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Outline of the lecture

Basics of power devices
• Baliga's figure of merit
• Power diodes
• Power MOSFETs
• IGBTs
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Key questions

• How can semiconductor devices hold large voltages for power applications?

• How is the voltage related to the semiconductor properties?

• What are the different types of semiconductor power devices?



Power Electronics

Semiconductor devices: 
transistors, diodes, and 

thyristors

Passive components:
capacitors, inductors, 

transformers, etc.

3

Introduction to power electronics



DC-DC converter

How can such converter be realised?
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Introduction to power electronics



Solution 1: voltage divider

Solution 2: linear amplifier

Variable resistance

Principles of power conversion

These are very inefficient solutions 5



Concept of switching

Fundamentals of Power Electronics, Robert W. Erickson, Dragan Maksimović
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Principles of power conversion

High frequency harmonics are filtered out by the LC filter:
• Cut-off frequency of the LC filter must be much smaller that the switching frequency f0  << fS

Only DC at the output: This is called a buck converter: Vout = DVin

DC-DC converter (buck converter)
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Realization of such circuit:

Power transistors + power diodes + filters + circuit de regulation

V

I

Ideal diodeIdeal transistor

Power transistors and diodes are the heart of power converters

They are power switching devices, which:
Should conduct with small losses, switch fast with small losses, hold large voltages

Efficient conversion is the goal: what are the loss mechanisms?

Fundamentals of Power Electronics, Robert W. Erickson, Dragan Maksimović
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Product V x I must be as close as 
possible to zero

Principles of power conversion



1. Conduction losses: 

Pconduction = RonIRMS
2

Efficiency

Two main loss mechanisms:

1. Conduction losses: when devices are conducting
• Semiconductor forward bias
• Parasitics: inductances, capacitances, resistances

2. Switching losses: when devices are switching

Ron
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Rd Dissipated power



Charging time of CGD Discharging time of CGS

Switching losses are proportional to the switching frequency…

…while conduction losses are fixed

Equivalent circuit

2. Switching losses: 
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Efficiency



Switching losses

Switching losses are proportional to the switching frequency: Fast devices are required! 
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[1] http://pi-innovo.com/content/uploads/2016/03/Figure-2.png



Requirements for efficient power electronic devices

• High breakdown voltage

• Low on-resistance: Small on-state power dissipation: Irms
2xRon

• High maximum current

• Low leakage current at breakdown voltage: Small off-state power dissipation: Ioff xVbr

Power switch:

It operates in two regimes:
ON: Low voltage, high current
OFF: High voltage, low current
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How to get large breakdown voltages?
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Back to pn junctions

Distinct regions:
Around metallurgical junction: 
space charge region (SCR)

Far from junction: 
quasi-neutral regions (QNR)
ρ ~ 0

Electric field is constant and equal to zero
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Ideal p-n junction out of equilibrium 

Peak electric field:
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How to make a power device?
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Power diodes

Goal: 

Conduct several kilo amps of current in the forward direction with very little power loss while blocking several kilo 
volts in the reverse direction. 

Large blocking voltage requires wide depletion layer in order to restrict the maximum electric field strength below the 
breakdown voltage (impact ionization level). 

Space charge density in the depletion layer should also be low in order to yield a wide depletion layer for a given
maximum electric field strength.

This is satisfied in a lightly doped p-n junction diode of sufficient width to accommodate the required depletion layer.

PIN diode
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Critical electric field Ec is very important, followed by mobility in the drift layer

Ideal Specific On-Resistance (RON,SP):
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B.J. Baliga, Fundamentals of Power Semiconductor Devices, Springer 2008

Figure of merit: how to compare different semiconductors

Baliga’s figure of merit

and

Ron,sp is related to material properties
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Wide-band-gap materials

Baliga’s figure of merit

Ron,sp is related to material properties

Hudgins et al., IEEE Trans. on Pow. Elec. 18, 3 (2003),  
Tsao et al., Advanced Elec. Mat. 4, 1600501 (2018)

BFOM for different materialsRelationship between Ec and Eg



Influence of material properties

Desired properties, found in some of these wide band-gap materials:

• Higher breakdown strength: same breakdown voltage with less material
• Higher switching speed: lower switching losses
• Lower losses: enables significantly reduced volume and decreased cooling requirements 
• Higher frequency: smaller passive components (inductors and capacitors)
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Eg ,



drift layer
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Forward polarization:  
• Injection of minority carriers in the drift layer: conductivity modulation
• Charges are accumulated in the region «i»: 

• Resistance is reduced
• But slows down the device

• Minority carrier device

diode PIN

Forward polarization

Power diodes
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Turn-off transient

Power diodes
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The depletion region effective capacitance is then charged during interval (5) to the negative off-state voltage.

The portion of Q during interval (5) is charge supplied to the depletion region, as well as minority charge that is actively removed from
remote areas of the diode.

At the end of interval (5), the diode is able to block the entire applied reverse voltage.

The length of intervals (4) and (5) is the reverse recovery time tr

(4) Reduction of the stored minority charge can be
accomplished either by active means, via negative terminal
current, or by passive means, via recombination. Normally,
both mechanisms occur simultaneously.

The charge contained in the negative portion of the diode
turn-off current waveform is called the recovered charge.

Minority charges are actively-removed during interval (4).

At the end of interval (4), the stored minority charge in the
vicinity of the junction has been removed, such that the diode
junction becomes reverse-biased and is able to block negative
voltage.

Qr: reverse recovery charges: diode is very slow!

Power diodes
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How to make a power MOSFET?

Power MOSFETs
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Power MOSFETs

Fundamentals of Power Electronics, Robert W. Erickson, Dragan Maksimović
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Fundamentals of Power Electronics, Robert W. Erickson, Dragan Maksimović

Power MOSFETs

Forward polarization: Vgs > 0

There are no minority carriers to cause conductivity modulation: MOSFETs are majority carrier devices 
• Breakdown voltage is increased
• On-resistance dominated by resistance of n- region. 
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Polarisation reverse: 
p-n and p-n- reverse-biased: voltage drops across n- region

Power transistors

Reverse polarization: Vgs < 0
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MOSFET: body-diode

Power transistors
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MOSFET: equivalent circuit

Cgd is small but the voltage is large: so a lot of charges stored

Power transistors


