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Integrated Circuits
More-than-Moore

Introduction
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History of Integrated Circuits (ICs)
ƴ   Alternative to Using Discrete Components and Hand Soldering for Implementing an Electric Circuit
ƴ   1959 ̧  R. Noyce (Co)-Invented the Monolithic IC  ̧System of Interconnected Devices on a Single Si-Chip 

ǒ  1961¹First Commercial ICs / Resistor-Transistor-Logic Used in Apollo Program | 1971¹First 4-bit uP Intel 4004 
ǒ  1965¹MooreËs Law ̧ # of Transistors on ICs Doubles Every Ć2 Years / Continuous Increase of Functional Density 

1959, Robert Noyce, Director of Research @ 
Fairchild Semiconductor wrote in his lab 
notebook: 

ºIt would be desirable to make multiple 
devices on a single piece of silicon, in order 
to be able to make interconnections between 
devices as part of the manufacturing process, 
and thus reduce size, weight, etc. as well as 
cost per active element.»
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More-than-Moore & Heterogenous Integration 
ƴ  More Moore          ¹  Scale Down Transistor Feature Size & Improve Performance Ą Vertical Stacking
ƴ  More-than-Moore ¹  Integration of New Materials & Functionalities (MEMS, Photonics, etc.)

ǒ  Heterogeneous Integration / Adv. Packaging of Separately Manufactured Components 
ǒ  System-in-Package (SiP) ¹  Analogy to Power Electronics

System Focus 
Integration

Source: https://ase.aseglobal.com

Transistor Focus 
Integration 

Ą
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Future Advanced AI GPU Packaging / Cooling 
ƴ   Thermal Design Power Levels of AI GPUs & HBMs up to 15kW (!) ¹ 200W/cm2 ¹  Embedded Cooling Technologies  
ƴ   3D-Chip Stacks Interconnected by Through Silicon Vias (TSVs) & Through Thermal Vias & Lateral Therm. Transm. Lines

ƴ  Future Fully Integrated Thermal Solutions ¹ Double-Sided Interposer / Embedded Fluid Cooling / Coaxial TSVs 

3

HBM- High Bandwidth MemorySource: 
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Basic Functions
Functional Integration

Power Electronics
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ǒ  SMART & Human-Centric Intelligent Lighting ¹ Dimming | Flex. Color Mixing | Presence Detection      

Source: 

Power Circuit
Interfaces
Control Circuit
Enclosure 

Power Electronics 1/2
4

ƴ  Example of Power Electronics Mains Interface of LEDs  
ƴ  15µ20% of Global Electricity Used for Lighting  

Source: 
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Switching Function 
Energy Storage / Galv. Isolation
Interconnections
Gate Drivers
Voltage / Curr. / Temp. Sensors
Control Circuit
EMI Filtering / Protection
Mechanical Support 
Cooling

Power Electronics 2/2
5

Source: 

ǒ  SMART & Human-Centric Intelligent Lighting ¹ Dimming | Flex. Color Mixing | Presence Detection      

ƴ  Example of Power Electronics Mains Interface of LEDs  
ƴ  15µ20% of Global Electricity Used for Lighting  
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Performance Trends / Integration 

ǒ ºFunctional» Integration  & ºEmbedding» Enables Massive Performance Improvements @ All Levels
ǒ    Material-Level | Component-Level | Building-Block-Level | Converter-Level | System-Level | System-of-Systems-Level  

SiC/GaN  
Digitalization
Modularization
Hybridization
Functional Integration
Decentralization
3D-Packaging
Automated Manufacturing

6

Environmental
Footprint

Volume

Failure Rate 

Weight

Losses

Environmental 
Footprint Costs

State-of-the-Art

Future

ƴ    Power Electronics ¹ Interconnection of  Active & Passive Power Components / Sensors / Signal Electronics etc.
ƴ    Market Pull ¹ More Functions in Smaller/Lighter Systems w/ Better Performance & Reliability @ Lower Cost (!)
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ƴ    Power Electronics ¹ Interconnection of  Active & Passive Power Components / Sensors / Signal Electronics etc.
ƴ    Market Pull ¹ More Functions in Smaller/Lighter Systems w/ Better Performance & Reliability @ Lower Cost (!)

System of Systems 

Systems

Converters

Building-Blocks

Components
Materials

Environmental
Footprint

Volume

Failure Rate 

Weight

Losses

Environmental 
Footprint Costs

State-of-the-Art

Future

Functional 
Integration

Integration /  Functional Hierarchies  

ǒ ºFunctional» Integration  & ºEmbedding» Enables Massive Performance Improvements @ All Levels
ǒ    Material-Level | Component-Level | Building-Block-Level | Converter-Level | System-Level | System-of-Systems-Level  
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Functional Composites Materials
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ƴ  Application-Specific Composites Combining Favorable Properties of Individual Materials, incl. 3D-Grading etc.
ƴ  Realization of Resins w/ High Thermal Conductivity or Ceramic Composites w/ High Mechanical Strength

Functional Composite Materials 

ǒ  Thermalnite ¹ Fiber-Like AlN Single Crystal Added to AlN Powder
ǒ  2x Higher Mechanical Strength Compared to Pure AlN @ Same Thermal Cond. & 20% Higher Breakdown Voltage  

8



/ 389

3D-Printing of Functional Materials 
ƴ  Future Approach to Rapidly Fabricate Complex Geometry Devices in Multiple Materials

ǒ Combination of Magnetic/Electric/Dielectric/Mechanical etc. Properties /  Grading / Anisotropies / etc. 
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Components Active Power Devices
Passive Components
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ƴ   Monolithic Integration of  MOSFET & Bipolar Junction Transistor Ą   IGBT
ƴ   Monolithic Integration of  Inverse-Series Connected Transistors  Ą ºTrue» M-BDS

Source: Source:

Ą

10

Integration of Active Power Devices 

ǒ  IGBT ¹ Higher Blocking Voltages (Cond. Modulation) / Minority Carrier Inj. Ą Tail Current/Sw. Losses
ǒ  M-BDS ¹ Lower Chip Area Ą Higher Thermal Stress (4x Achip Ą Achip BUT Rth Ą 4x Rth)        
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ƴ   Combination of Multiple Discrete Magnetic Components (Inductors, Transformers) into Single Unit 
ƴ   Minimize Volume / Losses / Weight / Part Count  |  Matrix- / Interphase- / Flyback-Transformers etc.

Integrated Magnetics 

ǒ  Current Doubler Rectifier DC/DC Converter w/ Integrated High-Leakage Transformer & Output Inductors

Source: PhD Thesis, 
U. Badstübner, 
2012, ETH Zurich 
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ƴ   Conversion of Electric Energy into Mechanical Vibration ¹ Series-Parallel Resonant El. Equivalent Circuit
ƴ   Longitudinal/Thickness/Radial-Types ¹ Challenge of Mounting / Spurious Res. Modes / Heat Sinking  

Piezoelectric Devices 

ǒ Application in Low Power 90 kHz Radial-Mode-PT-Isolated DC/DC Converter 
ǒ   Non-Isolated 6.2 MHz 3.2 kW@ Ć98% DC/DC Converter Demonstrated @ SUPER-Lab, Stanford, 2024   

Source: S. Navalet al., Berkeley 
Power and Energy Center, 2025
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Switches & Gate Drives 
Semiconductors / Interconnections / µ / Cooling 
Medium-Voltage i-PEBBs

Building Blocks
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Integrated Power Circuits 1/2 
ƴ    Monolithic Integration of Power Devices & Peripheral Components / Integration of Passives Limited to Low Power     
ƴ    Precise Component Matching / Low Parasitics / High Reliability / Low PCB Footprint / Low Assembly Effort / etc.

ǒ  48 V/1A DÇDC Conv. GaN-on-Si Power Stage incl. Half-Bridge, Driver, Level Shifter, Dead Time & Voltage Mode Control  
ǒ  Lateral GaN-on-Si Technology / Challenge of Substrate Coupling & Combination of Lateral & HV Vertical Structures 

Source: M. Basler, Fraunhofer IAF, 2024
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ƴ    Three-Phase DC/AC Converter Intelligent Power Modules (IPMs) Ą  HVAC, Pumps, Fans, Servo Drives 
ƴ    Dual-in-Line Package w/ DBC Substrate Pad for Cooling / Si-IGBT Power Stage (650V/50A, 1200V/10A)   

14

Integrated Power Circuits 2/2

ǒ   All-in-One (Inv. Stage, High-Side & Low-Side Gate Drivers, UV Lockout, Temp. Monitoring) / Shrinks BOM  
ǒ   Pin-to-Pin Compatibility w/ Competitor Products Mandatory (2nd Source) 

Source: 
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Multi-Chip Power Modules
ƴ   Shared Use of DBC Substrate & Baseplate in Standardized Packages / Standardized Circuit Structures
ƴ   High Compactness / Low Rth / Lower Design & Low Power Converter Assembly Effort / High Reliability  

ǒ  Future Higher Curr. Ratings (AlĄCu Bond Wires) / Lower Rth (Pin-Fin Baseplate etc.) / High-Rel. Cu-Sintering 
ǒ  Intelligent Power Modules (IPMs) ¹ Additional Integration of Driving & Protection Circuits  

15
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PCB Embedding of Power Semiconductors

ǒ  Integration of p2-PAK in Control PCB ¹ Full Converter Circuit w/o Cables & Low-Reliability Plug Contacts 
ǒ  Local Thermal Management Facilitates Close Placement of High Loss & Temperature-Sensitive Components

ƴ ºPCB-Based Power Semiconductor Package (p2-PAK) ¹ High Compactness & Interconnection Flexibility
ƴ  Bare Dies Sintered on Lead Frame / Heat Spreader  ¹ Low Parasitics / High Switching Performance / Low EMI  
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ǒ  6 kV Multi-Layer PCB DC-Bus | Gate Driver for 100 V/ns Sw. Speed  | PCB Rogowski Coil Sw. Curr. Sensing / Protection 
ǒ  Local Controller & Voltage/Current Sensors | Wireless Aux. Supply | Curr. Loop GD Supply | Temp. Sensing etc.

High-Power Intelligent PEBBs

12 kW/dm3

ƴ   Intelligent MV Half-Bridge Power Electronics Building Blocks ( i-PEBBs) w/ Integrated Output Inductor 
ƴ   Realization of Modular Multi-Level Converters / Isolation Coordination for 20+ kV DC-Link   

17
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ƴ   Monolithic Integration of Power Stage & Control Circuit   
ƴ   Microfabricated On-Chip (Air-Core) Inductors or Deep-Trench SOI CMOS Capacitors   

ǒ  On-Chip Switched-Capacitor Converter Per-Core Voltage Regulation / Granular Power Delivery  
ǒ  32 nm / 1.8 V Ą 0.7µ1.1 V / 10 W @ 85.1% / 3.2 W/mm2 / Sub-ns Response Time 

Source: PhD Thesis, T. Andersen, 
2015, ETH Zurich 

PwrSoC ¹ Power Supply on Chip 



/ 38

Converter-Converter Integration
Power Supplies on ChipConverters
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ǒ  Possible Extension to 3-ūAC-Input ¹ Sinusoidal Input Current ÇY-Rectifierº 

Single-Stage Buck-Boost DC/DC Converter

99.3% @ 30kW/dm3

ƴ  Current-DC-Link-Type Integration of a Buck& Boost DC/DC Converter Stage
ƴ  Quasi-Single-Stage Power Conversion ¹ Operation of Buck-Stage OR Boost-Stage
ƴ  Alternative Optimal ZVS/ZCS TCM Operation 

PO= 12 kW
U1= 150µ450 VDC 
U2= 150µ450 VDC
fS  = 100 kHz @ TCM

Source: PhD Thesis, 
St. Waffler, 
2013, ETH Zurich 
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Ą

3-ʊ Integrated Active Filter Rectifier
ƴ   Synchronous 3-ʊ Diode Rectifier Front-End  &  Explicit Parallel-Connected Active Filter 
ƴ   3-ʊ Diode Rectifier & Low-Complexity Integrated Active Filter (IAF)  ̧Advantage of Partial Power Processing 

ǒ   IAF Employs Single HF Sw. Bridge-Leg / Single Inductor /  Phase Selector Switches (Monolithic Bidir. GaN Devices)  
ǒ   Mains Frequ. Switching of Synchr. 3-ʊ Diode Rectifier ¹ Large Chip Areas / Very Low Conduction Losses 

29 of 22

20
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ƴ    Integration of 3-ūPFC Rectifier& DC/DC Converter Stage
ƴ    Modulation Optimized for Minimum Transformer RMS Current & ZVS or ZCS

ǒ  Sinusoidal Mains Currents / Galvanic Isolation / Controlled Output Voltage / Bidir. Buck-Boost Operation

Isolated Matrix-Type 3-ʊAC/DC Converter

21

10A/div
200V/div

PO= 8 kW
UN= 400 VAC Ą UO= 400 VDC
fS  = 36 kHz 99% @ 4 kW/dm3

Source: PhD Thesis, 
L. Schrittwieser,

2018, ETH Zurich 
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TESLA Cybertruck OBC & DC/DC Converter 
ƴ   1-ʊ Matrix-Type Isolated Bidirectional (V2L) AC/DC Converter  &  Bidirectional HV/LV Battery DC/DC Converter  
ƴ   11.5 kW 240 VAC Input / 600µ850 V DC-Output | Isolated Link to 48 V LV Battery   

ǒ   2 IPOP Planar-Integrated Transformer-Inductor AC/DC-Stages | 2 Parallel Isolated DC/DC Stages | H2O Cooling
ǒ   Single PCB / PCB Windings / SMT / No Electrolytic Caps ¹ Automated Manufacturing |  1.6 kW/dm3 @ 7.07kg 

AC-Side EMI Filter Single-Stage Isolated AC/DC Converter DC/DC Converter

Source: Sewan Choi, Keynote ECCE Asia 2025  Source: Sewan Choi, Keynote ECCE Asia 2025  620 x  255 x 55 mm3

22
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Integrated 
Hybrid Converters
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Motor/Inverter Integration
ƴ    Motor & Inverter ºIntegration» for Future More-Electric Aircraft / eVTOL  &  Electric Vehicles
ƴ  ºEmbedded» Power Electronics  

ǒ   Increasing Level of Integration Ą High Torque/Power Density @ Increasing Thermal & Mechanical Stresses   
ǒ   Limited Maintainability / Different Subsystem Lifetimes / No 2nd Source Ą Radial Outward Placement for EV

23

Source: 

Source: Source: 

10 kW/kg (cont.)
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Battery/Inverter Integration 
ƴ   ºAC-Battery» ¹ Dynamic Series/Parallel/Bypass-Reconfiguration of Low-Voltage Converter-Battery-Cells
ƴ    Staircase-Shaped Phase Voltage / PWM of a Series Capacitor Module for Lowering Harmonics 

ǒ   High Functionality ¹ PWM Inverter / Battery Management (Bypass-Mode) / On-Board Charger
ǒ   High Degree of Modularity vs. Relatively Complex Power & Control Circuit / Challenging Maintenance  

Source: PhD Thesis  M. Kuder, 2020 Source: F. Helling, 2018

Source: F. Helling, 2018

Ą


