

SiC dielectric constant: ε 9.66:=  εo 8.854 10 12−×:=  F/m 

Electron charge: q 1.6 10 19−⋅:=  

Doping concentration: Vb 600:=  

Thickness of depletion region:  W 0.24 10 9−⋅:=  

Drift region doping concentration: Nd 7.1 1018⋅:=  1/m3 

Barrier lowing effect due to image force lowing: 

Em
2 q⋅ Nd⋅

ε εo⋅
Vr Vb+( )⋅:= Vr  ∆φb

q
2 q⋅ Nd⋅

ε εo⋅
Vr Vb+( )⋅⋅

4 π⋅ ε εo⋅( )⋅
:=

Vr
 

Multiplication coefficient 
Due to avalanche breakdown: 

Mn
1

1 1.52 1 e

4.33− 10 24−⋅
2 q⋅ Nd⋅

ε εo⋅
Vr Vb+( )⋅









4.93

W⋅

1 n+−











⋅−

:=

Vr

 

ev  ΦB 1.1:=  

Q  

V  

n 1.2:=  Ideality factor: 

m  

A4.1 Only consider the SiC Schottky junction

Temperature (K): T 463:=  T1 423:=  T2 373:=  T3 509:=  

JL Vr( ) A− T2⋅ e

Vr−

k T⋅ 1−







⋅ e

Φ B( )−

k T⋅⋅:=  
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Fig. A4.1 Reverse characteristics without barrier lowing 

 

 
 

Current density: 
 
 
 
 
 
 

 
 
 

JL1 Vr( ) A− T12⋅ e

Vr−

k T1⋅ 1−







⋅ e

Φ B( )−

k T1⋅⋅:=  

JL2 Vr( ) A− T22⋅ e

Vr−

k T2⋅ 1−







⋅ e

Φ B( )−

k T2⋅⋅:=  

JL3 Vr( ) A− T32⋅ e

Vr−

k T3⋅ 1−







⋅ e

Φ B( )−

k T3⋅⋅:=  

0 200 400 600 800
0

2

4

6

JL Vr( )

JL1 Vr( )

JL2 Vr( )

JL3 Vr( )

Vr

 

A4.2 Consider the barrier lowering effect

JL3 Vr( ) A− T2⋅ e

Vr−

k T⋅ 1−
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q
2 q⋅ Nd⋅
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4 π⋅ ε εo⋅( )⋅
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−

k T⋅⋅:=  
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Voltage (V) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                       
Fig.A4.2 Reverse characteristics with barrier lowing 
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Current density: 

 
 
 
 

 
 
 

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

 
 
 

A4.3 Consider the multiplication coefficient due to avalanche breakdown
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