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ABSTRACT 

This thesis addresses the thermal management and reliability concerns of power semiconductor 

devices from die to system level packaging design. Power electronics is a continuously 

evolving and challenging field.  Systems continue to evolve, demanding increasing 

functionality within decreasing packaging volume, whilst maintaining stringent reliability 

requirements.  This typically means higher volumetric and gravimetric power densities, which 

require effective thermal management solutions, to maintain junction temperatures of devices 

below their maximum and to limit thermally induced stress for the packaging medium. 

A comparison of thermal performance of Silicon and Silicon Carbide power semiconductor 

devices mounted on Polycrystalline Diamond (PCD) and Aluminum Nitride (AlN) substrates 

has been carried out. Detailed simulation and experimental analysis techniques show a 74% 

reduction in junction to case thermal resistance (Rth (j-c)) can be achieved by replacing the AlN 

insulating layer with PCD substrate. In order to improve the thermal performance and power 

density of polycrystalline diamond substrates further at the system level, direct liquid cooling 

technique of Direct Bonded Copper (DBC) substrates were performed.  

An empirical model was used to analyse the geometric and thermo-hydraulic dependency upon 

thermal performance of circular micro pins fins. Results show that micro pin fin direct cooling 

of DBC can reduce the number of thermal layers in the system, and reduce the thermal 

resistance by 59% when compared to conventional DBC cooling without a base plate. 

Thermal management and packaging solutions for the wide band gap semiconductors, such as 

GaN, is also described in detail. Comparisons of face up and flip chip thermal performance of 

GaN on Sapphire, Silicon and 6H-SiC substrates in a T0-220 package system is presented. 

Detailed thermal simulation results analysed using ANSYS® show that a flip chip mounted 

GaN on sapphire substrate can reduce junction to case thermal resistance by 28% when 

compared against the face up mounted technique.  
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NOMENCLATURE 

 

Symbol Definition Unit 

𝑉 Voltage (V)Volt 

I Current (A)Ampere 

R Resistance (Ω)Ohm 

L Inductance (H)Henry 

C Capacitance (F)Farad 

𝛥𝑇 Temperature difference °C 

𝑃𝐷 Power dissipated W 

𝑅𝑡ℎ Thermal resistance °C/W 

𝑘 Thermal conductivity W/mK 

A Cross sectional area  m2 

𝐶𝑡ℎ Thermal capacitance J/°C 

𝑐𝑝 Specific heat capacity J/Kg.K 

𝜌 Density Kg/m3 

𝑉 Volume m3 

𝐹𝑠𝑤 Switching frequency Hz 

𝐸𝑜𝑛  Turn on energy loss J 

𝐸𝑜𝑓𝑓 Turn off energy loss J 

𝐴𝑐 Contact area m2 

𝐴𝑣 Void area m2 

𝛼 Coefficient of thermal expansion C-1 

𝜎𝑒 Equivalent stress Pa 

∆𝜀 Strain amplitude - 

𝜀𝑓 Fracture strain - 

𝑐 Empirical fatigue ductility exponent - 

𝑇𝑗  Junction temperature °C 

𝑇𝑐 Case temperature °C 

𝑅𝑡ℎ(𝑗−𝑐) Thermal resistance junction to case °C/W 

𝑅𝑡ℎ(𝑐−𝐻𝑆) Thermal resistance case to heat sink °C/W 
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𝑅𝑡ℎ(𝐻𝑠−𝑎) Thermal resistance heat sink to ambient °C/W 

𝑅𝑡ℎ(𝑗−𝑎) Thermal resistance junction to ambient °C/W 

𝑍𝑡ℎ(𝑗−𝑐) Thermal impedance junction to case °C/W 

L Tile length m 

𝑏 Tile breadth m 

𝑊𝐿 Wetting area length m 

𝑊𝑏 Wetting area breadth m 

H Fin height m 

𝐷 Fin diameter m 

∆𝑃 Pressure drop Pa 

𝑚𝑓 Mass flow rate Kg/s 

𝑅𝑒 Reynolds number - 

𝜇 Viscocity Kg/(s.m) 

𝑝𝑟 Prandtl number of water - 

𝑝𝑟𝑠 Prandtl number of air - 

𝑘𝑓𝑙𝑢𝑖𝑑 Thermal conductivity of fluid W/mK 

𝑘𝑓𝑙𝑢𝑖𝑑 Thermal conductivity of fin W/mK 
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1.1 Introduction 

Power electronics is a continuously evolving and challenging field as power systems continue 

to demand increasing functionality within a decreasing packaging volume whilst maintaining 

stringent reliability requirements.  This typically results in higher volumetric and power 

densities, which require effective thermal management solutions to maintain junction 

temperatures below their maximum rating. The thermal design of a semiconductor package 

depends upon the semiconductor die size, power dissipation, junction and ambient 

temperatures as well as cost constraints. The focus of semiconductor engineering to increase 

die current densities makes the thermal design more challenging due to its associated increase 

of heat flux[1]. Moreover, over the next decade, the advancements in the power density is 

expected because of the increase in power dissipation and reduction in the size, which is 

illustrated in Figure 1.1. The advancements in power density highlight the importance of 

thermal management solutions in determining the future semiconductor device technology.  

 

Figure 1.1: Thermal flux trend[1] 

1.2 What is Thermal management? 

The flow of electrical current through the leads and Silicon layers of a power semiconductor 

device, effects in substantial internal heat generation within an operating environment. The 

heat generated internally has to be removed appropriately using adequate cooling techniques. 

In the absence of cooling―the junction temperature of the semiconductor device would rise at 
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a constant rate to its maximum value at which semiconductor device fails catastrophically[2]. 

In order to maintain the junction temperature of the semiconductor device below its maximum 

allowable limit, the device should be placed in contact with a medium at a lower temperature, 

which assists heat flow away from the device as heat flows from a hot to a cold medium. Due 

to the cooling effect, the junction temperature rise is restrained as it approaches thermal 

equilibrium. Under steady-state conditions, all the heat generated by the component is 

transferred to the ambient. Thus by implementing forced cooling technique, such as liquid 

cooling or forced impingement cooling instead of natural convection, the junction temperature 

rise above the ambient can be reduced. Conduction, convection and radiation are the three 

modes of heat transfer which plays a vital role in electronics cooling. Effective power 

semiconductor thermal packaging relies on careful combination of materials and heat transfer 

mechanisms to maintain the device junction temperature well below its maximum limit. 

1.3 Why Thermal management? 

Advancement in the field of power electronics has led to substantial increase in power density 

integration and reduction in component size. This leads to high heat flux dissipation at the chip 

level. In order to keep the junction temperature well below the maximum allowable limit with 

respect to device performance and reliability, enhancements in cooling techniques are required; 

therefore thermal management solutions are increasingly important in determining the future 

of the power electronics industry. The significant challenge lies in maintaining the junction 

temperature below the maximum allowable limit by dissipating the heat flux from the power 

semiconductor device. The key factors influencing the thermal design of the system are chip 

size, power dissipation, material layer properties, junction temperature and ambient 

temperature.  Power semiconductor manufacturers aim at reducing the chip size over the years 

which in turn increases the thermal design challenges, due to the increased levels of heat flux. 

The growth in power density is estimated to increase significantly over the next few decades 

due to smaller chip size and high power dissipation. The increasing power density and 

challenges in thermal design indicates the need for thermal management and its significance in 

determining the future of power semiconductor devices[3]. 

1.4 Electrical and thermal parameters 

A correlation between the electrical and thermal parameters is shown in Figure 1.2[4]. In the 

electrical domain, according to Ohm’s law, a linear relationship exist between current flowing 

through a resistor causing a voltage drop across it.  
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𝑉 =  𝐼 . 𝑅               (1.1) 

In the thermal domain, the voltage and current relationship is defined as the temperature 

difference is equal to product of the power dissipated and the thermal resistance of the object.   

𝛥𝑇 =  𝑃𝐷 . 𝑅𝑡ℎ           (1.2) 

Where, electrical resistance in electrical domain corresponds to thermal resistance in thermal 

domain. Current (I) in electrical domain corresponds to power dissipated (PD) in thermal 

domain, while voltage difference in electrical domain corresponds to temperature difference 

(ΔT) in thermal domain as described in Figure 1.2. 

 

 

                    Electrical                                                                                    Thermal 

                                                                                                
 

 

                     I=
V1− V2

R
                                                                                 𝑃𝐷 =  

T1− T2

𝑅𝑡ℎ
 

           (a)                                                                                                  (b) 

Figure 1.2: Electrical and thermal domain (a) Electrical and (b) Thermal domain 

1.5 Heat transfer modes 

Heat transfer in a power module occurs in three modes conduction, convection and radiation[5]. 

Figure 1.3 shows the cross sectional heat transfer path for a convectional wire bonded power 

module. Radiative heat transfer occurs in the active region of the semiconductor die due to 

power dissipation. Whereas, conductional heat transfer occurs in the board level mainly 

through the die attach medium, DBC substrate, base plate and thermal interface material. 

Convectional heat transfer occurs in the heat sink level either through natural or forced 

convection. 
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Figure 1.3: Heat flow in a wire bonded power module 

1.5.1 Radiation 

Radiative heat transfer is due to the electromagnetic waves propagating through empty space. 

Heat radiation occurs in all bodies when the temperature reaches above absolute zero. 

Radiation in the power semiconductor devices is due to the movement of electrons in the atom 

which are observed as electromagnetic radiation. The radiated electromagnetic waves transmit 

heat energy away from the active area of the semiconductor die.  Equation (1.3) describes the 

radiative heat transfer. 

𝑃𝑟 = 𝜎 . 𝜀 . 𝐴 . (𝑇1 − 𝑇2)               (1.3) 

Where, σ, ε, A and T are the Stefan-Boltzman constant (5.66x10-8 W/m2K4), emissivity, surface 

area of the body and temperature difference respectively.   

1.5.2 Conduction  

Conduction heat transfer occurs due to temperature gradient in a body. Heat energy is 

transferred from a hot surface to a cold surface, the conductional heat flow can be represented 

as one dimensional heat flow as shown in Figure 1.4. Heat flows into Face1 and out from Face 

2, assuming no heat loss distributed through sides of the object. According to the one-

dimensional thermal conduction equation, when the two faces are held at identical temperature, 

temperature of the object mainly depends on the distance (L) between the Face 1 and Face 2 

and its thermal conductivity. 
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Figure 1.4: Conductional heat flow in a body 

 

Heat transfer rate by conduction through the object in Figure 1.4 can be expressed as, 

 

𝑄

𝑡
= 

𝑘𝐴

𝐿
∆𝑇12                     (1.4) 

Where,  

 

A      –    Cross-sectional area of the object  

L       –    Wall thickness  

ΔT
12   

–   Temperature difference between two surfaces (ΔT
12 

= T
1 

– T
2
)  

k        –   Thermal conductivity of the material (W/mK)  

The thermal resistance for conductional heat flow depends upon the thermal conductivity of 

the material, material thickness and area. Theoretically the thermal resistance for conductional 

heat flow can be represented using equation (1.5).  

𝑅𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝐿

𝑘𝐴
               (1.5) 

Where L , k and A are the thickness of the material, thermal conductivity and cross sectional 

area respectively. Thermal resistance can be decreased by either increasing the cross sectional 

area, thermal conductivity or decreasing the thickness of the material. Table 1.1 compares the 

thermal conductivity of the common materials at 25°C used in electronics packaging. 

 

 

 



8 
 

Table 1.1: Common materials used in packaging 

Material 
Thermal conductivity 

‘k’ (W/mK) at 25°C 

Si 140 

SiC 360 

Solder (SnAg) 57 

Silver thin film 

sintering 
200 

Copper 390 

BeO 300 

Alumina 35 

AlN 170 

 

The thermal resistance for conductional heat flow can be calculated using equation (1.6), the 

ratio of the temperature difference to the corresponding power dissipation. 

𝑅𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛  =  
𝑇1− 𝑇2

𝑃𝑑
              (1.6) 

Where Pd is power dissipation and T1 - T2 are temperature difference between the two surfaces. 

1.5.3 Convection 

Convectional flow is due to the transfer of heat energy in ambient temperature via air or liquid 

mediums. Convectional heat transfer can be classified into natural convection and forced 

convection; natural convection occurs due to buoyancy force arising from density differences 

caused by temperature variations in the fluids. Natural convection does not require any external 

source like a pump or fan to push the air or fluid through it. Forced convection occurs due to 

the air/fluid motion generated due to external medium like a fan or pump as shown in Figure 

1.5. A significant amount of heat energy can be transported efficiently using forced convection. 

Convectional heat transfer occurs at the system level in which the heat from the power device 

through different thermal layers is transported to the ambient effectively through air cooled or 

liquid cooled heatsinks.  
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(a) 

 

(b) 

Figure 1.5:Convectional heat flow (a) Natural convection; (b) Forced convection[5] 

1.6 Thermal Modelling Techniques 

Power electronics design involves careful consideration of the electrical and thermal domains. 

For instance, overdesigning the system will increase the cost and weight whereas, under 

designing the system may cause early failure of the power electronic components. An 

optimised design solution is therefore essential for perfect operation of power electronic 

components, which involves a good understanding and accurate prediction of semiconductor 

die junction temperatures and transferring the heat efficiently to the ambient. No sole thermal 

analysis tool works best in all circumstances[6]. A good thermal evaluation requires a 

combination of empirical calculations based upon thermal specifications and thermal 

modelling. The art of thermal analysis involves utilising one or more existing thermal tools to 

validate each other. Some of the existing thermal models available and widely used are  

 Electro-thermal modelling 

 Finite element analysis 
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1.6.1 Electro-thermal modelling 

Physics based electro-thermal modelling would provide a more theoretical representation of 

thermal behaviour. Thermal model uses the material properties of the thermal layers to 

determine the thermal behaviour of the system. Commonly used electro thermal models are 

Cauer and Foster networks. 

1.6.1.1 Foster thermal network 

Figure 1.6 shows the Foster thermal network with parallel R/C pairs connected in a series 

sequence for a single chip module. The RC parameters are extrapolated from the measured 

thermal impedance data using curve fitting methods to determine the finite exponential terms 

(1.7) [7] 

𝑍𝑡ℎ = ∑ 𝑅𝑖  (1 − 𝑒
−
𝑡

𝜏𝑖)𝑛
𝑖=1           (1.7) 

Where i is the index term, Ri and 𝜏𝑖 represent thermal resistance and time constant respectively. 

Thermal capacitance Ci can be calculated from equation (1.8)  

𝜏𝑖 = 𝑅𝑖𝐶𝑖                             (1.8) 

Time constant 𝜏𝑖 and thermal resistance Ri values are generally provided by manufacturer data 

sheets which eases in calculating the remaining index term and thermal capacitance Ci. The 

main advantage of Foster model is it provides a quick and easier estimation of thermal 

resistances and capacitances for each index terms respectively. On the other hand, the 

disadvantages of the Foster thermal network is that it represents only the behaviour 

characteristics of the model, and is not associate with the physical parameters of the thermal 

layer materials and geometries involved. Moreover, the Foster network does not relate to 

physical thermal response of the overall system where the heat flow from junction to case are 

governed by the heat capacity and thermal resistance of various layers which accounts thermal 

delays in the system. With the transient curve representing junction temperature against time, 

exponential terms comprising of a time constant and amplitudes could be fit to the transient 

curve to represent the Foster RC model.  
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Figure 1.6: Foster thermal network of a single chip module 

1.6.1.2 Cauer thermal network 

Cauer thermal network utilises thermal capacitors connected to a thermal ground, referred at 

absolute zero, allowing the network to store heat energy. The Cauer thermal network provides 

more realistic physical representation of the system transient behaviour by accounting for time 

delays using material properties[7]. Figure 1.7 shows the Cauer thermal network with thermal 

resistance and capacitance path for a single chip module. Thermal resistance and capacitance 

values for each node or layers can be obtained from the geometric and its material parameters 

such as thermal conductivity, density and specific heat capacity values[7]. 
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Figure 1.7: Cauer thermal network 

This approach of thermal modelling provides accurate simulations as it utilises material layer 

properties unlike the Foster thermal model. Thermal resistance is calculated as shown in 

equation (1.5), whereas thermal capacitance is calculated using equation (1.9) where cp, ρ & V 

are specific heat capacity, density and volume of each layer. 

𝐶 = 𝑐𝑝. 𝜌. 𝑉               (1.9) 

1.6.1.3 Comparison between Foster and Cauer thermal network 

Cauer thermal network provides a physical representation of the system; However, to utilise 

the best of the Cauer thermal model circuit certain simulation tools are required. When Cauer 

thermal network is used along with the circuit simulation tools for thermal calculation, it 

provides accurate results for any complex thermal model with time varying, multiple heat 
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sources with arbitrary power inputs. Foster network is mathematically easier to perform 

thermal calculations. Even though only junction temperature has physical representativeness 

in the Foster network, if transient response curves are measured under certain ambient 

environmental conditions, then it could be transferred onto Foster model to predict the 

temperatures under varying power level. Even complex thermal models can be constructed 

using Foster model. Cauer thermal network does not require measured data to calculate the 

thermal resistance of the system as it uses material layer properties. Whereas, Foster network 

require measured data and it does not interpret the layer material properties for calculating the 

thermal resistance. 

1.6.2 Finite element analysis 

The finite element method (FEM) is a numerical technique for finding approximate solutions 

to boundary value problems for partial differential equations. It is also referred to as finite 

element analysis (FEA). It subdivides a large problem into smaller, simpler parts that are called 

finite elements. The simple equations that model these finite elements are then assembled into 

a larger system of equations that models the entire problem. Three dimensional (3D) approach 

in finite element analysis predicts more accurate results close to the experimental values. Finite 

element analysis involves dividing a body or a system into smaller elements allowing equations 

governing the system physics to be solved. The biggest challenge in using the FEM thermal 

simulation tools lies in constructing appropriate geometry and finding thermal parameters to 

predict results accurately. Thermal parameters required for the simulations are Density, 

Specific Heat Capacity and Thermal conductivity. These parameters are temperature dependent 

and it exhibits significant variation over temperature ranges from 25°C to 250°C and it’s 

important to include these parameters for predicting accurate results[8]. Advantages of FEM 

thermal simulation tool are summarised below, 

 3D finite element analysis provides a three dimensional thermal approach in solving 

thermal models unlike, Cauer or Foster thermal model which uses one dimensional 

thermal approach. 

 Complex thermal model with multiple heat sources are easy to be modelled using finite 

element analysis. 

 Temperature dependent parameters such as density, specific heat capacity and thermal 

conductivity can be used with the thermal modelling simulation in a tabular form for 

varying temperature ranges. 
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 Thermal contours and temperature distributions results with hotspots can be performed 

using finite element modelling and moreover, temperature differences between each 

individual thermal layers can be identified using temperature probes for thermal 

calculations. 

1.7 Reliability 

The main aim of thermal management in power electronics packaging is to ensure the reliability 

of a system. Reliability can be defined as a probability measurement of adequate system 

performance, in which the system must function without failure when subjected to certain 

operating conditions. The reliability of power electronics devices is widely characterised using 

a bath-tub curve[1] with three distinct phases as shown in Figure 1.8.  The first phase in a bath-

tub curve corresponds to burn in-time phase in which the failures are caused due to the 

component malfunction, manufacturing defects, etc.  

 

 

Figure 1.8: Bath tub curve[1] 

The subsequent phase is the useful life or normal life period since the failure rate throughout 

this phase is much lower compared to the infant mortality. Wear-out time period is the final 

phase in which the failure rate is higher due to aging and fatigue of the components.   

1.7.1 Failure mode 

The main failure rate in electronics are due to overheating[9], occuring when the electronic 

component is operated constantly above the maximum junction temperature limit. Device 

junction temperature has high influence on the reliability and semiconductor device 

operation[1]. The materials with different co-efficient of thermal expansions are bonded 

together in electronic packages, they expand with respect to temperature variation and result in 
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thermal strain and stress between the layers. The induced thermo-mechanical stress leads to 

failure of the electronic component; wire bond lift off and solder layer degradation, crack 

generation and propagation are some of the common thermo- mechanical failures[10-12].   

1.8 Semiconductor Power loss 

Ideal power semiconductor switch should turn on and off instantly, should have infinite 

impedance in the off state and exhibit zero resistance whilst operating in the on state. However, 

these ideal characteristic are not achievable in semiconductor devices. The semiconductor 

power loss can be divided into three sections conduction loss, switching (Turn ON and Turn 

OFF) loss and off state loss. When the semiconductor switch is turned off the off state losses 

are very low due to the negligible small leakage current and is generally neglected under normal 

operating temperature conditions. Conduction loss occur when the semiconductor device is 

fully turned on, Figure 1.9 shows the IV characteristic of an 25A 1200V IGBT[13] (see 

Appendix 1). The conduction loss is calculated using (1.10) 

𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑉𝑐𝑒  ×  𝐼𝑐                       (1.10) 

Where, Vce is corresponding onstate voltage drop and Ic is the collector current. 

 

Figure 1.9: IGBT I-V characteristics 
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Figure 1.9 represents I-V characteristic of IGBT power semiconductor switch representing the 

voltage and current relationship during the ON state of the semiconductor switch.  Power 

dissipation during conduction mode is calculated by multiplying the on-state voltage (Vce) to 

its corresponding on-state current. Switching losses occur during the turn on and turn off 

switching events. In order to examine the switching and conduction losses in a semiconductor 

die, a DC-DC converter with IGBT as switching device is considered. Figure 1.10 shows a DC-

DC converter operating at 50% duty cycle, the corresponding voltage and current wave form 

during turn on and turn off are illustrated in Figure 1.11.  Red line indicates the current wave 

form and black line indicates the voltage of an IGBT. 

 

Figure 1.10: DC-DC converter 

 

Figure 1.11: Voltage and current waveforms of IGBT  

Switching losses are further classified into turn on and turn off losses and they are represented 

in terms of turn on energy loss (Eon) and turn off energy loss (Eoff) which is represented as 

power loss integrated over a switching time. Turn on losses occur when the semiconductor 
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device is switched from its OFF state to ON state. Whereas, the turn off loss occur when the 

semiconductor devices is switched from its ON state to OFF state. Switching losses are 

frequency dependent. When the current and voltage are constant the Esw(ON) and Esw(OFF) are 

identical for each turn on and turn off event, the average switching loss can be calculated by 

summing the Esw(ON) and Esw(OFF) and multiplying it over the frequency as shown in equation 

(1.11) 

𝑃𝑆𝑊 = 𝐹𝑠𝑤(𝐸𝑠𝑤(𝑂𝑁) + 𝐸𝑠𝑤(𝑂𝐹𝐹))                (1.11) 

Where, Fsw is the switching frequency; total power loss is the sum of conduction loss and 

switching loss times the percentage of duty cycle.  

 

Figure 1.12: Instantaneous power loss per cycle 

Figure 1.12 shows the instantaneous power loss per cycle at 10kHz switching frequency for a 

DC-DC convertor using an IGBT device as depicted in Figure 1.10,  these power loss are 

observed as thermal energy and they must be dissipated whilst maintain the junction 

temperature below its maximum value. 

1.9 Thermal energy and power density 

The power loss from the semiconductor die are observed as thermal energy. Power density is 

directly influenced by the power loss, for example, considering an 25A 1200V IGBT[14](see 

Appendix 2) the total power  loss at  different switching frequency is shown in Figure 1.13 for 

a DC-DC converter at a fixed duty cycle.  
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Figure 1.13: Switching power loss  

The power loss increases with switching frequency. The required heat sink thermal resistance 

at power losses of 17, 23 and 30W were calculated using equation (1.6) for worst case condition 

with maximum junction temperature (Tj) 150°C and a 60° ambient temperature (Ta). Figure 

1.14 shows the calculated heat sink thermal resistance and the corresponding heatsink length. 

The heat sink thermal resistance required decreases with increase in power loss whereas, the 

heat sink size increases with power loss.   

 

Figure 1.14: Heat sink thermal resistance and heat sink length 
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1.10 Thesis structure 

This thesis addresses the thermal management and reliability concerns of power semiconductor 

device technologies like Silicon and wide band gap semiconductors (SiC and GaN) right from 

die level to system level packaging designs for discrete and power module packages. The 

evolution of electronics packaging with different mounting and interconnect techniques 

available for conventional for discrete and power module packaging are summarised and 

discussed in Chapter 2. Moreover, summary of different interconnect technologies with its 

advantages and disadvantages are also detailed. Comparison of thermal performance of Silicon 

and Silicon Carbide power semiconductor dies mounted on Polycrystalline Diamond (PCD) 

and Aluminum Nitride (AlN) substrates for a traditional wire bond are shown. Detailed 

simulation and experimental analysis techniques were performed to measure the junction to 

case thermal resistance (Rth (j-c)) under steady state and transient conditions. The thermo-

mechanical reliability of PCD and AlN substrates were analysed using thermal cycling test 

using ANSYS structural tool to examine the stress, strain, safety factor and life cycle fatigue. 

The thermal performance of PCD substrates were further analysed for next generation 

semiconductor technologies and silver sintering die attach. Polycrystalline diamond has shown 

improved thermal performance over the conventional insulators in DBC substrates from 

Chapter 3. Thermal performance of PCD insulator on DBC substrate was further enhanced by 

using direct liquid cooling technique, micro fins were embedded on to the bottom copper of 

the DBC substrate with PCD as ceramic layer. This reduces the number of thermal layers in 

the system compared to the conventional one and in turn increase the thermal performance of 

the overall system. Moreover, the high thermal conductivity of PCD can be utilised efficiently 

by using direct cooling technique. An Empirical model was used to analyse the thermal 

performance of micro pin fins geometries and thermo-hydraulic parameters were varied 

accordingly to find the optimal circular micro pin fin diameter and length. Thermal 

management and packaging solutions for the next generation wide band gap semiconductors 

such as GaN is described in Chapter 5. Comparison of face up and flip chip thermal 

performance of GaN on Sapphire, Silicon and 6H-SiC substrates in a T0-220 package system 

is presented. Detailed thermal simulation results were analysed using ANSYS® thermal tool 

moreover, the effect of package parasitic for flip chip and face up mounted on T0-220 package 

were observed. Finally, a summary of all chapters with concluding remarks and suggestion for 

future work are described in Chapter 6. 
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2.1 Introduction 

Essentially, power electronics packages deliver device protection, mechanical support, cooling, 

electrical connection and electrical isolation for electronic components. Packaging technology 

is an important field next to power devices in determining the overall performance of single 

chip or multichip power packages. Power-semiconductor manufacturers have been focusing on 

electronic power conversion research effort by moving towards high-frequency operation, 

which results in improved converter performance, higher power density and decrease of system 

weight and cost. This typically results in pushing the limits of present packaging technologies, 

which in turn indicates packaging as the dominant technology limiting the rapid growth of 

power electronics applications. The main drives for semiconductor development are on-state 

resistance reduction, miniaturisation of semiconductor die, increased thermal performance and 

thermo-mechanical reliability. Power density can be identified in terms of Silicon to foot print 

ratio[1], which is semiconductor die (Silicon) divided by total foot print ratio.  

In this chapter an overview of the evolution of semiconductor packaging with different 

mounting and interconnect technologies are discussed. Further, the advantages and 

disadvantages of various mounting and interconnect technologies are analysed and discussed.  

2.2 Single chip/Discrete packages: 

Through hole and surface mount packages are the two main classifications of discrete power 

semiconductor packaging. Some of the through-hole packages available commercially are: 

 Dual-In-Line Package 

 Transistor Outline Package (T0) 

 Pin Grid Array (PGA) 

Whereas, surface mount packages are: 

 Small Outline Package  

 Quad Flat pack (QFP) 

 Small Outline Transistor (SOT) 

 Plastic Leaded Chip Carrier  (PLCC) 

Figure 2.1 shows a selection of through-hole packages whereas, Figure 2.2 shows surface 

mount packages for power devices.  
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(a)                                   (b)                                       (c) 

Figure 2.1: Through hole power packages[2] (a) Dual inline package (b) Transistor 

outline T0-220 (c) Pin grid array 

 

 

                                       

(a)                                                    (b)                                            (c) 

 

                                                                        (d) 

Figure 2.2: Surface mount packages[2] (a) Small Outline Package; (b) Quad flat pack 

(QFP); (c) small outline transistor (SOT); (d) Plastic leaded chip carrier (PLCC) 

2.2.1 Through hole and surface mount packages 

Some of the widely used through-hole type packages are T0. T0-247 packages are commonly 

used for high power level applications, whereas T0-220 packages are used for applications 

requiring power levels of within 50W. The commercial TO packages are shown in Figure 2.3. 

The advantages of TO-220 over TO-247 packages are very low thermal resistance, small in 

size and low cost, these advantages have made TO-220 packages to be widely used in all 

industrial/commercial applications. The super TO-220 / super TO-247 have higher power 

densities as it removes the heat sink mounting hole, extending the plastic epoxy to the outer 

package compared to standard equivalents. This allows twice the available die space in the 

same foot print area, increasing the die to footprint area ratio to approximately 30 percent. 

Moreover, current handling capacity of super TO-220/TO-247 are much higher when 
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compared over TO-220 and TO-247 packages due to its increased Silicon to foot print ratio. 

The main disadvantage of supper T0-220 is that it requires efficient heat sink mounting 

methods for attaching the device to the heat sink. TO-263 or D2Pak is a modified version of 

TO-220 for high current conversion and surface mount adaptability. The TO-263 or D2Pak 

provides very low on-state resistance, high power and high current handling capacity due to its 

low inner connection resistance and reduced package leads. The main disadvantage of TO-263 

or D2Pak is its high cost and large package area. 

 

                             

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

Figure 2.3: TO Packages [3] (a)T0-247; (b)T0-220; (c)SuperT0-220/superT0-247; (d)T0-

263/D2PAK 

Surface mount packages have been recently advancing in the semiconductor market and 

conventionally available is SO-8 package with Silicon MOSFET rated up to current level of 

10A. Figure 2.4 shows the commercial surface mount S0 packages. The advantage of SO-8 

package is ease of handling and small in size. The main disadvantage is high package thermal 

resistance as most of the heat flows via the cross-sectional area of anode (drain/collector) leads 

to the heat sink. Thin Shrink Small Outline Package -8 (TSSOP) occupies very small foot print 

area with less than 40% than the conventional SO-8 package. The main application of TSSOP-

8 are in portable electronics due to its small in size. SOT-223 was developed to improve the 

thermal performance in TSSOP-8 packages. TSOP-6 and SOT-23 packages are used for low 

power and high power density application, the only disadvantage is its plastic moulded 

injection as the package occupies three times the foot print area of die. 
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(a)                                             (b)                                                  (c) 

                                                            

                                                  (d)                                      (e) 

Figure 2.4: Surface mount SO package [3];(a)S0-8; (b)TSSOP-8; (c)SOT-223; (d)SOT-

23; (e)TSOP-6 

Leadless packaging is an advance packaging technology which reduces the overall package 

size by 44% when compared to TSOP-6 by eliminating the leads along the sides of the package 

and enhanced anode contact connection. Flip chip and ball grid array packaging are another 

step change in packaging technology benefiting reduced foot print with the same size as the 

semiconductor die. Flip chip has been emerging recently, FlipFET by International Rectifier 

uses true chip scale packaging and 100% Silicon-to-footprint ratio in which the semiconductor 

die is flipped and bumped to make the electrical interconnections. Figure 2.5 shows the Silicon-

to-footprint ratio percentage for surface mount and through hole packages with respect to years. 

Through hole packages had higher silicon-to-foot print ratio till year 1995 and from year 1995 

surface mount packages started to dominate enabling up to 100% silicon to foot print ratio. 
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Figure 2.5: Silicon to foot print ratio for surface mount package[4] 

Surface mount technologies offer high component density and high Silicon to footprint ratio at 

low cost when compared to through hole technologies. Surface mount technologies requires 

few drilling holes when used on PCB (Printed Circuit Board) and allowing both sides of the 

PCB to be used for efficient production. The mounting and assembling process for surface 

mount is significantly faster as the components are placed at the rate of 10,000 of placement 

per hour whereas, the placement rate for through  hole technologies are less than 1000 

placements per hour. Even though surface mount technique offers many advantages over 

through hole packages; through hole packages are widely used in many applications due to its 

robust bond making it more suitable in high mechanical stress environments. Through hole 

packages has better thermal performance, as the heat sink can be mounted directly on the back 

substrate of the die and bigger package size. Whereas, in surface mount packages the thermal 

management is quite challenging due to the smaller package size. 

2.2.2 Interconnection medium 

2.2.2.1 Wire bonding interconnect 

Wire bonding is one of the leading interconnect technology that has been extensively used for 

electronic power packaging applications. Wire bonding creates an electrical connection 

between semiconductor die and substrate. Figure 2.6 demonstrates the conventional wire bond 
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package used for packing applications.  On the other hand, although wire bonding technology 

is highly used in the electronic power technology, wire bonding technology has following few 

disadvantages: 

 High thermal and electrical losses due to heavy and thin wires making electrical 

connections between the semiconductor die and the I/O leads contributing 90% of 

package resistance[5]; 

 Substantial parasitic inductance is observed at high frequencies; 

 Wire bond interconnect has very poor thermo-mechanical reliability leading to device 

failure[6] . 

 

Figure 2.6: Conventional wire bond package 

2.2.2.2 Power connect technology 

The conventional wire bond interconnect technology was replaced by connecting the die 

directly with the copper lead frame[7]. Figure 2.7 shows the power connect technology, in 

order to achieve direct connection, the top and bottom metallisation layers of the semiconductor 

die was made using solderable metal to attach the lead frame. This can been accomplished 

using a nickel-based metallisation method above the aluminium metal pad.  Few advantages of 

power connect technologies are the miniaturisation of package size to 50%, low package 

resistance of less than 1 mΩ and increased current capability. The only drawback of power 

connect technology is poor thermo-mechanical reliability because of the discrepancy in the   

coefficient of thermal expansion (CTE) between copper lead frame and Si die, which resulted 

in high thermal stress at the interfaces. 



 

29 
 

 

 

 

 

 

Figure 2.7: Power connect technology[7] 

2.2.2.3 Copper strap technology 

Copper strap technologies was developed in 1999[8] to replace wire bond interconnects. Figure 

2.8 shows the cross section and schematic outline of copper strap technology. Through the 

copper strap technology, the junction to case thermal resistance (Rth(j-c))  can be reduced by 

approximate of 20% and  the total package resistance can be reduced by the approximate of 

61% from 1.1mΩ to 0.11mΩ when compared to the conventional wire bond technology. This 

is a direct result of the copper strap providing an improved thermal and electrical conduction 

path  from die to ambient [8]. The only disadvantage of copper strap technology is reliability 

issues due to the CTE mismatch of copper and Silicon die which induces stress in to the epoxy 

layer resulting in failure.[8] 

 

 

(a) 

 

(b) 

Figure 2.8: Copper strap technology (a) Outline view[8] (b) cross sectional schematic 

view                                                 
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2.2.2.4 SO-8 Wireless package  

SO-8 wireless package uses solder bump interconnect technology to connect the die to the leads 

as shown in Figure 2.9. The solder balls are deposited on the source and gate pads of the 

semiconductor die; the gate and source leads are aligned to the solder bumps. As a final process 

the solder bumps are reflowed to attach on to the leads. The main advantage of solder bump 

interconnect technology is better thermal performance as it provides a heat transfer path via 

source to leads due to the solder bump acting as an interface between semiconductor die and 

leads. The SO-8 wireless package has low package inductance and occupies less package area 

when compared to the conventional wire bond package. The disadvantage is SO-8 wireless 

package has high contact resistance and low mechanical reliability due to the high CTE 

mismatch between the solder bumps and the leads. 

 

Figure 2.9: SO-8 Wireless package  

2.2.2.5 Flip chip BGA MOSFET 

Flip chip BGA MOSFET was introduced in the year 1999[9, 10] which benefited from low 

drain to source resistance (RDS(ON)) and overcomes the drawbacks of conventional packages 

such as wire bond and copper straps. The package typically uses fine pitch of ball grid array 

interconnect mechanism which replaces the wire bond and package leads. Figure 2.10 

illustrates the structure of BGA MOSFET package. The solder ball along the edges are for 

drain interconnection whereas the remaining solder balls are for source and gate connections. 

The main advantages of BGA package are:  

 The BGA package contributes to a total package thickness of only 0.7mm[9] and 

occupies less than 50% space in the PCB area when compared to the conventional 

MOSFET packages with similar current and voltage ratings. 

 BGA MOSFETs have reduced on-state resistance (RDS(ON)) of 35% when compared to 

the SO-8 package which in turn increases the current  and power handling capability.    

 Due to the flip chip techniques and distinctive design it provides an efficient heat 

transfer path from the die junction to the case of the package via the solder balls. 
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(a) 

 

(b) 

Figure 2.10: BGA MOSFET package (a) cross sectional view; (b) outline view[9]  

2.2.2.6 Bottomless package  

Bottomless package was developed by in 2000 which was an improved version of wireless SO-

8 package. The main advantage of wireless SO-8 package was its low package resistance but 

it has significant impact on its thermal performance. The Bottomless package was developed 

to overcome the drawback of the SO-8 package. Thermal performance was achieved by 

attaching the backside of the semiconductor die directly on to the heat sink. Figure 2.11 shows 

the bottomless package. The drain leads have been eliminated in bottomless package as the 

drain region of semiconductor die is directly contacted with bottom of package. The source and 

gate connection are formed using lead frame via solder ball interconnection. This unique 

packaging approach provides very low on-state resistance which in turn increases current 

handling capability upto 60% compared to similar rated semiconductor die in conventional SO-

8 packages. The Rth(J-C) (Thermal resistance junction to case) was significantly reduced from 

25ºC/W [11](S0-8 package) to less than 1ºC/W, as the heat transfer path from drain to heat sink 

is thermally coupled by reducing the number of thermal layers from drain to heatsink.  

 

Figure 2.11: Bottomless package[11] 
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2.2.2.7 FlipFET 

FlipFET technology was introduced in 2000 which utilises a true chip scale package by which 

the terminals are positioned at same side of semiconductor die in the design of solder bumps 

[2, 12] providing the smallest package footprint ratio. Figure 2.12 shows the FlipFET power 

MOSFET. As the package is same size as the semiconductor die the FlipFET technology 

reduces Silicon to foot print ratio by approximately 70% when compared to S0-8 packages. 

Moreover, the package parasitic effect and other losses associated are minimised with 

improved thermal performance and low on-state resistance. Another advantage of FlipFET is 

that it could be used with existing surface mount technology processes with standard reflow 

profiles. 

 

Figure 2.12: FlipFET power MOSFET[12] 

2.3 Power Electronics Module packaging  

Power converter modules are implemented extensively for power conversion and motor drive 

applications. Figure 2.13 shows the conventional IGBT module, the vertical IGBT device 

structure allows the emitter and gate to be on the topside with collector on the bottom side of 

the die. However, for the diode the anode is on the top side and cathode is on the bottom side 

of the die allowing the diode to be connected in anti-parallel with respect to the IGBT. The 

semiconductor dies are attached on to the DBC substrate using a suitable die attach medium. 

DBC is a three layer structure with centre ceramic layer, Al2O3 or AlN, sandwiched between 

top and bottom copper layers. The top copper layer is etched and patterned to accommodate 

IGBT and diodes, wire bond interconnect is conventionally used to make electrical connections 

between the diode, IGBT and substrate.    
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(a)                                                                   (b) 

 

(c) 

Figure 2.13: Conventional IGBT module (a) & (b) outline and detailed view [13]; (c) 

Schematic cross sectional view 

The current handling capability of the module is increased by connecting dies in parallel, 

significantly increasing the wire bonds within the module resulting in high parasitic resistance 

and inductance. For a conventional power electronic system the power module is mounted 

directly on the heat sink and the control drive board is placed in adjacent to the power module, 

the main drawback of this kind of arrangement is high manufacturing cost, poor reliability and 

occupies more space due to the number of thermal layers involved. Power semiconductor 

manufacturers have been researching over years to improve the power density of power 

modules by reducing the number of thermal layers and integrating the heatsink within the 

power modules. There are still some boundaries associated with this kind of packaging 

approach as wire bond interconnection is not reliable and shows poor thermal management due 

to the number of thermal layers involved in transferring heat from semiconductor die to the 

heat sink. A system level approach of integrated power electronics module has been 

implemented by many semiconductor manufacturers [14-16]  to enable greater integration 

within power modules. Hybrid packaging is a next step in power module packaging with power 

devices assembled in planar structure [17-20] with gate controls and protection circuits in a 

separate assembly and combined into a single module.   
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2.3.1 3D packaging of power modules 

3D integration of package was developed to overcome the effect of parasitic in wire bonds and 

to improve the thermal efficiency by adapting multichip modules (MCM). 3D packaging is a 

next generation breakthrough in power modules enabling stacking the semiconductor dies on 

top of one another enabling high power density. The 3D packaging are primarily divided into 

three categories such as solder, pressure contact and thin film approaches[21]. The 

development of 3D power modules are still in research study due to the level of complexity 

involved in packaging and reliability concerns. 

2.3.2 Metal Post Interconnect Parallel Plate Structure packaging technique 

Metal Post Interconnect Parallel Plate Structure (MPIPPS) [22, 23] is a low cost approach using 

metal posts as interconnecting medium. Figure 2.14 shows the MPIPPS structure. 

 

Figure 2.14: MPIPPS structure [23] 

The semiconductor device is placed in between the two DBC substrates in which the copper 

layers are etched and patterned, semiconductor dies where attached using solder paste. Copper 

metal posts are used as interconnections between top and bottom DBC substrates and the 

semiconductor dies, eliminating wire bond interconnects. The MPIPPS package structure has 

many advantages 

 The metal posts reduces the parasitic effect to minimum value which in turn enables 

large current carrying capability. Moreover, metals posts provide an enhanced thermal 

path for heat transfer from the die junction to the ambient: The MPIPPS packaging 

approach also enables double sided cooling technique for convective heat transfer 

which further reduces the junction to ambient thermal resistance. 

 The control circuitry can be easily integrated onto the module package due to the 

stacking arrangement.  

 The main disadvantage is high thermal stress due to two DBC substrates when 

compared to the conventional package, which in turn decreases the thermomechanical 

reliability. 
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2.3.3 Flip chip power module package: 

 Flip chip power module [24, 25] package was developed in 2000, in which the semiconductor 

dies were flipped and die-attached onto a high thermal conductive substrate. Figure 2.15 shows 

the schematic cross section of flip chip power module. The semiconductor dies are flipped and 

die attached on to the top copper layer which are etched and patterned to form electrical 

connections, a ceramic layer is used to isolate the top copper and bottom copper layers which 

acts a base heat sink. However, the passive components are directly soldered on to the top 

copper layer and the whole assembly is epoxy moulded leaving the bottom copper heat sink 

exposed. This packaging approach enables double sided cooling which in turn reduces thermal 

resistance form junction to ambient. The main disadvantage is thermo-mechanical reliability 

of solder bumps with difference in CTE mismatch with the semiconductor die[25]. 

 

                                                                             (a) 

 

(b) 

Figure 2.15: Flip chip power module(a) cross sectional schematic view (b) Detailed 

view[25] 

2.3.4 Power overlay technology: 

Power overlay (POL) technology was established in 1995 as a high density interconnect 

technique for multichip modules [26]. The power overlay technology uses an interconnect layer 

above the die and base plates. Figure 2.16 shows the schematic cross section of power overlay 

interconnect technology. 
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Figure 2.16: Schematic cross section of power overlay interconnect technology [26] 

Kapton tape is positioned on the top surface of semiconductor devices using an adhesive. The 

Kapton tape is pre-etched with metallised vias which acts as an electrical path for the gate and 

cathode pads. The bottom side the semiconductor device are die attached on to DBC substrates 

using solder paste. This kind of arrangement allows to have multi-layered interconnection 

structure with embedded passive components and gate drive circuitry. The main pros and cons 

of POL interconnect technology are: 

 Low parasitic effect due to the elimination of wire bond thus improving the electrical 

performance. 

 Improved thermal performance due to the reduction in number of thermal interfaces 

and double sided cooling. 

 High flexible options in integrating drive circuits and passives within the module 

package. 

 Thermo-mechanical stress is high on the device interconnection layer because of the 

mismatch in CTE between Kapton and copper layers that results in poor reliability. 

2.3.5 Pressure contact interconnect technology: 

Pressure contact interconnect or press pack for IGBTs is an interconnect technology developed 

in 2008[27]. Figure 2.17 shows Semikron’s SkiiPPack pressure contact interconnect 

technology, the electrical contacts between the PCB board and DBC substrate are made via C-

shaped spring which provides necessary pressure. The copper alloy is used as a material in 

spring contact which provides good electrical conductivity. Moreover, the internal bus bar 

construction does not require any mechanical support as they are replaced with a plastic 

pressure spreader. Pressure contact is widely used in many application due to its reduced 

junction to case thermal resistance when compared to conventional power module (with copper 

base plate), as the DBC substrates are attached directly on to the heat sink. 
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Figure 2.17: Semikron’s SkiiPPack pressure contact interconnect technology[27] 

2.3.6 Pressure assisted/pressure less silver sintering 

Silver paste sintering is now been used widely due to its high electrical and thermal 

conductivity (~250 W/mK) which replaces the conventional solder paste die attach. Silver 

sintering requires very high temperature of >500ºC, way beyond the semiconductor device 

operating temperature. However, the sintering temperature profile can be reduced by applying 

external pressure [28-31].  Schematic setup for silver sintering process is illustrated in Figure 

2.18.  

 

Figure 2.18: Schematic setup for silver sintering[31]  

Due to advancement in technologies, pressure less silver sintering is now been used in power 

semiconductor die attach with the melting point of higher than 300 °C. Pressure less silver 

sintering has similar electrical and thermal performance when compared to pressure assisted 

silver sintering material, except the pressure setup needed to cure the silver sintering paste is 

not needed in turn minimises the process of applying pressure to the semiconductor die. 

Pressure less and pressure assisted silver sintering are more suitable for SiC power 

semiconductor devices with maximum junction temperature of 250°C and high temperature 

electronics.   

2.3.6.1 Flexible interconnect 

Flexible interconnect is a potential breakthrough in advance interconnects for power module 

packaging. Figure 2.19 shows the Semikron Skin technology [32], the electrical 

interconnections between the power device and the DBC substrate are made through a micro 
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via flexible PCB which is silver sintered on to the top of the die and DBC substrate. This kind 

of arrangement facilitates low parasitic inductance than the conventional wire bond module. 

Moreover, silver sintering attach on the top and bottom of the die provides a very low junction 

to case to thermal resistance when compared to the wire bond modules. 

 

Figure 2.19: Semikron Skin technology with flexible interconnect[32] 

2.4 Summary of various interconnect technologies  

In discrete packaging, wire bond technology is conventionally used as an interconnection 

medium for surface mount and TO packages. Wire bond technology were replaced by solder 

bump interconnects which uses solder bump to connect the leads of the package. This in turn 

improved the thermal performance significantly and reduced the package resistance. The main 

disadvantage of solder bump technology is that the package leads act as a degrading factor 

subsidising to the overall resistance and power loss. More over the current handling capacity, 

thermal performance and over all reliability are also affected by the package leads. In order to 

overcome the drawbacks in solder bumps interconnections flip chip technology was developed. 

In Flip chip technology the semiconductor dies were flipped and solder bumped directly on to 

the substrate which in turn reduced the package resistance and improved the thermal 

performance compared to the other interconnect methods. Commercially, wire bond 

interconnect is still widely used in discrete packages and seems to dominate due to its low 

packaging cost and less complexity. Flip chip as an alternative for wire bond interconnect has 

emerged recently and been used commercially on surface mount and through hole packages. 

The flip chip interconnect has attracted the next generation wide band gap semiconductor 

technologies such as SiC and GaN were high power density and high efficiency are of a major 

concern. 
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In power module packaging, wire bond interconnect with copper base plate is used 

conventionally in wide range of applications due to its low cost and less complexity. The 3D, 

flip chip and power overlay interconnects in power modules are still under study level and are 

not available commercially yet. The pressure contact and silver sintered interconnects are an 

alternative for conventional power module and are available commercially for many 

applications. Improved thermal performance by removing the base plate layer and replacing 

solder die attach with silver paste, high power density, high efficiency are the main advantages 

of pressure assisted/pressure less silver sintered when compared over the conventional power 

module interconnect. Every chip level interconnect technology has its own advantages and 

disadvantages, it’s impossible to achieve a unique interconnect technology which fits for all 

applications. Table 2.1 shows the advantages and disadvantages of various chip level 

interconnect technologies.  
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Table 2.1: Summary of various interconnection medium 

Parameter Material used Advantages Disadvantages Application 

Wire bond 
Al wire or Au 

wire 

Low cost; 

Ease of 

interconnection 

High package 

parasitic; 

Poor thermal 

management; 

Difficult for 

Integration   

Commercially 

used in most 

of the 

applications 

Metal 

Deposition 

Ti, Ni, Cr, Cu, 

Ag, Mo, Au, 

etc 

Good electrical 

and thermal 

performance; 

3D integration 

of structure 

High 

manufacturing 

cost due to 

precession; 

Low thermo-

mechanical 

reliability; 

High parasitic 

capacitance  

Multi chip 

power 

modules 

Flip-chip  

SnPb or 

SnAg(lead 

free) 

solders;Au-

stud bumps 

Good electrical 

and thermal 

performance; 

3D integration 

of structure; 

High density 

Low reliability 

due to CTE 

mismatch; 

Potential lead 

contamination 

FlipFET’s; 

BGA; Bottom 

less; Power 

connect 

Conductive 

epoxy curing 

Ag or Au 

filled epoxies 

Good 

reliability; 3D 

integration of 

structure;  

Not suitable 

for high 

temperature 

packaging; 

Poor electrical 

and thermal 

performance 

DirectFET; 

CoperStrap 

Press pack N/A 
Good overall 

performance 
High cost 

High power 

application 

Pressure-

assisted/pressure 

less silver 

sintering 

Micro/nano 

silver paste 

Good overall 

performance 

Technology is 

at its initial 

stages; High 

cost 

Used in large 

area die 

attachment 

applications 
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The thesis focus on improving the thermal performance, thermos-mechanical and electrical 

reliabilities of different power semiconductor device technologies like Si and wide band gap 

semiconductors (SiC and GaN) on commercial discrete and power module packages; with 

different mounting and interconnect techniques. Next chapter discusses the possible techniques 

to improve the thermal performance and thermo-mechanical reliability on commercial power 

module packages.  
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3.1 Introduction 

In this chapter, a comparison of steady state and transient thermal performance of Silicon 

power semiconductor dies mounted on Polycrystalline Diamond (PCD) and Aluminium 

Nitride (AlN) substrates are presented. The requirement for this work comes from increasing 

the thermal performance in a conventional wire bond packaging which uses aluminium 

nitride as an electrical insulating layer. The overall thermal resistance reduction will be an 

improvement on the conventional wire bond packaging design by changing the ceramic 

layer material from aluminium nitride to polycrystalline diamond due to the higher thermal 

conductivity of PCD (2000W/mK) than AlN (170W/mK).  

     

Figure 3.1: Typical cross-section of a conventional wire bond package 

Power electronics is a continuously evolving and challenging field.  Systems continue to 

demand increasing functionality within a decreasing packaging volume whilst maintaining 

stringent reliability requirements. This typically results in higher volumetric and gravimetric 

power densities, which requires an effective thermal management solutions to maintain the 

junction temperature below its maximum rating. The thermal design of a package depends 

upon the semiconductor die size, power dissipation, junction and ambient temperatures as 

well as cost constraints. With the focus of semiconductor engineering to increase die current 

densities, this makes the thermal design more challenging, due to its associated increase of 

heat flux. With the increase in power dissipation and reduction in the size, the growth in 

power density is expected to increase further over the next decade[1, 2]. The increasing 

power density underlines the importance of thermal management solutions in determining 

the future semiconductor device technology. 
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A typical cross-section of a conventional packaging system is shown in Figure 3.1. 

Corresponding layers from die junction to heat sink ambient helps in thermal dissipation 

and getting the heat effectively out from the semiconductor die. The die attach medium 

should be both electrically and thermally conductive and helps in attaching the 

semiconductor die on to the top copper of the DBC substrates. DBC is a three layer structure 

with ceramic layer sandwiched between the top and bottom copper layers. Top copper layer 

is both electrically and thermally conductive. Ceramic layer acts as an electrical insulating 

and thermally conductive. Bottom copper layer is used to neutralise the co-efficient of 

thermal expansion (CTE) mismatch between the top and bottom copper layers. The DBC is 

attached on to the baseplate using a solder layer. Base plate acts as a heat spreader for 

efficient thermal dissipation, the base plate is attached on to the heat sink ambient using a 

thermal interface material of good thermal conductivity. Figure 3.2 shows the thermal 

resistance contribution of each layer.  

 

Figure 3.2: The thermal resistance distribution in a conventional power module 
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The base plate contributes approximately 33% of the total thermal resistance, due to the 

advancement in high power density packaging the base plate layer can be removed and the 

Direct Bonded Copper (DBC) is attached directly on to the heat sink using pressure contact 

technology [3] which reduces the number of thermal layers and overall thermal resistance. 

Figure 3.3 shows the schematic cross section of high power density packaging module, dies 

are arranged on the top metallisation layer of a DBC substrate. 

 

Figure 3.3: Schematic cross section of high power density                                                                

module without the base plate 

During operation thermal losses within the semiconductor need to be removed from the 

system through the substrate to the heat-sinking medium. The ceramic layer contributes high 

thermal resistance about 16% next to the solder layer as shown in Figure 3.2. Therefore 

moving towards a material with a higher thermal conductivity, significant advantages in 

terms of power density can be achieved [2]. Within the power electronic module, materials 

with different mechanical properties are attached together.  These materials have dissimilar 

Coefficients of Thermal Expansion (CTE) which induce thermal stress on the structures and 

leads to thermal fatigue and ultimately failure of the packaging [4-7]. A precise assessment 

of thermal stresses on the structures plays a significant role in the design and reliability of 

power semiconductor packaging. 
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Table 3.1: Mechanical and thermal properties of the common materials at 25°C                                       

used in power electronics packaging[5, 6, 8] 

Parameter 

Poly-

crystalline 

diamond 

AlN Copper SnAg Si 

Thermal 

conductivity 

(W/mK) 

2000 170 390 53 140 

CTE (ppm/K) 1 4.5 18 23 4 

Dielectric 

strength  

(kv/mm) 

100 17 - - - 

Specific Heat 

capacity 

(J/Kg.K) 

516 740 390 218.9 710 

Density 

(g.cm-3) 
3.5 3.26 8.96 7.39 2.32 

Youngs 

modulus (Pa) 
1.22e+12 3.3e+11 1.1e+11 4.59e+10 1.3e+11 

Poisson ratio 0.2 0.24 0.34 0.4 0.064 

Bulk modulus 

(Pa) 
4.42e+11 2.1e+11 1.4e+11 5.61e+10 9.76e+10 

Shear 

modulus (Pa) 
4.78e+11 1.31e+11 4.8e+10 2.02+10 5.1e+10 

Tensile yield 

strength (Pa) 
6e+10 2.7e+08 2.8e+08 2.78e+07 7e+11 

Compressive 

yield strength 

(Pa) 

1.65e+10 2.7e+09 2.8e+08 3.12e+07 7e+11 

Table 3.1 compares the mechanical and thermal properties of the common materials at 25°C 

used in power electronics packaging [5, 6, 8].  Common materials used for the DBC 

electrical isolation layer are Aluminium Nitride and Alumina. In terms of thermal 

conductivity, hardness, dielectric strength, tensile strength, density and CTE Polycrystalline 

Diamond seems to be the potential material for DBC substrates.  
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The Cauer Model is a realistic physical representation of the transient thermal behaviour[9]. 

With the appropriate knowledge of the material properties of the layers and the module 

construction it is possible to create such a model though the assumption of heat-spread is 

critical and thicker layers might need to be divided into several R/C terms. Figure 3.4(a) 

shows the Cauer thermal model of power module from junction to ambient. The dashed 

lines represent the thermal resistance (junction-case) Rth(j-c) (Figure 3.4 (b)) containing 

semiconductor die, solder layer, top copper layer, ceramic layer and bottom copper layer. 

 

Figure 3.4: Cauer thermal model of a power module cross section 

Numerical analysis of AlN and PCD substrates were presented in [10] which demonstrated 

that PCD substrate shows improved thermal performance. This chapter presents 

experimental results for Silicon dies attached to PCD and AlN substrates.  Section 3.2, 3.3 

and 3.4 discusses the selection of material and details the test rig used to obtain the 

experimental results.  Section 3.5 presents measurement results for the material under steady 

state, transient conditions and thermal cycling reliability of PCD and AlN tiles whereas, 

Section 3.6 studies the next generation device technologies performance over PCD 

substrates. Finally conclusion are presented in Section 3.7. 
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3.2 Selection of materials 

3.2.1 Power semiconductor Device 

Semiconductor device technology used is Silicon, 25A 1200V rated Infineon IGBT4 [11] dies 

were selected as the power devices for this work (see Appendix 1).   The die size of 5mm x 

5.5mm with Nickel Silver metallisation on the backside and Aluminium on the top with a 

maximum junction temperature of 150°C, Figure 3.5 shows the IGBT die.  

 

Figure 3.5: IGBT die 

3.2.2 Die attach medium 

The die attach medium acts as an interconnect material between the semiconductor die and 

the substrate. Conventionally lead free solder paste is used as the die attach medium, by 

moving towards silver sintering would increase the thermal performance because of the 

higher thermal conductivity in comparison with the conventional lead free solder. The main 

disadvantage of silver sintering is its high curing temperature and pressure sintering required 

for die attachment process and high cost. SnAg (lead free) from SynTECH-LF(see 

Appendix 4) [12] was used as a die attach medium. Combination is Sn 

(96.5)/Ag(3.0)/Cu(0.5),  the temperature profile used for die attach is shown in Figure 3.6.   
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Figure 3.6: Temperature profile for lead free solder[12] 

3.2.3 DBC Substrates 

DBC is a three-layer structure in which two copper conductors are electrically isolated from 

each other by a ceramic [13], as shown in Figure 3.7. 

                      

Figure 3.7: Schematic cross section of DBC 

Commercially Alumina (Al2O3), Beryllium oxide (BeO) and Aluminium nitride (AlN) are used 

as ceramic layers; for a majority of applications beryllium oxide is avoided due to its toxicity.  

From these materials alumina is generally used for cost sensitive products whereas aluminium 

nitride is targeted towards high performance and high reliability applications due to their 

superior thermal properties. Polycrystalline diamond is also an attractive substrate option due 

to its superior thermal conductivity, dielectric strength and hardness. Dielectric strength refers 

to the maximum voltage that can be applied to a given material without causing it to break 

down, usually expressed in volts or kilovolts per unit of thickness. 
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The main advantage of DBC substrates are, 

 DBC is a conventional substrate widely used in power modules due to its low cost. The 

copper and alumina bonding acts as one piece of material through a coefficient of thermal 

expansion (CTE).  The corresponding CTE is lesser compared to the CTE of pure copper 

and equivalent to the CTE of  alumina (ceramic) [13].  

 The thick copper layer enables an effective heat distribution for the power devices. 100nm 

gold is flashed on the top and bottom copper layers to make corrosive resistant and Ni layer 

of 100nm thickness is used for strengthening the wire bond pads. 

The DBC substrates are designed to accommodate one switching device along with an anti-

parallel diode. AlN DBC were manufactured by Curamik® Electronics and PCD manufactured 

by Element Six are used as a substrate comparison.  The AlN tile measures 60mmx22mm 

whereas the PCD was 29mmx25mm. The top copper layer is etched to isolate the gate, collector 

and emitter terminals. Figure 3.8 and 3.9 shows the PCD and AlN substrates. The thicknesses 

of the two DBC substrate systems with Cu/PCD/Cu of 100/500/100 µm for PCD whereas 

Cu/AlN/Cu of 200/630/200 was used for AlN.  

 

Figure 3.8: PCD substrates 

 

 

 

Figure 3.9: AlN substrates 
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3.2.4 Heat sink 

Custom made aluminium liquid cooled heat sink was designed and manufactured at University 

of Sheffield. More details on the heat sink design is attached in the Appendix 3. Liquid cooled 

heat sink thermal resistance was calibrated and measured against water flow rate. Liquid cooled 

heat sink was used to achieve a low a thermal resistance path to make sure the heat flow is 

towards the heat sink. Thermal resistance of the water cooled heat sink was measured at 

different flow rates from 3 lpm to 15 lpm, as shown in Figure 3.10. A flow rate of 11 lpm was 

used in these experiments obtaining a thermal resistance of 10 °C/kW. Figure 3.10 shows the 

measured performance of the liquid cooled heat sink with respect to flow rate. 

 

Figure 3.10: Thermal resistance Vs Flow rate 

3.2.5 Wire bonding  

Wire bonding is a major interconnect technology which is widely used in the electronic 

packaging industry. The die is first attached to the top copper of DBC substrate using solder, 

and then the source and gate aluminium pads on the IGBT die are wire-bonded to a metallised 

top copper track pads. The wire bonding was done at University of Sheffield using a wedge 

wire bonder. Four aluminium wires of 200µm thick were ultrasonically bonded from IGBT 

emitter pad to surrounding conductive trace. Fuse current for each 200µm Al wire was 9.5A 

[14](see Appendix 5), as a rule of thumb enabling ~2x current carrying capability of the device 

rated current. 100µm thick Al wire was used for the gate wire and emitter sense as shown in 

Figure 3.11.   
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Figure 3.11: PCD substrate die attached and wire bonded 

3.3 Experimental setup 

3.3.1 Junction temperature measurement  

The junction temperature defines the temperature inside the chip, which is significant for the 

safe operations of semiconductor devices. Since the chip temperature is not homogenous, the 

term virtual junction temperature is used (Tj). The virtual junction temperature is an average 

chip temperature assuming homogenous cooling of the device. Tj(max) describes the maximum 

allowed dynamic junction temperature in the device on-state. Even under dynamic overload 

conditions i.e, at high power level and at different duty cycle operation the device is not allowed 

to exceed the Tj(max) value, for the Silicon die used, the maximum operating junction 

temperature is 175ºC. 

Junction temperatures measurements are vital for estimating the thermal performance of 

semiconductor packages. Measuring the junction temperature in a semiconductor die using 

electrical method is extensively used in semiconductor packaging industry[15]. Electrical 

method of measuring the junction temperature is a direct, non-invasive technique as it utilises 

semiconductor die junction as the temperature sensor. Even though infrared and liquid crystal 

sensing techniques can also be used to measure the semiconductor die junction temperatures, 

these methods are restricted to the directly visible junctions on the semiconductor die. On the 

other hand, junction temperature measurement using electrical method can be achieved using 

temperature sensitive parameters of semiconductor die. 

3.3.1.1 Electrical method  

The electrical method uses temperature sensitive parameter, which is the forward voltage drop 

of the semiconductor die. The forward voltage drop also known as the "collector-emitter 
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voltage Vce(sat)" [16-18] changes with respect to junction temperatures. The I-V characteristics 

of the IGBT die are measured at junction temperatures ranging from 10°C to 150°C, 

temperature step of 10°C, using a thermo stream. Thermo stream uses hot and cold air to control 

the temperatures from -55°C to 250°C and it’s interfaced to a sealed chamber. The device to 

be tested is placed inside the sealed chamber and the temperature of the device is monitored 

using a K type thermocouple. At each temperature step the device is made to soak for 20 

seconds so that the junction temperature in the device equals the desired temperature. The 

sealed chamber is interfaced with curve tracer to measure the I-V characteristics. The ‘Vce’ 

forward voltage increases with junction temperature which could be observed in Figure 3.12, 

showing the I-V characteristics of the IGBT die measured at junction temperature of 25°C and 

150°C. 

 

Figure 3.12: I-V characteristics of IGBT measured at                                                     

junction temperatures of 25°C and 150°C 

Figure 3.13 shows measured on-state voltage drop ‘Vce’ at collector currents ‘Ic’ 10, 12.5 and 

15A at gate voltage Vge =10V with different junction temperatures from 25°C to 150°C. The 

on-state voltage drop ‘Vce’ is directly proportional to junction temperature and increases with 

collector current ‘Ic’.  
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Figure 3.13: Vce Vs Tj at gate voltage Vgs=10V 

Figure 3.14 summarises the shift in Vce at different junction temperatures for IGBT dies 

mounted over AlN and PCD substrates at Vge = 10V and Ic = 15A. The Vce versus Tj curve for 

IGBT dies mounted on AlN and PCD tiles shows less than 5% error, which gives confidence 

in the measured data.   

 

Figure 3.14: Vce Vs Tj at Vge = 10V and Ic = 15A                                                                                    

for PCD and AlN substrate 
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3.4 Overview of experimental setup 

Figure 3.15 shows the schematic cross section of the experimental structure. The IGBT dies 

mounted on AlN and PCD tiles were placed on a copper block, which was used as an interface 

between the DBC substrates and liquid cooled heat sink. Case temperature thermocouple was 

buried within a copper block and placed right underneath the die to observe the maximum case 

temperature. The heat sink thermocouple was placed on top of the heat sink and was sealed 

using kapton polyimide tape. In order to minimise the air gap between the DBC substrate and 

copper block; and to hold the system firmly together a spring force was used. Figure 3.16 shows 

the photographic view of the experimental structure.   

 

Figure 3.15: Schematic cross section of the experimental structure 

 

Figure 3.16: Photographic view of the experimental structure 

The case and heat sink temperature were monitored using K-type thermocouples which was 

interfaced to a PICO data logger. Figure 3.17 shows the case and heat sink temperature 

response logged for a 27 minute test period to make sure the thermal equilibrium conditions. 
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Figure 3.17: Data log of case and heat sink temperature 

3.5 Experimental measurement of thermal resistance of PCD and AlN substrates 

3.5.1 Thermal resistance (junction-case) Rth(j-c)  

Thermal Resistance is defined as the difference in temperature between two closed isothermal 

surfaces divided by the total heat flow between them[15]. Defining TJ and TC as the junction 

& case temperatures respectively, and the total heat flow rate between them as P, the thermal 

resistance between them is represented in equation (3.1), 

𝑅𝑡ℎ = 
𝑇𝐽−𝑇𝐶

𝑃
                                                       (3.1) 

Where, 

Tj  = Junction temperature 

Tc = Case temperature 

P  = Power applied 

The unit of thermal resistance is °C/W. 

Prior to equilibrium, the component is considered to be in thermal transition or a transient 

thermal state. At thermal equilibrium, time becomes an irrelevant parameter. It took 5 to 10 

minutes for the system to reach the equilibrium conditions. Once equilibrium has been reached, 

the duration of previous heating is not needed to predict the temperature of the component.  

The IGBT dies mounted on AlN and PCD tiles were tested at two different power levels; at 

each power level eight tests were taken to gain confidence in result stability.  
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Thermal resistance was measured at a power level of ~32W, as shown in Figure 3.18, under 

gate emitter voltage VGE=10V and a collector current IC of 15A. The potential voltage 

difference across the collector and emitter terminal VCE was noted and monitored using digital 

oscilloscope. From Figure 3.13 the junction temperature (Tj) was referred from the measured 

collector-emitter voltage (VCE). The power level (P) was calculated by the collector-emitter 

voltage VCE and collector current IC. The case and heat sink temperatures were measured using 

embedded thermocouples and monitored using picco data logger for ~20minutes in order to 

achieve thermal equilibrium conditions. Moreover, Vce voltage was measured between the 

collector terminal and emitter sense to eliminate the heavy wire bonding resistance. A second 

test was repeated increasing the power level to 40W by increasing the gate-emitter voltage to 

15V and collector current to 20A. These results are shown in Figure 3.19. 

 

Figure 3.18: Thermal Resistance (Junction – Case) Rth(j-c) at ~32w                                                      

For PCD and ALN Substrates 
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Figure 3.19: Thermal Resistance (junction – case) Rth(j-c) at ~40W for                                                   

PCD And AlN Substrates 

From Figures 3.18 and 3.19 the measured junction-to-case thermal resistance Rth(j-c)  varies by 

approximately 5% for each test point accounts to thermal and electrical measurement errors 

and changes in contact resistance [19] when the test assembly is mantled at the commencement 

of each tests. As shown, compared to the AlN benchmark a 74 % reduction in junction-to-case 

thermal resistance Rth(j-c) was achieved using polycrystalline diamond. 

3.5.2 Thermal Impedance (junction to case) Zth(j-c)  

When the power devices are subjected to transient loading condition, the temperatures within 

the component package changes towards a new thermal equilibrium level. Thermal impedance 

measurements were performed using the same experimental setup as described in Section 3.4 

apart from the 15V volt pulse applied to the gate –emitter voltage (VGE) via an arbitrary 

function generator. For these measurements ‘Ic =15A’ and continuous pulse width ranging from 

1µs to 1s was used to calculate thermal impedance with duty cycle set to 10-50%. Figure 3.20 

shows the schematic wave form for thermal impedance (Zth) for PCD tile measured at 100µs 

(50% duty cycle). 
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Figure 3.20: Schematic wave form for thermal impedance (Zth) for PCD tile measured 

at 100µs (50% duty cycle). 

Junction temperature starts to increases for the first pulse and at the end of the first pulse 

termination the junction temperature starts to cools until the second power pulse is applied. 

This represents heating period which is ON time of the pulse and cooling period, OFF time of 

the pulse. The peak junction temperature is calculated using Figure 3.13 by measuring the 

corresponding temperature sensitive parameter ‘Vce’ at the end of heating period whereas, the 

case temperature was measured using the thermocouple. The resultant thermal impedance 

junction to case was calculated using equation (3.2), 

 

𝑍𝑡ℎ = 
𝑇𝑝𝑒𝑎𝑘 𝐽−𝑇𝐶

𝑉𝑐𝑒∗𝐼𝑐
             (3.2) 
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Figure 3.21: Thermal impedance (junction to case) Zth(j-c)                                                               

for PCD substrate 

 

 

Figure 3.22: Thermal impedance (junction to case) Zth(j-c)                                                                

for AlN substrate 
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Thermal impedance measurements for the PCD and AlN tiles are shown in Figure 3.21 and 

3.22 respectively. Thermal impedance increases with the length of the pulse width, for 

example, a short pulse width of 1µs at 10% duty cycle a very low thermal impedance of 

0.09ºC/W was measured. This is due to the fact that the junction temperature increase is small 

for a very short pulse width as a result of the thermal capacitor charging. At longer pulse width 

of >0.1s the thermal capacitors has charged to its maximum energy, resulting the thermal 

impedance to saturates at its DC thermal resistance. Figure 3.22 compares the thermal 

impedance for PCD and AlN tiles at 50% duty cycle. The PCD tiles show reduced thermal 

impedance compared to the AlN substrate at higher (500 kHz) and lower (5 Hz) frequencies as 

a direct result of its overall lower thermal impedance.  

 

Figure 3.23: Thermal impedance (junction to case) Zth(j-c) for PCD and                      

AlN substrates at 50% duty cycle 

3.5.3 Void influence and contact thermal resistance 

To determine the thickness of the solder layer and to understand the influence of solder voids 

upon thermal resistivity, five AlN substrate samples were cross sectioned through the centre of 

the die and analysed. Cross sectional analysis was done at University of Sheffield, as part of 

sample preparation the sample is sectioned using a slow diamond cutter. The sectioned sample 

is mounted and plotted using epoxy plotting resin. The sample is grinded and polished to be 
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observed on the digital microscope, a typical cross-section is shown in Figure 3.24. The solder, 

copper and ceramic layers were scanned in both horizontal and vertical directions for voids, as 

shown in Figure 3.25. The net average voids and the influence of thermal resistance on solder 

layers and copper layers are summarised in Table 3.2. The void influence at Si and ceramic 

layers were insignificant, as there were in nanometre scale range as expected. 

  

                 

Figure 3.24: Cross-section of AlN DBC tile 

 

Figure 3.25: Detailed view of Solder voids 
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Table 3.2: Summary of voids in solder and copper layers 

Parameter Thickness Length 

Average Void 

area over 5 

samples 

Average 

Void 

thickness 

Void percentage 

across the entire 

die 

Solder layer 43µm 5mm 1836.07 µm2 15.6 µm 0.77 % 

Copper layer 200µm 22mm 290.18 µm2 19 µm 0.04 % 

 

The void thermal resistance can be calculated using equation (3.3)[20]. Table 3.3 shows the 

void thermal resistance for solder and copper layers: 

𝑉𝑜𝑖𝑑 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  
1

ℎ𝑐
                         (3.3) 

ℎ𝑐 =
1

𝐿𝑔
 (
𝐴𝑐
𝐴
𝑘𝐴 +

𝐴𝑣
𝐴
𝑘𝑓) 

Where, 

hc = Contact coefficient 

Lg = thickness of the void 

Ac = contact area 

A = total cross sectional area 

Av = void area 

kA = thermal conductivity of void material 

kf = thermal conductivity of air which fills the void space 

Table 3.3: Void thermal resistance in solder and copper layers 

Parameter 
Void thermal 

resistance (m2 ºC/W) 

Solder layer 2.53E-9 

Copper layer 1.62E-10 
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3.5.4 Simulation structure and specifications 

To observe the influence of material thicknesses upon thermal resistance for both AlN and 

PCD tiles both systems were analysed using ANSYS®.  ANSYS® is a finite element analysis 

simulation tool. The geometry structure was constructed using ANSYS® DesignModeler using 

the same dimensions and parameters used in the experimental analysis. The constructed 

geometry was simulated using ANSYS® TransientThermal to predict the temperature variation. 

A 40W thermal load was applied to the topside of the die. A die and solder thickness of 150µm 

and 43µm was used in this simulation. Physical parameters, listed in Table 3.1 and similar 

setup as described in Section 3.4 were used to develop the simulation. The backside of the tile 

was attached to the copper base and on to the liquid cooled heat sink of thermal resistance 

10ºC/kW.  It is assumed that a perfect thermal boundary exists between the backside metal and 

the heat sink. Figure 3.26 shows the 3D thermal contours of PCD tile mounted on to copper 

block and the heat sink.  

 

Figure 3.26: 3D view of PCD tile mounted on a copper block and heatsink 

 

 

Figure 3.27: Cross-sectional thermal contours for PCD tile                                              

(Thermal loading = 40W, Ambient = 22oC) 
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Figure 3.28: Cross-sectional thermal contours for AlN tile                                                            

(Thermal loading = 40W, Ambient = 22oC) 

Figure 3.27 and 3.28 shows cross sectional thermal distribution for Silicon power devices 

attached to the PCD and AlN tiles respectively.   As shown, due to the higher thermal 

conductivity of the PCD the thermal gradient within this layer is significantly reduced in 

comparison to the AlN counterpart.  This has reduced the IGBT junction temperature from 

65.2ºC to 35ºC.   Table 3.4 compares the measured thermal resistance of the AlN and PCD tiles 

obtained through both simulation and experimental measurements.  As shown the difference 

between simulated and measured thermal resistance (junction to case) for PCD and AlN 

substrates lies within ~11%. 

Table 3.4: Measured and Simulated Thermal Resistance (junction – case) Rth(j-c) 

Parameter 
Simulated 

Rth(j-c) (˚C/W) 

Measured 

Rth(j-c) (˚C/W) 

PCD 

substrate 
0.25 0.27 

AlN 

substrate 
0.88 0.95 

 

Figure 3.29 shows the influence of insulating layer thicknesses upon the junction-to-case 

thermal resistivity for silicon dies attached to AlN and PCD tiles with 100µm and 200µm 

top/bottom side copper metallisation thickness.  Compared to the AlN system, thermal 



 

70 
 

resistance is less-sensitive to layer thickness for the PCD substrate where metallisation 

thicknesses plays a more significant role. 

 

Figure 3.29: Variation in the thermal resistance with thicknesses for Si dies on                         

AlN and Diamond tiles 

 

3.5.5 Thermal Cycle Reliability for PCD & AlN substrates  

Reliability of the Aluminium Nitride and Polycrystalline Diamond tiles were evaluated using 

thermal cycling test. Thermal stress due to thermal cycling was numerically modelled in 

ANSYS® Static structural tool.  The tiles were exposed to a temperature range from -55°C to 

150°C at a ramp rate of 1°C/s with dwell time of 15 minutes at each temperatures, total of four 

cycles [21, 22] as shown in Figure 3.30. The structure is constructed using ANSYS® 

DesignModeler and simulated using Structural Analysis[23, 24]. The ANSYS® Structural 

Analysis calculates the strain and stress in X and Y axis co-ordinates, the strain and stress in Z 

axis is very low and is negligible due to the micro structure geometry. The mechanical 

properties used in the simulation were same as from Table 3.1. 
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Figure 3.30: Thermal loading 

3.5.5.1 Equivalent strain 

Thermal strain is deformation of material caused by temperature change as represented in 

equation (3.4)[25]. 

                            𝜀𝑡 =  ∝  ∆𝑇                                                            (3.4) 

Where, 

∝   = Coefficient of thermal expansion (CTE) (C-1) 

∆𝑇 = Change in temperature (°C) 

εt      = Thermal strain 

Figure 3.31 and 3.32 shows 3D thermal strain contours for a Silicon die mounted on a PCD or 

AlN substrate during the 150oC dwell period.  As shown the resultant thermal strain causes the 

tile to exhibit a concave shape, as a result of the top copper metallisation pattern and mismatch 

in Coefficient of Thermal Expansion (CTE) of the PCD/AlN tile compared to the Silicon die.  
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Figure 3.31: Thermal strain contours for Si die mounted over                                             

polycrystalline diamond tile at 150°C 

 

 

Figure 3.32: Thermal strain contours for Si die mounted over                                                    

Aluminium nitride tile 150°C 

 

Maximum strain was found in the solder (SnAg) and top/bottom copper layers as they have a 

very high coefficient of thermal expansion [8] than PCD, AlN and silicon materials. 

3.5.5.2 Equivalent stress(Von-Mises) 

Mechanical stress is developed due to thermal strain in the system. A common way to express 

these multidirectional stresses is to summarise them into an equivalent stress, also known as 

the von-Mises stress. The unit of equivalent stress is ‘Pa’ represented using equation (3.5)[25]. 

𝑓 =  ∝  .   ∆𝑇.   𝛶                                                         (3.5) 

Where, 

f  =  Equivalent stress 

∝    = Coefficient of thermal expansion CTE (°C-1) 

∆T  = change in temperature (°C) 

Υ    = young's modulus or Elastic modulus (Pa) 
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Figures 3.33 and 3.34 shows three-dimensional thermal stress contours for the Silicon die 

mounted on to the PCD and AlN substrates observed at 150°C.  A maximum thermal stress of 

390MPa is observed for the PCD and 283MPa for AlN systems located at the top and bottom 

copper layers. 

 

 

Figure 3.33: Thermal stress contours for Si die mounted over                                                                

polycrystalline diamond tile 150°C. 

 

Figure 3.34: Thermal stress contours for Si die mounted over                                                          

aluminium nitrite tile 150°C 

3.5.5.3 Safety factor 

Safety factor is the ratio of the material yield strength of the material to equivalent stress 

developed. Safety factor determines how much the designed structure actually will be able to 

withstand the induced thermal stress, the higher the safety factor the less likely the system will 

fail; therefore a safety factor <1 is reflected as untrustworthy [26]. Using (3.6) safety factor is 

described as 

 𝑆𝑎𝑓𝑒𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑆𝑙𝑖𝑚𝑖𝑡

𝜎𝑒
                               (3.6) 
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Where, 

𝑆𝑙𝑖𝑚𝑖𝑡 = Yield strength of the material (MPa) 

𝜎𝑒      = Equivalent stress (MPa) 

Table 3.5 shows the comparison of thermal stress and safety factors for PCD and AlN 

substrates. PCD system exhibits similar safety factor when compared over the conventional 

AlN system.   

Table 3.5: Thermal stress and safety factor in silicon device mounted                                               

on polycrystalline diamond and aluminium nitride substrates 

PCD system AlN system 

Parameter 

Equivalent 

stress 

(MPa) 

Safety 

factor 

Equivalent 

stress 

(MPa) 

Safety 

factor 

Silicon 34 15 48 15 

Solder(SnAg) 130 0.3 211 0.2 

Top/Bottom 

copper 
390 0.3 283 0.4 

Ceramic 136 9 156 10 

 

3.5.5.4 Life cycle fatigue  

Life cycle fatigue determines the reliability of DBC substrate, fatigue failure may occur in 

DBC substrates due to thermal cycling. When DBC substrates are subjected to extreme 

thermal loading conditions and due to the different Cu/AlN/Cu material sandwiches failures 

such as fracture and brittle are observed on the DBC substrates. In order to predict the life 

cycle fatigues of DBC materials. The life cycle fatigue can be predicted using Mason and 

Coffin law [27, 28]. Mason and coffin law is classified in to two types, (i) low life cycle 

fatigue for materials/structures which have low life cycles such as semiconductors and 

electronics packaging materials. (ii) High life cycle fatigue for materials which have high 

life cycles such as steel and titanium materials. Manson and coffin law for low cycle fatigue 

prediction as described in equation (3.7), 
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𝑁 =
(
∆𝜀/2

𝜀𝑓
)

1
𝑐

2
               (3.7) 

Where ‘N’ is the number of cycles to failure , Δε, εf and c are equivalent strain amplitude, 

fractured strain and empirical fatigue ductility exponent. Thermal cycling profile as shown in 

Figure 3.30 was performed for PCD and AlN substrates without the Si and the die attach 

medium, as the fracture strain and empirical fatigue ductility exponent for Solder  and Si layer 

require intensive tests to calculate and not available in literature. 3D equivalent stress for PCD 

substrate (Top Cu/PCD/Bottom Cu) is shown in Figure 3.35.  

 

Figure 3.35: Equivalent stress contours for PCD substrate 

 

 

Figure 3.36: Maximum equivalent strain for PCD and AlN substrates 
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Figure 3.37: Maximum equivalent stress for PCD and AlN substrates 

Figure 3.36 and 3.37 shows the maximum equivalent strain and stress for PCD and AlN 

substrates, the maximum strain and stress was observed in the copper layers. The fracture strain 

‘εf’ 0.3[29] and ‘c’ -0.66[30] for copper the life cycle can be calculated using equation (3.7). 

The copper layer has the maximum stress and strain compared to the PCD/AlN layer and the 

life cycle is predicted based on the material properties of copper. Figure 3.38 shows the life 

cycle fatigue for PCD and AlN substrates, AlN has extended fatigue life cycle when compared 

over PCD substrates. 

 

Figure 3.38: Life cycle fatigue for PCD and AlN substrates 
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3.5.6 Rated current and switching frequency improvement 

As power rating is proportional to thermal resistance, the PCD tile can benefit from increased 

current rating or switching frequencies. Considering a worst case operating condition at a 

100oC ambient temperature, maximum junction temperature of 1500C and air cooled heat-sink 

with a heat-sink-to-ambient thermal resistance of 0.1OC/W [31](see Appendix 6 ) gives a total 

junction-to-ambient thermal resistance of 0.37oC/W and 1.05oC/W for the PCD and AlN tiles 

respectively; using thermal network in Figure 3.39 and equations (3.8) and (3.9). Neglecting 

the interface thermal resistance, Figure 3.40 shows the DC current rating of the IGBT die for 

the AlN and PCD substrates.  The PCD tile increases the power rating by a factor of 2.8 from 

47W to 135W; resulting in a ~2 x increase in the current rating. 

                        𝑅𝑡ℎ(𝑗−𝑎) =
𝑇𝑗−𝑇𝑎

𝑃
                                  (3.8) 

Rewriting equation (3.8) for power dissipation (P) , 

                        𝑃 =
𝑇𝑗−𝑇𝑎

𝑅𝑡ℎ(𝑗−𝑎)
                                     (3.9) 

Where,  

            Rth(j-a) = 0.37°C/W (for PCD) and 1.05 °C/W (for AlN) 

            Tj  = Junction temperature (150°C) 

            Ta = Ambient temperature (60°C) 

 

Figure 3.39: Thermal resistance junction to ambient (Rth(j-a)) network path 
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Figure 3.40: IGBT current rating at 100ºC ambient temperature 

In terms of switching frequency improvement, considering a 600V DC-DC converter 

application as shown in Figure 3.41, at 50 % duty cycle with an ambient temperature of Ta = 

100°C and maximum junction temperature of Tjmax = 150°C the total energy loss at Tjmax 

=150°C was found to be 4 mJ from the datasheet of similar 25A rated IGBT [32](datasheet 

attached in the appendix) device as the present IGBT [11] datasheet does not provide 

information about switching characteristic. As shown in Figure 3.42 by taking the increased 

power rating as increased switching losses the PCD tile can increase switching frequency by a 

factor of ~5.7. This would help increase converter power density by reduced passive filtering 

components as a result of the increased frequency and increase power density. 
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Figure 3.41: DC-DC converter 

 

Figure 3.42: Maximum switching frequency for the                                                                                        

AlN and PCD tiles operated at 25A. 

3.6 Next generation technologies 

Polycrystalline diamond has shown improved thermal performance over the conventional AlN 

substrates, this could be benefited in next generation technologies like wide band gap 

semiconductors such as SiC and GaN. SiC power devices with their superior characteristics 

offer greater performance in high temperature operating environment. SiC semiconductor 

power device has many advantages [33] when compared over the Si power devices 

600  
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 SiC power devices possess lower on-resistances Ron which means lower 

conduction losses  

 High break down voltage capability due to higher electric breakdown field, for 

example Si Schotty diodes commercially available are typically rated at lower 

than 300V whereas commercially rated SiC schottky diode have a break down 

voltage of 600V. 

 SiC power devices have a high thermal conductivity of 490 W/mK whereas Si 

power devices have thermal conductivity of 150 W/mK. Therefore, the heat from 

the device could be transferred out efficiently due to the slow increase in device 

temperature which could benefit from lower junction to case thermal resistance 

Rth(j-c).  

 SiC power devices can operate at high junction temperatures in the range of 250ºC 

whereas, Si power devices have a maximum operating junction of 150ºC. 

 Temperature dependent onstate and reverse breakdown voltages for SiC power 

devices vary only slightly due to temperature changes. 

 Reverse recovery characteristics for SiC power devices are excellent which in 

turn reduces the switching losses and eliminates the use of snubber circuit. 

 SiC power devices can operate at high switching frequency of greater than 20 

kHz whereas, it’s not possible in Si power devices. 

As SiC power device can operate at high operating junction of 250ºC the conventional lead 

free solder(SnAg) cannot be used as a die attach medium as the melting point of solder is 

~215ºC. Silver sintering is an alternative technology for high temperature packaging which 

replaces lead free solder as silver melting temperature is about 960°C. Silver sintering 

technology uses temperature profile in the range of 190ºC to 300ºC with sintered pressure of 

5- 10 MPa, silver sintering has high thermal conductivity of 200-300W/mK when compared to 

solder paste of thermal conductivity 53W/mK.    

3.6.1 Simulation structure and specification 

To understand the thermal performance of next generation technology, ANSYS® thermal 

simulation was performed with SiC dies attached using silver sintering on to the PCD 

substrates. Figure 3.43 is shown a simplified cross-section of the thermal system considered. 

Silicon carbide die is attached onto a DBC substrate using Silver sinterd paste as a die attach 

compound.  The structure is built using Design modeller and simulated using Ansys Steady-



 

81 
 

State Thermal. For the analysis identical PCD tile specification of thickness of 500µm, top and 

bottom side copper thicknesses of 100µm were used. 

             

Figure 3.43: Simplified cross-section of the simulation thermal system 

The Table 3.6 shows the material thicknesses used along with the thermal conductivity [34] 

(see Appendix 7 for silver sintered paste). For thermal simulations, SiC die size of 2.1x2.1mm 

[35](see Appendix 8) were arranged onto a 29.32x25.41mm PCD substrate.  Thermal loading 

of 40W was applied to the active area of the  die.  The backside of the tile, which is bottom 

copper is kept at a constant temperature of 22ºC.   

Table 3.6: Material Thicknesses for the polycrystalline diamond substrate 

Material 
Thickness 

(µm) 

Thermal 

conductivity 

(W/m.K) 

SiC 300 360 

Silver sintered paste 43 200 

Topside Copper 100 390 

Insulator (PCD) 500 2000 

Bottom side Copper 100 390 

 

3.6.2 Simulation results 

Figure 3.44 shows a typical three-dimensional simulation of the silicon carbide dies attached 

to PCD tile whist dissipating 40W of losses.  As shown, there is no thermal cross-talk between 

die and the edge of  top copper and there is sufficient spacing so that the physical boundary of 

the system has not influenced the thermal heat flux.  
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Figure 3.44: Three-dimensional simulation of the                                                                                 

silicon carbide dies attached to a PCD tile 

Figure 3.45  show the thermal distribution for SiC power device die attached using silver 

sinterd  paste on a poly crystalline diamond substrate. These cut lines are taken through the 

center of the substrate through SiC die.  As shown, due to the higher thermal conductivity of 

the polycrystalline diamond, the thermal gradient within this layer is significantly reduced 

compared to the Si and solder dieattach. The maximum junction temperature(Tj) was observed 

to be 25.5ºC, with a bottom copper fixed at conatant temperature of 22ºC. The thermal 

resistance junction to case (Rth(j-c)) of SiC dies mounted over PCD substrate using silver sinterd 

paste was calculated to be 0.08ºC/W using equation (3.1).  

 

 

Figure 3.45: Cross-sectional Thermal contours of SiC dies on                                                                                 

PCD tile using silver paste die attach 
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Table 3.7 compares the thermal resistance juction to case (Rth(j-c)) for Si solder dieattach and 

SiC silver-sintered die attach mounted over polycrystalline diamond substrates. Thermal 

reisitance junction to case (Rth(j-c)) results for Si power devices mounted over polycrystalline 

diamond substrates using solder paste were discussed in section 3.5.4.  As shown in Figure 

3.46, next generation technology SiC and silver sinterd die attach reduces the thermal resistance 

juction to case (Rth(j-c))  from 0.25 to 0.08ºC/W due to better thermal conductivity of SiC and 

silver sinterd paste when compared over converntional Si and solder(SnAg) paste. 

Table 3.7: Si-SnAG & SiC-Silver sintered paste comparison 

PCD tile Tj ΔT Rth(j-c) 

Si-SnAg die attach 35ºC 10ºC 0.25 ºC/W 

SiC- Silver sinterd paste 25.5ºC 3.5ºC 0.08 ºC/W 

 

 

Figure 3.46: Thermal resistance reduction in percentage  

3.6.3 Thermal cycling reliability 

Thermal cycling of SiC silver sinterd paste die attach on PCD tiles were analysed using 

ANSYS® static structural analysis. Similar thermal loading condition were used as shown in 

Fig 3.30.  Equivalent strain contours for SiC silver sinterd paste die attach on PCD tiles 

observed at 150ºC is shown in Figure 3.47. 
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Figure 3.47: Thermal strain contours for SiC die mounted over polycrystalline                                      

diamond tile using silver sinterd die attach at 150°C 

Equivalent stress contours for SiC silver sintered paste die attach on PCD tiles observed at 

150ºC is shown in Figure 3.48. 

 

 

Figure 3.48: Thermal stress contours for SiC die mounted over                                          

polycrystalline diamond tile using silver sinterd die attach at 150°C 

Table 3.8 shows the comparison of thermal stress and safety factors for Si - SnAg and SiC – 

silver sintered mounted over PCD substrates. As shown SiC- silver sintered die attach improves 

the safety factor from 0.3 to 1.3 on the die attach layer when compared over the conventional 

Si – SnAg die attach, which is ~3x better reliable. 

 

 

 

 

 

 

 



 

85 
 

Table 3.8: Comparison of thermal stress and safety factors for                                                                                   

Si - SnAg and SiC – silver sintered mounted over PCD substrates 

PCD tile 

Si - SnAg SiC - silver sinterd 

Parameter 

Equivalent 

stress 

(MPa) 

Safety 

factor 

Equivalent 

stress 

(MPa) 

Safety 

factor 

Si/SiC 34 15 88.6 15 

Die attach 130 0.3 33.7 1.3 

Top/Bottom 

copper 
390 0.3 391 0.3 

Ceramic 136 9 145 8.7 

 

3.7 Conclusion  

In this chapter, an assessment of thermal performance of PCD and AlN substrates under steady 

state and transient condition, based on experimental measurements is presented.  Extensive 

experimental results has proven that replacing the AlN insulating layer with a PCD substrate 

can result in 74% reduction in junction-to-case thermal resistance Rth(j-c). In terms of thermal 

cycling reliability, polycrystalline diamond system exhibits similar reliability aspect when 

compared over the conventional AlN system with respect to safety factor and life cycle fatigue. 

Thermal simulation results performed using Ansys predict that the ploy crystalline diamond 

thermal resistance is less sensitive to layer thicknesses. The voids in the solder and copper 

layers does not play a significant contribution in terms of thermal contact resistance as the void 

percentage remains less than 1% of the solder and copper layer area. The increased thermal 

performance of PCD can benefit from a ~2 x increase in the current rating and switching 

frequency by a factor of ~5.7 when compared over AlN tile for a 600V DC-DC converter 

application. PCD when used in power module it could significantly increase the power density 

of the system. PCD has shown low thermal resistance, better thermal performance than 

conventional AlN which could be benefited from increase in converter power density by 

reducing passive filtering components as a result of the increased frequency and increase power 

density. Due to poly crystalline diamond reduced thermal resistance junction to case (Rth(j-c)), 

could offer significant advantages over next generation high power density devices like wide 
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bandgap semiconductors, such as SiC power devices. When SiC power device mounted over 

PCD substrate using silver sintered paste die attach reduces thermal resistance junction to case 

(Rth(j-c)) by 63% when compared over the conventional Si - solder (SnAg) paste die attach. PCD 

has shown low thermal resistance, better thermal performance than conventional AlN substrate 

but however PCD is limited in terms of cost factor as it is five times greater than conventional 

AlN substrates. 

PCD has shown improved thermal performance than the conventional AlN substrates. In the 

next Chapter, a discussion on further enhancing the thermal performance of PCD insulator on 

DBC substrate by using direct liquid cooling technique. 
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CHAPTER 4 : DIRECT COOLING OF 

POLYCRYSTALLINE DIAMOND SUBSTRATES 
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4.1 Introduction 

Recent advancements in power electronic systems has resulted in decreasing the die size and 

increasing the power density, this in turn steadily increases the heat dissipation. High power 

density modules are widely used in many applications and require effective thermal 

management solutions for a reliable operation. Lack of appropriate cooling system would result 

in increased die junction temperature and possible failure of the power module, due to the 

dependency of die junction temperature and reliability. Power module packages in general 

consist of power semiconductor dies attached on to a DBC substrate using die attach material. 

The DBC substrates are then soldered on a base plate which acts as a mechanical support and 

a heat spreader when the module is attached to the heat sink. A thermal interface material is 

used between the heat sink and the base plate to achieve a good thermal contact. The Figure 

4.1 shows a typical cross section of a conventional power module. 

 

Figure 4.1: Cross sectional view of a power module 

A pie chart as shown in Figure 4.2 represents junction to case thermal resistance contribution 

for a power module (as depicted in Figure 4.1) with AlN as ceramic layer. The majority of the 

thermal resistance is contributed by the copper base plate and the thermal interface material 

due to the poor conductivity of thermal interface material and the bulk thickness of copper base 

plate. 
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Figure 4.2: Percentage of thermal resistance contribution [1] 

In this chapter, the thermal performance of PCD isolation layer on a DBC substrate was further 

enhanced by using a direct liquid cooling technique. Micro fins were embedded on to the 

bottom copper of the DBC substrate with PCD as insulation layer. This reduces the number of 

thermal layers in the system and in turn will increase the thermal performance. Moreover, the 

high thermal conductivity of PCD can be utilised efficiently by using direct cooling technique. 

Different micro pin fin geometries and its thermo-hydraulic parameters were varied to find the 

optimum thermal performance.  

4.1.1 Direct cooling of base plate  

In order to increase the thermal performance and to reduce the number of thermal layers many 

advancement were made for direct liquid cooling of power module. Chun-Kai[2] proposed 

direct cooling of IGBT power modules using micro channel structures embedded on to the 

copper base plate as shown in Figure 4.3. This eliminates the need for thermal interface material 

which has a very poor thermal conductivity and constitutes to the majority of the overall 

thermal resistance as shown in Figure 4.2. 
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Figure 4.3: Micro channel structure for direct cooling of base plate[2] 

The micro channel structure resulted in direct liquid cooling on the base plate and has shown a 

reduction of thermal resistance by 25% when compared to the conventional liquid cooled 

module. Figure 4.4 shows the photographic view of the micro channelled base plate. 

 

Figure 4.4: Photographic view of Micro channelled base plate[2] 

 

4.1.2 Double sided cooling 

Double sided cooling was developed for embedded power module packaging enabling 

improved thermal performance for non-wire bonded modules. Figure 4.5 shows the embedded 

power module package with top and bottom side cooling. The semiconductor devices are die 

attached on to the DBC substrates and on the top side of the semiconductor device the electrical 

connections were made via a solder mask and etched copper metallisation enabling non wire 

bond interconnections. This kind of arrangement enables cooling on the top side of the 

semiconductor die as well and reducing the number of thermal layers without the base plate 

heat spreader. This results in simultaneously cooling the top and bottom sides of the power 
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module and improving the heat transfer efficiently out to the ambient from the semiconductor 

die. The heat transfer rate was further improved by forced jet impingement cooling techniques, 

on both the top and bottom sides of the power module. However, the double sided cooling 

techniques are still within research level as it imposes difficulties in terms of electrical 

connections. 

 

Figure 4.5: Double sided cooling for embedded power module [3]  

 

4.1.3 Direct cooling of power modules (without base plate)  

The pressure contact modules[4]  which are next step in cooling the power modules, pressure 

contacts were used to replace the bonded interfaces by reducing the thermal bonded interfaces. 

Electrical spring connectors were used to apply the pressure evenly over the DBC tiles, to 

improving the thermal, thermomechanical reliability and electrical performance. Figure 4.6 

shows the Semikron power module without the base plate and the pressure contacts. The 

module developed benefits from both improved thermal performance by eliminating the copper 

base plate and increasing the thermal cycling reliability as the thermal stress form the base plate 

is removed.  
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Figure 4.6: Semikron power module[4] 

Even though the semikron’s base plate less technology has shown improved thermal 

performance form junction to case and thermo mechanical reliability by removing the base 

plate and solder joints compared to conventional module as shown in Figure 4.1. However, the 

amount of heat transferred to the ambient is limited by the thermal interface material (which 

has high thermal resistance) between the heat sink and the DBC substrate.  

4.1.3.1 Micro channel structures 

Micro channel structures enables direct cooling DBC substrates by eliminating the thermal 

interface material. Liquid cooled micro structures with high heat transfer coefficients have 

proven to be a potential solution in the next generation thermal management challenges. Micro 

channel parallel fins have shown improved thermal performance when compared over other 

micro structures [5-8], Figure 4.7 shows micro channel parallel fins on a DBC structure as a 

cross sectional (a) and top view (b). The advantages of micro channel fins are very low thermal 

resistance for high heat flux, extracting heat efficiently to the outside ambient and high heat 

transfer co-efficient; for a small volume and reduced size [9]. The main disadvantage of this 

structure is the micro channel parallel pins are arranged in inline resulting in laminar flow 

between the channels. Therefore, the cross flow action (turbulent flow) cannot not be achieved 

which could increase the heat transfer efficiently when compared to the laminar structures[10]. 
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(a) 

 

 

 (b) 

Figure 4.7: (a) Cross sectional schematic of micro channel parallel fins in a DBC 

substrate; (b) Top view  

 

4.1.3.2 Micro pin fin structures 

Advancement in micro-fabrication technology has led to investigate the performance of more 

complex structures, such as micro pin fins. Micro pin fins can be fabricated to the bottom 

copper of the substrates using LIGA (Lithographie, Galvanik and Abformung) fabrication or 

other electroforming process techniques, enabling structures with high heat transfer co-

efficient. Figure 4.8 shows a thermal resistance comparison for micro channel fin [10] and 

micro pin fin structures with respect to fin heights at a fixed flow rate of water at 1 lpm with 

identical wetting area and material. The Micro pin fins structures shows reduced thermal 

resistance when compared to micro channel structures due to the enhanced cross flow action 

(turbulent flow). 
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Figure 4.8: Thermal resistance comparison between micro channel fin                            

and micro pin fin structures[10] 

Staggered micro pin fin arrangement seems to be a promising structure in terms of removing 

high heat flux form the semiconductor device for a given die, tile volume and liquid flow rate 

[11-14], due to the cross flow action enabling turbulent flow across the pin fin structures. Figure 

4.9 shows the flow action on an in-line and staggered micro pin fin.  

 

 

(a) 
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(b) 

Figure 4.9: (a) Micro pin fin in-line arrangement (b) Micro pin fin staggered 

arrangement  

Many studies have been practised on influence of micro pin fin structure shapes upon thermal 

performance, starting from rectangular, circular and cone shaped structures. Ali Kosar and 

Yoav Peles [15] has compared the thermal performance of five different micro pin fin 

structures keeping the wetting area and fin heights constant as shown in Figure 4.10.  

 

Figure 4.10: Thermal resistance comparison of circular, hydrofoil, cone and                 

rectangular shaped micro pin fin structures[15]. 

Circular and cone shaped micro pin fin structure has shown reduced thermal resistance when 

compared to the rectangular and hydro foil shaped structures due to its enhanced micro pin fin 
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shape structure enabling more turbulent flow for the circular and cone shaped micro pin fins. 

For this work circular and micro pin fin structures were considered for embedding on to the 

bottom copper of the DBC substrate with PCD as ceramic layer. 

4.2 Empirical model 

Due to the complexity of liquid flow and heat transfer rate in the micro pin fins no accurate 

analytical or numerical method is available to predict the thermal performance of micro pin 

fins. Present studies on thermal performance of micro pin fin are based upon empirical 

methods, for this analysis a simplified empirical[13] based expression for estimating thermal 

resistance for a circular micro pin fin structures was used. The empirical equations from [13] 

were modelled in Matlab Simulink to calculate the circular fin pin thermal resistance and 

pressure drop based upon pin geometries, liquid flow rate and thermo-hydraulic  conditions. 

Figure 4.11 shows the empirical based Simulink model for determining thermal resistance and 

pressure drop in circular micro pin fin. The model is divided into five blocks including input, 

pressure drop, Reynolds number, thermal resistance and output blocks.  

 

Figure 4.11: Simulink model for determining Thermal resistance and pressure drop on 

a circular micro pin fin. 
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4.2.1 Input block 

The empirical model uses the circular micro pin fin shape geometries, liquid flow rate and its 

thermos-hydraulic parameters to determine the pressure drop and thermal resistance. Figure 

4.20 shows the geometric parameters required for estimating the thermal resistance and 

pressure drop. 

 

Figure 4.12: Pin fin geometry parameters 

 The PCD tile area of 29.32mm x 25.41mm with 100/500/100 µm of Cu/PCD/Cu thicknesses 

as detailed in Chapter 2 was considered for this work. Water cooling with a 2mm spacing was 
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used between the tile to the micro pin fin edge for enclosure and mounting considerations. 

Parameters such as fin height, diameter and water flow rate were varied to find the optimum 

thermal performance. Table 4.1 summarises the geometric parameters used in the empirical 

model. The number of pin fins in a row and column are calculated based upon the wetting area 

length ‘WL’, wetting area breadth ‘WB’ and pin fin diameter used. 

Table 4.1: Geometric parameters considered 

Parameter Values considered 

Water Flow rate Varied from 0.5 to 4 lpm 

Tile length ‘L’ 29.32 mm 

Tile breadth ‘B’ 25.41 mm 

Wetting area length ‘WL’ 25.01 mm 

Wetting area breadth ‘WB’ 24.92 mm 

Pin fin to Tile edge spacing 2 mm 

Pin fin diameter ‘D’ Varied from 0.1 to 0.4 mm 

Pin fin height ‘H’ Varied from 0.5 to 3 mm 

 

4.2.2 Pressure drop 

The pressure drop is an important parameter directly influencing the performance of micro pin 

fin structures as it is directly proprtional to the flow rate and inversly proportinal to the micro 

fin height. The over all pressure drop of overall is calculated based upon the mass flow rate, 

pin fin height, diameter, number of pin fins (N) and water viscosity, as shown in equation (4.1). 

∆𝑃 = 
𝑚𝑓

(
𝜌𝐷3

90𝜇
) (

𝑁𝑟𝑜𝑤
𝑁𝑐𝑜𝑙𝑢𝑚𝑛

)(
𝐻

𝐷
)(
1−𝜀

𝜀
)
0.4
(√

𝜋

4(1−𝜀)
−1)

                     (4.1) 

mf,µ and ρ represents mass flow rate, vicosity and density of water. Where as N, D, H and ε 

are number of fins, fin diameter,fin height and porosity respectively. Porosity ‘ε’ is calculated 

based on the wetting area and micro pin fin density. Pressure drop has a direct relation to mass 

flow rate and the number of pin fins. The pressure drop is expected to be lower than the standard 

atmospheric pressure drop(1atm) due to its inverse relation with respect to micro pin fin height.  
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4.2.3 Reynolds number 

Reynolds number, calculated by equation (4.2),  is used to determine laminar or turbulent flow 

in a system. Reynolds number is calculated based upon the fin diameter, number of fins, 

porosity and pressure drop. The mass flow rate is directly related with pressure as represented 

by equation (4.1). If the system has Reynolds number <2300 the flow is laminar, if this number 

is >2300 it is in said to be in turbulent flow [10].  

𝑅𝑒 =
𝜌𝐷2

90 𝜇2 𝑁𝑟𝑜𝑤
(
1−𝜀

𝜀
)
0.4

∆𝑃                  (4.2) 

For flow rates from 0.5 to 4 lpm and based upon the circular pin fin geometric structure, system 

has a Reynolds number <2300 i.e, in the laminar flow region. The empirical model considers 

inlet flow rate of the overall system and doesn’t include the flow pattern on the circular fins 

due to the complex process used to predict the flow around the fins[16].  

4.2.4 Thermal resistance 

Thermal resistance determines the thermal performance in the fin pins and is a function of 

geometric parameters involving fin height’H’, fin diameter ’D’, wetting area length ‘WL’ and 

porosity ‘ε’; and thermo-hydraulic parameters; Reynolds number ‘Re’, Prandtl number ‘Pr’, 

thermal conductivity of the fluid ‘Kfluid’ and thermal conductivity of pin fin material ‘Kfin’. The 

overall thermal resistance of micro pin fin can be expressed using equation (4.3), 

𝑅𝑡ℎ

=  1

+
(𝑅𝑒)1−0.4 𝑃𝑟0.64

𝜀

(1 − √4(1 −
𝜀
𝜋
 )

 0.9 (
𝑊𝐿

𝐻
) (
𝑃𝑟
𝑃𝑟𝑠
)
0.25

{
  
 

  
 

1 + 2 (
1 − 𝜀
𝜀

)

𝑡𝑎𝑛ℎ [2 (
𝐻
𝐷
)√0.9 (𝑅𝑒)0.4 𝑃𝑟0.36 (

𝑃𝑟
𝑃𝑟𝑠
)
0.25

(
𝑘𝑓𝑙𝑢𝑖𝑑
𝑘𝑓𝑖𝑛

)  ]

√0.9 (𝑅𝑒)0.4 𝑃𝑟0.36 (
𝑃𝑟
𝑃𝑟𝑠
)
0.25

(
𝑘𝑓𝑙𝑢𝑖𝑑
𝑘𝑓𝑖𝑛

)  

}
  
 

  
 

 

                                                                                                         (4.3) 

Table 4.2 summarises the values of thermos-hydraulic parameters considered in the empirical 

model for a water cooled copper pin fin micro channel. Prandtl (Pr) number gives the 

information about the type of fluid. Also it provides the information about the thickness of 

thermal and hydrodynamic boundary layer. 
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Table 4.2: Thermo-hydraulic parameters  

Parameter Value used 

Prandtl number ‘Pr’ of water @ 25°C 7.01 

Prandtl number ‘Prs’ of air @ 25°C 0.71 

Thermal conductivity of water ‘Kfluid’ 

@ 25°C  
0.56 (W/mK) 

Thermal conductivity of copper fin 

material ‘Kfin’ (W/mK) 
401 (W/mK) 

From Equation (4.3) it can be evident that the thermal resistance is purely dependent on 

geometric parameters, Reynolds number (Re), Pressure drop (ΔP) and Prandtl number (Pr); not 

the heat flow. The obtained thermal resistance from the empirical model can be used to predict 

the temperature difference (ΔT) for a given heat flux subject to geometric and thermo- 

hydraulics parameters. 

4.3 Empirical results 

The pin fin diameter, pin fin height and flow rate were varied to find the optimum design value 

for circular pin fins. Thermal resistance and pressure drop are inversely proportional to each 

other and there is a trade-off between these two parameters. In order to predict the optimum 

pin fin dimensions, the water flow rate was fixed at 1 lpm and the pin fin geometries are varied. 

The pin fin diameter were varied from 0.1 mm to 0.4 mm and the pin fin height were varied 

from 0.5 mm to 3 mm. Figure 4.13 shows the thermal resistance at varying pin fin diameter 

and height. The thermal resistance increases with fin diameter thicknesses from 0.1 to 0.4 mm 

whereas, thermal resistance decreases with fin height variation form 0.5 to 3 mm.   
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Figure 4.13: Thermal resistance for varying pin fin diameter and height at a                       

fixed flow rate of 1 lpm 

Figure 4.14 shows the pressure drop for varying pin fin diameter and height, the pressure drop 

increases with decrease in fin diameter as its evident the fin density increase would increase 

the pressure drop. Moreover, the pressure drop decreases with increase in fin height. 

 
Figure 4.14: Pressure drop for varying pin fin diameter and height                                   

at a fixed flow rate of 1 lpm 

 



 

107 
 

 

Figure 4.15:  Heat transfer co efficient for varying pin fin diameter and height                                   

at a fixed flow rate of 1 lpm 

Figure 4.15 shows the heat transfer co-efficient for pin fin diameters form 0.1 mm to 0.4 mm 

with pin fin height from 0.5 mm to 3 mm. Fin diameter D=0.1mm has high heat transfer co 

efficient due to its reduced thermal resistance when compared to other fin diameters. Fin 

diameter of  D = 0.1mm seems to have the lowest thermal resistance and pressure drop at a 

standard atmospheric pressure level (1 atm). In order to see the thermal dependency with  

 

Figure 4.16: Thermal resistance and pressure drop for pin fin                                       

D=0.1mm at fixed flow of 1 lpm 
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respect to fin height, Fin diameter D = 0.1 mm was fixed and its respective height was varied 

from 0.5 mm to 10 mm. Figure 4.16 shows the thermal resistance and pressure drop for fin 

diameter D =0.1mm with varying fin height from 0.5 to 10 mm. Thermal resistance starts to 

decrease from 0.5 mm to 2.5 mm fin height and the thermal resistance increases after 2.5 mm 

to 10 mm fin height. The pressure drop decreases as fin height increases up to 1 mm and starts 

to saturate after 1 mm fin height. The potential fin height with improved thermal performance 

lies between 1 mm to 3 mm fin height as evident from Figure 4.16. 

Due to the limitation and complexity in LIGA fabrication technology with high aspect ratio 

(fin diameter/fin height) structures from external manufacturers, two circular pin fin geometric 

design were chosen as shown in Table 4.3. 

Table 4.3: Circular pin fin designs 

Parameter 
Fin diameter 

‘D’ (mm) 

Fin height 

‘H’ (mm) 

Design 1 0.1 1 

Design 2 0.2  2 

The influence of flow rate upon thermal resistance and pressure drop was analysed for two 

circular pin fin designs. Figure 4.17 shows the thermal resistance and pressure drop for circular 

pin fin Design 1(D=0.1mm; H=1mm) with flow rate varying from 0.5 to 4 lpm. 

 
Figure 4.17: Thermal resistance and pressure drop for                                                       

circular Design 1 (D=0.1mm; H=1mm) 
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There is a trade -off between thermal resistance and pressure drop with respect to flow rate. 

Pressure drop is direct relation to flow rate whereas thermal resistance is inversely proportional 

to the flow rate. The optimum flow rate lies between the 0.5 to 1 lpm, with respect to a pressure 

drop of 1atm. Figure 4.18 shows the thermal resistance and pressure drop for circular pin fin 

Design 2 (D=0.2mm; H=2mm) with flow rate varying from 0.5 to 4 lpm. The optimum flow 

rate for circular pin fin Design 2 lies between 0.5 to 1.5 lpm in consideration with respect to 

standard atmospheric pressure drop (1 atm). Due to the decrease in pin fin density in Design 2 

when compared over Design 1, it is evident that the thermal resistance for Design 2 would be 

higher than the Design 1. 

 

Figure 4.18: Thermal resistance and pressure drop for                                                       

circular Design 2 (D=0.2mm; H=2mm) 

 

4.4 Comparison between conventional and micro pin fin cooling 

Figure 4.19 shows the schematic cross section of a power module without the base plate metal. 

The DBC substrate is attached to the liquid cooled heatsink using a thermal interface material 

(TIM), heatsink compound or thermal pad to improve the thermal contact. Commercially used 

thermal interface material[17] (see Appendix 9) with a thermal resistance of 1.8°C/W based 

upon the DBC area (29.32mm x 25.41mm), thicknesses of 0.25mm. A liquid cooled heatsink 

with thermal resistance of 0.30°C/W at a flow rate of 8 lpm as described in Figure 3.10 Chapter 

3 was considered for comparative purposes. 
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Figure 4.19: Cooling of power module without baseplate 

Figure 4.20 shows the cross section of direct cooling of DBC substrate using micro pin fin 

structures. Circular micro pin fins with thermal resistance of 0.70°C/W at a flow rate of 1 lpm 

with circular pin fin of diameter (D=0.1mm) and height (H=1mm) was used to compare against 

a conventional cooling technique. 

 

Figure 4.20: Micro pin fin direct cooling of DBC substrate 

Figure 4.21shows comparison between the conventional and micro pin fin direct cooling from 

junction to ambient. The junction to case thermal resistance ‘Rth(j-c)’ of 0.27°C/W was used, as 

measured in Chapter 2. Direct cooling of DBC using micro pin fin heat sink has thermal 

resistance ‘Rth(j-a)’ (junction to ambient) of 0.97 °C/W which is a 59% reduction when 

compared to the conventional cooling of DBC substrate without baseplates, which has a 

thermal resistance ‘Rth(j-a)’ (junction to ambient) of 2.37 °C/W. The number of thermal layers 

are reduced in this case by moving towards micro pin fin direct cooling of DBC substrates. 
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Figure 4.21: Comparison between conventional and micro pin fin direct cooling                    

of DBC substrates 

4.5 LIGA fabrication technology 

Main advantages of Lithographie, Galvanik and Abformung (LIGA) fabrication is that micro 

structures can be fabricated with high aspect ratios, high precision, excellent reproducibility, 

smooth side walls, inclined structures are possible with finest details[18]. X-Ray LIGA 

fabrication uses X-Rays to create high precession structures and has many advantages over the 

UV LIGA process as high aspect ratios structures can be fabricated with different kind of 

materials such as metals, ceramics and plastics. UV LIGA is commonly used in low cost 

applications where precision and high aspect ratio are not essential. For this work X-Ray LIGA 

fabrication technique was used to design micro pin fins on the bottom copper of the DBC 

substrate. 

Main fabrication steps in X-Ray LIGA process includes: 

4.5.1 Fabrication (Intermediate mask) 

The micro pin fin structures were designed on to the CAD system.  A resist layer is deposited 

on top of the substrate and the drawings are transferred on the resist layer using an electron 

beam, as shown in Figure 4.22 (a). The electron beam writer has high accuracy and moves 

within close proximity limits of the substrate. The substrate with a resist layer acts as the 

intermediate mask membrane and is spin-coated with transparent thermoplastic (PMMA) also 
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known as acrylic glass. The lithography process is initiated on the resist layer which replaces 

the long chained molecules with short chained as it’s important for the wet chemical 

development process. An absorber material (usually gold) is deposited on to the substrate using 

electroplating, as it is intensely absorbent to X-Rays, as shown in Figure 4.22 (b). Dry etching 

processes is used to remove the non-irradiated part of the resist layer. 

 

               

(a)                                                                     (b) 

Figure 4.22:Fabrication[18] (a) Electron beam lithography; (b) Gold electroplating 

4.5.2 Fabrication (Working mask) 

A working mask is fabricated from the intermediate mask by replicating the gold structures on 

the working mask via X-Ray lithography using a transparent thermoplastic resist layer as 

shown in Figure 4.23 (a). The absorber layer (gold) is deposited on to the resist layer using 

electroplating and is made to expose with X-Rays and the remaining non-irradiated resist layer 

is removed as represented in Figure 4.23 (b). 

                    

(a)                                                           (b) 

Figure 4.23: Working mask[18] (a) X-Ray lithography; (b) Gold deposition on resist 

layer 
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4.5.3 Microstructure fabrication 

The fabricated working mask is used as a tool to for implementing deep X-ray lithography 

structures on to a separate transparent thermoplastic resist layer as shown in Figure 4.24. The 

transparent thermoplastic are bonded on to the substrate as foils and later wet chemical 

development process is done on the irradiated parts of the PMMA resist layer which is shown 

in Figure 4.25. 

                   

(a)                                                                    (b) 

Figure 4.24: X-ray lithography process [18](a) Top isometric view;                                 

(b) Bottom isometric view 

 

Figure 4.25: Fabricated microstructures[18] 

4.5.4 Electroforming 

The fabricated micro structures are submerged on to the electrolytic bath and the desired metal 

material, copper for this work, is deposited on to the irradiated parts of the microstructures. 

The electroplating process can also be sustained further to make a mould with the fabricated 

microstructures as shown in Figure 4.26 (a). Conventionally nickel or gold is used as metal 

material, but due to the advancement in technologies copper is also used in the electroforming 

process. The electroplated microstructures moulds are transferred on to a base material via hot 

embossing or injection moulding as represented in Figure 4.26 (b). 
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(a)                                                           (b) 

Figure 4.26: Electroplating [18](a) Electroplated micro structures; (b) Final structure 

Injection moulded on to base material. 

4.6 Micro structure geometric designs for LIGA process 

Table 4.4 shows the circular and cone shaped micro pin fins used for LIGA fabrication. There 

are no empirical model to predict the thermal performance of a cone shaped micro pin fins due 

to their complex micro structures arrangement. The geometric dimensions for cone shaped pins 

were approximated based upon the performance of circular pin fin diameters and height. This 

kind of approach would give a good comparison between the circular and cone shaped micro 

pin fins with varying geometric parameters. The micro structures were outsourced to get 

manufactured using LIGA technology at Mircroworks precision structures in Germany. 

Table 4.4: Circular and Cone shaped Micro pin fins                                                         

for LIGA fabrication 

Parameter 
Fin diameter 

‘D’ (mm) 

Fin height 

‘H’ (mm) 

Fin length 

‘L’ (mm) 

Micro pin fin 

shape 

Design 1 0.1 1 - 
Circular 

  

Design 2 0.2 2 - 

Design 3 0.1 1 0.25 
Cone 

 
Design 4 0.2 2 0.3 
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4.7 Fabricated micro structures using LIGA technology 

The micro structure design geometries as shown in Table 4.4 were fabricated using LIGA 

technology on to the bottom copper of polycrystalline diamond DBC substrates. The initial 

LIGA fabricated sample for Design 3 (Cone shaped, D=0.1mm, H=1mm & L=1mm) is shown 

in Figure 4.27. As shown the micro pin fin cone shaped structures were lifted off in many areas 

due to the poor adhesion on to the bottom copper of the DBC substrates. The bottom and top 

copper in DBC substrates are flashed with 4µm of gold for corrosive resistance. The presence 

of 4µm gold layer in the bottom copper led to poor adhesion. In order to overcome the adhesion 

issue, the bottom copper gold layer can be removed via chemical etching and sputter deposit 2 

µm titanium layer on to the bottom copper layer. Further the titanium layer is etched to obtain 

a rough topography for good adhesion of resist and the plated layers.  

 

 

(a) 



 

116 
 

 

(b) 

Figure 4.27: LIGA fabricated Cone shaped micro pin fin structures (a) detailed view of 

cone shaped structures; (b) pin fin structure lift off due to poor adhesion  

4.8 Conclusion 

In this Chapter, an empirical model was used to analyse the thermal performance of circular 

micro pins fins, geometric and thermo-hydraulic parameters were varied accordingly to find 

the optimal circular micro pin fin diameter and length. Increase in circular micro pin fin 

diameter (varied from 0.1mm to 0.4mm) decreases the thermal resistance whereas, thermal 

resistance decreases with increase in pin fin height (varied from 0.5 mm to 10 mm) up to 

2.5mm. Moreover, pressure drop increases with decrease in fin diameter and fin height. There 

is a trade -off between thermal resistance and pressure drop with respect to flow rate as pressure 

drop is a direct relation of flow rate, whereas thermal resistance is inversely proportional to the 

flow rate.  

Micro pin fin direct cooling of DBC reduces the number of thermal layers in the system which 

in turn reduces the thermal resistance by 59% when compared to conventional DBC cooling 

without base plates. Moreover, the high thermal conductivity of PCD can be utilised efficiently 

by using direct cooling technique.  Four micro pin fin designs (two circular and two cone 

shaped micro pin fin) were chosen for fabrication using LIGA technology. Initial fabrication 

have suffered from adhesive issues between the bottom copper and micro pin fins due to the 

gold layer in bottom copper. Therefore, an alternative solution is being applied to rectify the 

problem by removing the gold layer via chemical etching and sputter deposit 2 µm titanium 

layer on to the bottom copper layer. Further the titanium layer is etched to obtain a rough 

topography for good adhesion of resist and the plated layers. 
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5.1 Introduction 

In this Chapter, numerical comparisons of the thermal performance of face up and flip chip 

Gallium Nitride (GaN) semiconductor devices grown on Sapphire, Silicon and 6H-Silicon 

carbide substrates mounted on T0-220 package system; under steady state and transient 

conditions is presented. GaN semiconductors devices are being emerged and widely used in 

high power density and higher voltage operational applications due to its increased electric 

field strength, higher efficiency and smaller foot print. However, heat removal from GaN 

devices and electronic packages seems to be more challenging due to higher heat flux and 

smaller device foot print. For years, work on wide band gap materials and devices has promised 

substantial improvements over the conventional Si based counterparts with their capability to 

operate at high temperature, high power density, high voltage and high frequencies to make it 

more attractive for future of electronics. SiC and GaN are two important wide band gap 

semiconductors showing better future in high frequency and high power density applications. 

5.1.1 Material Properties  

The material property of the wideband gap semiconductor relates to the energy essential for an 

electron to be transferred from the top of the valence band to the bottom of the conduction 

band. The materials with this essential energy of more than one or two electron volts (eV) are 

stated to be wide bandgap materials. Figure 5.1 compares the specific on state resistance and 

breakdown voltage for different semiconductor device technologies (see Appendix 10). GaN 

has low on-state resistance and high breakdown voltage when compared to SiC and 

conventional Si semiconductor device technologies.  
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Figure 5.1: On state resistance and breakdown voltage for various                          

semiconductor device technologies [1, 2] 

Table 5.1 compares the material properties of Si, 4H-SiC and GaN semiconductors. Typically 

SiC and GaN are referred to as compound semiconductors as they compose of multiple 

elements in the periodic table. 

Table 5.1: Material properties of Si, 4H-SiC & GaN[3] 

Materials Property Si 4H -SiC GaN 

Band Gap (eV) 1.1 3.2 3.4 

Dielectric strength 106 V/cm 0.3 3 3.5 

Electron Mobility (cm2/V-sec) 1450 900 2000 

Electron Saturation Velocity (106 cm/sec) 10 22 25 

Thermal Conductivity (W/m K) 150 370 130 

 

The material properties, listed in Table 5.1, have major influence in the fundamental design 

and performance characteristics of semiconductors, among which SiC and GaN have superior 

material properties making more suitable for high power density and high frequency 

applications. The dielectric strength is the maximum electric field that a material can withstand 

under ideal conditions without breaking down. The dielectric strength material property of SiC 

and GaN are very high when compared to Si which makes the device capable to operate at 

higher voltages at low leakage currents. Due to high electron mobility and electron saturation 

velocity of GaN makes it substantially the best suitable device for very high frequency 
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operations. The relatively poor thermal conductivity of GaN signifies the requirement of 

efficient thermal management solutions and mounting techniques in order to remove the heat 

efficiently from the device. 

5.1.2 GaN substrate options 

GaN wafers can be processed via homoepitaxial or heteroepitaxy approachs. Homoepitaxial 

can be advantageous over heteroepitaxy due to its process of growing GaN on native substrates 

(growing GaN wafers on bulk GaN substrates). This would reduce the need for buffer layers 

and eliminates the lattice miss match between the materials, moreover the cost of growing GaN 

wafers on GaN substrate is expensive due to the high cost of GaN material. However, 

homoepitaxial process approach is in the very early stages of the production and exhibit many 

challenge issues in the growth of bulk single crystal GaN substrate[4]. Heteroepitaxial is a more 

suitable approach in processing GaN on a non-native substrates. Some of the non-native 

substrates used in heteroepitaxial approaches are GaN on sapphire, GaN on Si and GaN on SiC 

[5].  GaN on diamond and GaN on GaN are in the very early stages of production and involves 

many challenging issues in terms of fabrication. Figure 5.2 shows the cross sectional schematic 

view of GaN heteroepitaxial structure for a FET device. 

 

Figure 5.2: Cross sectional schematic view of GaN heteroepitaxial structure                        

for a FET device[6]. 

The buffer layer is used in between the substrate and GaN to neutralise the crystal lattice 

mismatch. AlN is widely used as buffer layer which provides a good material match to 

neutralise the lattice miss match effect between GaN and the substrate[7]. Table 5.2 shows the 

thermal conductivity parameter for Sapphire, Silicon and 6H-SiC substrates. Each substrate 
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has its own advantages and disadvantages. For example, sapphire has a very low thermal 

conductivity and low cost when compared to Silicon and 6H-SIC substrates, but has very low 

crystal lattice mismatch between the GaN and Sapphire. 

Table 5.2: Substrates thermal conductivity  

Parameter Thermal conductivity (W/mK) 

Sapphire 45 

Silicon 149 

6H-SiC 490 

 

5.1.3 Device Topology 

Device topology in general can be classified into vertical and lateral devices. Figure 5.3 shows 

the vertical and lateral GaN device structures. In lateral devices the Gate, Drain and Source 

contacts are located on the top side of the device having current flow across the surface of the 

die. Whereas, in the vertical device topology the gate and source contacts are located on the 

top and drain contact on the bottom of the device providing current flow from top to bottom. 

The heteroepitaxial approach of GaN on Sapphire/Si/SiC substrates are limited to lateral device 

topology due to the buffer layer essential to neutralise the lattice miss match between the 

materials.  

                     

                       (a)                                                                                  (b) 

Figure 5.3: (a) Vertical GaN device (b) Lateral GaN device[8] 
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Commonly used lateral device structure, regardless to applications, is HEMT (High Electron 

Mobility Transistor), as shown in Figure 5.2. The main applications of HEMT GaN devices 

are towards high frequency applications, for example wireless communications and defence 

systems. Another promising application being researched and pursued is with GaN on 

Sapphire/Si/SiC HEMTS for lower voltage switching power electronics applications, where 

manufacturers and industry are focusing towards developments. 

5.1.4 GaN Packaging options and mounting techniques 

Power semiconductor devices require a package which meets robust, flexible heat sink mount 

and wire bonds/lead frame size to meet the thermal management and current carrying 

capability. Discreet GaN packaging options are through hole such as TO-220/247/257 and 

surface mount packages, such as QFN. GaN power devices can be either face up and flip chip 

mounted on to the conventional TO-220/247/257 packages, for this work, conventional TO-

220 package was chosen for thermal and parasitic element analysis of GaN on Sapphire/Si/SiC 

substrates. Face up mounting structure used for Ansys thermal simulation and Ansys Q3D in 

estimating parasitic elements along with the results is discussed in Section 5.3. Section 5.4 

details the flip chip mounting structure along with the thermal and parasitic elements; whereas, 

comparison of the two mounting system results is discussed in Section 5.5. 

5.2 Electrical Package Parasitic 

Parasitic is a circuit element possessed by any electrical component which is not required for 

its intended purpose. For example, resistor is designed to have resistance, but it will also retain 

unwanted capacitance and inductance. All current carrying conductors possess parasitic 

resistance, inductance, capacitance and these parasitic elements are unavoidable. These 

parasitic components can be minimised but cannot be completely removed from the electronic 

package. The parasitic elements of a package is typically represented in terms of Resistance 

(R), Inductance (L) and Capacitance (C). 

Resistance is mainly due to the voltage drop in the package. At DC resistance the current is 

distributed equally along the entire cross section of the conductor whereas, at AC resistance 

the current is mainly concentrated on the surface of the conductor due to the skin effect. AC 

resistance increases with respect to frequency, because at high frequency the skin depth 

decreases which in turn decreases current flow along the  cross sectional area. Resistance is 

directly proportional to the length of the conductor and its cross sectional area. 
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Inductance in a closed loop system is represented by Equations (5.1) or (5.2)[9]  

𝐿 =
𝜆

𝑖
                         (5.1) 

𝑉 = 𝐿
𝑑𝑖

𝑑𝑡
                          (5.2) 

Where, λ, i and V are flux linkage, current flow and change in induced voltage. In a package 

the signals propagate through drain or gate leads and returns through source or ground leads. 

The parasitic inductance can be calculated for open circuit path or just a part of the closed loop 

single lead. This concept could be used to calculate the inductance contributions of various 

elements in the package and can be separated into various inductance elements. Figure 5.4 

shows the self and mutual inductance of a single loop. Mutual inductance ‘M’ in two leads is 

defined as the magnitude of the secondary voltage induced by the changes in the primary 

current. Self-inductance is created in a lead having a change in magnetic flux, which in turn 

induces an opposing voltage within the same lead. 

 

Figure 5.4: Self and mutual inductance of a single loop 

DC inductance is calculated based on the assumption that the current flows through the entire 

cross sectional area of the conductor. Whereas, AC inductance is calculated based on the 

assumption that the current flows only on the surface of the conductors as the skin depth is 

small compared to the cross sectional area of the conductor. 

Self-capacitance is due to the capacitance of any element in the package to ground. Mutual 

capacitance is the capacitance between any two elements for example, the capacitance from 

drain lead to source lead. 
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5.2.1 Equivalent circuit model of package lead 

Figure 5.5 represents the T-equivalent[9] circuit model with package parasitic elements for 

TO- standard package. Each Gate/Drain/Source lead has a ‘source’ and a ‘sink’ signifying its 

two ends. The resistance and inductance is divided into two parts and placed in between the 

self-capacitance.  

Mutual inductance exists between gate to source, drain to source and gate to drain. The mutual 

parasitic elements has to be as low as possible for a perfect system, and is usually represented 

in terms of coupling co-efficient. The coupling coefficient ‘k’ for inductance is represented 

using equations 5.3. 

 

 

Figure 5.5: T-equivalent circuit 

 

𝐾𝐿 =
𝐿𝑀

√𝐿1𝐿2
                                                 (5.3) 

The coupling coefficient ‘k’ is expressed between 0 and 1 value, where 0 represents zero or no 

inductive coupling and 1 represents maximum coupling. For example, if k=1 the two leads are 

perfectly coupled, if k > 0.5 the two leads are closely coupled and if k < 0.5 the two leads are 

lightly coupled. 
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5.3 Face up mounting 

5.3.1  Structure definition 

Thermal performance of GaN on Sapphire, Si and 6H-SiC substrates for a face up mounting 

system were analysed using ANSYS® thermal tool under steady state and transient conditions. 

Figure 5.6 shows the schematic 3D view of GaN face up structure. The current rating of the 

device was 2.5A with a breakdown voltage of 1200V. Figure 5.7 shows the detailed cross-

section schematic view along the channel region of GaN face up structure.  

 

Figure 5.6: Schematic 3D view of GaN face up structure  

 

 

Figure 5.7: Detailed cross-section schematic view along the channel                                        

region of GaN face up structure.  
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Figure 5.8: Fabricated GaN on SiC serpentine Gate PSJ HFET[10] 

 

 

Figure 5.9: Wire-bonded PSJ HFET[10] 

Figure 5.8 & 5.9 shows the fabricated GaN on SiC serpentine Gate PSJ (Polarisation 

Superjunction) HFET (Heterojuction field-effect transistor) and wire-bonded image fabricated 

and presented in previous study [10].  The detailed serpentine and multi finger design structures 

and electrical performances can be found in [10]. Serpentine design structure was considered 

for face up mounting (wire-bonded) and multi finger design arrangement for flip chip mounting 

systems. The design structure for multi finger arrangement on flip chip mounting system is 

discussed in Section 5.4.1. 
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Figure 5.10: 3D schematic view of GaN face up on TO-220                                                       

package without the epoxy resin 

For the thermal simulation the face up structure was soldered on to the TO-220 copper base of 

500μm thick with a bonding thermal resistance of 0.5ºC/W as shown in Figure 5.10. The gate, 

source and drain pads are connected to the TO-220 lead frames using 100µm thick aluminium 

wire bonds, the fusing current for 100µm thick Au wire was observed to be 4A[11] (see 

Appendix 5). Two 100µm thick aluminium wires with a total current carrying capability of 8A 

were used between the pads and the lead frame, as a rule of thumb enabling ~2x current 

carrying capability of the device rated current with wire bond loop length of <10mm with a 

loop height of <1mm.  

 

Figure 5.11: 3D view of GaN on sapphire/silicon/6H-SiC with                                                           

face up mounting in a T0-220 package system 
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Figure 5.11 shows the 3D view of GaN on Sapphire/Silicon/6H-SiC with face up mounting in 

a T0-220 package system. In order to understand the thermal dependency upon substrate layer 

thickness, the Sapphire, Silicon and 6H-SiC substrate thicknesses as shown in Table 5.3 are 

used. The back side of the T0-220 package was held at a constant temperature of 22ºC. Thermal 

loading of 5 to 20 W with a step of 5W was considered to be applied on the channel region of 

the GaN semiconductor device. Table 5.4[12-14] shows the thermal conductivity values for 

different materials used in the simulation. The model was simulated using ANSYS steady state 

and transient thermal analysis tool.  

Table 5.3: Substrate thicknesses 

Parameters Thickness(μm) 

Sapphire 

150 

200 

550 

Si 

375 

675 

1000 

6H-SiC 

200 

370 

675 
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Table 5.4: Thermal conductivity values at 25˚C used in simulation 

Material 
Thermal conductivity 

(W/mK) 

GaN 150 

Au 318 

Cu 400 

Resin 2.4 

Sapphire 45 

Si 149 

6H-SiC 490 

5.3.2 Face up mounting results 

5.3.2.1 Steady state analysis 

Figure 5.12 shows the 3D thermal contour distribution for GaN on Sapphire (550µm) in a T0-

220 package with a thermal loading of 20W whereas, Figure 5.13 shows the detailed view of 

thermal contours and hotspot region without resin body. The maximum junction temperature 

of the device was found to be 157ºC. 

 

Figure 5.12: 3D thermal contours for GaN on sapphire (550µm) in a                                                       

T0-220 package with a thermal loading of 20W 
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Figure 5.13: Detailed view representing hotspot region without the resin body 

 

The cross-sectional view of GaN on Sapphire (550µm) with temperature distribution is shown 

in Figure 5.14. The junction to case thermal resistance (Rth(j-c)) was found to be 6.75ºC/W using 

(5.4)  

𝑅𝑡ℎ(𝑗−𝑐) = 
𝑇𝑗− 𝑇𝑐

𝑃
                           (5.4) 

Where,  

Tj = Junction temperature (157ºC) 

Tc = Case temperature (22ºC) 

Power = 20W 
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Figure 5.14: Cross-sectional view of GaN on Sapphire (550µm)                                                         

with thermal contour distribution 

 

 

Figure 5.15: Maximum junction temperature (Tj) with respect to variation in                                    

substrate layer thicknesses for face up GaN 

In order to understand the thermal dependency upon substrate layer thicknesses, the Sapphire, 

Silicon and 6H-SiC thicknesses as shown in Table 5.4 were analysed. Thermal loading 

conditions were varied from 5 to 20W with a step of 5W. The maximum junction temperature 

(Tj) with respect to variation in sapphire, silicon and 6H-SiC substrate layer thicknesses for 

face up GaN is shown in Figure 5.15. 
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In face up mounting system the junction temperature increses with increase in substrate layer 

thicknesses. The thermal resistance junction to case (Rth(j-c)) for GaN on sapphire (550µm) was 

observed to be 6.75ºC/W whereas,  thermal resistance decreases to 4.14ºC/W and 3.1ºC/W for 

GaN on Si(1000µm) and GaN on 6H-SiC(675µm) due to the better thermal conductivity and 

heatflow in Si and 6H-SiC compared to sapphire substrates. Table 5.5 shows the temperature 

difference and thermal resistance junction to case at 20W power level for GaN devices mounted 

on to sapphire/Si/6H-SiC substrates in a T0-220 package.  

Table 5.5: Thermal resistance junction to case at 20W power level for                                                      

GaN devices mounted on a T0-220 package.  

Substrate ΔT(j-c) (ºC) Rth(j-c) (ºC/W) 

Sapphire 550µm 135.06 6.75 

Sapphire 200µm 93.57 4.67 

Sapphire 150µm 86.37 4.31 

Si 1000µm 82.82 4.14 

Si 675µm 77.67 3.88 

Si 375µm 72.44 3.62 

6H-SiC 675µm 62.03 3.10 

6H-SiC 370µm 62.01 3.10 

6H-SiC 200µm 61.64 3.08 

 

5.3.2.2 Transient analysis 

Many GaN devices operate in high frequency operation,  it is vital to understand the pulsed 

transient response of GaN devices. An effective graph representing thermal impedance and 

pulse width is important[15]. ANSYS® transient thermal analysis tool was used to predict 

thermal impedance at different pulse width under 50% duty cycle condition. Table 5.6 show 

the density and specific heat capacity values used in the simulation for time constant 

calculation[15, 16]. 
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Table 5.6: Density and specific heat capacity                                                                                          

values used in the simulation 

Material 
Density 

(g/cm3) 

Specific heat 

capacity (J/Kg ºC) 

GaN 6.15 490 

Au 19.3 129.1 

Cu 8.92 387 

Resin 1.79 1000 

Sapphire 3.98 753.6 

Si 2.32 710 

6H-SiC 3.21 690 

 

Transient thermal analysis was performed under 50% duty cycle condition for GaN on 

Sapphire, Silicon and 6H-SiC substrate thicknesses as shown in Table 5.3. Thermal impedance 

junction to case was plotted for different pulse width ranging from 1µs to 10s. Figure 5.16 

shows the transient response for GaN on Sapphire substrates whereas, Figure 5.17 & 5.18 

shows the thermal response for Si and 6H-SiC substrates.  
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Figure 5.16: Transient response for GaN on Sapphire substrates 

 

 

Figure 5.17: Transient response for GaN on Silicon substrates 
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For these measurements the 20W power pulse was applied to the thermal system and 

continuous pulse width ranging from 1µs to 10s was applied at 50% duty cycle condition.   As 

shown thermal impedance reduces with pulse width as a direct result of the energy absorbed 

by the system.  

 

Figure 5.18: Transient response for GaN on 6H-SiC substrates 

The variation in substrate layer thicknesses shows same thermal response for first 100μs, but 

varies after this point with respect to sapphire substrate layer thicknesses until full thermal 

saturation is reached. Thermal impedance rise is higher after 100μs which can be explained by 

slower thermal response of the system attributed by layer thicknesses, specific heat capacity 

and thermal conductivity of the materials. Table 5.7 shows the like to like comparison of 

thermal impedance junction to case for different substrates at 10μs pulse width, as thermal 

impedance does not vary significant with respect to layer thicknesses variation at 10µs pulse 

width. 
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Table 5.7: Thermal impedance junction to case for different                                                                                  

substrates at 10 micro-second pulse width 

Parameter 
Zth(j-c) @ 10µs 

pulse width 

GaN on Sapphire 0.1 

GaN on Si 0.08 

GaN on 6H-SiC 0.05 

 

Thermal impedance junction to case (Zth(j-c)) is higher for  GaN on sapphire because of its high 

specific heat capacity and thermal conductivity property when compared over Si and 6H-SiC 

substrates. 

5.3.2.3 Package Parasitic elements 

The parasitic elements for face up mounted for GaN on Sapphire/Si/6H-SiC in a T0-220 

package is analysed using ANSYS Q3D extractor. The ANSYS Q3D Extractor uses 

electromagnetic field simulation to extract parasitic resistance, inductance and capacitance. 

Two 100µm wire bonds were used to interconnect the gate, source and drain pads with the 

leads of the package. 500 kHz frequency was used to analyse the parasitic elements under AC 

condition, Figure 5.19 shows the ‘source’ and ‘sink’ points used in simulation for analysing 

the parasitic elements.  

 

Figure 5.19: ‘Source’ and ‘sink’ points used in Q3D for                                                        

analysing the parasitic elements. 

 



 

140 
 

Table 5.8: Self-resistance, inductance and capacitance  

Parameter Gate Source Drain 

Resistance (mΩ) 3.23 2.88 2.65 

Inductance (nH) 9.28 9.14 9.37 

Capacitance (pF) 0.64 0.97 0.70 

 

Table 5.9: Mutual inductance and resistance 

Parameter Gate - 

Source 

Gate – 

Drain 

Drain - 

Source 

Inductance (nH) 4.04 2.61 4 

 

Table 5.10: Coupling Co-efficient ‘k’ between the leads 

Parameter 

Coupling Co-efficient ‘k’ 

Resistance Inductance 

Gate -Gate 1 1 

Gate - Source 0.20 0.43 

Gate – Drain 0.13 0.27 

Source-Source 1 1 

Drain - Source 0.24 0.43 

Drain-Drain 1 1 

 

Table 5.8 shows the AC R-L-C parasitic element analysed under 500kHz frequency, whereas 

Table 5.9 shows the parasitic mutual inductance and Table 5.10 shows coupling coefficient ‘k’ 

between the gate, source and drain leads. The coupling co-efficient between gate –gate, source-

source and drain-drain is ‘1’ signifying perfectly coupled condition which is the perfect case 

condition as detailed in Section 5.2.1    
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5.4 Flip chip mounting 

5.4.1  Structure definition 

Thermal performance of GaN on Sapphire, Si and 6H-SiC substrates for flip chip mounting 

system were analysed using ANSYS® thermal tool under steady state and transient conditions.  

     

                                      (a)                                                                  (b) 

Figure 5.20: (a) Fabricated PN diode of GaN on SiC with                                                           

multi finger design structure; (b) Image after flip chip process[10] 

Figure 5.20 shows the fabricated PN diode of GaN on SiC with multi finger design arrangement 

whereas, Figure 5.21 shows an X-ray image of flip chipped device. As mention in Section 5.3.1 

serpentine and multi finger design structures and electrical performances were completed as a 

part of previous study and described in [10]. Serpentine design structure was considered for 

face up mounting (wire-bonded) and multi finger design arrangement for flip chip mounting 

systems. 

 

Figure 5.21: X-ray image of flip chipped device 
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For thermal simulation GaN HFET transistors with multi finger design arrangement was 

considered, Figure 5.22 shows the schematic 3D view of GaN flip chip structure. The current 

rating of the device was 2.5A with a break down voltage of 1200V similar to GaN device on 

face up mounted system discussed in Section 5.3.1.  

 

Figure 5.22: Schematic 3D view of GaN flip chip structure 

Figure 5.23 shows the cross-section schematic view of flip chip interconnection along with 

gold stud bump and other interconnection layers. The structure replaces the conventional flip 

chip solder bump with gold stud bump interconnection technology. Gold stud bump flip chip 

interconnection offers wide advantages than the conventional solder bump interconnection in 

terms of better thermal conductivity and mechanical reliability; with low co efficient of thermal 

expansion[17]. The only disadvantage of using gold stud bumps inter-connection is it uses 

thermocompression bonding which requires high processing temperature and pressure. 

Thermocompression bonding requires coupling layers[18] and additional metal layers to 

achieve a perfect flip chip interconnection layer. The Au layer thicknesses of 4µm and 1µm 

are used as a mating layers for the gold stud bump whereas; Ni, Cu and Ag are used as metal 

layers to enhance the bonding strength at reduced functional pressure and bonding temperature.  
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Figure 5.23:  Schematic cross-section of flip chip interconnection 

 

 

Figure 5.24: 3D schematic view of GaN flip chip on TO-220 package                                                

without the epoxy resin 

The AlN sub mount was soldered on to the TO-220 copper base with a bonding thermal 

resistance of 0.5ºC/W as shown in Figure 5.24. The gate, source and drain pads are connected 

to the TO-220 lead frames via gold stud bump interconnection layers as shown in Figure 5.23 

and 100µm thick copper track pads. Polyamide under fill is used to fill the gap between GaN 

device and the AlN sub mount, which acts as an electrical-insulator and provides mechanical 

strength. The polyamide under fill neutralises the CTE miss match between the GaN device 
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and the sub mount, avoiding stress deliberation in the stud bump interconnection region which 

would cause early failure. 

 

Figure 5.25: 3D view of GaN on sapphire/silicon/6H-SiC with flip chip                            

mounting in a T0-220 package system  

Figure 5.25 shows the 3D view of GaN on Sapphire/Silicon/6H-SiC with flip chip mounting 

in a T0-220 package system. In order to understand the thermal dependency upon substrate 

layer thickness, the Sapphire, Silicon and 6H-SiC substrates thicknesses as shown in Table 5.4 

were used. The back side of the T0-220 package was held at a constant temperature of 22ºC. 

Thermal loading of 5 to 20 W with a step of 5W was considered to be applied to the channel 

region of the GaN semiconductor device. Table 5.11[12-14] below shows the thermal 

conductivity values for different materials used in the simulation. The model was simulated 

using ANSYS® steady state and transient thermal analysis tool.  
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Table 5.11: Thermal conductivity values at 25˚C used in simulation   

Material 
Thermal 

conductivity (W/mK) 

GaN 150 

Au 318 

Cu 400 

Ag 429 

Ni 90.9 

Polyamide 0.24 

Resin 2.4 

Sapphire 45 

Si 149 

6H-SiC 490 

 

5.4.2 Flip chip mounting results 

5.4.2.1 Steady state analysis 

Figure 5.26 shows the 3D thermal contours for GaN on sapphire (550µm) in a T0-220 package 

with a thermal loading of 20W whereas, Figure 5.27 shows the detailed view of  thermal 

contours and hotspot region without resin body. The maximum junction temperature of the 

device were found to be 80.53ºC 
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Figure 5.26: 3D thermal contours for GaN on sapphire (550µm) in a T0-220 package               

with a thermal loading of 20W 

 

 

Figure 5.27: Detailed view representing hotspot region without the resin body 
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The cross-sectional view of GaN on Sapphire (550µm) with temperature distribution is shown 

in Figure 5.28. The junction to case thermal resistance (Rth(j-c)) was found to be 2.92ºC/W using 

equation (5.4) Where, Tj = 80.53ºC; Tc = 22ºC; P = 20W. Thermal loading conditions were 

varied from 5 to 20W with a step of 5W. The maximum junction temperature (Tj) with respect 

to variation in sapphire, silicon and 6H-SiC substrate layer thicknesses for face up GaN is 

shown in Figure 5.29. 

 

Figure 5.28: Cross-sectional view of GaN on Sapphire (550µm)                                                         

with thermal contour distribution 

 

 

Figure 5.29: Maximum junction temperature (Tj) with respect to variation in                                    

substrate layer thicknesses for flip chip GaN  

The thermal resistance junction to case (Rth(j-c)) for GaN on sapphire (150µm) was predicted to 

be 2.94ºC/W whereas,  thermal resistance decreases to 2.86ºC/W and 2.80ºC/W for GaN on 

Si(375µm) and GaN on 6H-SiC(200µm) due to the better thermal conductivity of Si and 6H-

SiC compared to Sapphire substrates. Table 5.12 shows the temperature difference and thermal 

resistance junction to case at 20W power level for GaN devices mounted on to different 
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substrates in a T0-220 package. In flip chip mounting system the junction temperature increses 

with decrease in substrate layer thicknesses and more over, the junction temperature variation 

is smaller with respect to substrate layer thicknesses.  

Table 5.12: Thermal resistance junction to case at 20W power level for                                                      

GaN devices mounted on a T0-220 package.  

Substrate ΔT(j-c) (ºC) Rth(j-c) (ºC/W) 

Sapphire 550µm 58.46 2.92 

Sapphire 200µm 58.54 2.92 

Sapphire 150µm 58.89 2.94 

Si 1000µm 56.74 2.83 

Si 675µm 56.85 2.84 

Si 375µm 57.2 2.86 

6H-SiC 675µm 54.53 2.72 

6H-SiC 370µm 54.99 2.74 

6H-SiC 200µm 56.05 2.80 

 

5.4.2.2 Transient analysis 

Thermal impedance at different pulse width under 50% duty cycle condition was analysed 

using Ansys transient thermal. Table 5.13[15, 16]  shows the density and specfic heat capacity 

values used in the simulation for time constant calculation.  
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Table 5.13: Density and specific heat capacity                                                                                          

values used in the simulation 

Material 
Density 

(g/cm3) 

Specific heat 

capacity (J/Kg ºC) 

GaN 6.15 490 

Au 19.3 129.1 

Cu 8.92 387 

Resin 1.79 1000 

Polyamide 1.13 1700 

Ag 10.5 230 

Ni 8.90 445 

AlN 3.26 740 

Sapphire 3.98 753.6 

Si 2.32 710 

6H-SiC 3.21 690 

 

Transient thermal analysis was performed under 50% duty cycle condition for GaN on sapphire 

thicknesses of 150, 200 & 550 µm, GaN on silicon thicknesses of 375,675 & 1000 µm and 

GaN on 6H-SiC thicknesses of 200, 370 & 675 µm. Figure 5.30 shows the transient response 

for GaN on sapphire substrates whereas, Figure 5.31 & 5.32 shows the thermal response for Si 

and 6H-SiC substrates. Thermal impedance junction to case was plotted for different pulse 

width ranging from 1µs to 10s. 
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Figure 5.30: Transient response for GaN on sapphire substrates 

 

 

Figure 5.31: Transient response for GaN on Si substrates 
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For these measurements the 20W power pulse was applied to the thermal system and a 

continuous pulse was applied of width ranging from 1µs to 10s at 50% duty cycle.   As shown 

thermal impedance reduces with pulse width as a direct result of the energy absorbed by the 

system.  

 

Figure 5.32: Transient response for GaN on 6H-SiC substrates 

The variation in substrate layer thicknesses shows same thermal response for first 100 micro-

seconds, but varies after this point with respect to sapphire substrate layer thicknesses until full 

thermal saturation is reached at ~1 second. Thermal impedance decreases with increase in 

substrate layer thicknesses due to the flip chip arrangement enabling efficient heat transfer 

through the flip chip interconnection and the AlN sub mount. Thermal impedance rise is higher 

after 100 micro-seconds which can be explained by slower thermal response of the system 

attributed by layer thicknesses, specific heat capacity and thermal conductivity of the materials. 

Table 5.14 shows the like to like comparison of thermal impedance junction to case for different 

substrates at 10μs pulse width, as thermal impedance does not vary significant with respect to 

layer thickness variations at 10µs pulse width. 
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Table 5.14: Thermal impedance junction to case for different                                                                                  

substrates at 10 micro-second pulse width 

Parameter 
Zth(j-c) @ 10µs 

pulse width 

GaN on Sapphire 0.12 

GaN on Si 0.10 

GaN on 6H-SiC 0.061 

 

Thermal impedance junction to case (Zth(j-c)) is higher for  GaN on sapphire because of its high 

specific heat capacity and low thermal conductivity when compared over Si and 6H-SiC 

substrates, which in turn increases the thermal time constant and slows the thermal response of 

the overall system. 

5.4.2.3 Package Parasitic elements 

The parasitic elements for GaN flipchip mounted systems on T0-220 package with different 

substrates were analysed using ANSYS Q3D extractor. 500 kHz frequency was used to analyse 

the parasitic elements under AC condition, Figure 5.33 shows the ‘source’ and ‘sink’ points 

used in simulation for analysing the parasitic elements. 100µm thick copper track pad is used 

to connect the gate, source and drain leads with the GaN device. 

 

Figure 5.33: ‘Source’ and ‘sink’ points used in Q3D for                                                        

analysing the parasitic elements. 
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Table 5.15: Self-resistance, inductance and capacitance  

Parameter Gate Source Drain 

Resistance (mΩ) 1.9 1.7 1.88 

Inductance (nH) 8.22 8.11 7.74 

Capacitance (pF) 2.11 2.09 1.11 

 

Table 5.16: Mutual resistance and inductance 

Parameter Gate - Source Gate – Drain Drain - Source 

Inductance (nH) 2.89 4.23 4.2 

 

Table 5.17: Coupling Co-efficient ‘k’ between the leads 

Parameter 

Coupling Co-efficient ‘k’ 

Resistance Inductance 

Gate -Gate 1 1 

Gate - Source 0.09 0.35 

Gate – Drain 0.23 0.53 

Source-Source 1 1 

Drain - Source 0.22 0.53 

Drain-Drain 1 1 

 

Table 5.15 shows the AC R-L-C parasitic element analysed under 500kHz frequency, whereas 

Table 5.16 shows the parasitic mutual inductance and Table 5.17 shows coupling coefficient 

‘k’ between the gate, source and drain leads. The coupling co efficient between gate –gate, 

source-source and drain-drain is ‘1’ signifying perfectly coupled condition which has to be the 

ideal case; which gives confidence in the analysed simulation results.    
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5.5 Comparison between Face up and Flip chip mounted system 

In this section, thermal performance and parasitic elements comparison of face up and flip chip 

mounted GaN on sapphire (550µm) T0-220 package is presented under steady state and 

transient conditions. The comparison was performed for the extreme worst case condition with 

greater substrate thicknesses for GaN on sapphire (550µm)/Silicon (1000µm)/6H-SiC (675µm) 

substrates, as the influence of substrate layer thickness in thermal resistance is significant in 

face up mounted system. 

5.5.1 Steady state thermal resistance 

Figure 5.34 shows the steady state thermal comparison of GaN on sapphire (550µm) for face 

up and flip chip mounted systems. Flip chip mounted GaN on sapphire shows 56% reduced 

thermal resistance when compared to GaN on sapphire face up mounting system. 

 

Figure 5.34: Steady state thermal comparison of GaN on sapphire (550µm) for                       

face up and flip chip mounted systems 

Flip chip mounting system has enhanced heat transfer path, allowing efficient heat conducting 

path from GaN device hot spot (channel region) through the gold stud bump layers and to the 

AlN sub mount. Moreover, the thicknesses of the substrate layer doesn’t influence the thermal 

performance directly in flip chip mounting system which enables use of thicker substrates in  

ease for mechanical handling. Table 5.18 shows the like to like comparison of flip chip and 
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face up mounted system for GaN on Sapphire/Si/6H-SiC substrates with respect to thickness 

variations at 20W power level. 

 

Table 5.18: Comparison of flip chip and face up mounted system for GaN on 

Sapphire/Si/6H-SiC substrates 

GaN on Sapphire @Power =20W 

Parameter 
Face up       

Rth(j-c) (ºC/W) 

Flip chip    

Rth(j-c) (ºC/W) 

Rth(j-c) 

Reduction 

Sapphire 550µm 6.75 2.92 56% 

Sapphire 200µm 4.67 2.92 37% 

Sapphire 150µm 4.31 2.94 31% 

GaN on Si @Power = 20W 

Parameter 
Face up       

Rth(j-c) (ºC/W) 

Flip chip    

Rth(j-c) (ºC/W) 

Rth(j-c) 

Reduction 

Si 1000µm 4.14 2.83 31% 

Si 675µm 3.88 2.84 26% 

Si 375µm 3.62 2.86 20% 

GaN on 6H-SiC @Power = 20W 

Parameter 
Face up       

Rth(j-c) (ºC/W) 

Flip chip    

Rth(j-c) (ºC/W) 

Rth(j-c) 

Reduction 

6H-SiC 675µm 3.10 2.72 12% 

6H-SiC 370µm 3.10 2.74 11% 

6H-SiC 200µm 3.08 2.80 9% 
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Thermal resistance for GaN on Sapphire/Si/6H-SiC increases slightly with substrate 

thicknesses for face up mounting system whereas, opposite trend is observed for flip chip 

mounting system.  

5.5.2 Transient thermal impedance 

Figure 5.35 shows the transient thermal impedance comparison of GaN on sapphire (550µm) 

for face up and flip chip mounted systems at 50% duty cycle condition. Flip chip mounted 

system shows high thermal impedance for pulse width ranging from 1µs to 100µs and reduces 

after 100µs until thermal equilibrium is achieved. The similar trend is seen for the GaN on Si 

and GaN on 6HSiC substrates as shown in Figures 5.36 & 5.37 respectively. 

 

Figure 5.35: Transient thermal impedance comparison of GaN on sapphire (550µm) for 

face up and flip chip mounted systems at 50% duty cycle  

The face up mounted system shows reduced thermal impedance at high frequencies (>50 kHz) 

when compared to flip chip system whereas, at low frequencies (<5 kHz) flip chip system 

shows reduced thermal impedance over the face up system until thermal equilibrium condition 

is reached. 
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Figure 5.36: Transient thermal impedance comparison of GaN on Si (1000µm) for face 

up and flip chip mounted systems at 50% duty cycle 

 

 

Figure 5.37: Transient thermal impedance comparison of GaN on 6H-SiC (675µm) for 

face up and flip chip mounted systems at 50% duty cycle 
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5.5.3 Parasitic elements 

Figures 5.38 & 5.39 shows the self/mutual parasitic resistance and inductance comparison for 

face up and flip chip system observed at 500 kHz frequency condition. Lm represents the mutual 

inductance between the T0-220 leads. Flip chip system shows reduced parasitic resistance and 

inductance when compared over the face up mounted system due to the interconnection 

material and copper track path from the GaN contact pads to T0-220 lead lengths. Mutual 

parasitic inductance is observed to be high in flip chip system, as the copper track pad paths 

for gate/drain/source are located very close to each other enabling a high coupling effect when 

compared to face up system.  

 

Figure 5.38: Self-resistance parasitic comparison for face up and                                    

flip chip system observed at 500 kHz frequency  
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Figure 5.39: Self/mutual parasitic inductance comparison for face up and                           

flip chip system observed at 500 kHz frequency  

Figure 5.40 shows the self-capacitance for face up and flip chip mounted system at 500kHz, 

flip chip system shows high parasitic capacitance due to the various interconnection layers 

thicknesses and material properties. 

 

Figure 5.40 : Self-capacitance for face up and flip chip mounted system                                       

at 500 kHz frequency 
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5.6 Conclusion 

In this Chapter, an numerical assessment of steady state and transient thermal performance of 

face up and flip chip GaN on Sapphire/Si/6H-SiC with respect to substrate layer thicknesses 

variation in a T0-220 package is presented. Extensive simulation results has proven that GaN 

on 6H-SiC substrates shows 54% reduction in thermal resistance when compared over GaN on 

sapphire substrates for face up mounted system. Further, 56% reduction in thermal resistance 

can be achieved by moving form face up to flip chip mounted system. In face up mounted 

system the substrate layer thicknesses directly influence the thermal resistance junction to case 

Rth (j-c) whereas, in flip chip mounted system the inverse occurs. Further, extensive simulation 

results predicts that the maximum junction temperature rise (TJ) can be decreased by moving 

towards silicon/6H-SiC substrates. Under transient condition the flip chip system shows low 

thermal resistance at frequencies ranging <5 kHz. However, at high frequencies ranging from 

5 kHz to 500 kHz the flip chip shows increased thermal resistance over the face up system. The 

influence of parasitic elements can be reduced further by moving towards flip chip system 

which reduces the self-resistance and inductance elements by 41% and 17% respectively. 

Mutual inductance is observed to be high for flip chip system as the copper track pad paths for 

drain/source/gate are placed very close to each other enabling high coupling coefficient. The 

parasitic capacitance for flip chip system is greater when compared over the face up system 

due to the various flip chip interconnection layer thicknesses and the material properties. 
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CHAPTER 6 : CONCLUSIONS 
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This thesis has addressed the research contributions in the field of thermal management and 

reliability of power semiconductor packages from on-chip to package level. The thesis has 

described the methods to overcome challenges in power module and discrete packages, 

particularly in thermal management and reliability issues for Si and Wide band gap 

semiconductors device technologies. Some of the key results and recommendation for future 

work are described in this chapter. 

An assessment of thermal performance of PCD and conventional AlN electrical isolating layers 

on DBC substrates under steady state and transient conditions for power module packaging 

was presented in Chapter 3. The key outcomes are 

 Extensive experimental results has proven that replacing the AlN insulating layer with 

a PCD substrate has resulted in 74% reduction in junction-to-case thermal resistance 

Rth(j-c).  

 Thermal cycling reliability has demonstrated, polycrystalline diamond system exhibits 

similar reliability aspect when compared over the conventional AlN system with 

respect to safety factor and life cycle fatigue.  

 Thermal simulation results performed using Ansys predict that the ploy crystalline 

diamond thermal resistance is less sensitive to layer thicknesses.  

 The voids in the solder and copper layers does not play a significant contribution in 

terms of thermal contact resistance as the void percentage remains less than 1% of the 

solder and copper layer area.  

 The increased thermal performance of PCD can benefit from a ~2 x increase in the 

current rating and switching frequency by a factor of ~5.7 when compared over AlN 

tile for a 600V DC-DC converter application.  

 The use of PCD in power module could significantly increase the power density of the 

system. PCD has shown low thermal resistance, better thermal performance than 

conventional AlN which could be benefited from increase in converter power density 

by reducing passive filtering components as a result of the increased frequency and 

increase power density.  
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 Due to poly crystalline diamond reduced thermal resistance junction to case (Rth(j-c)), 

could offer significant advantages over next generation high power density devices like 

Wide bandgap semiconductors such as SiC power devices. When SiC power devices 

are mounted on polycrystalline diamond substrate using silver sintered paste die attach 

reduces thermal resistance junction to case (Rth(j-c)) by 63% compared to conventional 

Si - solder (SnAg) paste die attach.  

 PCD has shown low thermal resistance, better thermal performance than conventional 

AlN substrate, however PCD is limited in terms of cost factor as it is five times greater 

than conventional AlN substrates. 

 The life cycle fatigue can be performed with semiconductor dies attached on to the 

PCD and AlN DBC substrates using solder or silver sintered paste. The fracture strain 

needs to be calculated experimentally for each layers involved which could be used to 

calculate the fatigue life cycle from die to the bottom copper of DBC substrate.   

Thermal performance of PCD on a DBC substrate was further enhanced by using direct liquid 

cooling technique as detailed in Chapter 4. Key findings are: 

 Empirical model was used to analyse the thermal performance of circular micro pins 

fins, geometric and thermo-hydraulic parameters were varied accordingly to find the 

optimal circular micro pin fin diameter and length.  

 Increase in circular micro pin fin diameter decreases thermal resistance whereas, 

thermal resistance decreases with increase in pin fin height up to 2.5mm. Moreover, 

pressure drop increases with decrease in fin diameter and fin height. There is a trade -

off between thermal resistance and pressure drop with respect to flow rate as pressure 

drop is a direct relation of flow rate, whereas thermal resistance is inversely 

proportional to the flow rate.  

 Micro pin fin direct cooling of DBC reduces the number of thermal layers in the system 

which in turn reduces the thermal resistance by 59% compared to conventional DBC 

cooling without base plate.  
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 Moreover, the high thermal conductivity of PCD can be utilised efficiently by using 

direct cooling technique.  Four micro pin fin designs (two circular and two cone shaped 

micro pin fin) were chosen for fabrication using LIGA technology.  

 Initial fabrication of ‘Design 3’ had adhesive issue between the bottom Copper and 

micro pin fins an alternative solution was used to rectify the problem. The LIGA 

fabrication process for rest of the ‘Designs’ are under manufacturing process. 

 The empirical model has to be validated with the experimental results for ‘Design 2 

and 3’ which is a recommendation for future work. 

A numerical assessment of steady state and transient thermal performance of face up and flip 

chip GaN on Sapphire/Si/6H-SiC with respect to substrate layer thicknesses variation in a T0-

220 package is detailed in Chapter 5. Flip chip system offers many advantages over face up 

system which are summarised below, 

 Extensive simulation results has proven that GaN on 6H-SiC substrates shows 54% 

reduction in thermal resistance compared over GaN on sapphire substrates for face up 

mounted system. Further, 56% reduction in thermal resistance can be achieved by 

moving form face up to flip chip mounted system. 

 In face up mounted system the substrate layer thicknesses directly influence the 

thermal resistance junction to case Rth (j-c) whereas, in flip chip mounted system the 

inverse occurs. Further, extensive simulation results predicts that the maximum 

junction temperature rise (Tj) can be decreased by moving towards silicon/6H-SiC 

substrates. 

 Under transient condition the flip chip system shows low thermal resistance at 

frequencies ranging <5 kHz. However, at high frequencies ranging from 5 kHz to 500 

kHz the flip chip shows increased thermal resistance over the face up system. 

 The influence of parasitic elements can be reduced further by moving towards flip chip 

system which reduces the self-resistance and inductance elements by 41% and 17% 

respectively. Mutual inductance is observed to be high for flip chip system as the 

copper track pad paths for drain/source/gate are placed very close to each other 
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enabling high coupling coefficient. The parasitic capacitance for flip chip system is 

greater when compared over the face up system due to the various flip chip 

interconnection layer thicknesses and the material properties. 

In summary, PCD as insulator in DBC substrate has shown improved thermal performance 

compared over the conventional AlN DBC substrates used in power module. The improved 

thermal performance of PCD can be advantages by using direct liquid cooling technique. 

Advance wide band gap semiconductor device technology such as GaN heteroepitaxial 

approach on flip chip mounting technique has shown significant improved thermal 

performance and less package parasitic inductance compared over the face up mounting 

technique. 

6.1 Future work 

PCD as an insulator layer has shown improved thermal performance compared over the 

conventional insulator materials. Further, the thermal and electrical performance of PCD 

substrates can be evaluated on a single phase full bridge or a three phase converter module. 

Impact on converter weight, size and power density using PCD and conventional substrates 

can be evaluated and compared. The reliability fatigue life cycle prediction for PCD substrates 

from semiconductor Si/SiC die to bottom copper of the substrate requires extensive detailed 

experimental analysis to obtain the fracture strain data. Initial fabrication of micro pin fins 

using LIGA technology had adhesion issue between the micro pin fins and the bottom copper 

of the substrate. Therefore, an alternative solution to overcome the adhesion issue as discussed 

in Chapter 4 has being employed. The empirical model for micro pin fins has to be verified 

experimentally. The thermal performance of flip chip and face up mounting for GaN 

semiconductor device on a T0-220 package has been evaluated and compared. Further, the 

thermal and parasitic inductance performance of flip chip and face up mounting for GaN can 

be evaluated for surface mount packages such as S0-8, SOT-23 and QFN (Quad-flat no-leads). 

The impact of GaN face up and flip chip mounting technique on a converter thermal and 

parasitic inductance performance can be evaluated. 
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1. Infineon's IGBT4 Low Power Chip," IGC27T120T6L 
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2. Infineon's TRENCHSTOP IGBT technology," IGW25N120H3 datasheet  
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3. Liquid coold heat sink design 
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4. Lead free solder paste – SynTECH-LF 96.5Sn/3.0Ag/0.5Cu 
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5. Fuse current for Al heavy and fine wires 
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6. COLDFIN® high performance heat sinks, CF2-0816-0805-1500A datasheet 
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7. Kyocera CT2700 Silver sintering paste 
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8. Normally-OFF Silicon Carbide Junction Transistor," GA10JT12-CAL datasheet 
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9. Thermal interface material Li-98 
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10. Polarization super junction a new concept for GaN high voltage devices 

http://www.powdec.co.jp/business/tutorial/file/IWWPE2012%20powdec%20slide.pdf 

 

 

 


