
ABSTRACT 

CHENG, TZU-HSUAN. Investigation of Ultra-Thin Dielectrics on Coupled Capacitive and 

Inductive Effects in Laterally Conducting Power Device Packaging. (Under the direction of Dr. 
Douglas C. Hopkins). 
 

With the confluence of Wide Bandgap (WBG) power semiconductor devicesô superior 

characteristics, trends of high efficiency, low volume and weight, and cost-effective solution for 

power electronics systems, the demands for the advanced power packaging are growing rapidly. 

Laterally conducting Gallium Nitride/Aluminum Gallium Nitride (GaN/AlGaN) heterojunction 

transistor is one of the WBG power devices and holds fast-switching characteristics enabling high 

efficiency and small form factor. To not limit the fast-switching advantages, an ultra-low 

inductance interconnection configuration for a half-bridge power module is proposed. This 

configuration includes an optimal power device metalized pad layout and a novel power module 

structure. The superior performance is realized through a power module case study utilizing multi-

pad GaN/AlGaN power devices and an ultra-thin dielectric interposer. Ultra-low inductance is 

achieved by parallel-plate multi-loop interconnection which facilitates a significant magnetic field 

cancellation. To achieve higher density and fulfill insulation requirements, a heterogeneously 

integrated power interposer (HIPI) with ultra-thin dielectric is employed between power devices 

for attaining minimum insulation and integrating power switches, gate drivers, and passive devices 

into a compact power module. HIPI is a metal-clad insulated substrate that manages all the 

electrical routing and interconnection.  

Packaging designers usually compare the power loop parasitic inductance and thermal 

resistance junction-to-case with other designs to showcase their packaging performances are as 

better than all the othersô. Nevertheless, with different semiconductor device technologies (e.g., 

vertical SiC and lateral GaN), voltage ratings, current ratings, and numbers of power devices per 



switch makes the comparison meaningless. Therefore, this study establishes novel P and T factors 

that can fairly compare power loop inductance and thermal resistance respectively by normalizing 

the differences mentioned above. Moreover, placing power switches close together is a common 

way to reduce parasitic inductance due to a shorter interconnection distance. However, small space 

between switches induces strong thermal coupling and limited thermal spreading, leading to poor 

heat dissipating capability. As a result, a power module figure of merit (PMFOM) is proposed to 

measure the trade-off  and fairly compare the overall electrical and thermal packaging 

performances by combining P and T factors together. The electrical and thermal performances of 

the power module case study are compared with other works by utilizing the proposed PMFOM. 

Ultra-thin dielectrics attract significant attention not only because of achievable small form 

factors but also the capabilities to manage electrical and thermal characteristics. However, due to 

the thin dielectric feature, the parasitic capacitance induced common-mode (CM) current is 

magnified compared with traditional thick ceramic-plate substrates. This study also integrates an 

interstitial conductor layer (or shielding layer) into the dielectric layers for CM noise reduction by 

transferring the capacitive current to power loop decoupling capacitors inside the module rather 

than flowing to ground. This study conducts comprehensive analyses on defining parasitics and 

simplifying impedance network of the CM noise model which can be applied to any type of power 

circuit topologies and power module structures. The analytical models of the ground current and 

resonant frequency are key factors for the design guidelines of CM noise suppression. In addition 

to the methodology development, this study also provides the optimization processes on conductor 

layer pattern designs, dielectric thicknesses, and dielectric material selection for designing ultra-

thin dielectric substrates. 
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CHAPTER 1. Introduction  

Power modules shield power semiconductor devices from harsh environments, including 

dust, humidity, corrosion, temperature, and vibration. However, packaging can add adverse effects 

to semiconductors and thus limit the overall performance. Traditional Si-based power module 

technologies no longer meet the demanding requirements of Wide Bandgap (WBG) based power 

modules due to the higher power and faster switching properties. Therefore, high-performance 

power modules are critical for next-generation power conversion systems. This study focuses on 

the development of power modules with low electrical parasitics while considering thermal, 

mechanical, manufacturing, and cost factors simultaneously. 

 

1.1 Laterally Conducting  Power Devices 

The ultimate goals of the power conversion system are zero loss, zero volume, and zero cost. 

All the efforts and advancements on semiconductor, packaging, board, and system levels are 

moving toward these goals. For the next-generation semiconductor materials, Gallium Nitride 

(GaN) is one of the solutions that has attracted substantial attention from academia and industry 

research groups due to its superior material properties over traditional Silicon (Si) semiconductor. 

The crucial properties of GaN compared with Si are shown in Table 1.1 [1]. The critical electric 

field (Ec) of GaN is 10 times higher than Si, leading to higher breakdown voltage (BV) capability 

and lower leakage current based on a vertical bulk GaN power device. Higher Ec allows a higher 

doping concentration in the drift layer or a thinner drift layer to reach the target BV. It results in 

lower resistance of the drift layer and thus lower overall on-state resistance (Ron) of the power 

device. Compared with the same BV and Ron of Si power device, the die area of GaN can be much 

smaller and the device capacitance is directly related to the die area. The higher the electron 
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mobility the lower Ron in a unit area. The overall power losses consist of on-state loss, off -state 

loss, and switching loss. Lower Ron and leakage current reduce the on-state and off-state losses, 

respectively. The high saturated electron velocity together with low device capacitance leads to 

fast switching speed, lower switching loss, and less need for auxiliary passive devices at the system 

level. These benefits bring GaN device power modules to a higher density and lower cost in the 

system. Figure 1.1 illustrates the relationship between GaN properties and resulting power system 

performance. 

 

Table 1.1: Material properties of Si and GaN 

Property Silicon GaN 

Energy band gap (eV) 1.1 3.4 

Electron mobility (cm
2
/Vs) 1500 990

a
, 2000

b
 

Critical electric field (10
6
 V/cm) 0.3 3.3 

Saturated electron velocity (10
6
 cm/s) 10 25 

aVertical bulk GaN 
bLateral GaN/AlGaN 2DEG 
 

 
Figure 1.1: GaN HEMT characteristics and resulted advantages for power conversion 
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With the matching lattice and coefficient of thermal expansion (CTE), GaN epitaxial layer 

grown on a bulk GaN substrate can realize a vertical GaN power switch with minimum defect and 

reliability issues. However, lacking good epitaxial quality and economic problems impede the 

development of vertical bulk GaN devices [1]. Lateral GaN-based devices called heterojunction 

field-effect transistors (HFET), as known as high electron mobility transistors (HEMT), take 

advantage of the high-mobility property which forms at the heterojunction between GaN and 

AlGaN layers, as shown in Figure 1.2 [2]. Aforementioned, due to the difficulty of the epitaxy 

process of GaN-on-GaN, foreign substrates (e.g., Si, SiC, Al2O3) are the most common solutions 

for lateral GaN HEMT power devices [3]. Today, the well-developed and inexpensive Si substrate 

is more prevalent for lateral GaN devices [4]. The piezoelectric polarization of GaN/AlGaN 

enables a two-dimensional electron gas (2DEG) layer which is a normally-on and low-resistance 

current path. This lateral structure increases the electron mobility from 1000 cm2/Vs of pure GaN 

to 1500-2000 cm2/Vs of 2DEG on GaN/AlGaN [5]. The lateral structure provides an opportunity 

of integrating more functionality (e.g., gate drive, logic, and protection circuits), leading to a high-

performance, high-reliability, and cost-effective solution [6]. The normally-on GaN device, also 

known as depletion-mode (D-Mode) HEMT, needs negative gate bias to deplete out the electron 

in the 2DEG layer underneath the gate electrode. However, normally-on devices are not desired 

since the negative bias must apply on the switch before startup of a power circuit for preventing a 

short circuit and this mechanism requires a more complex gate drive circuit. For those reasons, 

researchers proposed normally-off GaN devices, also known as enhancement-mode (E-mode) 

HEMT. To create a positive threshold voltage (Vth) and thus a normally-off switch, there are three 

most popular configurations: (1) cascode, (2) p-GaN gate, (3) recessed gate hybrid metal insulator 

semiconductor high electron mobility transistor (recessed gate hybrid MISHEMT), as shown in 
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Figure 1.3. Due to the charge trapping effects inside the gate insulator and the reproducibility 

control of gate recess etching, Vth instability is the main issue in recessed gate hybrid MISHEMTs. 

Therefore, the p-GaN gate configuration is the intrinsically normally-off, as is the cascode, that is 

realized commercially [7]. 

 

 
Figure 1.2: Cross-sectional schematic of GaN HFET device structure 

 

(a)                                                    (b)                                                   (c) 
Figure 1.3: Normally-off  GaN/AlGaN HEMT configurations (a) Cascode, (b) p-GaN gate, (c) 

recessed gate hybrid MISHEMT 

 

1.2 Power Module Structures 

Different from power discrete containing a single semiconductor die (e.g., transistor and 

diode) in a package, a power module consists of more than one power semiconductor die for 

building half-bridge, full-bridge, and three-phase building blocks. To further increase the 
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functionality, efficiency, density, and protection effectiveness, intelligent power module (IPM) 

integrates power circuits, driving circuits, protection circuits, passives, and sensors into a more 

compact module compared with circuits built up by several discretes on a printed circuit board 

(PCB). An IPM realizes the heterogeneous integration (HI) of power electronics which refers to 

the integration of separately manufactured components that are specifically used for power 

conversion [8]. IPMs also ease the complexity of routing on PCB and shorten the design period 

for end products. Same as the ultimate goals of power semiconductors, power modules are 

targeting zero parasitics for maximizing the power conversion efficiency, small form factor but 

having sufficient heat dissipation capability, and simple assembly processes as well as economic 

materials for minimizing cost. 

Figure 1.4 shows the cross-sectional schematic of a traditional screw-mount or through-hole-

mount power module [9]. Semiconductor devices are soldered on one or more insulated metal-clad 

ceramic substrates. Insulated substrates are soldered on a thick metal baseplate for better thermal 

spreading and mechanical support. In addition, plastic housing or case is attached to the metal 

baseplate for the silicone gel encapsulation. 
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Figure 1.4: Cross-sectional schematic of a traditional screw-mount or through-hole-mount power 

module 
 

1.2.1 Advance Substrates 

Power module substrates usually contain a top conductive layer for routing and mounting 

semiconductor devices, another bottom conductive layer for stress management and thermal 

spreading, and an insulating layer between two conductive layers. Insulated metal substrate (IMS), 

an organic substrate, consists of a polymer-based layer for insulating top and bottom conductors. 

Conventional IMS has a thin, low-modulus, and low thermally conductive insulating film, and an 

integrated metal baseplate for mechanical support and thermal spreading. This provides a 

functionally integrated electrical, mechanical, and thermal substrate. Low thermal conductance 

leads conventional IMS to low-power applications (e.g., LED). Due to good electrical isolation, 

high operating temperature, and high effective thermal conductivity, metal-clad plate ceramic 

substrates, e.g., direct bonded copper (DBC) and direct bonded aluminum (DBA) substrates are 

commonly used for high-power modules. However, thermal-mechanical reliability issues were 

found at bond wire interconnections and the solder layers between ceramic substrates and metal 
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baseplate due to high CTE mismatch [10][11]. Therefore, instead of one thick ceramic-plate 

substrate, a prevalent design is multiple small substrates mounted on one metal baseplate for 

reducing the substrate warpage and thermal stress on ceramic and solder layers.  

To reduce the above reliability concern, high thermally conductive epoxy resin-based 

insulating films filled with ceramic fillers (e.g., BN, Al2O3, and AlN) were proposed for improving 

the thermal conductance and eliminating the solder layer between substrate and baseplate due to 

the IMS inherent baseplate [10][12], as shown in Figure 1.5 [9]. The epoxy-based substrate not 

only reduces the potential failure points but also the number of thermal interfaces, resulting in 

better reliability and thermal performance. The thermal conductance of the 10-W/mK 120ɛm-thick 

epoxy-based substrate with 5 kVAC (@ 60 Hz) breakdown voltage is comparable to that of 15-

mil Al 2O3 DBC [12]. Moreover, IMS has more flexibility on top and bottom conductor thicknesses 

for optimizing thermal spreading due to the low CTE mismatch between Cu and organic film that 

DBC does not have [12][13]. Since the CTE mismatch between dies and IMS is larger than the 

CTE mismatch between dies and DBC, higher thermal stress of die occurs in IMS-based power 

modules. However, the stress on die can be minimized by optimizing the mechanical properties of 

encapsulants and therefore stay within the failure criterion. The optimized results show no die 

failure in both DBC-based and IMS-based power modules, but the fatigue life of solder-based die 

attachment is higher in the optimized IMS-based power module [12].  

Because of manufacturing and ruggedness considerations, the minimum standard DBC 

thicknesses of Al2O3 and AlN range between 0.38 mm and 0.63 mm. The corresponding 

breakdown voltages are 5.7 kV and 12.7 kV [14] which are overkill for applications lower than 

1.7 kV. Mitsubishi developed IMS power modules having 4 kV and 2.5 kV insulation voltages for 

1.7 kV and 0.65-1.2 kV applications, respectively [13]. In addition to the standard IMS structure, 
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the multilayer availability and thickness flexibility of the organic insulating layer enable embedded 

technology and are advantageous to heterogeneous integration. Embedded technology can realize 

perfect magnetic field canceling by forming a very compact and thin current loop between two 

conductive layers, leading to an ultra-low parasitic loop inductance [15]. Panel level 

manufacturing and packaging processes provide organic-based packaging with great 

competitiveness on the cost compared with the traditional ceramic-plate packaging.  

To further achieve lower form factor and lower thermal resistance, Corning developed an 

Alumina Ribbon Ceramic (ARC) with an ultra-low thickness of 40 um [16]. ARC is a high purity 

(>99.9%) Alumina film which can work as a dielectric packaging substrate with a breakdown 

voltage of 10 kV [17]. In terms of processability, metallization is available through sputtering 

followed by electro-plating and via is processed by laser ablation [17]. The ultra-low thickness 

feature attracts more and more attention from the packaging field not only because it yields a high 

thermal conductance but also enables an ultra-low parasitic loop inductance in a stripline structure.  

 

 
Figure 1.5: A novel power module using an organic IMS and epoxy resin encapsulant  
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1.2.2 Die Attachments and Interconnections 

Interconnection and die attachment (DA) are not only the electrical bridges between 

semiconductor devices and next-level circuit boards but also part of the thermal paths dominating 

the efficiency and power rating. Tin-alloy solder materials are the major DA due to the short 

process time, mature process, and good electrical and thermal characteristics. However, solder 

fatigue is one of the widely seen failure mechanisms in power modules subjected to thermal and 

power cycling tests. Silver sintering DA has a lower modulus compared with solder and it also 

works as a stress buffer layer for semiconductor dies. Due to the inherent Ag element, the electrical 

and thermal conductivities are superior to solder. Besides, Ag sintering DA has a high operating 

temperature because of a high melting point of Ag (960ęC). For those reasons, Ag sintering attracts 

packaging designers in the automotive power electronics field [18]. However, a long (e.g., 1 to 2 

hrs) and high-temperature curing process (e.g., 200 to 250ęC) and the costly Ag material are the 

main bottlenecks widely occurring in commercial products. Another promising DA material is Cu-

Sn transient liquid phase sintering (TLPS) owing to the high thermal conductivity and operating 

temperature. The Cu-Sn paste-based TLPS consists of Cu particles in a Sn matrix. The Sn (melting 

point: 232ęC) melts at the beginning of sintering. Then, the Cu atoms dissolve into Sn liquid and 

start to grow a Cu-Sn intermetallic compound (IMC) by diffusion. The entire paste will eventually 

transform into Cu3Sn and Cu6Sn5 grains which yield an overall thermal conductivity of 140 

W/mK and a high melting point (>400ęC) [19]. However, Cu-Sn IMC is a brittle material with a 

high modulus (more than 100 GPa [20][21]) which can lead to die crack. The long sintering time 

(up to 30 mins [19]) and the batch-to-batch uniformity induce concerns in mass production. Thus, 

additional improvement is needed in terms of reliability and manufacturing. 
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To minimize the electrical parasitics and thermal resistance, an ideal interconnection must 

be highly thermally and electrically conductive, short in length, and have a large cross-sectional 

area along the electrical and thermal paths. The main state-of-art interconnection techniques 

include (1) metal flexible welded wire and ribbon bond, (2) planar conductor, (3) flip-chip 

soldering, and (4) electro-plating vias and traces. In addition to Al flexible welded wire bond which 

is the predominant solution of conventional power modules because of the mature process and 

lower cost, Cu wire bond can be a promising alternative owing to the superior electrical, thermal, 

and mechanical performance. However, the extra metallization on the top side of the 

semiconductor device is required [22], as shown in Figure 1.6. With the rapid growth of the high-

current WBG power devices, the wire bond is insufficient to meet the requirements of low-Ron 

devices due to extremely small contact, and therefore the metal ribbon (see Figure 1.7 [23][24]) 

and planar interconnections were proposed. Planar interconnections include single-layer conductor 

(e.g., Cu clip and lead) and multi-layer conductor (e.g., Cu-clad insulated substrate). Metal clip 

and lead are typical single-layer planar interconnections that significantly reduce electrical 

parasitics, can transfer part of heat, and open the opportunity for double-sided cooling, as shown 

in Figure 1.8 [25][26]. For the multi-layer planar interconnection technology, Semikron introduced 

a metal-clad flexible circuit board for interconnection between devices and the DBC substrate 

conductor layer (see Figure 1.9). All the wire bonds and solder layers are replaced by the flexible 

circuit board with heavy metal layers and silver diffusion sintering joints, respectively. The metal-

clad flexible circuit board with via structures is able to provide flexibility for routing and 

heterogenous integration ability [27]. GE Corporate Research and Development Center is a pioneer 

in development of high-density interconnect (HDI) technology which includes die embedding in 

a substrate cavity and a thin-film interconnect layer on the top of dies [28]. GaN HEMTs are 
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extremely sensitive to the adverse effect of the stray inductance due to the inherent ultra-fast 

switching characteristics. Efficient Power Conversion (EPC) produced flip-chip chip-scale-

package (FCCSP) for low voltage (less than 200 V) GaN power devices (see Figure 1.10 [29]). 

The thin premade solder bumps and bars substantially shorten the electrical path from die to board. 

Chip embedded technique applying electro-plating formed via and trace can also effectively reduce 

interconnection distance and integrate power devices, driving circuits, and passive components 

into a compact module. GaN Systems adopts discrete embedded packaging offered by AT&S for 

100 V and 650 V GaN E-HEMTs, as shown in Figure 1.11 [30]. Basically, embedded packaging 

leverages the panel-based PCB process and enables a higher-level integration. 

 

      
    (a)                                                (b) 

Figure 1.6: Wire bond interconnections (a) Al wire, (b) Cu wire 
 

      
                                                   (a)                                                                 (b) 

Figure 1.7: Ribbon bond interconnections (a) Al ribbon, (b) Cu ribbon 
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(a) 

 
(b) 

Figure 1.8: Single-layer planar interconnections (a) metal clip, (b) metal lead 

 

 
Figure 1.9: Multi -layer planar interconnection 

 



   
 

13 
 
 

 
Figure 1.10: Flip-chip soldering interconnection 

 

 
Figure 1.11: Electro-plating via and trace interconnections 

 

1.2.3 Encapsulation 

Encapsulant materials protect the electronic components from the external adverse 

environment, such as moisture, dust, chemicals, gases, and so on. In addition, encapsulation 

provides extra insulation between conductors within the power module, leading to a shorter 

distance between components and thus higher density. Critical properties include resistivity, 

dielectric strength, dielectric constant, operating temperature range, thermal conductivity, CTE, 
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Youngôs modulus, process temperature, and process time. Silicone gel and epoxy-based 

compounds are the most common power module encapsulants. Silicone gel is widely seen in 

conventional power modules since it offers good insulation performance and low mechanical stress 

on wire bonds during the curing process and reliability tests. However, low modulus provides less 

mechanical support on stand-alone terminals, and consequently a housing is required to strengthen 

the connection stability of terminals to the next-level packaging. Lastly, encapsulant plays a 

significant role in transferring the heat generated by semiconductor devices and interconnections 

which ultimately affects the current carrying capability and power ratings [31]. The thermal 

conductivity of epoxy is typically larger than 0.8 W/mK which is at least 4 times higher than that 

of silicone gel (<0.2 W/mK) [32]. Organic-based power modules developed by Mitsubishi employ 

direct potting (DP) epoxy-resin encapsulant and epoxy-resin IMS can survive under 40k thermal 

cycles [9]. 

 

1.3 Advanced Power Packaging Technologies 

Figure 1.12 depicts the potential applications of SiC and GaN power devices [33]. Owing to 

the inherent high voltage and high operating temperature capabilities, SiC power devices are 

capable of high-power conversion applications, including inverters for electric vehicles, railways, 

and renewable energy. High-power module development focuses on reliable dielectric materials, 

double-sided cooling, and wirebond-free techniques for high-voltage blocking, high-heat 

dissipation, and low-loss interconnection features, respectively. GaN HEMTs enable mega-Hz 

switching and are much more sensitive to the adverse effects caused by electrical parasitics at both 

package and board levels. Shortening interconnection distance and integrating multiple 

components have become major increased performance. For these demands, the parallel-plate 
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interconnection structure is being widely adopted due to increased magnetic field cancellation, 

resulting in lower parasitic inductance. Besides, embedded device packaging can eliminate the 

packaging substrate and integrate active and passive devices into a board-level system. This 

section will discuss advanced power packaging techniques and summarize them from a higher-

level perspective. 

 

 
Figure 1.12: Potential applications of SiC and GaN power devices 

 

1.3.1 Double-Sided and Direct Cooling 

The main thermal path of conventional power modules is through the baseplate side to air or 

coolant. For maximizing the heat dissipation capability, the thermal resistance from junction to 

case (bottom surface baseplate) has to be minimized. Common approaches include using higher 

thermally conductive materials, increasing the area along the thermal path, reducing the thickness 

of low thermally conductive components, enlarging the contact area of interconnection 
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components, and optimizing the thickness of conductor layers for the best heat spreading effect 

[34]. However, these approaches had been explored for decades and canôt meet the rapidly rising 

demand for power density mainly due to the single-side cooling limitation. Therefore, to 

effectively decrease the thermal resistance, a double-side cooled (DSC) concept was proposed and 

realized by dissipating the heat to both the top and bottom sides of the power module. Several 

articles indicate a significant reduction of thermal resistance as well as electrical parasitics (e.g., 

resistance and inductance).  

The state-of-art DSC power modules employ top and bottom metal-clad insulated substrates 

for a large contact on dual-sided solderable dies [35][36]. Due to superior thermal, electrical, 

mechanical performances, and mature manufacturing, DBC is the most popular candidate for DSC 

modules, as shown in Figure 1.13. Preferred ceramic materials and their physical properties are 

shown in Table 1.2  [37]. The 96% Alumina (Al2O3) is commonly used in conventional power 

modules due to the low cost. For higher power dissipation, reliability, and electrical insulation 

requirements, Aluminum Nitride (AlN) is one of the popular solutions. AlN ceramic has higher 

thermal conductivity among ceramic-plate substrates and lower CTE mismatch to semiconductor 

devices (3ï5 ppm/ęC) compared with Al2O3.  

 

 
Figure 1.13: A cross-sectional schematic of DSC power module using dual DBC substrates 

DBC

Die Die

DBC

Cooling component
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Table 1.2: Preferred ceramic materials and the physical properties 

Material 
Thermal conductivity 

(W/mK) 
CTE (ppm/ęC) 

Dielectric strength 

(kV/mm) 
Al2O3 26-35 6.8-9 10-20 

AlN 150-180 4.3-6.2 14-17 

BN 20-60 0.1-6 40-200 

Si3N4 20-30 2.6-3.6 10-14 

 

Some of the DSC modules employ spacers for adjusting the height difference of power 

devices (e.g., insulated gate bipolar transistor [IGBT] and diode), improving mold flow quality of 

the encapsulation process, creating the z-height for wire bond on gate pad, and controlling the 

insulation distance between terminals and cooling components (e.g., heat sink and cold plate) 

[38][39][40], as shown in Figure 1.14. The metal spacer is mounted either on top or bottom of the 

semiconductor device working as both electrical and thermal paths. Whereas CTE mismatch 

between die and spacer can cause thermal-mechanical reliability issues. Thus, Molybdenum (Mo), 

Copper-Molybdenum (Cu-Mo) alloy, and Copper-Tungsten (Cu-W) are popular options of spacer 

due to low CTE mismatch to semiconductor die [41][42][43][44][45].  
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                                    (a)                                                                   (b) 

 
(c) 

Figure 1.14: DSC IGBT power modules with spacers (a) Dynex Semiconductor, (b) Infineon, (c) 

Chinese Academy of Sciences 
 

To further maximize the removal of heat from the semiconductor devices, non-insulated 

double-sided cooled power modules with ñelectrically hotò exposed metal pads are possible and 

heat sinks can be attached on exposed metal pads by solder or thermal interface material (TIM) 

[46][41][47]. The concept is to bring the electrical insulation design to the next packaging level, 

leading to higher thermal performance. For instance, the next level insulation can be done by 

applying dielectric cooling fluids, such as air, to a power module with attached heat sinks. On the 

other hand, the conductor layers of double-sided structure enable excellent magnetic field 

cancellation and thus parasitic inductance reduction [48][49]. In summary, the DSC technique not 

only pushes the heat dissipation capability and power density to a higher level but also increases 

system efficiency with lower parasitics.  
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Direct cooling is another way to strengthen the current and power ratings by employing 

integrated heat sinks without TIM (e.g., thermal grease and thermal pad). This concept is to make 

the coolant directly contact the integrated heat sink. It results in better thermal performance by 

removing bulk and contact thermal resistance of TIM. This method also avoids the TIM uniformity 

concern and degradation issue. There are 25% and 50% reductions on the overall thermal 

resistance for the single-sided and double-sided cooling configurations, respectively (see Figure 

1.15 [50]). To sum up, improving thermal performance not only enables higher current and power 

ratings but also reduces the size of semiconductor chip which is the major cost of the power 

electronics.  

 

 
Figure 1.15: Thermal resistance comparison between power modules utilizing conventional 

(indirect) and direct cooling 

 

1.3.2 Low Inductance Interconnections 

Due to the inherent low capacitance and high saturated electron velocity, lateral GaN 

HEMTs can switch hundreds of volts in nanoseconds. However, parasitic or stray inductance in 

interconnections causes voltage overshoot which can be expressed by  
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The Ўὠ and ὒ are induced voltage across the inductor and the inductance of the inductor, 

respectively. The  is the rate of current change passed through the inductor. It implies that a 

positive increasing current passed through parasitic inductance can induce a positive voltage. This 

undesired induced voltage will reflect on the power switches that are in series connection with 

parasitic inductance, leading to voltage overshoot or spike at the end of the turn-off transient (see 

Figure 1.16 [51]). The overshoot voltage has to be lower than the breakdown voltage of the power 

device for preventing a short circuit and eventual catastrophic failure. Also, interaction between 

parasitic capacitance and inductance results in voltage ringing or oscillation. These adverse 

impacts can slow down the switching speed and thus cause a higher switching loss. For these 

reasons, the parasitic inductance of the physical circuit has to be minimized to fully take advantage 

of fast-switching GaN HEMTs. 

 

 
Figure 1.16: Voltage overshoots induced by different packaging parasitic inductances 

 

Discrete packages enable high flexibility, scalability, and reduced cost. However, the 

minimum distance between discrete packaged devices is limited by PCB assembly design rules 
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and insulation standards (e.g., IPC-2221A [52]). Longer and narrower interconnections and traces 

yield larger parasitic inductance, resulting in more parasitics in discrete-based power circuits. In 

contrast, integrated power modules can effectively shorten the distance and optimize the 

interconnection structure.  

Conductor stores magnetic energy by magnetic flux lines when current flow through it. The 

higher the inductance the more magnetic energy can be stored, and thus the more induced voltage 

in the switching transient. Therefore, reducing or canceling magnetic flux lines is the major 

concern for designing the power and driving loop interconnections. Figure 1.17 shows the 

inductance variations of conductor pair structures commonly seen at the packaging and board 

levels [53]. The stripline (parallel plate) structure generates the lowest theoretical minimum 

inductance as the a/b ratio goes to zero. In Figure 1.18, the magnetic flux line distribution of the 

parallel plate reveals significant canceling caused by opposite direction magnetic lines and results 

in very low parasitic inductance. As the space between two plates gets smaller, the better canceling 

effect.  
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Figure 1.17: Unit length inductance of conductor pair structures 

 

         
                                                  (a)                                                                  (b) 

Figure 1.18: Magnetic field distribution (a) coplanar plate, (b) parallel plate (stripline) 

Current

Magnetic flux line
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Therefore, parallel plate interconnections are widely employed in advanced power modules 

and PCB layouts (see Figure 1.19 [54][55][56][57][58]). Semikron employed a Cu-clad flexible 

circuit board for forming a parallel plate configuration with a thin dielectric layer in the power 

loop [54]. In addition to the planar interconnections between power devices, the parallel plate 

concept is also applied to the power pin terminals (e.g., DC+ and DC-) for canceling the magnetic 

field generated by all the conductors along the power loop [55]. Oak Ridge National Lab proposed 

a multilayer organic insulated substrate with a middle Cu layer mainly designed for reducing the 

power loop magnetic field. The organic substrate, called Temprion© made by DuPont, adopted a 

35um-thick insulating layer with a dielectric strength of 164 kV/mm [56]. Except for the packaging 

level, placing power discretes as well as decoupling capacitors in a row and utilizing the inner Cu 

layer is one of the configurations to a realize low-inductance parallel plate structure [57]. 

 

      
                                     (a)                                                                        (b) 

     
                                     (c)                                                                        (d) 
Figure 1.19: Power modules and PCB layout applied parallel plate interconnections (a) flexible 

circuit board, (b) flat plate terminal, (c) multilayer organic substrate, (d) top and inner PCB 

traces 
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1.3.3 Chip (Die) Embedding 

To achieve a higher-level integration and functionality, chip (die) embedding has developed 

into a variety of structures and broken the boundary of the packaging levels. For example, the PCB 

level chip embedding structure can be regarded as level 1.5 packaging since itôs between traditional 

level 1 (semiconductor chip level package) and level 2 (board level package). As mentioned before, 

GE pioneered the chip embedding technology in late 1980ôs and developed high-density 

interconnection (HDI) for higher electrical performance. The Chip-on-Flex (COF) is one of the 

embedding approaches, as shown in Figure 1.20. The semiconductor chips are mounted an 

adhesive layer and encapsulated by molding resin. Chips connect to the flex substrate with laser 

drilled vias and conductor layers. The conductor layers are formed by metal deposition and 

patterning processes [59]. Figure 1.21 describes a common embedded process that laminates active 

or passive devices into multiple layers of organic dielectric sheets [60]. The interconnections are 

formed by laser (or mechanical drilling) vias and Cu plating traces. Eliminating wire bonding not 

only substantially reduces the stray inductance and resistance but also the volume reserved for 

interconnection. The final pinout can be metallic materials or pre-mounted solder balls.  

 

 
Figure 1.20: GE Chip-on-Flex MCM for portable electronics applications 
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Figure 1.21: AT&S Embedded Component Packaging (ECPTM) process flow 

 

Embedded packaging can be mainly classified into two groups. The first group is substrate-

level embedding that embeds active or passive devices into a packaging substrate and either one 

side of the pads will eventually attach to a PCB. For a higher density, designing top metal pads 

allow mounting additional components (e.g., passives and driving circuits) or topside cooling 

opportunity, as shown in Figure 1.22 [30]. The second group is board-level embedding which 

integrates the entire circuit into an embedded PCB. This level of embedding facilitates 

heterogeneous integration and allows more flexibility in the early co-design stage. Schweizerôs 

Smart p2 Pack technology integrates power and control circuits into a single PCB, as shown in 

Figure 1.23(a) [30][61]. The power devices (e.g., MOSFET and IGBT) are embedded in a 

leadframe with cavities for better thermal spreading. There is a Cu layer above the leadframe for 

interconnection and a Cu layer below the leadframe for direct heatsink mounting. High thermally 

conductive laminates between conductor layers work as insulating layers. The entire embedded 
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power substrate will attach to the top logic control board to fulfill  board-level heterogeneous 

integration [62]. Mitsubishi embedded two SiC MOSFETs and decoupling capacitors into a PCB. 

Two MOSFETs are stacked and capacitors are vertically integrated into the PCB for forming a 

very small power loop, as shown in Figure 1.23(b) [63]. Although the panel-level PCB embedding 

process enables high-volume manufacturing capability, as integrating more dissimilar active and 

passive devices, the difficulty and complexity increase as well [60]. On the other hand, the 

traditional FR4 laminates are no longer acceptable for embedding power devices because of low 

operating temperature, low thermal conductivity, etc.  

 

 
(a) 

 
(b) 

Figure 1.22: Substrate level embedding (a) only one-side pad, (b) dual-side pad with additional 
components mounted on the top 

 



   
 

27 
 
 

 
(a) 

 
(b) 

Figure 1.23: Board level embedding (a) Schweizer Smart p2 Pack module, (b) Mitsubishi power 
module 

 

1.3.4 Summary 

To summarize how the advanced technologies discussed in this chapter achieve the ultimate 

goals of the power conversion system which are zero loss, zero volume, and zero cost, Table 1.3 

and Table 1.4 illustrate the relationships between the ultimate goals, metrics, and technologies. It 

can be observed that each technology has its own advantages and canôt meet all the metrics. The 

proposed power module in this study leverages existing solutions to create a novel ultra-low 

parasitic inductance packaging approach for lateral conducting power devices that allows future 

researchers to build upon. 

 

 

 

Capacitor Power devices
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Table 1.3: Relationship between metrics and ultimate goals of power conversion 

Metrics 
High efficiency 

(Zero loss) 

High density 
(Zero volume) 

Low cost 
(Zero cost) 

Low volume and weight  ṉ ṉ 

High integration ṉ ṉ  

Low parasitic R, L, and C ṉ ṉ ṉ 

High thermal conductance ṉ ṉ ṉ 

High reliability ṉ  ṉ 

Economic materials and manufacturing   ṉ 

 

Table 1.4: Relationship between metrics and advanced technologies 

Advanced 
Technology 

Low volume 
and weight 

High 
integration 

Low parasitic 
R, L, and C 

High thermal 
conductance 

High 
reliability 

Economic 

materials and 
manufacturing 

Planar 
interconnection ṉ  ṉ ṉ   

Parallel-plate 

interconnection 
ṉ  ṉ    

Chip 
embedding 

ṉ ṉ ṉ    

Double-sided 

and direct 
cooling 

ṉ ṉ  ṉ  ṉ 

Metal sintering 
& liquid -phase 

bonding die-
attach 

   ṉ ṉ  

Integrated 
metal baseplate 

or heat sink 
ṉ ṉ  ṉ ṉ ṉ 

Intelligent 
Power Module 

ṉ ṉ ṉ    

 

1.4 Research Objectives 

The research objectives are to (1) propose an ultra-low inductance interconnection approach 

combined with (2) an optimal metalized pad pattern for lateral power devices, (3) demonstrate an 

ultra-low inductance configuration by a power module design case study while considering all the 

metrics listed in Table 1.3, (4) establish T and P factors to evaluate the pure ñpackagingò electrical 

and thermal performances, (5) create power module figure of merit (PMFOM) to fairly compare 

the overall power module electrical and thermal performances, and (6) develop a methodology to 
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investigate capacitive current flow in ultra-thin dielectrics due to parasitic capacitance and provide 

design guidelines for minimizing common-mode (CM) current (or noise). 

The concept of a multi-loop packaging structure is fully applied by co-designing the die pad 

pattern and packaging interconnection for lateral conducting dies, e.g., GaN and monolithic Bi-

directional field effect transistor (BiDFET). To achieve ultra-low power loop inductance, several 

multi-pad patterns of bare dies are proposed and compared from a variety of aspects. The thought 

processes of die and decoupling capacitor placement, pad pattern comparison, and analytical 

model derivation are thoroughly described. For the optimal die pad pattern, the effects of critical 

parameters and the selection process are discussed. 

The ultra-low inductance is validated through a power module case study. The proposed 

power module consists of two multi-pad lateral GaN devices, a heterogeneously integrated power 

interposer (HIPI), a gate driver, several decoupling capacitors, and two high thermally conductive 

epoxy-based insulated metal substrates (eIMS). The ultra-low inductance is realized by bonding 

two GaN devices face-to-face on the top and bottom layers of HIPI, resulting in a minimum 

distance in a multi-power-loop structure. In addition to the primary focus on minimization of 

inductance, the parasitic capacitance, thermal performance, and thermal-mechanical reliability are 

also taken into account. 

Trade-offs between metrics in power module designs are quite common. For example, 

placing semiconductor chips far away and having high heat dissipation area can substantially 

improve the thermal performance, whereas the spacious area and long interconnections between 

chips and terminals significantly induce parasitic R, L, and C. Thus, it is critical to consider the 

overall metrics in the early design stage for an optimized solution. For optimization, a 

normalization procedure is essential for a fair comparison. This study proposes a T-factor and P-
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factor as packaging performance indicators which normalize thermal resistance and power loop 

inductance, respectively. The PMFOM, by combining two factors, is a tool to fairly compare the 

power moduleôs overall normalized electrical and thermal metrics. 

Due to the fast-switching behavior and high parasitic capacitance induced by ultra-thin 

dielectrics, unwanted capacitive current can be generated through the parasitic capacitances 

formed between electrodes in power modules. The CM current is induced by switching transients 

and parasitic capacitance with respect to ground in power modules. The unwanted CM current can 

flow out from a power module to ground and find a return path through the power supply. This 

study investigates an interstitial (or shielding) conductor layer in thin dielectrics for transferring 

most capacitive current to power loop decoupling capacitors, leading to a large reduction of the 

CM current. A process of simplifying the impedance network model for analyzing capacitive 

current is proposed. Based on a simplified impedance network, this study provides comprehensive 

design guidelines for minimizing the CM current through designing interstitial layer patterns, 

dielectric thickness, and permittivity. 
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CHAPTER 2. Ultra -Low Inductance Configuration 

2.1 Adverse Effects Caused by Electrical Parasitics 

Figure 2.1 depicts the critical components, parasitics elements, and the definitions of the 

power loop (or commutation loop) and turn on and off driving loops in an IPM. The power loop is 

formed by a high-side (HS) switch, a low-side (LS) switch, and decoupling capacitors. The power 

loop inductance is the lump-sum of the power inductance (LP) and common source inductance 

(LCS). In hard switching, a high di/dt can occur in the power loop when two switches commute. 

An excessive voltage caused by the power loop inductance can lead to permanent failure since 

there is no avalanche breakdown in lateral GaN devices. In addition, a higher power loop 

inductance will increase the turn-on and turn-off time, resulting in higher losses. The driving loop 

inductance consists of the driving inductance (LG) and common source inductance. Similar to the 

power loop inductance, the driving loop inductance also needs to be minimized for fast switching 

and low gate-to-source voltage (VGS) overshoot. The common source inductance shared by the 

power and driving loops will affect the effective VGS and impact the overall switching 

performance. For example, a positive di/dt would occur in the power loop when the switch is 

turning on. The di/dt across LCS would induce a positive voltage drop, resulting in a lower effective 

VGS. For solving this problem, the Kelvin source connection creates a separated driving loop with 

a minimum overlap with the power path and leads to a negligible LCS. Therefore, to fully take 

advantage of fast switching GaN HEMTs, all parasitic inductances must be minimized. 
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Figure 2.1: Circuitry of an intelligent power module (IPM) 

 

Parasitic capacitance is another undesired element in the package. The capacitive current is 

induced by a dv/dt transient across a capacitor. Parasitic capacitance can not only increase the 

switching loss by slowing down the voltage transient but also induce common-mode (CM) noise 

issues. Therefore, suppressing parasitic capacitance in the module is critical for loss and noise 

reductions.  

From Figure 2.1, Table 2.1 summarizes the effects and design guidelines in an intelligent 

power module (IPM). CP-SW and CSW-N can be considered parts of CDS of the HS and LS switches, 

respectively. CP-N can be considered a part of decoupling capacitors.  
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Table 2.1: Effects and design guidelines of an intelligent power module (IPM) 
Symbol Description Effect Design guideline 

L
P
 Power loop inductance 

Induce voltage overshoot and 

ringing on V
DS  

Reduce switching speed 

Minimized 

L
G
 Driving loop inductance 

Induce voltage overshoot and 

ringing on V
GS  

Reduce switching speed 

Minimized 

L
CS

 Common source inductance Change effective V
GS

 Minimized 

C
GD

 Miller capacitance (device) 

Induce capacitive turn-on on low-
side switch when high-side switch 

turns on 
Reduce switching speed in the two 

loops 

Minimized 

C
iss

= C
GD 

+ C
GS

 Input capacitance (device) 

Induce current overshoot and 

ringing on I
GS

  

Reduce switching speed in the 
driving loop 

Minimized 

C
oss

= C
GD 

+ C
DS

 Output capacitance (device) 

Induce current overshoot and 

ringing on I
DS

  

Reduce switching speed in the 
power loop 

Minimized 

C
SW-B

 
SW-to-baseplate capacitance 

(packaging) 
Common-mode noise issue Minimized 

C
Decoupling

 Decoupling capacitor 
Decouple the inductance introduced 
by power terminals or busbars 

>100X of Coss 

C
Driver

 Driver capacitor 
Decouple the inductance introduced 
by signal terminals 

>100X of Ciss 

R
GH

 Turn-on gate resistor 

Reduce voltage overshoot and 

ringing on V
GS

 

Reduce turn-on speed and increase 
loss 

Depends on application 

R
GL

 Turn-off gate resistor 

Reduce voltage overshoot and 

ringing on V
GS

 

Reduce turn-on speed and increase 
loss  

Induce capacitive turn-on on low-
side switch 

Depends on application 

 

2.2 Low Loop-Inductance Structures 

With the time-varying current flowing through an inductor, it causes a time-varying 

electromagnetic field which further induces an electromotive force (EMF). The induced EMF is 

an induced voltage across the inductor which was described in Equation (1.1). The magnetic 

energy (ὡ ) stored in an inductor can be expressed as  
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 ὡ
ρ

ς
ὒ Ὅ (2.1) 

where ὒ and Ὅ are the inductance of the inductor and the current flowing in the inductor, 

respectively. The magnetic energy stored in a volume (ὺ) is  

 ὡ
ρ

ς
ὄϽὌὨὺ (2.2) 

where ὄ and Ὄ are magnetic flux density and magnetic field (or magnetic field intensity), 

respectively. With the permeability (‘) of the medium, the relationship between ὄ and Ὄ can be 

expressed as 

 ὄ ‘Ὄ (2.3) 

By combining Equations (2.1) to (2.3), the ὒ can be obtained by 

 ὒ
‘

Ὅ
Ὄ Ὠὺ (2.4) 

or 

 ὒ
ρ

‘ Ὅ
ὄ Ὠὺ (2.5) 

It can be observed that the inductance is proportional to the square of the magnetic field as 

well as the square of the magnetic flux density. Therefore, reducing magnetic field or magnetic 

flux is critical to mitigating the adverse effects induced by parasitic inductance. 

As discussed in Chapter 1.3.2, the parallel-plate interconnection structure is well known for 

magnetic field cancellation. To estimate the loop inductance of the parallel-plate configuration, an 

analytical equation [64] was proposed and described as  

 ὒ ‘ ‘
ὰ Ὤ

ύ
 ύὬὩὲ ύḻὬ (2.6) 
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where ὰ and ύ are the length and width of the conductive plates, respectively. The Ὤ is the spacing 

between two plates. The ‘ is the permeability of vacuum and ‘ is the relative permeability of 

the medium between two plates. Since most of the packaging materials are non-ferrous and have 

relative permeability of one (‘ ρ), the relative permeability in Equation (2.6) is usually ignored.  

Figure 2.2 illustrates the dimensions in the parallel-plate structure and the loop inductance from A 

to B which is given by Equation (2.6). Since the loop inductance is proportional to ὰ Ὤ and 

inversely proportional to ύ, it is preferred to design wide and short planar conductors with a thin 

dielectric layer in between for forming the driving and power loops in power modules. Besides, 

interleaving multiple conductors with opposite current flows can further augment the magnetic 

field cancellation [64]. 

 

Figure 2.2: Dimension definitions of the analytical equation for the loop inductance estimation 
 

2.3 Single- and Multi -Power-Loop Interconnections 

This study specifically focuses on the packaging designs for the lateral (conducting) devices. 

Taking GaN HEMTs as examples, there are two commonly seen metalized pad layouts which are 

single-pad pattern and multi-pad pattern, as shown in Figure 2.3. Single-pad pattern usually 

contains one pad for each electrode (e.g., Gate, Drain, and Source) at the periphery region that can 
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easily accommodate wire-bonding interconnections and package footprint of traditional power 

discrete. For better collecting current and thus higher current capability, interleaving a multi-pad 

pattern for Source and Drain with flip -chip solder bars (or balls) opens up an opportunity for a 

multi-loop structure. 

 

   

(a)                                                                              (b) 
Figure 2.3: Pad layouts of lateral GaN HEMTs (a) single-pad pattern [65], (b) multi-pad pattern 

[66] 
 

2.3.1 Single-Loop Interconnections 

To implement an ultra-low inductance single-die-per-switch half-bridge module design, the 

power device placement is the starting point of the thought process. For a comprehensive analysis, 

this study is initiated from all the possible combinations of the die placement and then impractical 

cases are ruled out. Figure 2.4 shows all possible combination of two groups of placement 

combinations of the single-pad pattern device: (1) coplanar and (2) 3D-stacking. The ñcoplanar 4ò 

can induce a current crowding issue at the adjacent sides of both dies. This issue will be more 

severe at a higher frequency operation. The ñ3D-stacking 4ò increases the complexity of 

manufacturing and the difficulty of balancing thermal resistance on two dies. Thus, ñcoplanar 4ò 

and ñ3D-stacking 4ò designs are eliminated. Based on the remaining six cases, the corresponding 

Source

GateGate

Drain
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power loop structures and loop inductances obtained by the analytical equation are shown in Figure 

2.5. The ὰ and ύ are the length and width of the die, respectively. The Ὤ is the thickness of the 

dielectric layer, and Ὄ is the thickness of the die. The ὼ is the length of the decoupling capacitor 

(gray rectangular prisms labeled ñCò). To consider a ñtheoretically minimalò inductance, 

components (e.g., dies and capacitors) are placed side by side without any gaps and the thicknesses 

of interconnections (e.g., solder and Cu) are ignored. In the coplanar cases, ñcoplanar 2ò yields a 

higher inductance than ñcoplanar 1 and 3ò due to a larger z-height. ñCoplanar 3ò is not a 

symmetrical structure and can result in an unbalanced thermal behavior among two power dies 

which is undesired. For the 3D-stacking cases, ñ3D-stacking 1ò has the smallest z-height and thus 

outperforms the other two cases. To sum up, ñcoplanar 1ò and ñ3D-stacking 1ò are the desired 

structures from electrical, thermal, and manufacturing points of view from all possible 

combinations. 

 

 
(a)                                 (b)                                  (c)                                  (d) 

 
(e)                                 (f)                                  (g)                                  (h) 

Figure 2.4: Single-pad pattern die placements (a) coplanar 1, (b) coplanar 2, (c) coplanar 3, (d) 
coplanar 4, (e) 3D-stacking 1, (f) 3D-stacking 2, (g) 3D-stacking 3, (h) 3D-stacking 4 
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(a)                                                (b)                                                 (c) 

 
(d)                                                (e)                                                 (f) 

Figure 2.5: Power loop structures for single-pad pattern die placement (a) coplanar 1, (b) 

coplanar 2, (c) coplanar 3, (d) 3D-stacking 1, (e) 3D-stacking 2, (f) 3D-stacking 3. The ñCò 
blocks are decoupling capacitors. 

 

2.3.2 Multi -Loop Interconnections 

For the multi-pad pattern die placement, it follows the same thought process as the single-

pad pattern, as shown in Figure 2.6. Basically, the coplanar configurations are similar to the results 

of the single-pad pattern, as shown in Figure 2.7(a-c). As for the 3D-stacking structures (Figure 

2.7(d-f)), the multi-loop configuration is enabled between two dies as well as between dies and 

capacitors. Figure 2.8 depicts the current filaments along with the power loops and one of the 

single filament paths is highlighted in each case. It can be observed that the ñ3D-stacking 1ò not 

only has the shortest lateral loop length but also the lowest z-height, leading to the lowest parasitic 

loop inductance among the three cases.  
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(a)                                                 (b)                                                  (c)  

 
(d)                                                 (e)                                                  (f )  

Figure 2.6: Multi -pad pattern die placement (a) coplanar 1, (b) coplanar 2, (c) coplanar 3, (d) 3D-

stacking 1, (e) 3D-stacking 2, (f) 3D-stacking 3 
 

 
(a)                                                 (b)                                                  (c) 

 
(d)                                                 (e)                                                  (f)  

Figure 2.7: Power loop structures for multi-pad pattern die placement (a) coplanar 1, (b) coplanar 
2, (c) coplanar 3, (d) 3D-stacking 1, (e) 3D-stacking 2, (f) 3D-stacking 3 

 

 
(a)                                                 (b)                                                  (c) 

Figure 2.8: Current filaments of the power loop formed by multi-pad dies (a) 3D-stacking 1, (b) 
3D-stacking 2, (c) 3D-stacking 3 
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Due to the complexity of the interconnection structures and noncompliance with the 

assumption (ύḻὬ), the analytical equation is not applicable to the further analysis of the power 

loop inductance estimation. Thus, a commercial simulator, ANSYS Q3D Extractor, was utilized 

to simulate the electromagnetic field and extract the loop inductance. A 520um-thick GaN HEMT 

(Part number: EPC2218) dies having multi-pad pattern and 0402 multilayer ceramic capacitors 

(MLCC) are considered in the simulation. The simulation condition was set up at 100 MHz 

switching transient for considering 1MHz operating frequency. All the cases adopt a 2oz-thick 

conductor, 120um-thick insulator, and 120um-thick flip-chip solder. Figure 2.9 exhibits the loop 

inductance comparison among coplanar and 3D-stacking schemes. ñCoplanar 1ò is the most 

desired case in the coplanar designs due to the minimal inductance and symmetry structure. In fact, 

Coplanar 1 is one of the state-of-art power loop layouts which realizes the best single-loop parallel-

plate structure. ñ3D-stacking 1ò yields the lowest inductance which has a 79% reduction or only 

21% of that of the Coplanar 1 due to the strong magnetic field cancellation. Hence, from a 

comprehensive analysis of all multi-pad die placements combined with all possible power loop 

layouts, an optimum topological layout is presented for a universally minimized inductance. An 

analytical procedure to evaluate other potential topologies is also applicable. 
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Figure 2.9: Power loop inductance formed by multi-pad dies 

 

2.3.3 An Analytical Equation for Inductance Estimation of Multi -Loop Structures 

The loop inductance of the multi-loop parallel-plate structure can be modified from Equation 

(2.6) and expressed as 

 ὒ ‘
ὰ Ὤ

ὔ ύ
 ύὬὩὲ ύḻὬ (2.7) 

where ὔ is the number of loops. To verify Equation (2.7), simplified interconnection structures of 

the ñ3D-stacking 1ò were built with differing number of loops, as shown in Figure 2.10. The Ὤ and 

ὰ are 0.25 mm and 0.5 mm, respectively, and the ύ is assumed 2.5 mm for meeting the ύḻὬ 

requirement. The results show that the simulated loop inductance (ὒ) is linearly proportional to the 

reciprocal of ὔ which matches the relationship between ὒ and ρȾὔ in Equation (2.7). The 

inductance differences between analytical equation and Q3D simulation at each number of ὔ is  

10%. Owing to the skin effect and proximity effect, current flows concentrate at the conductor 

edge which is adjacent to the conductor with opposite current flow, as the Q3D simulation shows 

in Figure 2.11. The P and N represent the positive and negative voltage supply bus interconnects 

of a half-bridge, respectively. In  Figure 2.11(b), it is worth pointing out that the middle conductor 
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is shared by two loops. Thus, to balance the current density, the lateral length of the middle 

conductor has to be twice the length of outer edge conductors. The magnetic energy stored in the 

parasitic inductance is the main cause of the switching transient overvoltage. By combining 

Equations (2.2) to (2.3), this energy can be expressed as  

 ὡ
ρ

ς‘
ὄὨὺ (2.8) 

where ὡ  is the magnetic energy which is proportional to the square of the magnetic flux density 

(ὄ). In the ANSYS Maxwell 3D simulation (see Figure 2.12), it can be observed that most of the 

magnetic flux is concentrated in the insulator region that is enclosed by the conductor. Also, the 

interaction between loops is insignificant and thus the energy in each single loop structure is 

similar. For that reason, the total energies of single-loop and double-loop cases can be compared 

by calculating the sum of ὄ  that existed in the total volume. Figure 2.12 shows a roughly 50% 

reduction of the maximum ὄ and twice the volume in the double-loop structure compared with the 

single-loop structure. Therefore, the overall energy of the double-loop case is 50% of the energy 

in the single-loop case. It proves that the reciprocal of ὔ is proportional to magnetic energy as well 

as loop inductance. The proposed analytical equation for inductance estimation of multi-loop 

structures is verified by simulations and is utilized for the following analysis. 
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                        (a)                                                                                  (b) 
Figure 2.10: Comparison between simulation and analytical equation (a) loop structure, (b) loop 

inductance 
 

     

                                 (a)                                                                             (b) 
Figure 2.11: Current density distribution with an input current of 1A (yellow arrows represent 

the current flows) (a) single-loop (N=1), (b) double-loop (N=2) structures 
 

       
                                 (a)                                                                             (b) 

Figure 2.12: Magnetic flux density distributions with an input current of 1A (a) single-loop 
(N=1) and (b) double-loop (N=2) structures 
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2.4 Optimization of Die Pad Configuration 

The advantages and implementations of multi-loop structures have been fully discussed in 

the previous section. In this section, to design a universally optimal multi-loop configuration from 

a higher level, the semiconductor device pad pattern and packaging have to accommodate each 

other. In terms of the device, it is customary to design square and rectangle shapes of dies due to 

the wafer dicing technique. As a result, the multi-loop driven die pad design starts with squares 

and rectangles as unit cells. Since this section mainly focuses on the minimization of the power 

loop inductance, only the Drain and Source electrodes are considered in a unit cell. The interleaved 

conductor structure with opposite current flows is the core feature of the multi-loop concept. Figure 

2.13 depicts four interconnection configurations based on square and rectangle unit cells. The 

corresponding die pad patterns are shown in Figure 2.14. The blue and red blocks represent the 

Drain and Source pads, respectively. For minimal inductance, all the cases are equipped with pre-

mounted solder bars and balls for flip -chip soldering. In the interleaved square scheme, it is 

difficult to implement routing to reach the middle pads without adding an inner routing layer in 

the packaging substrate. Adding an inner layer is undesired since it would increase the z-height 

and thus be detrimental to magnetic field canceling. Therefore, only interleaved rectangle, 

concentric rectangle, and concentric square cases will be discussed and compared. 

 

 
(a)                                       (b)                                        (c)                                        (d) 

Figure 2.13: Multi -loop interconnection configurations (yellow arrows represent the current 
flows) (a) interleaved rectangle, (b) interleaved square, (c) concentric rectangle, (d) concentric 

square 
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            (a)                                       (b)                                        (c)                                     (d) 
Figure 2.14: Multi -loop driven die pad patterns (a) interleaved rectangle, (b) interleaved square, 

(c) concentric rectangle, (d) concentric square 
 

For the concentric square unit cell, the center pad does not need to be square. Pentagon, 

hexagon, and circle are discussed as well. To apply the analytical equation for estimating the power 

loop inductance of concentric unit cells, Equation (2.8) is modified as 

 ὒ ‘
ὰ Ὤ

ύ
  (2.9) 

where ὒ  is the power loop inductance and ύ  is the effective width between interleaved 

conductors or the total width of all the loops (ύ ὔ ύ). Figure 2.15 expresses the definition 

of the unit cell dimension and comparison of ύ . The ὒ and Ὃ are the length of the pad and space 

between pads, respectively. As aforementioned, to balance the current density, the length of the 

center pad (2ὒ) must be twice compared to the length of the outer ring conductor (ὒ) in the square 

case. The ὒ can be determined by the skin depth (‏), thermal resistance, mechanical reliability, 

manufacturing capability, etc. Since this study focuses on electrical characteristics, the skin depth 

is the main concern. For instance, in a conductor with an infinite cross-section area, 95% of the 

current is concentrated in the region from the surface to a depth of σ‏. The ύ  is calculated as 

the perimeter between Drain and Source pads and is shown as the pink dash-line. Square and circle 

are two extreme cases among the four cases. It is found that the ύ  of the square middle pad is 

larger than that of the circle scheme. Therefore, the square configuration is considered the best unit 
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cell of the concentric square pattern and will be compared with interleaved rectangle and 

concentric rectangle patterns. 

 

 
Figure 2.15: Comparison of the effective width in concentric square unit cells 

 

The unit cell structure of the concentric rectangle is shown in Figure 2.16. It can be observed 

that the concentric square is one of the special cases in the concentric rectangle when ὢ ςὒ. 

There are two objectives in the comparison. The first objective is maximizing the ύ  per unit 

area. The second is that the target value of the Drain (D) to Source (S) pad area ratio equals one 

(or areas of Drain and Source are identical). Based on the parameters organized in Table 2.2, the 

objectives plotted with normalized parameters are shown in Figure 2.17. For the D/S area ratio, 

the concentric square case (ὢȾςὒ ρ) holds the largest ratio which is undesired. The larger 

normalized width (ὢȾςὒ represents a wider concentric rectangle unit cell which is closer to the 

targeted ratio which is one. In Figure 2.17 (b) and (c), ὢȾςὒ is not a sensitive parameter, but the 

normalized space (ὋȾςὒ) and the absolute ὒ values play significant roles in the ύ  per unit area. 

In conclusion, the concentric rectangle outperforms the concentric square in terms of the two 

objectives and will be compared with the interleaving rectangle pattern. 
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Figure 2.16: Unit cell of the concentric rectangle 

 

Table 2.2: Comparison of the critical parameters between concentric rectangle and concentric 

square patterns 
Parameter Concentric Rectangle Concentric Square 

Unit cell area (2L+2G+X)(4L+2G) (4L+2G)(4L+2G) 

Effective width 
(ὡ ) 

4L+2X+Ǵ 8L+́G 

Drain pad area (2L+2G+X)(4L+2G)-

(4LS+2XG+2LX+Ǵ2) 

(4L+2G)(4L+2G)-

(4L2+8LG+́G2) 

Source pad area 2LX 4L2 
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(a) 

   
(b)                                                                           (c) 

Figure 2.17: Comparison of the objectives (a) area ratio of D to S, (b) ὡ  per unit area 

when ὒ ς‏(@ 1MHz), (c) ὡ  per unit area when ὒ σ‏(@ 1MHz) 

 

Figure 2.18 illustrates the corresponding die layouts built by interleaving rectangle and 

concentric rectangle unit cells. The comparison results are shown in Table 2.3. The interleaving 

rectangle holds the desired D/S area ratio, whereas the D/S area ratio of the concentric rectangle 

is theoretically larger than one. Although the area ratio is closer to one when the normalized width 

(ὢȾςὒ is large enough, a high aspect ratio (width/length) unit cell can cause mechanical reliability 

issues. For the ὡ  per unit area, the interleaving rectangle still performs better than the 

concentric rectangle. Besides that, from the flip-chip soldering process point of view, the center 

Source pad (shown in red) of the concentric rectangle layout can induce a solder-outgassing issue 

since itôs sealed by the Drain solder bar and the vaporized flux canôt outgas properly. In conclusion, 
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the interleaving rectangle is the best solution in terms of electrical characteristics, mechanical 

reliability, and manufacturing. 

 

 
Figure 2.18: Unit cell comparison of the interleaving rectangle and concentric rectangle patterns 
 

Table 2.3: Comparison of the objectives between interleaving rectangle and concentric rectangle 
patterns 

Objective Interleaving Rectangle Concentric Rectangle 

D/S area ratio 1 >1 

ὡ  per unit cell 2(2L+X+2G) 
=4L+2X+4G 

4L+2X+Ǵ 
=4L+2X+3.14G 

 

The universally optimum multi-loop-driven unit cell layout is determined based on a variety 

of considerations. In this part, the optimal aspect ratio of the die will be discussed. From a higher-

level power module design point of view, the terminal arrangement has to be considered in the 

beginning and is shown in Figure 2.19. It is worth pointing out that the D and S pad patterns of the 

high-side and low-side switches need to be opposite for realizing a perfect multi-loop configuration 
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(see top left schematic in Figure 2.19). The multi-loop concept is not only applied between two 

switches but also between switches and decoupling capacitors (Decap). However, the optimization 

will only consider the loop inductance purely contributed by the power switches. To be more 

specific, only the inductance of vertical loops (yellow arrows) and lateral loops (blue and red 

arrows) within the projected area of two power switches will be taken into account for the die 

aspect ratio optimization, as shown in Figure 2.20. 

 

 

Figure 2.19: 3D-stacking half-bridge power module arrangement 
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Figure 2.20: Definition of the loop inductance contributed by power switch and capacitor 

 

The parameters and the schematic plot for die optimization are shown in Figure 2.21. Except 

for the die aspect ratio (‌), all the other parameters are either dependent variables or given based 

on the following considerations. The die aspect ratio is defined by the die length (ὣ) divided by 

the die width (ὢ). As aforementioned, the pad length (ςὒ) can be determined by skin depth, current 

rating, thermal, mechanical, and manufacturing concerns. Pad space (Ὃ) mainly follows the 

insulation standards, the dielectric strength of insulators, and soldering limitations. The die area 

(ὃ) is primarily decided by the on-state resistance (Ron). The dielectric thickness (Ὤ) is controlled 

by the voltage rating and substrate rigidity. Ὄ includes the flip-chip solder thickness, conductor 

layer thickness, and dielectric layer thickness. According to Equations (2.7) and (2.9), the total 

power loop inductance (ὒ) can be expressed as  

 ὒ ‌ ‘
Ὃ Ὄ

ὔ ςὢ
‘

πȢςυὢ Ὤ

ς ὔ ςὒ
  (2.10) 
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The first and second terms are vertical and lateral loop inductances, respectively. Since the 

decoupling capacitors are employed at two sides and form two loops, the second term is divided 

by two. In addition, the average lateral current flow distance is πȢςυὢ. In Equation (2.10), Ὃ, Ὄ, 

Ὤ, and ‘ are given numerical values. The ὔ, ὢ, and ὣ are functions of the die aspect ratio (‌) and 

Equation (2.10) can be further expressed as 

 ὒ ‌ ‘
Ὃ Ὄ

ὔ‌ ςὢ‌
‘

πȢςυὢ‌ Ὤ

ς ὔ‌ ςὒ
 (2.11) 

, where ὢ‌ ὃȾὣ‌ ὣ‌Ⱦ‌ and ὃ is die area. Thus, ὣ‌ , ὢ‌ , and ὔ‌  can be 

obtained as 

 ὣ‌ Ѝὃ‌ (2.12) 

 ὢ‌ ὃȾ‌ (2.13) 

 
ὔ‌

ὣ‌

τὒ ςὋ

Ѝὃ‌

τὒ ςὋ
 (2.14) 

By substituting Equations (2.12) to (2.14) into Equation (2.11), the expression of ὒ ‌ is given 

as 

 

ὒ ‌ ‘
Ὃ Ὄ

Ѝὃ‌
τὒ ςὋ

ςὃȾ‌

‘
πȢςυὃȾ‌ Ὤ

τὒ
Ѝὃ‌
τὒ ςὋ

 

                          
‘

ς

Ὃ Ὄ τὒ ςὋ

Ѝὃ‌ ὃȾ‌

ὃȾ‌ Ὤ τὒ ςὋ

ψЍὃ‌
 

                          
‘ τὒ ςὋ

ς

Ὃ Ὄ

ὃ

Ὤ

ψ‌
 

(2.15) 

It can be observed that the first term of the final expression  does not contain 

the variable which implies that the ὡ  or vertical loop inductance per unit area is a constant and 

is irrelevant to ‌  when ὒ, Ὃ, ὃ, and Ὄ are fixed. For the lateral loops, because the current is 
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flowing from the left and right sides of the die, a wider die (the smaller ‌) induces a longer lateral 

current path and results in a higher inductance. Thus, the second term of the final expression in 

Equation (2.15) is inversely proportional to ‌. Figure 2.22 illustrates the power loop inductance 

breakdown and the given parameters which follow the EPC2218 GaN die. As an example for 

demonstration shows again that the vertical loop inductance is irrelevant to ὔ as well as ‌, and the 

lateral loop inductance decreases with increasing ὔ. The variation of ὋȾςὒ induces opposite 

effects on lateral and vertical loop inductances. The overall loop inductances plotted with different 

‌ are shown in Figure 2.23. Although the trends of ὒ versus ‌ among different ratios of ὋȾςὒ 

are similar, the decay rates are quite different and consequently the selection of the best die aspect 

ratio needs to be carefully determined.  

The selected die aspect ratio based on minimization of inductance consideration may not 

pass the mechanical reliability tests since the die aspect ratio is also one of the critical parameters 

in terms of mechanical performance. There are up to 30 packaging parameters which can influence 

the mechanical behaviors of the flip -chip packaging [67]. Critical parameters include die and 

solder areas [68], die thickness [69], PCB thickness [70], solder material [71], under bump 

metallization (UBM), redistribution layer (RDL), and solder mask designs [72]. Therefore, 

designers need to conduct mechanical analysis and find the range of acceptable die aspect ratios 

for passing the reliability tests. Within this range, the larger die aspect ratio leads to the lower 

power loop inductance. 
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Figure 2.21: Parameters and schematic plot for die aspect ratio optimization 

 

 
Figure 2.22: Power loop inductance breakdown 
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Figure 2.23: Power loop inductance vs. die aspect ratio 
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CHAPTER 3. Case Study: Optimized Power Module Configuration 

3.1 Proposed Structure  

Half-bridge is one of the most basic building blocks in power conversion systems. To further 

increase the functionality, performance, and density of power systems, intelligent power modules 

(IPM) were proposed that integrate the half-bridge, gate driver, protection circuits, passives, and 

sensors into a compact module. This case study provides validation of ultra-low parasitic 

inductance in a novel 3D (die) stacking IPM. Two EPC2218 GaN power switches 

(100V/60A/1.95x3.5mm), one half-bridge gate driver (Part number: UP1966E), gate resistors, 

capacitors, and ten decoupling capacitors (100V/10000pF/0201) for the power loop are packaged 

in a double-sided cooled IPM. The case study module design follows the ñ3D-stacking 1ò 

configuration shown in Figure 2.7. Two GaN dies are face-to-face bonded on the opposite sides of 

a heterogeneous integration power interposer (HIPI). The power interposer is a Cu-clad insulated 

substrate that the insulating layer can be organic, ceramic, or glass materials. This study adopts a 

240um-thick high thermally conductive epoxy-resin composite dielectric (ERCD) as the insulating 

layer for HIPI and the material properties are shown in Table 3.1. The function of the power 

interposer is mainly managing electrical routing. For the state-of-art chip embedding technique, 

placing drivers and passive components on the top of power devices for low stray inductance at 

the expense of double-sided cooling is one of the main shortcomings. However, in this case study, 

the multi-loop structure and power interposer enable ultra-low inductance characteristics while 

maintaining the double-sided cooling possibility. The backside of the GaN die is bonded to a high 

thermally conductive epoxy insulated metal substrate (eIMS) by semi-Ag-sintering die attachment 

(a combination of sintered silver and resin system) for better thermal and mechanical performance 

compared with solder. To minimize parasitic capacitance between the die backside and the eIMS 
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baseplate, it is worth pointing out that the conductor layer of eIMS is roughly the same as the die 

area. The gate driver is placed close to the gate electrode of the die for a minimal driving loop 

inductance. Power and signal terminals are arranged at two sides to lower crosstalk. The module 

is encapsulated by an epoxy-based encapsulant (Product name: Risho RICOLIT) and its size is 

12.7 x 15 x 5.2 mm, not including terminals. The 3D models are shown in Figure 3.1.  

 

Table 3.1: Material properties of ERCD material 

Parameter Unit Value 

Tg  ↔C 300 

Thermal Conductivity  W/mK 10 

Youngôs Modulus  GPa 53 

CTE (Ŭ1)  ppm/ ↔C 15 

Breakdown Voltage  kVAC 5 @ 120 ɛm 

Volume Resistivity  ɋ-m 1 x 1013 

Dk  - 6.8 

Df  - 0.009 

 
 
 
 

 
 
 
 

 



   
 

58 
 
 

 
(a) 

       
(b)                                                                       (c) 

 
(d) 

Figure 3.1: The power module case study (a) schematic plot, (b) 3D model with encapsulant, (c) 
3D model with translucent top eIMS and encapsulant, (d) cross-sectional view of 3D model 

 

3.2 Thermal Modeling and Characterization  

For packaged semiconductor devices, thermal resistance junction-to-case (Ὑ ) is an 

indicator for quantifying the heat dissipation capability from die to case. It can be expressed as  
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 Ὑ
Ὕȟ Ὕ

ὖ
  (3.1) 

where Ὕȟ  is the maximum junction temperature of the semiconductor device and Ὕ is the case 

temperature at the exposed thermal pad of the package. The ὖ is the heat flow passing from 

junction to case. It is customary to set up Ὕ ςυȍὅ condition when defining Ὑ  in packaged 

device datasheets. This implies that there is no temperature gradient or thermal resistance between 

case to ambient. On the other hand, it also represents that the cooling components (e.g., heat sink 

and cold plate) are ideal and hold zero thermal resistance. For this condition, it is equivalent to an 

infinite convective heat transfer coefficient (h coefficient) applied at the case and results in a very 

small thermal spreading angle from die to cooling component, as shown in Figure 3.2. The small 

spreading angle leads to a maximum thermal resistance while calculating Ὑ  and also results in 

little thermal coupling between dies in the power modules. However, the spreading angle and 

thermal coupling effect can increase substantially when the h coefficient is no longer infinite. 

 

     
(a)                                               (b)                                              (c) 

Figure 3.2: Thermal spreading with the cooling components holding infinite h coefficient (a) 
single-sided cooled power discrete, (b) single-sided cooled power module, (c) double-sided 

cooled power module 
 

To characterize the Ὑ  of single-sided cooled (SSC) power discretes through thermal 

simulation, the bottom surface of the substrate is set to be 25ęC uniformly and a known heat flow 

is applied on the top surface of the die. All the heat will  only flow from junction to case since the 
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sidewalls and top surface are considered adiabatic. By capturing Ὕȟ , Ὑ  can be obtained by 

Equation (3.1). Regarding the thermal characteristics of power modules, the expressions of Ὑ  of 

die (or Ὑ  per die) and Ὑ  of module are Ὑ ȟ  and Ὑ ȟ , respectively. For SSC power 

modules, the definition of Ὑ ȟ  is the same as that of power discretes due to the small thermal 

coupling assumption. To extract the Ὑ ȟ  of the SSC power modules by Equation (3.1), the 

Ὕȟ  is the max. junction temperature among two or multiple dies and ὖ is the total heat flow of 

two or multiple dies. Thus, the main differences of Ὑ ȟ  and Ὑ ȟ  are the definitions of  

Ὕȟ  and ὖ. Assuming negligible thermal coupling between two dies in an SSC power module, 

ideally, the Ὑ ȟ  is half of the Ὑ ȟ  due to a double heat dissipating area. 

Moreover, Ὑ ȟ  is the critical parameter to determine the maximum power dissipation 

(ὖȟ ) of the module which can be obtained by  

 ὖȟ
Ὕȟ Ȣ  Ὕ

Ὑ ȟ  
  (3.2) 

where Ὕȟ Ȣ   is the maximum allowed junction temperature of the semiconductor devices. 

Typically, the values of Ὕȟ Ȣ   for Si and WBG (e.g., SiC and GaN) devices are 150ęC and 

175ęC, respectively.  

For the double-sided cooled (DSC) power modules, there are two thermal paths. The 

corresponding thermal resistance are Ὑ ȟ ȟ  and Ὑ ȟ ȟ  which can be characterized 

separately through the same process as SSC packages. Considering the parallel connection of two 

thermal paths, the overall equivalent Ὑ ȟ  of DSC packages can be expressed by 

 Ὑ ȟ ȟ

Ὑ ȟ ȟ   Ὑ ȟ ȟ

Ὑ ȟ ȟ   Ὑ ȟ ȟ  
  (3.3) 
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It is crucial that the definition of Ὑ ȟ ȟ  is based on having both top and bottom case 

temperatures identical (e.g., 25ęC). Again, due to the weak thermal coupling, Ὑ ȟ ȟ  is 

roughly half of Ὑ ȟ ȟ . 

The thermal behavior of the proposed power module is quite different from the traditional 

modules with a coplanar die placement, as shown in Figure 3.2(b and c). The thermal coupling 

still exists in the proposed module with Ὕ ςυȍὅ (or infinite h coefficient) applied at the top and 

bottom cases of the power module. In Figure 3.3, HS die and LS die are heated separately for 

evaluating the heat dissipation ratio of the top and bottom thermal paths. For the HS die evaluation, 

only the HS die is self-heated (zero power on LS die). The same approach for the LS die evaluation. 

Due to the symmetrical structure and boundary conditions, the ratios of the main to minor thermal 

paths of the two evaluations are nearly the same. Figure 3.4 shows a symmetrical temperature 

distribution when each die dissipates 1 W (total: 2W). The corresponding Ὑ ȟ  can extracted 

through Equation (3.1) by considering total power loss and the Ὕȟ  among two dies. The 

corresponding ὖȟ  can be further calculated by Equation (3.2). 

 

          
(a)                                                                           (b) 

Figure 3.3: Heat dissipation distributions of top and bottom thermal paths (a) HS die heating, (b) 

LS die heating 
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Figure 3.4: Thermal behavior of the power module case study 

 

Considering interfacial thermal resistance between die attach and adjacent layer is critical in 

thermal modeling. Research indicates that the interfacial thermal resistance of solder or die 

attachment strongly affects the power dissipation capability of electronic packages [73] [74] [75]. 

The interfacial thermal resistance is commonly extracted by the transfer line method (TLM) and 

the y-intercept represents twice the interfacial thermal resistance, as shown in Figure 3.5 [75]. It is 

also worth pointing out that the interfacial thermal resistance can be several times the bulk thermal 

resistance of the solder itself depending on the bond line thickness (BLT) and bulk thermal 

conductivity. Silver sintering materials are one of the popular solutions for minimizing interfacial 

thermal resistance due to excellent bonding quality between silver sintering die attachment and 

silver surface treatment bonding pad. To simulate the thermal behavior accurately, the interfacial 

behavior cannot be neglected and must be considered in Finite Element (FE) modeling. This study 

considered the interfacial thermal resistance at all the solder and sintering interfaces. The detailed 

dimension and thermal conductivity of the proposed power module in the thermal modeling are 

shown in  

Table 3.2. The thermal modeling is validated through experimental testing in previous work 

[12] and is attached in Appendix. Thus, the material properties and boundary conditions in this 

study are properly modeled. The simulated results indicate that the Ὑ ȟ  is 2.33 K/W and the 

Unit: ęC
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Ὑ ȟ  is 1.17 K/W. The ὖȟ  of the module is 106.8W at Ὕȟ Ȣ  ρυπȍ# and Ὕ

ςυȍ#.  

 
Table 3.2: Dimensions and thermal conductivities of the packaging components 

Component Material Thickness 
Thermal conductivity 

(W/mK) 

GaN die Silicon (GaN on Si) 520 um 130 

Dielectric of 
interposer ERCD 

240 um 
10 

Dielectric of eIMS 120 um 

Conductor layer of 
interposer 

Copper 

2 oz 

390 Conductor layer of 
eIMS 

3 oz 

Baseplate of eIMS 1.5 mm 

Die attach Semi-sintering Ag 50 um 100 

Flip-chip solder 
Sn/Ag3.0/Cu0.5 
(SAC305) 

120 um 60 

 

 
Figure 3.5: Thermal resistance vs. bond line thickness of die attachment materials 
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3.3 Mechanical Modeling and Characterization  

The thermal-mechanical reliability of the proposed power module is characterized under the 

thermal cycling test in accordance with JESD22-A104D condition M that the testing temperature 

range is -40 to 150 ↔C and the dwell time is 10 minutes [76]. The common failure modes of power 

modules under active and passive thermal cycling load are well established, such as wire 

degradation, solder fatigue, die crack [77] [78]. For assessing solder fatigue lifetime, many 

empirical theories have been developed, including stress-based, strain energy-based, and strain-

based prediction models. Coffin-Manson empirical equation [79] is a strain-based prediction 

model widely used for evaluating the solder joint fatigue life subjected to thermal cycling in the 

electronic packaging field. Many researchers have modified the equation for better accuracy and 

made it easier to apply. For example, Lin et al. proposed a modified Coffin-Manson equation by 

using the range of equivalent plastic strain in one cycle to predict the solder fatigue life [80]. This 

modified equation has been validated by several research [10] [81] [82]. The equation can be 

expressed as 

 ὔ —Ў‐   (3.4) 

where ὔ is the mean cycles to failure and Ў‐  is the increment of equivalent plastic strain. — and 

– are the constants determined by solder materials and are 0.235 and -1.75 for SAC305, 

respectively [82]. This modified equation is applied in this study. 

For mechanical modeling, Anand Viscoplastic Constitutive model [83] was applied since it 

can consider both elastoplastic and creep behaviors for SAC305 during the cyclic thermal load. 

The flow equation is described as  

 ‐ ὃ Ὡὼὴ
ὗ

ὙὝ
ίὭὲὬ‚

„

ί
  (3.5) 
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where ‐ is the plastic strain rate and ί is the internal variable. The evolution equation describes 

the variation of ί with time. In its differential form, it can be expressed as  

 ί Ὤȿὄȿ
ὄ

ȿὄȿ
‐ (3.6) 

where 

 ὄ ρ
ί

ίz
  (3.7) 

and  

 ίz ίǶ
ʀ

ὃ
Ὡὼὴ

ὗ

ὙὝ
  (3.8) 

All the material parameters of the Anand model for SAC305 and mechanical properties for other 

components in the module are shown in Table 3.3 [84] and Table 3.4, respectively. 

 

Table 3.3: Material parameters of Anand model for SAC305 

Description Symbol Value 
Initial value of deformation resistance s0 45.9 MPa 

Activation energy Q/R 7460 K-1 

Pre-exponential factor A 5.87 x 106 s-1 

Stress multiplier ʊ 2 

Strain rate sensitivity of stress m 0.00942 

Hardening and softening constant h0 9350 MPa 

Coefficient for saturation value of deformation resistance Ó 58.3 MPa 

Strain rate sensitivity of the saturation value n 0.015 

Strain rate sensitivity of the hardening and softening  a 1.5 
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Table 3.4: Mechanical properties in FE modeling 

Component Material 
Youngôs Modulus 

(GPa) 

Poisson 

Ratio 

CTE 

(ppm/°C) 
GaN die Silicon (GaN on Si) 160 0.26 3 

Dielectric of interposer 
ERCD 53 0.3 15 

Dielectric of eIMS 

Conductor layer of 
interposer 

Copper 

110 
(Yield strength: 0.11 
, tangent modulus: 

1.1) 

0.35 17.6 
Conductor layer of eIMS 

Baseplate of eIMS 

Die attach Semi-Ag-sintering  12.5 0.4 25 

Flip-chip solder 
Sn/Ag3.0/Cu0.5 

(SAC305) 

45.7 @ -40ÁC 
42.2 @ -20ÁC 
31.7 @ 40ÁC 

24.6 @ 80ÁC 
16.7 @ 125ÁC 
12.3 @ 150ÁC 

0.35 21 

Encapsulant Epoxy 8 0.3 15 

 

The material failure theory can be categorized into two types: brittle failure and ductile 

failure. The brittle failure usually occurs when the max. normal stress in any direction reaches the 

max. tensile or compressive strength of the material. Thus, the max. principal stress which is 

calculated as the max. normal stress at a certain angle is widely utilized as an indicator for brittle 

materials (e.g., Si, ERCD, and epoxy encapsulant). Due to a ductile or malleable feature, ductile 

materials usually fail under a certain cyclic force or load, leading to fatigue failure. This study 

adopted an equivalent plastic strain-based model for evaluating SAC305 solder fatigue life 

subjected to a thermal cycling test. In this study, several potential failure points were monitored, 

and the criteria were defined as (1) max. principal stress of die (Si substrate) < 170 MPa, (2) max. 

principal stress of ERCD < 50 MPa, and (3) SAC305 solder fatigue life > 1000 cycles. To save 

simulation computational time and capture accurate mechanical behaviors at focused components, 

a fine mesh arrangement is only applied at GaN die, flip-chip solder, and critical ERCD areas, as 

shown in Figure 3.6. The simulated max. principal stresses of die and ERCD are 129.3 and 25.5 
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MPa, respectively. The simulated flip -chip solder fatigue life is 1537.7 cycles. Thus, all the 

mechanical behaviors passed the criteria and the case study module as proposed should meet first-

pass industry acceptance. 

 

      
(a)                                                                               (b) 

 
(c) 

Figure 3.6: Thermal-mechanical modeling (a) mesh arrangement of GaN chip, (b) mesh 

arrangement of flip-chip solder, (c) deformation plot at -40ęC 
 

3.4 Electrical Modeling and Characterization  

The parasitic inductance of the proposed power module was simulated and extracted by 

ANSYS Q3D Extractor. The parasitics were extracted at 100 MHz which was representative of 

the GaN HEMT turn-on and turn-off speeds. The main parasitic inductances in the power module 

can be categorized into two parts: (1) power loop inductance and (2) driving loop inductance. The 

definitions of the power loop inductance and driving loop inductances included pull-up and pull-

GaN die

Flip-chip 

solder

Unit: m
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down loops are shown in Figure 3.7(b). The resulting simulated resistances and inductances are 

shown in Table 3.5. The power loop inductance is 0.12 nH which is higher than that of the ñ3D-

stacking 3ò configuration in Figure 2.9. Because the proposed power module employed an 

interposer with a twice-thicker dielectric (240 um) for improving the rigidity and preventing crack 

issues during handling and manufacturing. The driving loop inductances of pull-up and pull-down 

are both below 1 nH based on the simulations. The driving loop inductances are less dependent on 

the semiconductor device and more dominated by the packaging design. Thus, the driving 

inductances of this study are compared with other works, as shown in Table 3.6. It shows that the 

inductances are lower than all other works since the gate driver and power devices are flip -chip 

bonded with a minimum distance. The 3D model and circuit of the case study module considered 

in the simulation are shown in Figure 3.7. The physical structures of the power and driving loops 

are depicted in Figure 3.8 and Figure 3.9.  

 

Table 3.5: Parasitic resistances and inductances of the power and driving loops 

 DC Resistance (mɋ) AC Resistance (mɋ) Inductance (nH) 

Power loop 0.22 2.22 0.12 

Driving loop 
Pull-up: 1.94 
Pull-down: 1.45 

Pull-up: 17.08 
Pull-down: 12.03 

Pull-up: 0.99 
Pull-down: 0.63 

 

Table 3.6: Driving loop inductance comparison 

Unit: nH Pull-up Pull-down 

Stony Brook University [85] 1.21 1.28 

Xi'an Jiaotong University [86] Half-bridge 1: 1.7 
Half-bridge 2: 2 

Half-bridge 1: 2.4 
Half-bridge 2: 2.2 

Stony Brook University [87] 1.7 1.2 

Fraunhofer IAF [88] 1.8 0.86 

 



   
 

69 
 
 

 
(a) 

 
(b) 

Figure 3.7: Q3D modeling of the power module case study (a) 3D model, (b) circuit 
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(a)                                                               (b) 

Figure 3.8: Definitions of driving loop inductances (a) pull-up, (b) pull-down 
 

 
(a) 

 
(b) 

Figure 3.9: Definitions of power loop inductance (a) front view, (b) side view 
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To validate the simulation of the inductance extraction, a double-pulse test (DPT) was 

carried out to measure dynamic characteristics and calculate the parasitic inductance in the power 

loop. In the turn-off  transient of the LS switch, the power loop inductance (ὒ) is resonant with 

the output capacitance (ὅ ) of the LS switch, resulting in a ringing effect on the switching node 

voltage (ὠ ) which is across the LS switch. The ringing frequency (Ὢ ) can be obtained by 

 Ὢ
ρ

ς“ ὒὅ
  (3.9) 

In the test setup, 1 GHz bandwidth passive voltage probes (Part number: Tektronix TPP1000) 

were employed to measure ὠ  and the pulse width modulation (PWM) input gate voltage. The 

probe holds a parasitic capacitance of 3.9 pF which is negligible compared with the power device 

capacitance (i.e., ὅ ). The current flowing through a 7.5 uH power inductor was measured by a 

30 A current probe (Part number: Tektronix TCP0030A). The DC bus voltage was set up at 60V 

for testing the 100V GaN power device. Two pulse widths of the on-state were 1.5 us. The PWM 

input gate voltage was 5V. The DPT circuitry and the experimental setup are shown in Figure 3.10. 

A double-layer f lexible PCB with a 120um-thick polyimide insulation layer and 3oz Cu 

conductor layers was selected as the power interposer for the device under test (DUT). Both top 

and bottom Cu layers were mounted with a GaN power device (Part number: EPC2218), a gate 

driver (Part number: UCC27512), three gate capacitors, and a gate resistor. Ten 0603 MLCC 

decoupling capacitors were only mounted on the top Cu layer. Since the top and bottom eIMS 

impedes the connection of measuring probes and DPT only dissipates a small amount of heat, two 

eIMS were not considered in the DUT. The prototype of the DUT and the dimensions are shown 

in Figure 3.11. The waveforms of the switching node voltage, gate bias voltage, and the power 
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inductor current are shown in Figure 3.12. The ringing frequency was measured as 526 MHz. 

According to Equation (3.9), the corresponding power loop inductance is calculated as 

 ὒ
ρ

τ“ Ὢ ὅ
 

ρ

τ“ υςφὓὌᾀ υφςὴὊ
πȢρφσ ὲὌ (3.10) 

The power loop inductance of the DUT through ANSYS Q3D simulation is 0.11 nH. 

Considering the equivalent series inductance (ESL) in the MLCC, the selected 0603 MLCC 

decoupling capacitor holds an ESL of 0.45 nH [89]. The DUT has ten decoupling capacitors in a 

parallel connection in the power loop and consequently the total ESL is 0.045 nH. Therefore, the 

simulated power loop inductance needs to include an ESL of 0.045 nH, resulting in an overall 

power loop inductance of 0.155 nH which is 5% smaller than the inductance calculated from 

Equation (3.10) in the experiment. This experimental testing not only validates the Q3D simulation 

of the inductance extraction but also proves the multi-loop interconnection structure can realize 

ultra-low inductance. 

 

 

 

 



   
 

73 
 
 

  
(a) 

 
 (b) 

Figure 3.10: The double-pulse test (a) circuitry, (b) experimental setup 
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(a) 

 
(b) 

Figure 3.11: The device under test (a) prototype, (b) cross-sectional view 
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Figure 3.12: Waveforms of the switching node voltage, PWM input gate voltage, and power 

inductor current 
 

3.5 Proposed Power Module Figure of Merit  

High efficiency is one of the ultimate goals of power conversion. It can be achieved by low 

parasitics and high thermal conductance packaging designs for minimizing the power loss and 

junction temperature, respectively. To achieve low parasitic L and C values, short interconnection 

distance and small overlapped conductor area are needed. However, short distance and small 

conductor area represent tight die placement and small thermal spreading area which substantially 

limits the heat dissipation capability. Thus, to implement a comprehensive evaluation of power 

module performance from a higher level, performance indicators are proposed for thermal and 

electrical considerations. These indicators normalize the effect of semiconductor devices and 
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solely evaluate the packaging performance of power modules. As aforementioned, a trade-off 

exists between thermal and electrical design considerations. Taking both performances into 

account is necessary for assessing the overall power module performance. Therefore, a Power 

Module Figure Of Merit (PMFOM) is proposed to evaluate the overall performance and conduct 

a fair comparison. 

Thermal resistance junction-to-case (Ὑ ) is a crucial parameter to evaluate the thermal 

performance of the packaging. Typically, Ὑ  consists of the bulk thermal resistances of each 

component and interfacial thermal resistances between two adjacent components. The Ὑ  can be 

expressed as 

 

Ὑ  
Ὄ

ὑ ὃ
Ὑ ȟ ὃ

Ὄ

ὑ ὃ

Ὄ

ὑ ὃ

Ὄ

ὑ ȟ ὃ ȟ

Ὑ ȟ   

ὃ

Ὑ ȟ   

ὃ
 

(3.11) 

where ὔ and ὓ are numbers of components and thermal interfaces from junction to case, 

respectively. The Ὄ and ὑ are thickness and thermal conductivity of each component, respectively. 

The ὃ is the area along the heat transfer path. Assumed is that ὃ  is the same as ὃ . The 

Ὑ  is the interfacial thermal resistance and the unit is usually specified as ͼά Ͻὑὡϳ ͼ. 

The ὃ ȟ  is the effective heat transfer area of the substrate (see Figure 3.13) which can be 

described as  

 ὃ ȟ  θ
ὃ ὃ Ὄ ὑ ȟ

Ὤ
 (3.12) 
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Therefore, all the terms in Equation (3.11) contain either ὃ  or ὃ  in the denominator. As a 

result, Ὑ  is not only determined by the packaging (e.g., die attachment and substrate) but also the 

semiconductor die. For this reason, Ὑ  is not a proper parameter to evaluate the pure packaging 

thermal performance. To remove the effect of the die and purely measure the effect of packaging, 

T factor is defined as normalizing Ὑ  by ὃ  and can be expressed as 

 

        Ὕ ὪὥὧὸέὶὙ ὃ

 
Ὄ

ὑ

Ὄ

ὑ

Ὄ

ὑ ȟ Ὂὃ ȟὌ ȟὑ ȟ ȟὬ

Ὑ ȟ   Ὑ ȟ    

(3.13) 

The first term (i.e., ) of T factor is fully contributed by die. Therefore, the contribution of 

packaging can be obtained by subtracting the first term if   is known. Since Ὄ  and ὑ  are 

not usually revealed in papers and the first term usually contributes a small portion of T factor, the 

packaging thermal performance can roughly be expressed as T factor. T factor can also be 

illustrated as the thermal resistance per unit area. The lower the T factor, the better the thermal 

performance of the packaging design. Last but not least, T factor can apply to both single-sided 

and double-sided cooled power modules. 

 

 
Figure 3.13: Thermal behavior in a typical semiconductor packaging 
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Minimizing power loop inductance can mitigate semiconductor device failure and reduce 

switching loss. Minimal interconnection distance and placing dies close together are two common 

ways to reduce inductance. Researchers usually post a couple of nano Henry or sub-nano Henry 

inductance to express superior packaging design without revealing the semiconductor information 

and comparing the thermal performance with other works. In addition to the packaging effect, the 

size of the die, number of dies, voltage insulation requirement, and device technology (e.g., vertical 

and lateral devices) are all strong parameters for determining the interconnection inductance. It is 

unfair to make a comparison of packaging designs without normalizing the above parameters 

related to the semiconductor die. Therefore, this study proposes a P factor to fairly compare the 

power loop inductance in lateral power device packaging which can apply to both single-sided and 

double-sided cooled power modules. Since the ñcoplanar 1ò configuration can be realized by both 

single- and multi-pad dies and does not require advanced packaging techniques, the P factor was 

established based on the extreme condition of the single-loop interconnection configuration (no 

gap between two dies) as a benchmark model, as shown in Figure 3.14.  

The P factor is defined as  

 ὖ Ὢὥὧὸέὶ
ὒ

ὒ
 ȟύὬὩὶὩ ὒ ‘

ςὰ Ὤ

ύ
  (3.14) 

The ὒ is the minimum inductance of the single-loop flat-plate interconnection and ὒ is the actual 

inductance of the module. The lower the P factor, the better the module design in terms of the 

power loop inductance. There are three situations of P factor: (1) P factor > 1, representing a 

packaging design is inferior to the P factor model (or single-loop flat-plate interconnection). (2) P 

factor = 1, representing a packaging design reaches the best scenario utilizing single-loop flat-plate 

interconnection. (3) P factor < 1, representing a packaging design is superior to the P factor 

benchmark model (e.g., multi-loop interconnection). 
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Figure 3.14: Interconnection configuration of the P factor benchmark model 

 

The T and P factors are established by normalizing to the semiconductor device and can be 

useful indicators for meaningful comparisons of thermal resistance and power loop inductance. 

However, using just one of the factors is insufficient to prove a comprehensive power module 

design. As aforementioned, the low inductance interconnection and low thermal resistance 

structure designs can contradict each other and consequently both need to be considered together. 

Since the higher the PMFOM values as the better performance, a PMFOM is defined as  

 ὖὓὊὕὓ
ρ

ὖ ὪὥὧὸέὶὝ Ὢὥὧὸέὶ
  (3.15) 

Equation (3.15) considers an equal weighting for both P and T factors as an example. Designers 

can add weighting functions in Equation (3.15) based on the importance of each factor and the 

application fields. 

According to Equation (3.13) and Equation (3.14), the T and P factors of the proposed case 

study power module can be calculated as  

 

Ὕ ὪὥὧὸέὶὙ ὃ  

                  ρȢρχὑȾὡ ς πȢρωυὧά πȢσυὧά πȢρφ ὧάϽὑȾὡ 

(3.16) 

and  
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ὒ

ὒ

ὒ

‘
ςὰ Ὤ
ύ

 

                   
πȢρςρπ Ὄ

τ“ ρπὌȾά
ς ρȢωυρπά πȢςτρπά

σȢυ ρπά

 

                    πȢσυχ 

(3.17) 

Due to the multi-loop interconnection applied in the proposed power module, the P factor is 0.36 

which is lower than 1. The PMFOM is calculated as 

 

ὖὓὊὕὓ
ρ

ὖ ὪὥὧὸέὶὝ Ὢὥὧὸέὶ
 

                        
ρ

πȢσυχπȢρφ ὧάϽὑȾὡ
 

                        ρχȢυτ ὡȾὧάϽὑ  

(3.18) 

Chapter 5 will compare the case study module with other lateral device power modules using P 

factor, T factor, and PMFOM. 
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CHAPTER 4. Investigation of the Common-Mode Current in Ultra -Thin Dielectrics 

4.1 Introduction and Background 

The parasitic capacitances inevitably occur in power modules due to the capacitive coupling 

between conductors, especially between the top and bottom conductor layers of insulated 

substrates (e.g., DBC and IMS). The bottom conductor layer or metal baseplate is usually grounded 

for safety concerns. The capacitances related to the SW node potential would charge and discharge 

in every switching cycle, leading to significant capacitive current which induces high switching 

loss and electromagnetic interference (EMI). To avoid these adverse impacts, minimizing the 

parasitic capacitance in power modules is a must. The capacitance between two parallel conductor 

plates can be expressed as  

 ὅ ‐
ὃ

Ὠ
  (4.1) 

where ὅ is the capacitance, ‐ is the absolute permittivity of the dielectric between the parallel 

conductor plates, ὃ is the overlapping area of two plates, and Ὠ is the distance between two plates. 

To minimize the capacitance of a parallel plate capacitor, selecting low permittivity materials [90], 

thickening dielectric layer, and decreasing the conductor area of the SW electrode [91] are 

traditional ways to minimize the capacitance in power modules. Due to the fast-switching 

characteristics of WBG power devices and trends of ultra-thin dielectrics, the parasitic capacitance 

induced capacitive current is further magnified and the above methods are insufficient for being 

in compliance with EMI standards. Therefore, bulky and costly filters are common solutions. 

An EMI disturbance is delivered in two ways: conduction and radiation. This study focuses 

on conducted EMI propagated through the grounding connection at the baseplate (or heatsink). To 

capture the conducted EMI noise, a well-defined line impedance stabilization network (LISN) is 

required for providing a standardized line impedance in the EMI measurement. The LISN is set up 
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between the power supply and the equipment under test (EUT) for isolating the power supply noise 

and only capturing the noise from EUT, as shown in Figure 4.1.  

 

 
Figure 4.1: Schematic plot of the conducted EMI measurement 

 

The noises can be decomposed into common-mode (CM) and differential-mode (DM). LISN 

measures the noises in the form of voltage which can be expressed as  

 ὠ
ὠ ὠ

ς
  (4.2) 

 ὠ
ὠ ὠ

ς
  (4.3) 

Where ὠ  and ὠ  are CM and DM voltages (or noises), respectively. ὠ and ὠ are measured 

voltages on 50 ɋ resistors in the LISN, as shown in Figure 4.2. Both noises need to comply with 

the emission limits specified in EMI standards. For example, The International Special Committee 

on Radio Interference (CISPR) specifies the EMI noise limits of automotive electronic products 

and multimedia equipment in CISPR 25 [92] and CISPR 32 [93], respectively. The frequencies of 

interest of the conducted EMI noise limits are usually between 150 kHz to 30 MHz. CISPR 25 
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specifies the frequency spectrum up to 108 MHz which is the highest among the common EMI 

standards. To consider a broader range for potential future demands, this study discusses the 

frequency up to 1 GHz. 

It is worth pointing out that CM noise finds the return path through parasitic capacitance 

with respect to the ground and DM noise follows the directions of the load current. Since this study 

focuses on the reduction of the conducted EMI which disturbs the neighborhood components 

through a grounded power module baseplate (or heat sink), suppressing CM noise is the main 

objective in the following analysis. 
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(b) 

Figure 4.2: Paths of common-mode (red arrows) and differential-mode (blue arrows) noises (a) 
Buck converter, (b) Boost converter 

 

In addition to adding common-mode chokes (or filters) and slowing down switching speed 

for tackling the CM noise problem, several impedance balancing techniques were proposed by 

splitting the power inductor into two smaller inductors and adding additional passive components 

for canceling CM current. The main concept is to balance the impedances of two legs in a 

Wheatstone bridge and thus the noise source between two legs can be substantially attenuated 

[94]ï[97]. In Creeôs application note, a local return path by adding an external capacitor between 

N electrode and baseplate (or heat sink) can direct CM current back into the module instead of 

flowing to ground [98]. Although the above methods are popular and can significantly reduce the 

CM noise, these methods need extra components which limit the power module density and 

increase the cost. On the other hand, the approaches from the packaging design perspective are 

limited for fast-switching power devices. 

Some researchers adopted a stacked ceramic substrate structure for transferring the CM 

current from the mid-conductor layer of the substrate to the negative [99] or midpoint [100] of the 
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DC bus capacitors (or decoupling capacitors), resulting in 14 to 15 dB noise reduction leaving the 

module. However, these methods were not optimized and were at the expense of thermal 

performance, cost, volume, weight, and extra assembly processes.  

Ultra-thin dielectrics are trends in advanced packaging because of thermal performance 

enhancement, inductance minimization, and volume reduction. This study focuses on the 

investigation of an ultra-thin dielectric substrate with an interstitial conductor layer connected to 

the midpoint of  decoupling capacitors. The interstitial layer acts as a shielding layer to assist in 

CM noise suppression. Detailed impedance analyses, constraints, packaging design guidelines, and 

substrate thickness optimization will be discussed. 

 

4.2 Implementation of a Shielding Layer 

A half-bridge power module case study is proposed for implementing a CM noise shielding 

layer. To be comprehensive, all possible parasitic inductances and combinations of capacitances 

between any two electrodes are included. Power inductances and driving inductances are 

represented by ὒ to ὒ and ὒ to ὒ, respectively. The shielding and grounding impedances are 

represented by ὒ Ὑ and ὒ Ὑ , respectively. Regarding the parasitic capacitances, some 

capacitances are too small to be considered due to small overlapped pad areas, long distances 

between two pads. The elimination process of capacitances will be shown in the next section 

through a case study power module for CM noise suppression. The final parasitics and the 

multilayer substrate in a half-bridge module are shown in Figure 4.3. 
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Figure 4.3: A half-bridge module with a CM noise shielding layer  

 

In addition to the reduction of the CM noise, minimizing parasitic inductance is also critical 

for high-performance and high-reliability power conversion systems. Therefore, a compact 

intelligent half-bridge power module case study with minimal insulation and assembly distances 

is proposed. This high-density module not only minimizes inductance but also results in minimal 

pad sizes leading to low parasitic capacitances. As a result, this minimal inductance and 

capacitance configuration ensures the highest dv/dt (or fastest switching) at the switching (SW) 

electrode (or midpoint electrode in half-bridges) and consequently considers the strictest scenario 

of the CM noise issue.  
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In the case study module, two EPC GaN power switches (Part number: EPC2218), a half-

bridge gate driver (Part number: UP1966E), two gate resistors, four gate capacitors, and ten 0402 

MLCC decoupling capacitors are mounted on the top conductor layer, shown in Figure 4.4. In a 

multi-layer IMS, an interstitial conductor layer (or shielding layer) is laminated between two 

120um-thick ERCD dielectrics. The shielding layer is connected to the top conductor layer by 

blind vias and covers the pads of the top conductor layer with a minimal area for minimal 

capacitance. A low grounding impedance with an inductance of 5 nH and a resistance of 10 mɋ 

in series connection was selected at the baseplate representing an electrically short connection to 

ground. On the other hand, low grounding impedance leads to a higher CM noise propagated to 

GND and therefore this study considers the worst scenario. Choosing proper grounding impedance 

can suppress CM noise [101], but is not discussed in this study. This study only focuses on the 

packaging design inside the module. Table 4.1 and Table 4.2 show all the parasitics. In Table 4.2, 

the parasitic capacitances of P-to-SW, SW-to-N, P-to-G1, and SW-to-G2 are in parallel connection 

with the power device capacitances (i.e., CGD=4.3 pF, CGS=1185 pF, and CDS=558 pF). These 

parasitic capacitances are several orders of magnitude smaller than device capacitances and can be 

ignored. In addition to ὅ to ὅ, all the other capacitances are only a couple of 10-15 Farad and thus 

are negligible. The parasitic gate capacitances ὅ and ὅ are also ignored since these capacitances 

are much smaller than ὅ, ὅ, ὅ, and ὅ. Therefore, only ὅ, ὅ, ὅ, and ὅ are considered in the 

following analysis. The above processes of defining parasitics and preliminary packaging design 

can be applied to any power module structures (e.g., double-sided cooling, die embedding, and 

leadframe-based packaging) and any topologies (e.g., full -bridge and three-phase circuits) by 

extending the numbers of electrodes. 
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(a)                                                                         (b) 

 
(c) 

Figure 4.4: The case study power module with a CM noise shielding layer (a) 2D schematic, (b) 
3D model, (c) side view 

 

Table 4.1: Parasitic inductances and resistances in the case study power module with a CM noise 
shielding layer 

Symbol Description Value Description Symbol Value 
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Table 4.2: Parasitic capacitances in the power module with a CM noise shielding layer 

Parasitic Capacitance (unit: pF) 

Electrode P N SW Shield G
1
 G

2
 GND 

P 0 - - - - - - 

N 0.002 0 - - - - - 

SW 0.08 0.08 0 - - - - 
Shield C

1
=5.2 C

2
=5.2 C

3
=5.7 0 - - - 

G
1
 0.02 0.001 0.002 C

4
=0.019 0 - - 

G
2
 0.001 0.002 0.014 C

5
=0.015 0.001 0 - 

GND - - - C
6
=22.3 - - 0 

 

4.3 Simplification and Analysis of an Impedance Network 

Double-pulse test (DPT) is a commonly used test system to extract the dynamic 

characteristics and transient behaviors of power switches. The main purpose of DPT is to maximize 

the switching speed and characterize the dynamic limitation of power switches. Unlike the Buck 

and Boost converters, the power inductor and output capacitor are optimized for output noise 

suppression rather than maximizing the switching speed. Therefore, DPT enables the harshest 

condition for evaluating the CM noise issue and is selected as the test circuit in the following 

analysis. 

LTspice simulator is the main tool to characterize the CM noise in this study. LISN has to 

be considered in the DPT simulation for matching CM noise measurement setup. However, LISN 

in DPT circuit can be simplified by the process below. Firstly, the 50 uH inductors and 1 uF 

capacitors are employed for isolating the noise coming from power supply (see Figure 4.2). Since 

the power supply (VIn) in the simulation is a perfect voltage source and does not generate any 

noise, two 50 uH inductors and two 1 uF capacitors can be eliminated. Secondly, two sets of 50 ɋ 

resistor works as voltage sensors for measuring CM noises (or voltage), as defined in Equation 
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(4.2). Also, the ground current (Ὅ ) is twice of the Ὅ  in Figure 4.2. As a result, 50 ɋ resistors 

can be ignored in the simulation and the CM noise (ὠ ) can be directly obtained as  

 ὠ  Ὅ υπ 
Ὅ

ς
υπ  (4.4) 

The modified DPT circuit for the CM noise study is shown in Figure 4.5. ὒ and Ὑ represent 

the parasitics between the power supply and the power module. The GND is connected to two 

LISNôs capacitors (ὅ ) for capturing Ὅ . The functions of DC bus capacitor (ὅ  ) and 

decoupling capacitors (ὅ ) are to decouple the adverse effects induced by ὒ and acting as a 

local voltage source. The Ὑ  was selected as 1.3 ɋ based on the critical damp condition for the 

driving loop. The condition was set as 500 kHz switching frequency and 50% duty for the LS 

switch, and the HS switch was set at the off state continuously. The main goals of this study are to 

minimize Ὅ  (or ὠ ) and establish the design guidelines for power modules with a CM noise 

shielding layer. 
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Figure 4.5: Double-pulsed test circuit for the CM noise study 

 

To understand the critical parameters that affects Ὅ , an impedance analysis is a must. The 

full  impedance network of the CM noise model is shown in Figure 4.6. The dv/dt and ringing 

frequency of the SW voltage can be up to a few hundred MHz. Under this frequency level, the 

power inductor ὒ can be regarded as open circuit. Similarly, the DC Bus capacitor, decoupling 

capacitors, and LISN capacitors are regarded as short circuit. Therefore, the test circuit can be 

simplified to the top graph in Figure 4.7. Based on the top graph in Figure 4.7, it can be observed 

that the branches of HS and LS switches are fully in parallel connection with the branch of ground 

current. Therefore, these two branches are irrelevant to the quantity of Ὅ  and consequently the 

impedance on them can be ignored. To further simplify the network, ὅ and ὅ can be combined 

as ὅ . The final simplified impedance model and the simplification process are illustrated in 

Figure 4.7. To validate the simplified model, the Ὅ  waveforms of full and simplified models 
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are shown in Figure 4.8. With good agreement, the simplified model is used for the following 

discussion. 

 

 
Figure 4.6: Full impedance network of the CM noise model 

 

 
Figure 4.7: Simplification process for the impedance network of the CM noise model 
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Figure 4.8: Ground current waveforms of the full and simplified models 

 

It is critical to characterize the ringing frequency (see Figure 4.9) of the SW node voltage 

(ὠ ) since it can induce a significant magnitude of Ὅ  at this frequency. The ringing in ὠ  is 

caused by the resonant elements composing the power loop impedance. The power loop impedance 

(ὤ ) is the lump-sum of power loop inductance (sum of ὒÔÏ ὒ), capacitors across P and N 

(including ὅ ȟὅ  ȟὅ ), and output capacitance of the switch (ὅ ) in series connection. 

Since ὅ  is much smaller than the capacitors across P and N, only ὅ  and ὒÔÏ ὒ are left in the 

power loop impedance. Therefore, the power loop impedance in frequency domain can be 

expressed as  

 ὤ ‫  Ὦ‫ὒ ὒ ὒ ὒ
ρ

Ὦ‫ὅ
 (4.5) 

The power loop impedance reaches minimum at the resonant frequency. The corresponding 

resonant frequency (or ringing frequency) of ὠ  in the LC circuit can be obtained by 

 Ὢ  
ρ

ρ
ς“

ὒ ὒ ὒ ὒ ὅ

ρ

ρ
ς“

πȢτ ὲὌ υφς ὴὊ
σσφ ὓὌᾀ (4.6) 
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Figure 4.9: Switching voltage waveform 

 

Regarding the resonance of Ὅ , it can be derived from the simplified model, as shown in 

Figure 4.10. The Ὑ and Ὑ are relatively small and thus ignored in the ground loop impedance ὤ  

 
ὤ ‫

ρ

ὅ
 Ὦ‫ὒ

ρ

Ὦ‫ὅ ὅ
ρ
Ὦ‫ὒ

 
(4.7) 

After further calculation, Equation (4.7) can be expressed as 

 
ὤ ‫

Ὦ ‫ὒὒ ὅ ὅ ‫ὒ
ὒ ὅ ὅ

ὅ
ὒ

ρ
‫ὅ

ρ ‫ὒ ὅ ὅ
 

(4.8) 

Again, the resonance occurs when the impedance reaches minimum at resonant frequencies. 

Therefore, the resonant frequency can be obtained when the numerator of Equation (4.8) is zero 

and the final equation is  

 
‫

ὒ
ὒ ὅ ὅ

ὅ
ὒ

ὒὒ ὅ ὅ
‫

ρ

ὅὒὒ ὅ ὅ
π 

(4.9) 

Although Equation (4.9) is fourth order, it doesnôt contain the terms of ‫  and ,For that reason .‫ 

Equation (4.9) can be reduced as a quadratic equation by substituting A=‫  and shown as 

Ringing frequency (fSW) = 

336 MHz
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 ὃ
ὒ

ὒ ὅ ὅ
ὅ

ὒ

ὒὒ ὅ ὅ
ὃ

ρ

ὅὒὒ ὅ ὅ
π (4.10) 

Based on the solutions of the standard form of the quadratic equation, A can be obtained as  

 

ὃ

ὒ
ὒ ὅ ὅ

ὅ
ὒ

ὒὒ ὅ ὅ

ὒ
ὒ ὅ ὅ

ὅ
ὒ

ὒὒ ὅ ὅ
τ

ρ
ὅὒὒ ὅ ὅ

ς
 

(4.11) 

In Equation (4.11), there are two solutions which are ὃ and ὃ. Thus, the corresponding angular 

frequencies (can be obtained as (‫  

 

‫ ὃ 

‫ ὃ 

‫ ὃ  

‫ ὃ 

(4.12) 

Since negative frequencies are not possible, the resonant frequencies of the ground loop are 

expressed as  

 

Ὢ ͺ

ὃ

ς“
 

Ὢ ͺ

ὃ

ς“
 

(4.13) 

Using values from Table 4.1 and Table 4.2, the calculated values are Ὢ ͺ τυσ -(Ú and 

Ὢ ͺ ρȢψχ '(Ú. The simulated frequency spectrums and resonant frequency peaks of the 

circuit in Figure 4.5 are shown in Figure 4.11 which shows good correlation. It is worth pointing 

out that the peaks of Ὅ  are not only caused by the resonance in the ground loop itself but also 

includes harmonics. Therefore, avoiding resonance among two loops is critical for minimizing 

Ὅ .  
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Figure 4.10: Ground loop impedance 

 

 
Figure 4.11: Frequency spectrums of the switching voltage and the CM noise 

 

The other way of suppressing Ὅ  is managing the impedance of the simplified CM noise 

model. In Figure 4.12, the impedances on each branch are simplified as ὤ to ὤ. First of all, it is 

desired to maximize the ὤ for reducing the overall capacitive current (Ὅ ) passing through ὤ 

since Ὅ  is proportional to Ὅ . Secondly, either ὤ or ὤ has to be minimized to divert Ὅ  from 

Ὅ . Lastly, maximize ὤ to suppress Ὅ . As mentioned in the Chapter 4.2, the proposed 

compact power module holds the minimum ὅ , ὅ, ὅ, and ὒ. It represents that ὤ and ὤ are 
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already maximized, and ὤ is already minimized. Only ὤ is not minimized and may be a solution 

for a further reduction of Ὅ . The quantities of each impedance across the frequencies of interest 

(150 kHz to 1 GHz) are shown in Figure 4.13. It can be seen that ὤ dominates the current among 

ὤ to ὤ since these impedances are in parallel connection. It indicates that ὤ carries the highest 

capacitive current from ὤ, as shown in Figure 4.14. Therefore, Figure 4.15 clearly shows that the 

shielding layer can effectively decrease the CM noise (ὠ ).  

The overall design for circuit in Figure 4.5 is shown in Table 4.3. However, design only 

considers the general impedance distribution, and not resonance effects. Since the quantities of the 

resonant frequency and harmonics of ὠ  dictate the impedance distribution of the CM noise 

model, the impedance needs to be carefully adjusted for avoiding resonance matching between 

ὠ  and Ὅ . The other approach to tackle Ὅ  at its resonant frequencies (i.e., Ὢ ͺ and 

Ὢ )ͅ is increasing the grounding resistance (Ὑ), as shown in Figure 4.16. However, it may lead 

to an ineffective ground connection and thus a higher voltage fluctuation on the baseplate or heat 

sink. 

 

 
Figure 4.12: Simplified impedance network of the CM noise model 
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Figure 4.13: Impedance spectrums of the CM noise model 

 

 
Figure 4.14: Frequency spectrums of the capacitive currents in the CM noise model 

 

 
Figure 4.15: CM noises of the power modules with and without a shielding layer 
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Table 4.3: Design for suppressing IGND in Figure 4.5 

Description Symbol Value Guideline 

SW-to-shield capacitance C
3
 5.7 pF Minimizing 

Shield-to-GND capacitance C
6
 22.3 pF Minimizing 

P/N-to-GND capacitance C
PN

 10.4 pF 
Maximizing 
(not sensitive) 

Shielding inductance L
9
 0.5 nH Minimizing 

Shielding resistance R
1
 2 mɋ Minimizing 

Grounding inductance L
10

 5 nH Maximizing 

(controlled by system 
designers) Grounding resistance R

2
 10 mɋ 

 

 
Figure 4.16: CM noises of the power modules with different grounding resistances 

 

4.4 Shielding Layer Design 

Although the performance can be further improved by increasing ὤ, ὤ is two orders 

smaller than ὤ across most frequency spectrum and therefore ὤ plays an insignificant role of 

sharing current. On the other hand, increasing ὤ represents larger substrate pad sizes for P and N 

electrodes which greatly reduce the power density. For these reasons, this study intentionally 

reduces the shielding layer coverage on P and N electrodes for a further reduction of ὅ, leading 
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fGND_2= 1.87 GHz



   
 

100 
 
 

to a larger ὤ. In Figure 4.17, type 2 (Figure 4.17(b)) with the shielding layer (yellow) is narrowed 

for keeping shielding and power loop inductances minimal. The P and N pin-terminal bonding 

areas are not covered and thus form parasitic capacitances with respect to GND (e.g., ὅ  and ὅ ). 

The ὅ remains the same and ὅ is smaller. The detailed parameters and the test circuit are shown 

in Table 4.4 and Figure 4.18, respectively. Following the same concept described in the last section, 

the full impedance model and impedance simplification process are shown in Figure 4.19 and 

Figure 4.20, respectively. It also shows a good agreement between the full and simplified models 

and thus the simplified model will be used for the following analysis to determine the Ὅ . 

 

            
(a)                                                                  (b) 

Figure 4.17: 2D schematic of the power module with a CM noise shielding layer (a) type 1, (b) 
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Table 4.4: Parameters of the CM noise impedance networks 

Description Symbol Type 1 Type 2 

SW-to-shield capacitance C
3
 5.7 pF 5.7 pF 

Shield-to-GND capacitance C
6
 22.3 pF 16.9 pF 

P/N-to-shield capacitance C
PN1
=C
11+
C
21

 10.4 pF 5.6 pF 

P/N-to-GND capacitance C
PN2
=C
12+
C
22

 - 2.6 pF 

Shielding inductance L
9
 0.5 nH 0.5 nH 

Shielding resistance R
1
 2 mɋ 2 mɋ 

Grounding inductance L
10

 5 nH 5 nH 

Grounding resistance R
2
 10 mɋ 10 mɋ 

 

 
Figure 4.18: Double-pulsed test circuit of the type 2 power module for the CM noise study 
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Figure 4.19: Full impedance network of the type 2 CM noise model 

 

 

Figure 4.20: Simplification process for the impedance network of the type 2 CM noise model 
(with a modified shielding layer) 
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ρ
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(4.14) 

Follows the same procedure from Equation (4.8) to Equation (4.13), the resonant frequencies are  

 

Ὢ ͺ υρσ ὓὌᾀ 

Ὢ ͺ ρȢως ὋὌᾀ 
(4.15) 

Again, the peaks of Ὅ  at resonances can be mitigated by increasing the grounding 

resistance. The design guideline for type 2 module follows the same concept mentioned in the 

previous section (computed values are shown in Table 4.5). The core concept is managing the 

impedance distribution of the CM noise network for minimizing Ὅ . 

 

 
Figure 4.21: CM noises of different power modules 
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Table 4.5: Design for suppressing IGND in Figure 4.18 

Description Symbol Value Guideline 

SW-to-shield capacitance C
3
 5.7 pF Minimizing 

Shield-to-GND capacitance C
6
 16.9 pF Minimizing 

P/N-to-shield capacitance C
PN1
=C
11+
C
21

 5.6 pF Maximizing 

P/N-to-GND capacitance C
PN2
=C
12+
C
22

 2.6 pF Maximizing 

Shielding inductance L
9
 0.5 nH Minimizing 

Shielding resistance R
1
 2 mɋ Minimizing 

Grounding inductance L
10

 5 nH Maximizing 
(controlled by system 

designers) 
Grounding resistance R

2
 10 mɋ 

 

4.5 Optimization of Dielectric Layer Thicknesses 

The 2D layout of the shielding layer is modified and discussed in the previous section. This 

section analyzes the z dimension of the substrate stack up and will have key value in new 

packaging approaches discussed in the IEEE EPS Heterogeneous Integration Road Map [8]. Due 

to the trends of small form factor and high thermal performance demands, minimizing dielectric 

layer thicknesses is desired. Therefore, this study will discuss the optimized thickness ratio of the 

top and bottom dielectrics for a minimal CM noise. The objective is still minimizing the ground 

current (Ὅ ) which can be calculated by simple arithmetic operations. The impedance elements 

on each branch in Figure 4.20 are replaced by ὤ to ὤ, as shown in Figure 4.22.  
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Figure 4.22: Simplified impedance network of type 2 CM noise model 
 

The total capacitive current (Ὅ ) generated at SW electrode can be expressed as  
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(4.16) 

Through the current division principle, the current flowing through ὤ is  
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 (4.17) 

Similarly, Ὅ  (or Ὅ ) can be obtained as  

 Ὅ Ὅ

ρ
ὤ
ρ
ὤ

ρ
ὤ

 (4.18) 

By substituting Equations (4.16) to (4.17) into Equation (4.18), the final expression is shown as 
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 (4.19) 

To obtain insights from the above general equation, a further simplification process is used. 

The impedance spectrums of each branch are shown in Figure 4.23. In automotive and multimedia 

equipment fields, the highest specified frequency of conducted EMI limit is at 108 MHz which 

will be the upper bound in the following analysis. First of all, the first current division occurs 

among ὤ, ὤ, and ὤ ὤȾȾὤ branches. It can be observed that ȿὤȿ is at least two orders of 

magnitude lower than |ὤȿ and ȿὤ ὤȾȾὤȿ and therefore Equation (4.19) can be modified as 

 Ὅ ὠ
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Ở
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Ở
ờ
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ρ
ὤ
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ὤ
ρ
ὤ
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Ợ

ỡ
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ỡ
ỡ
Ỡ

ὤ

ὤ ὤ
 (4.20) 

In the second current division between ὤ and ὤ, ȿὤȿ is at least one order of magnitude lower 

than ȿὤȿ. Equation (4.20) can be simplified as  

 Ὅ ὠ

ρ
ὤ ὤ

ὤ
ρ
ὤ

ρ
 (4.21) 

Moreover, ȿὤȿ is at least one order of magnitude lower than ȿὤȿ. Equation (4.21) can be finally 

reduced as  
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 Ὅ ὠ
ρ

ὤὤ
ὤ

ρ
 (4.22) 

To express Equation (4.22) by electrical components, it can be described as  

 Ὅ ὠ
ρ

Ὦ
‫ὒὅὅ

ρ
 (4.23) 

Equation (4.23) indicates that the lower value of ὒὅὅ results in a lower Ὅ  which is ground 

current (Ὅ ). Since the thicknesses of the top and bottom dielectric layers do not affect ὒ, only 

the product of ὅ and ὅ will be considered in the optimization analysis. 

 

    
Figure 4.23: Impedance spectrums of type 2 CM noise model  
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SW and Shield, ὃ is the overlapping area between Shield and GND, and Ὕ and Ὕ are thicknesses 

of top and bottom dielectrics, respectively. To optimize the thickness ratio, total thickness (Ὕ) is 

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+05 1.E+06 1.E+07 1.E+08 1.E+09

|Z
|

Frequency (Hz)

|Z1|

|Z2|

|Z3+Z4//Z5|

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+05 1.E+06 1.E+07 1.E+08 1.E+09

|Z
|

Frequency (Hz)

|Z3|

|Z4|

|Z5|



   
 

108 
 
 

assumed to be a constant. Since the thickness of the shielding layer is relatively small compared 

Ὕ and Ὕ, Ὕ Ὕ Ὕ is considered as a constraint in the optimization. Figure 4.24 illustrates all 

parameters used in the dielectric thickness optimization. Considering the thickness constraint, 

Equation (4.24) can be expressed as  

 ὅ ὅ
‐ὃὃ

Ὕ Ὕ Ὕ
 (4.25) 

‐, ὃ, ὃ, and Ὕ are all constants. Only Ὕ is variable. To find the optimized thickness, a first 

derivative of Equation (4.25) with respect to Ὕ is taken and set to zero, 

 
Ὠ
‐ὃὃ
Ὕ Ὕ Ὕ

ὨὝ
π 

(4.26) 

By cancelling constants and taking the first derivative,  

 
ςὝ Ὕ

Ὕ ὝὝ
π (4.27) 

The final solution of Equation (4.27) shows 

 Ὕ
Ὕ

ς
 (4.28) 

It indicates that the best thickness ratio of Ὕ to Ὕ is one for suppressing Ὅ  or CM noise. A 

parametric study was carried out for validating the best thickness ratio. The lowest product of ὅ 

and ὅ occurs at case 5 which holds the same Ὕ and Ὕ in Table 4.6. Figure 4.25 shows that case 

5 yields the lowest CM noise under 300 MHz. After 300 MHz, the resonances of  ὠ  and Ὅ  

mix together and designers need to carefully manage thickness and impedance distribution. On the 

other hand, according to Equation (4.25), itôs worth pointing out that Ὅ  reaches the maximum 

when either Ὕ or Ὕ is equal to Ὕ. The Ὕ or Ὕ equaling Ὕ represents no shielding layer. 

Therefore, it proves again that a shielding layer is needed for CM noise suppression.  
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Figure 4.24: Parameters in dielectric thickness optimization 

 

Table 4.6: Parametric study of type 2 modules with different dielectric thicknesses 

Case 
T1 

(um) 
T2 

(um) 
LP 

(nH) 
CPN1 

(pF) 
CPN2 
(pF) 

C3 
(pF) 

C6 
(pF) 

C3 C6 
(pF^2) 

1 40 200 0.13 16.8 2.6 10.1 17.1 173.4 

2 60 180 0.20 11.2 2.6 11.3 11.4 128.4 

3 80 160 0.27 8.4 2.6 12.7 8.6 108.4 

4 100 140 0.33 6.7 2.6 14.5 6.8 99.1 

5 120 120 0.40 5.6 2.6 16.9 5.7 96.3 

6 140 100 0.47 4.8 2.6 20.3 4.9 99.1 

7 160 80 0.53 4.2 2.6 25.4 4.3 108.4 
8 180 60 0.60 3.7 2.6 33.8 3.8 128.4 

9 200 40 0.67 3.4 2.6 50.7 3.4 173.4 

 

   
Figure 4.25: CM noise of type 2 modules with different dielectric thicknesses 
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The last parameter that was not discussed is the dielectric permittivity, see Equation (4.1). It 

was assumed that the top and bottom dielectrics are of the same material. However, to be 

comprehensive and generalized, this study will  discuss the substrate using different dielectric 

materials for the top and bottom dielectrics. The general form of the equation of ground current 

(Ὅ ) is shown in Equation (4.19). Defining permittivity as a variable will only affect capacitive 

impedance (i.e., ὤ, ὤ, ὤ, and ὤ). To be more specific, a smaller permittivity leads to a smaller 

capacitance and higher impedance. As a result, Ὅ  would approach zero if either the permittivity 

of the top or bottom dielectric approaches zero. Hence, a smaller permittivity substrate results in 

lower CM noise. However, the resonance effect still needs to be carefully considered while 

selecting low-permittivity material.  
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CHAPTER 5. Summary, Contributions, and Future Work 

5.1 Summary 

The thought processes of the minimum inductance interconnection development and die-pad 

pattern optimization are thoroughly described in Chapter 2. To implement and validate the ultra-

low inductance interconnection applied in an intelligent power module (IPM), a case study of the 

3D die-stacking power module is proposed. The thermal, mechanical, and electrical performances 

are characterized in Chapter 3. Furthermore, T and P factors and power module figure of merit 

(PMFOM) are established as performance indicators that can make a fair comparison among 

different power modules. The proposed power module showcases superior T and P factors and the 

best PMFOM over state-of-art solutions for lateral GaN power modules over the past 5 years, as 

shown in Table 5.1 and Figure 5.1.  

In Fraunhofer IAFôs module [88], the lateral power loop results in a very low magnetic field 

cancellation and consequently a very high P factor (see Figure 2.4(d)). Double-sided cooling 

(DSC) is a key factor to realize superior thermal performance, leading to a low T factor. Chip 

embedding enables a low power loop inductance (or P factor) but mounting decoupling capacitors 

and gate circuits on the top of power devices hinders a DSC configuration. Thus, it limits most 

embedding modules to adopt single-sided cooling (SSC). United Technologies Research Center 

(UTRC) [15] and Virginia Tech [102] achieve P factors which is near to one due to good practices 

of single-loop flat-plate structure. The normalized and un-normalized performance comparisons 

are shown in Figure 5.2. It clearly shows that un-normalized performances can be misleading and 

normalized performance indicators are necessary for evaluating the actual superiority. Figure 5.3 

depicts the PMFOM value of this work is more than twice higher as that of the second-place state-

of-art solution.  
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In Chapter 4, the methodologies of implementing the common-mode (CM) noise shielding 

layer and simplifying the impedance network are fully  discussed. The 2D layout (x and y 

directions) and the substrate thickness are optimized for suppressing CM noise. The results 

highlight the effectiveness of the shielding layer and design guidelines for fast-switching power 

modules using ultra-thin dielectrics.  

 

Table 5.1: Lateral GaN power module performance comparison 

Design T factor P factor PMFOM 
Power loop 
structure 

Substrate 

packaging 
technology 

Cooling 
configuration 

1. Fraunhofer IAF (2020) 
[88] 

NA 18.93 NA Lateral 
Chip 

embedding 
SSC 

2. Xi'an Jiaotong University 

(2021) [103] 
0.16 1.58 3.93 Vertical DBC (AlN) DSC 

3. The University of 
Tennessee (2021) [104] 

NA 2.09 NA Vertical PCB&DBC SSC 

4. United Technologies 

Research Center (2018) [15] 
NA 1.02 NA Vertical 

Chip 

embedding 
SSC 

5. Xi'an Jiaotong University 
(2022) [105] 

0.21 2.73 1.77 Vertical 
Chip 

embedding 
DSC 

6. Safran Tech (2022) [106] 0.33 1.71 1.79 Vertical PCB&DBC SSC 

7. Virginia Tech (2023) 
[102] 

0.14 1.00 7.05 Vertical 
PCB&DBC 

(AlN) 
SSC 

8. This work 0.16 0.36 17.54 Vertical 

Dual eIMS 

and power 
interposer 

DSC 

 

   
(a)                                                                           (b) 
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(c)                                                                            (d) 

   
(e)                                                                            (f) 

 
(g) 

Figure 5.1: Lateral GaN power module structures (a) Fraunhofer IAF, (b) Xi'an Jiaotong 
University, (c) The University of Tennessee, (d) United Technologies Research Center, (e) Xi'an 

Jiaotong University, (f) Safran Tech, (g) Virginia Tech 
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(a) 

 
(b) 

Figure 5.2: Power module performance comparison (a) T factor, (b) P factor 
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Figure 5.3: Power module performance comparison of the PMFOM 
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overall performance on thermal resistance and electrical inductance compared with the state-

of-art GaN-based power modules. 

3. First to propose normalized thermal and electrical indicators (i.e., T and P factors) and a power 

module figure of merit (PMFOM) for measuring thermal and electrical tradeoff and comparing 

the overall thermal and electrical performances of lateral-device-based power modules. 

4. Performed comprehensive analysis on defining and simplifying the impedance network of 

common-mode (CM) noise model which can be applied to any type of power circuits (e.g., 

Buck and Boost converters). Impedance distribution and resonance management are two core 

concepts for CM noise suppression. 

5. Proposed design guidelines for shielding layer pattern design, dielectric thickness optimization, 

and dielectric material selection aspects for the physical structure of the power module which 

are rarely found in previous works.  

6. Demonstrated and justified a strong reason for ultra-thin dielectrics utilized in next-generation 

power electronic packaging for minimizing the adverse effects of coupled inductance and 

capacitance. 

 

5.3 Future Work:  

1. Extension of the low-inductance interconnections to the multi-die per switch configurations 

It is customary to increase the current capability by paralleling power semiconductors. The 

proposed interconnection methodology was developed based on the single-die per-switch 

configuration. In Figure 2.19, double-die per-switch configuration can be achieved by mirror 

another pair of 3D-stacking dies in parallel connection along the x axis. However, the scalability 
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of paralleling three or more dies increases the complexity, but the methodology should be 

demonstrated on the more complex die placement and interconnection layout. 

2. Application of multi-loop structure on vertically conducting power semiconductors 

Lateral devices enable multiple pairs of drain and source electrodes on the same surface and 

consequently it is easier to optimize multi-loop structures compared with vertically conducting 

semiconductors which have drain and source on opposite sides. Therefore, managing multiple 

vertical devices can be an opportunity for implementing a multi-loop interconnection structure. 

3. Considering electric field metrics of shielding layer designs 

The triple point is the electric field (E-field) concentration position which usually represents 

the intersection of conductor, encapsulant, and dielectric. The excessive E-field at a triple point 

can lead to partial discharge and leakage current while DC or AC voltage load is applied. Therefore, 

care needs to be taken at the triple point while selecting materials, designing patterns of conductors, 

and profiling the z-height of each layer. 
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AbstractðWide-Band Gap (WBG) power devices have become a promising option for high-
power applications due to the superior material properties over traditional Silicon. To not limit 
WBG devicesô mother nature, a rugged and high-performance power device packaging solution is 
necessary. This study proposes a Double-Side Cooled (DSC) 1.2 kV half-bridge power module 
having dual epoxy resin insulated metal substrate (eIMS) for solving convectional power module 

challenges and providing a cost- effective solution. The thermal performance outperforms 
traditional Alumina (Al2O3) Direct Bonded Copper (DBC) DSC power module due to moderate 

thermal conductivity (10 W/mK) and thin (120 mm) epoxy resin composite dielectric working as 

the IMS insulation layer. This novel organic dielectric can withstand high voltage (5 kVAC @ 120 

mm) and has a Glass Transition Temperature (Tg) of 300ęC, which is suitable for high-power 
applications. In the thermal-mechanical modeling, the organic DSC power module can pass the 
thermal cycling test over 1,000 cycles by optimizing the mechanical properties of the encapsulant 
material. In conclusion, this article not only proposes a competitive organic-based power module 

but also a methodology of evaluation for thermal and mechanical performance.  

Keywordsð: Double-side cooling, epoxy resin composite dielectric, half-bridge power module, 

power electronic packaging, thermal modeling, thermal-mechanical modeling  

I. Introduction  

Fig. 1 shows the cross-sectional schematic plot of traditional power modules [A1]. 
Semiconductor devices are soldered on one or more insulated metal-clad ceramic substrates. 
Insulated substrates are mounted on a thick metal baseplate for better thermal spreading and 

mechanical support. In addition, a plastic housing/case is attached to the metal baseplate for the 
silicone gel encapsulation. However, high thermal stress would occur at the solder layer between 
ceramic substrates and metal baseplate under thermal cyclic loads due to high CTE mismatch. 
More- over, the CTE mismatch between substrates and metal baseplate can also cause warpage, 

resulting in a cyclic force on bond wires [A2]. To solve the above reliability issues, Mitsubishi 
proposed a novel power module configuration using a high thermally conductive insulating metal 
baseplate (IMB) and epoxy resin encapsulation [A1, 3, 4], as shown in Fig. 2. The IMB is similar 
to metal core PCB (MCPCB) or insulated metal substrate (IMS), but having a high thermally 
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conductive epoxy resin dielectric as an insulation layer. It eliminates the solder layer between 

insulated substrate and baseplate, leading to lesser potential failure points. In addition, the epoxy 
encapsulant can mold all the components rigidly due to higher modulus compared with silicone 
gel and CTE matching with IMB [A1-4]. On the other hand, organic packaging yields superior 
reliability due to CTE matching with the organic mainboard. Last but not least, the cost of organic 

material and manufacturing is more competitive compared with ceramic substrates [A5].  
 

 
Fig. 1. A conventional power module using ceramic substrates [A1].  

 

 
Fig. 2. A novel power module using an organic IMB and epoxy resin encapsulant [A1].  

 

The main thermal path of conventional power modules is through the baseplate side to air or 
coolant. For maximizing the heat dissipation capability of the module, the thermal resistance from 
junction to case (bottom surface baseplate) has to be minimized. Common approaches include 

using higher thermally conductive materials, increasing the area along the thermal path, reducing 
the thickness of low thermally conductive components, enlarging the contact area of 
interconnection components, and optimizing the thickness of conductor layers for the best heat 
spreading effect [A6]. However, these approaches had been explored for decades and canôt meet 

the rapidly rising demand of power density mainly due to the single-side cooling limitation. 
Therefore, to effectively decrease the thermal resistance, a double-side cooled (DSC) concept is 
proposed and realized by dissipating the heat to both the top and bottom sides of the power module. 
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Several articles indicate a significant reduction of thermal resistance as well as electrical parasitics 

(e.g., resistance and inductance) [A7-13]. It not only pushes the heat dissipation capability and 
power density to a higher level but increases system efficiency with lower parasitics.  

The state-of-art DSC power modules employ top and bottom metal-clad insulated substrates 
for a large contact area and planar connection to dual-side solderable dice, instead of extremely 

small contact of conventional bond wires. Some of the DSC power modules have to have spacers 
for adjusting the height difference of power devices (e.g., insulated gate bipolar transistor [IGBT] 
and diode), improving mold flow quality of the encapsulation process, and controlling the 
insulation distance between terminals and cooling components (e.g., heat sink and cold plate). 

Cooling components can be mounted on two substrates for transporting heat from die to ambient, 
as shown in Fig. 3.  

 

 
Fig. 3. The cross-sectional schematic of a DSC power module using dual DBC substrates. 

 

Due to superior thermal/electrical/mechanical performance and mature manufacturing, 

metal-clad ceramic substrate, e.g., direct bonded copper (DBC) is the most popular candidate for 
high-power modules. Preferred ceramic materials and the physical characteristics are shown in 
Table I [A14]. The 96% Alumina (Al2O3) is commonly used in conventional power module 
substrates due to the low cost. For higher power dissipation, reliability, and electrical insulation 

requirements, Aluminum Nitride (AlN) is one of the best solutions. An AlN has the higher thermal 
conductivity among DBC ceramics and lower CTE mismatch to semiconductor devices (3ï5 
ppm/ęC) com- pared with Al2O3. ABB Ltd proposed HiPak IGBT power modules rating from 1.7 
to 6.5 kV by employing AlN-insulated substrate and Aluminum Silicon Carbide (AlSiC) baseplate 

for high-power applications [A15].  
 

Table I. Material properties of common ceramic materials for DBC [A14]. 

Material 
Thermal conductivity 

(W/mK) 
CTE 

(ppm/ęC) 

Dielectric strength 

(kV/mm) 

Alumina (Al2O3) 26-35 6.8-9 10-20 

Aluminum Nitride (AlN) 150-180 4.3-6.2 14-17 

Boron Nitride (BN) 20-60 0.1-6 40-200 

Silicon Nitride (Si3N4) 20-30 2.6-3.6 10-14 

 

DBC

Die Die

DBC

Cooling component

Cooling component

Solder layer
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Although many studies have focused on DSC power modules, very limited research focused 

on organic-based DSC power modules with evaluation of thermal and mechanical performance at 
the same time. This study proposes a DSC 1.2 kV SiC half-bridge power module applying a highly 
thermally conductive Epoxy Resin Composite Dielectric (ERCD) substrate to prove the 
ruggedness under thermal cycling test and demonstrates the methodology of thermal-mechanical 

characterization. Moreover, it shows better thermal performance and much lower cost compared 
with Al2O3 ceramic substrate. Previous works proved the feasibility and performance of one-side 

cooled power modules using ERCD substrates [A16-18].  
 

II. A double-sided cooled 1.2kV SiC BiDFET half-bridge power module using ERCD 

substrates 

A. Bi-directional Field Effect Transistor (BiDFET) 

The Bi-directional power switch performs identically in on and blocking states in two 

directions (forward and reverse). It can be used in matrix-converters or cyclo-converters and 
multistage inverters to facilitate high-frequency switching of AC-to-AC conversion [A19]. A 
monolithic 1.2kV/10A SiC Bi-Directional Field Effect Transistor (BiDFET) with a dimension 
around 1x1 cm is proposed which contains two 4H-SiC power JBSFETs with a shared bottom 

drain. It can functionally work by four I/O pinouts (i.e., G1, T1, G2, T2) on the top surface of the 
device. as shown in Fig. 4 [A20]. This paper presents a BiDFET half-bridge power module by 
connecting the T2 of the first BiDFET to the T1 of the other one. 
 

 
(a) 
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(b) 

Figure 4. A monolithic bi-directional field effect transistor (a) schematic plot of the cross-

sectional view, (b) top view of the prototype [A20]. 
 

B. Epoxy-Resin Composite Dielectric (ERCD) 

The ERCD material proposed in this study is a mixture of epoxy-resin, Al2O3, and AlN fillers 

developed by Risho Kogyo Co., LTD (See Fig. 5). The epoxy resin is a low thermally conductive 
material. Adding the ceramic fillers greatly increases the equivalent thermal conductivity. Figure 6 
indicates the breakdown voltage (BV) test setup that is in accordance with IEC 60243-1 standard 
[A21]. The test specimen is an IMS having 1oz top Cu layer, 120um ERCD, and 1mm Al baseplate. 

The test results show an average BV of 5.1 kV with a standard deviation of 0.34 kV among 50 
specimens, as shown in Fig. 7. For the long-term reliability testing, the ERCD substrate also shows 
good performance under the thermal aging test (175ęC/3000 hrs) and thermal cycling test (-40 to 
125ęC range with 30 mins dwell time for 3000 cycles), as shown in Fig. 8. 

 

 
Figure 5. The SEM image of a metal-clad ERCD substrate. 
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G1 G2
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Figure 6. Breakdown voltage test setup and test specimen. 

 

 
Figure 7. Breakdown voltage distribution among 50 specimens 

 

 
(a)                                 (b) 

Figure 8. Performance under long-term reliability tests (a) thermal aging, (b) thermal cycling. 
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In terms of the thermal characteristics, the Glass Transition Temperature (Tg) and thermal 

conductivity are 300ęC and 10 W/mK, respectively. Since the standard single-layer thickness of 
ERCD is 120 um, the thermal conductance of ERCD is similar to 15-mil 96% Al2O3 DBC. A more 
detailed comparison will be discussed in the next part. Its properties are shown in Table II showing 
excellent thermal/mechanical/electrical characteristics for WBG device packaging. 

 

Table II. Material properties of the ERCD material. 
Parameter Unit Value 

Tg ęC 300 

Thermal Conductivity W/mK 10 

Youngôs Modulus GPa 53 

CTE (Ŭ1) ppm/ęC 15  

Breakdown Voltage kVAC 5 @ 120 ɛm 

Volume Resistivity ɋ-m 1 x 1013 

Dk - 6.8 

Df  - 0.009 

 

C. Physical structure 

In Fig. 9, two 10.5 x 11 x 0.36 mm SiC BiDFET devices are mounted on the bottom ERCD 
substrate. Spacers are mounted between the top ERCD substrate and the top surface of the devices 

for enabling thermal and electrical paths. The function of the spacer is to create room for wire 
bonding on the gate pads and insulation distance between pin terminals and cooling components. 
The power and signal terminals are located at two opposite sides for lower crosstalk noise and easier 
next level packaging design. The size of the power module is 37 x 31.5 x 3.05 mm, not including 

terminals. Table III shows the thickness of each layer. The schematic fabrication process flowchart 
is shown in Fig. 10.  

 

Table III. Dimension of the DSC power module. 
Component Thickness (mm) 

4H-SiC Die 0.36 

Cu Spacer 1 

ERCD substrate Cu:3oz/ERCD:120um/Cu baseplate:0.5mm 

Sn89/Sb10.5/Cu0.5 Die Attachment 0.1 

SAC305 Solder Layer 0.1 

Epoxy Encapsulant 3.05 
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(a)                                                                    (b) 

 
(c) 

 
(d)                                                                   (e) 

Figure 9. 3D models and schematics of the DSC power module (a) 3D model with encasement, 
(b) 3D model without encasement, (c) cross-sectional view, (d) 3D schematic, (e) electrical 

circuit diagram. 
 

 
Figure 10. Fabrication process of the DSC power module. 
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III.   3D Finite Element modeling and thermal modeling validation 

A. Steady-state Thermal Modeling 

To quantify the capability of power modules to dissipate the heat from die to outside, thermal 

resistance junction-to-case (Rjc) is extracted and it can be expressed as 

Ὑ
ȟ

                                                                                                                               (1) 

where the Ὕȟ  is the maximum junction temperature of the semiconductor device and Ὕ is the 

case temperature at the exposed thermal pad of the insulated substrate. The P is the power loss 
passing through the thermal path. Since there are two thermal paths in the double-sided cooled 
power module, both top and bottom Ὑ  will be characterized separately. Take top Ὑ  (Ὑ ȟ ) for 

instance, in the simulation, the exposed thermal pad of the top substrate was set to be 25ęC 
uniformly and a known heat flow was applied on the top surface of the device. Thus, all the heat 
would only flow from the junction to the top case and the thermal resistance can be calculated by 
Eq. (1). Same method for characterizing the bottom Ὑ  (Ὑ ȟ ). In Fig. 11, the red dash line 

depicts the heat flow directions for top and bottom thermal paths. It is worth pointing out that the 
25ęC setting at the case is equivalent to an infinite convective heat transfer coefficient (h) applied 

at the case together with an ambient temperature (Ὕ) of 25ęC. It considers the worst case when 
calculating the Ὑ  since the infinite h would result in a smallest spreading angle, leading to a 

smallest effective area along the heat path. Besides, there is no temperature gradient between case 
to ambient. It represents that the cooling component on the case is ideal and provide zero thermal 

resistance. To understand the maximum power dissipation capability of the DSC power module, 
an equivalent Ὑ  (Ὑ ȟ ) is proposed and is expressed by 

Ὑ ȟ
ȟ   ȟ

ȟ   ȟ  
                                                                                                              (2) 

It is crucial that the definition of Ὑ ȟ  is based on having both top and bottom case 

temperatures identical (e.g., 25ęC). Hence, the Ὑ ȟ  can be calculated by parallel connection of 

Ὑ ȟ  and Ὑ ȟ . Moreover, the maximum power dissipation (ὖȟ ) can be further defined 

as 

ὖȟ
ȟ  

ȟ  
                                                                                                              (3) 

where the Ὕȟ   is the maximum allowed junction temperature of the semiconductor 

device. Typically, the values of Ὕȟ   for Si and WBG (e.g., SiC and GaN) devices are 

150 and 175ęC, respectively. Ὕ is 25ęC for both top and bottom cases. 
Due to the symmetrical structure, only half of the model was considered in the Finite Element 

(FE) modeling, as shown in Fig. 12. Considering interfacial thermal resistance between solder and 

its adjacent layer is critical in the thermal modeling. Research indicates that the interfacial thermal 
resistance of solder or die attachment strongly affects the power dissipation capability of electronic 
packages [A22-24]. The interfacial thermal resistance can be extracted by transfer line method 
(TLM) and the y-intercepts represent the interfacial thermal resistance, as shown in Fig. 13. Itôs 
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also worth pointing out that the interfacial thermal resistance can be several times of the bulk 

thermal resistance of the solder itself depending on the bond line thickness (BLT) and bulk thermal 
conductivity. Silver sintering materials are one of the solutions for minimizing interfacial thermal 
resistance due to excellent bonding quality between silver sintering die attachment and bonding 
pad with silver surface treatment. To simulate the thermal behavior accurately, the interfacial 

behavior canôt be neglected and must be considered in the FE modeling. This study considered the 
interfacial thermal resistance at all the solder layer interfaces. 
 

 
Figure 11. The schematic plot of heat flow paths. 

 

 
Figure 12. Mesh arrangement of the half symmetry model. 

 

 
Figure 13. Thermal resistance vs. bond line thickness of die attachment materials [A22]. 
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B. Thermal performance comparison of DSC power modules using DBC and ERCD 

substrates 

This study compared the thermal performance of DSC power modules using dual Cu-clad 
ERCD and Cu-clad ceramic (i.e. Al2O3 and AlN) insulated substrates. The thermal property of 
each component in the module is shown in Table IV. To make a fair and practical comparison, 15-
mil (0.38 mm) of Al2O3 and AlN DBCs were selected due to standard commercial thickness 

options and similar breakdown voltage (based on the dielectric strength in Table I) to 120-um 
ERCD IMS. Detailed characteristics and dimensions are shown in Table V.  
 

TABLE IV. Thermal conductivity parameters used in the FE modeling of DSC power module. 

Component Material 
Thermal Conductivity 

(W/mK) 

Pin Terminal 

Copper 390 Spacer 

Conductor Layer 

Encapsulant Epoxy Molding Compound 1 

Solder1 & 3 Sn89/Sb10.5/Cu0.5 60 

Solder2 Sn96.5/Ag3/Cu0.5 60 

Die 4H-SiC 370 

Dielectric layer 

ERCD 10 

Al2O3 24 

AlN 170 

 

TABLE V. Characteristics and dimensions of Cu-clad insulated substrates for DSC power 

modules. 
Parameter Al2O3 DBC AlN DBC ERCD IMS 

Dielectric thickness (mm) 0.38 0.38 0.12 

Cu thickness (mm) 
Top: 0.127 

Bottom: 0.127 
Top: 0.127 

Bottom: 0.127 
Top: 0.1 

Bottom: 0.5 

Breakdown voltage (kV) 5.7 5.9 5.1 

 

To understand the most critical layers for Ὑ , the breakdown chart by extracting the thermal 

resistance of each layer is provided in Fig. 14. Because of the low thermally conductive dielectric 
layer in ERCD and Al2O3 cases, as well as high interfacial thermal resistance, the ñSolder 1ò and 
ñDielectric 1ò layers contribute around 90% of the Ὑ ȟ , as shown in Fig. 14(a). Thus, the 

power module designers should pay more attention to these two layers while thinking of improving 
the thermal conductance. Same concept for the top thermal path. In Fig. 14, it can be found that all 
the Ὑ ȟ  is roughly twice the Ὑ ȟ . Since the spacers only cover 60% of the die area and 

there is one more solder layer in the top thermal path, resulting in higher Ὑ ȟ . Therefore, 

eliminating solder layers is one of the future trends, not only because of reducing thermal 
resistance, but also the failure probability and complexity of the manufacturing process. Figure 
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15(a) indicates that the Ὑ ȟ  of ERCD case is 10% lower than Al2O3 one, leading to 9% higher 

on max. power dissipation (ὖȟ ) capability. Itôs because the Al2O3 is 3x thicker than ERCD, 

but the thermal conductivity is only 2.4x of the ERCD. In addition, though the ὖȟ  of the AlN 

case is 68% higher than the ERCD case, the cost is roughly 10 times higher than the ERCD 

substrate (see Fig. 15(b)).  
 

 
(a)                                                              (b) 

Figure 14. Thermal resistance breakdown (a) Ὑ ȟ , (b) Ὑ ȟ . 

 

 
(a)                                                              (b) 

Figure 15. Thermal characteristics and cost comparison (a) thermal resistance, (b) max. power 
dissipation and cost. 

 

C. Validation of thermal modeling 

To validate the thermal modeling, a thermal dissipation test was carried. In the experiment, 
the module was self-heated by inputting a known DC current and the case temperature was 
captured by thermocouple (TC). Due to the unavailability of the dual-sided solderable die and 
ERCD IMS with Cu baseplate, this study proposed a single-sided cooled BiDFET half-bridge 
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power module using wire bond version die and IMS with 1.5mm-thick Al baseplate for validation, 

as shown in Fig. 16. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 16. Single-sided cooled BiDFET half-bridge power module (a) schematic plot, (b) un-
encapsulated module, (c) encapsulated module. 

 

A fine gauge TC wire (36 to 40 gauge) and high thermally conductive attachment material 
(> 5 W/mK) was used for minimizing the TC reading error [A25, 26]. Thus, two 38-gauge (0.1 
mm) K-type TCs were selected and mounted on the top case of the module by a small amount of 
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15.7W/mK thermal paste. A 12V DC fan was mounted on the top of the top-sided cooled module 

for cooling. Figure 17 demonstrates the test setup and all the equipment. 
 

 
Figure 17. Test setup of the thermal dissipation experiment. 

 

Although difficult to physically measure the junction temperature (Ὕ), JESD51-1 proposed 

an electrical test method (ETM) for measuring the thermal characteristics of packaged 

semiconductor devices by using a temperature-sensitive parameter (TSP) [A27]. The forward 
voltage drop (ὠ) of a diode is one of the most common TSPs. The diode can be specifically 

designed into the die or it exists as a parasitic device (e.g. body diode of MOSFET). The concept 

is to capture the relationship of TSP versus temperature for correlating junction temperature. 
However, to measure the ὠ of the MOSFET, the heating current (Ὅ) has to be turned off and then 

the ὠ measurement needs to start within a few microseconds for preventing temperature drop. 

This requires high-speed sampling digital multimeters and fast high-compliance pulsed current 
sources for ensuring accurate measurement. Therefore, for a simpler and reliable measurement, 

this study adopts the on-state resistance (Ὑ ) as TSP since the Ὑ  can be measured without 
turning off the Ὅ and high-speed equipment. The Ὑ  is defined as the terminal-to-terminal 

resistance between P and U pins (see Fig. 16(a)) and the relationship of Ὑ  versus temperature is 
shown in Fig. 18. 
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Figure 18. Relationship of Ron vs. temperature of Device 1. 

 

In the thermal dissipation experiment, a known heating current was inputted into device 1 
(left) and the voltage drop was in-situ monitored. The case temperatures and the voltage drop were 

recorded once those values were stable and the system reached thermal equilibrium. The Ὑ  and 
generated power can be calculated by Ohmôs law and Joule heating, respectively. In the simulation, 

the convection heat transfer coefficient (Ὤ) was obtained as 270 W/m2K by aligning to the 
experimental Ὕ. The differences of Tc between experiment and simulation are only -3.1% and 

1.8% for Ὕȟ and Ὕȟ, respectively. The temperature distribution with an input current of 20A and 

Joule heat of 17.92W is shown in Fig. 19. Figure 20 shows good agreement between experiment 
and simulation and validates the steady-state thermal modeling.  

 

 
Figure 19. Temperature distribution of the single-sided cooled power module with an input 

current of 20A. 
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Figure 20. Relationship of power loss vs temperature of the single-sided cooled power module. 

 

D. Thermal-mechanical modeling 

This section discusses the mechanical reliability of the DSC power modules using different 
insulated substrates subjected to the thermal cycling test in accordance with JESD22-A104D 
condition M that the testing temperature range is -40 to 150ęC and the dwell time is 10 minutes 

[A28]. The common failure modes of power modules under active and passive thermal cycling 
load were well organized, such as wire degradation, solder fatigue, die crack [A29, 30]. In terms 
of the DSC power module with spacer interconnection, it was found that the failure mode occurred 
at the solder layer between the spacer and die due to a high CTE mismatch between silicon and 

metal [A31]. In this study, several potential failure points were monitored, and the criteria are 
defined as (1) max. principal stress of SiC die < 250 MPa, (2) max. principal stress < 50 and 300 
MPa for ERCD and ceramic dielectric (i.e. Al2O3 and AlN respectively), (3) SAC305 fatigue life 
> 1000 cycles.  

Coffin-Manson empirical equation [A32] is widely used for evaluating the solder joint 
fatigue life under thermal cycling test in the electronic packaging field. Many researchers have 
modified the equation for better accuracy and made it easier to apply. For example, Lin et al. 
proposed a modified Coffin-Manson equation by using the range of equivalent plastic strain in one 

cycle to predict the solder fatigue life [A33] and was applied in this study. This modified equation 
has been validated by some research [A34, 35]. The equation can be expressed as 

ὔ —Ў‐                                                                                                                               (4) 

where ὔ is the mean cycles to failure and Ў‐  is the range of equivalent plastic strain. The — and 

– are the constants determined by solder materials. The — and – are 0.235 and -1.75 for SAC305, 
respectively [A35].  
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In the numerical modeling, Anand viscoplastic constitutive model was applied since it can 

consider both elastoplastic and creep behaviors for SAC305 during the cyclic thermal load. The 
flow equation was described as [A36] 

‐ ὃ Ὡὼὴ ίὭὲὬ‚                                                                                               (5) 

where ‐ is the plastic strain rate, T is the absolute temperature, and s is the internal variable. 

The evolution equation was described as 

ί Ὤȿὄȿ
ȿȿ
ʀ                                                                                                                     (6) 

where  

ίz ίǶ Ὡὼὴ                                                                                                                     (7) 

and, 

ὄ ρ  z(8) 

All the material parameters of the Anand model for SAC305 and mechanical properties are shown 

in Table VI and Table VII , respectively.  
 

Table VI. The parameters of Anand model for SAC305 [A37] 
Description Symbol Value 

Initial value of deformation resistance s0 45.9 MPa 

Activation energy Q/R 7460 K-1 

Pre-exponential factor A 5.87 x 106 s-1 

Stress multiplier ‚ 2 

Strain rate sensitivity of stress m 0.00942 

Hardening/softening constant h0 9350 MPa 

Coefficient for saturation value of 
deformation resistance 

ίǶ 58.3 MPa 

Strain rate sensitivity of the saturation 
value 

n 0.015 

Strain rate sensitivity of the 
hardening/softening 

a 1.5 
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Table VII . The mechanical properties in FE modeling. 

Component Material 
Youngôs Modulus 

(GPa) 
Poisson 
Ratio 

CTE 
(ppm/°C) 

Lead Frame 

Copper 110 0.35 17.6 Spacer 

Conductor Layer 

Encapsulant 
Epoxy Molding 

Compound 
10-30 0.3 10-30 

Solder1 Sn95Sb5 50 0.38 22.8 

Solder2 SAC305 

45.7 @ -40°C 
42.2 @ -20°C 
31.7 @ 40°C 

24.6 @ 80°C 
16.7 @ 125°C 

12.3 @ 150°C 

0.35 21 

Die 4H-SiC 347 0.23 4.5 

Dielectric 

ERCD 53 0.22 15 

Al2O3 340 0.22 6.8 

AlN 320 0.23 4.7 

 

It is critical to select the encapsulant material with optimal mechanical properties for 

maximizing reliability. Thus, this study sets the ranges of modulus and CTE of commonly seen 
commercial epoxy encapsulants for 25 cases of Design of Experiment (DoE), as shown in Table 
VII. Due to the higher CTE mismatch between die and organic substrate compared with the 
ceramic substrate, the encapsulant is more important for organic power modules to balance CTEs 

and manage reliability. The traditional silicone gel that primary function is to provide electrical 
insulation is no longer capable of stress management due to low modulus or weak mechanical 
support. 

The mechanical behaviors in the DSC power module can be attributed to two mechanisms, 

including (1) local CTE mismatch between adjacent materials, and (2) global CTE mismatch 
between spacer and encapsulant. The first mechanism can occur at any two bonded materials with 
different CTEs, and a higher modulus would exaggerate the thermal stress. The global CTE 
mismatch can result in tensile or compressive stress on dies based on the polarity of the CTE 

mismatch between spacer and encapsulant. It can bring opposite mechanical behaviors when the 
CTE of the encapsulant is higher or lower than Cu spacer. In addition, the fatigue life of solder 
and the stress of the top and bottom insulated substrates would also be affected by the extent of 
global CTE mismatch.  

In addition to CTE, Youngôs modulus is another key factor for reliability. A higher modulus 
can mitigate the deformation due to higher stiffness. However, it can also yield higher stress 
directly at adjacent materials due to local CTE mismatch. Since the mechanical interaction can be 
very complicated, this study parameterizes CTE and modulus of encapsulant for a sophisticated 

evaluation of the reliability. 
The most commonly seen failure points in power modules are monitored and the criteria are 

defined. The failure theory can be categorized into two types: brittle failure and ductile failure. 
The brittle failure usually occurs when the max. normal stress in any direction reaches the max. 
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tensile or compressive strength of the material. Thus, the principal stress, which is corresponding 

to the max. normal stress at a certain angle, is a proper failure indicator for brittle materials (e.g. 
SiC, ceramics, and ERCD). Due to the ductile or malleable feature, the ductile materials usually 
fail in a certain cyclic force or load in electronic packaging, leading to fatigue failure. For assessing 
solder fatigue lifetime, there are many empirical theories been developed, including stress-based, 

strain energy-based, and strain-based prediction models. This study adopted an equivalent plastic 
strain-based model for evaluating SAC305 solder fatigue life subjected to thermal cycling test. 

Aforementioned, there is a huge CTE mismatch between die and ERCD IMS, resulting in a 
higher max. principal stress of die of the ERCD type compared with ceramic substrate 

configuration, as shown in Fig. 21. However, there is minimal die stress when the encapsulant has 
a CTE of 15 ppm/ęC and modulus of 30 GPa. This indicates that the global CTE mismatch 
mechanism dominates the die stress in the ERCD type and the encapsulant material has to be 
carefully optimized. The lower CTE mismatch to Cu spacer (CTE=17.6 ppm/ęC) and the harder 

encapsulant, the better improvement on the die reliability. On the other hand, it shows that the 
local CTE mismatch dominates the die stress in ceramic types. Higher CTE and modulus of 
encapsulant would only deteriorate the reliability of SiC die. Therefore, the design experience of 
ceramic-based DSC power modules cannot be applied to organic-based approaches. 
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(c) 

Figure 21. Max. principal stress of SiC die (a) ERCD type, (b) Al2O3 type, (c) AlN type. 

 

In terms of the stress on the dielectric layer of the metal-clad insulated substrates (e.g., Al2O3 
or AlN in DBC, and ERCD in IMS), it can be found that the optimal points are located in the range 

of 15 to 20 ppm/ęC of encapsulant, as shown in Fig. 22. With similar CTEs, the Cu spacer and 
encapsulant would expand or contract evenly in the vertical direction, leading to small warpage on 
both top and bottom substrates. This is exactly the global effect. However, the local effect still 
affects the AlN type since the minimal stress occurs at the bar with a CTE of 10 ppm/ęC and 

modulus of 10 GPa.  
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(c)  

Figure 22. Max. principal stress of dielectric substrate layer (a) ERCD type, (b) Al2O3 type, (c) 
AlN type. 

 

The SAC305 is located between the die and the bottom substrate (see ñsolder 2ò in Fig. 11). 
It is subjected to a large CTE mismatch between those parts. Thus, in Fig. 23, it can be observed 

that higher CTE of encapsulant can increase the equivalent CTE surrounding the die for 
minimizing the CTE mismatch or maximizing the solder lifetime. In addition, the higher modulus 
can magnify this effect. It is worth noting that the global effect still has an influence on ceramic 
types. Some peaks occur at the range of 15 to 20 ppm/ęC of encapsulant due to low CTE mismatch 

to Cu spacer. 
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(c)  

Figure 23. Fatigue life of SAC305 (a) ERCD type, (b) Al2O3 type, (c) AlN type. 
 

Each type of power module contains 25 cases of DoE. After the filtering process based on 

the criteria established, the optimal properties of encapsulant and its corresponding stresses and 
fatigue life among the DoE are shown in Table VIII. The first step of the filtering process is to 
screen out the points by the criteria for die, dielectric layer, and solder. Then, for considering the 
minimum mechanical effect on the semiconductor device, the optimal cases are selected based on 

the lowest Max. principal stress of die from the passed cases. Although the ERCD type has higher 
stress on the die, the solder fatigue life is higher than ceramic types. It can be found that the optimal 
mechanical properties of encapsulant for the organic and ceramic based power modules are quite 
different. The encapsulant material has to be separately optimized based on the different 

configurations. Also, the CTE of commercial epoxy molding compounds (EMCs) is usually 
inversely proportional to its modulus since the EMC is a mixture of epoxy resin and hardener. 
More hardener results in higher modulus but lower CTE. Therefore, it is difficult to find a high 
CTE and high modulus EMC for the ERCD type power module. This study points out the potential 

demand for high CTE and high modulus encapsulants and provides insights for material scientists 
to explore epoxy encapsulants. 
 

Table VIII. Optimal properties of encapsulants and the corresponding stresses and fatigue life. 
 ERCD Al2O3 AlN 

CTE of encapsulant 
(ppm/°C) 

20 20 15 

Modulus of encapsulant 
(GPa) 

30 10 10 

Max. principal stress of 

die 
(MPa) 

154 125 131 

Max. principal stress of 
dielectric layer (MPa) 

41 224 220 

Solder fatigue life 

(cycles) 
2078 1624 1396 
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IV.  Conclusion 

Thermal performance and mechanical reliability of Double-Sided Cooled (DSC) power 
modules are characterized by 3D FE modeling. The thermal modeling is validated through a 
thermal dissipation test on a single-sided cooled power module that uses an Epoxy Resin 

Composite Dielectric (ERCD). The DSC ERCD power module shows a 10% reduction on 
equivalent thermal resistance junction-to-case (Ὑ ȟ ) compared with an Al2O3 DBC power 

module. In addition, the ERCD material cost is only 1/3 of the 96% Al2O3 DBC. In the thermal-

mechanical modeling, a methodology for evaluation of DSC power module reliability is proposed. 
For selecting optimized encapsulants, a set of DOE and reliability criteria are created for three 
types of DSC power modules. This study proposes local and global CTE mismatch mechanisms 
to elucidate the mechanical behaviors on die, dielectric substrate layer, and solder. The ERCD type 

power module passes the established criteria by applying optimized properties of the encapsulant. 
In summary, the organic-based insulated substrate is a replacement for Al2O3 DBC substrate in 
advanced DSC power modules. 
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