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Semiconductor components

Introduction and background

Research and development in semiconductor physics has formed the basis of modern society. Fast and
energy-efficient electrical components are being produced for an increasing number of applications,
while the development in miniaturizing components has been almost exponential, with some
component dimensions now only 3-5 nanometers. As a result, conventional silicon technology is
reaching its physical limits and the famous Moore's Law is no longer valid. At the same time, hew
materials and components have developed to become central/critical for the production of
environmentally friendly energy via solar and fuel cells and for new efficient solid-state light sources
(Nobel Prize in Physics, 2014). Another exciting application of semiconductor materials is in
detectors, such as the detection of high-energy elementary particles (e.g. the Higgs boson, Nobel Prize
in 2013): In addition, a growing field of research nowadays is the use of point defects in
semiconductors in quantum technology (Nobel Prize in Physics in 2022).

In this course we look at the behavior of "simple" semiconductor components such as diodes, solar
cells and transistors and the corresponding physical processes. The introduction of the course
emphasizes semiconductor materials and basic electrical and optical phenomena. We then continue
with various components such as the diode, field effect transistors, the bipolar transistor and opto-
electrical components such as solar cells, LEDs, photo- and particle detectors. The course also
includes lab exercises where students make their own components in the cleanroom at UiO's Micro
and Nanotechnology Laboratory (UiO/MiNaLab).

Content
The course extent is 10 study points with 34 hours of lecture, 24h of exercises/colloquium and 20h lab.

Lecturer and course responsible: Lasse Vines (lasse.vines@fys.uio.no)
Lab responsible: Viktor Bobal (viktor.bobal@fys.uio.no)

Recommended background
FYS1120 - Elektromagnetisme og FYS2140 - Kvantefysikk.

Course literature

Solid State Electronic Devices (7th edition), Ben G. Streetman and Sanjay Banerjee, Prentice-Hall,
ISBN-13: 978-0-13-335603-8 el. ISBN-13: 9781292060552

For reading instructions, see page 3 to 5 in this document.

Eksaminasjon

Written examination on October 11 at 0900 (3 hours) in Hall 3B in Silurveien 2, (approx. 20%
weight), individual lab report (approx. 20%) with deadline Sunday November 26, and final oral
exam in week 49 or 50 (approx. 60%). Letter grade.

The course is defined by the course literature ("Streetman's book™ and assignments) and material
covered in lectures, exercises/colloquia and lab.



Plan for lectures
place: Kristian Birkelands aud.,
Wednesdays 0815 - 1000, Fridays 1215 - 1400 (until week 41)

Note: There will be 4h lecture in the beginning. After the mid term exam we reduce the amount to 2h
per week. There will also be an extra week without lectures ion week 37.
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Content

Course presentation, properties of semiconductors
Properties of semiconductors

Properties of semiconductors

Charge carriers, lifetime, drift and diffusion
Charge carriers, lifetime, drift and diffusion
Charge carriers, pn-junction

Pn-junction

Pn-junction

Pn-junction, Schottky diode

Field effect transistor; JFET and MESFET
Field effect transistor; MOSFET

Field effect transistor; MOSFET

Uke 41; mid term exam, no lectures
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27/10
3/11

10/11
17/11
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2
2
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Bipolar transistor

Bipolar transistor, optoelectronic components
Optoelectronic components (Solar cells)
Optoelectronic components (LED, detectors, Lasers)

34,5,6,7,8 Repetition

Plan for exercises and colloquia

Place: Seminar room @358,
Wednesdays kl. 1415 - 1600

Date
23/8
30/8
6/9
20/9
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18/10
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8/11
15/11
22/11

hours
2
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Topic

Properties of semiconductors

Charge carriers, lifetime, drift and diffusion
Pn-junction

Pn-junction, Schottky diode

JFET and MESFET

Prepparation for mid term exam; chap. 3-5
JFET, MESFET and MOSFET

MOSFET and Bipolar transistor

Bipolar transistor

Optocomponents

Optocomponents, lab assignments

Lab assignments



Lab excercises

Carried out in the Micro- and Nanotechnology Laboratory (MiNaLab), Gaustadalleen 23C, and
starts in week 42 (16-20/10). A total of 5 lab exercises (1 lab per week) with 4 hours duration. Lab
days are arranged before the midterm exam. Deadline for submission of lab report: 26.11.2022.
The lab exercises are mandatory and each student writes their own report. Digital submission.

FYS2210 - READING INSTRUCTIONSD FOR "STREETMAN"

A: Very important, text mass and calculations should be well known
B: Important, must be read and can be included in examinations
C: Read as background information or assume familiarity from other courses

1 CRYSTAL PROPERTIES AND GROWTH OF SEMICONDUCTORS 1
1.1 Semiconductor Materials 1
1.2 Crystal Lattices 3
1.2.1 Periodic Structures 3
1.2.2  Cubic Lattices 5
1.2.3  Planes and Directions 7
1.2.4  The Diamond Laftice 9
1.3 Bulk Crystal Growth 12
1.4 Epitaxial Growth 17

2 ATOMS AND ELECTRONS 32
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3 ENERGY BANDS AND CHARGE CARRIERS IN SEMICONDUCTORS 63
3.1 Bonding Forces and Energy Bands in Solids 63
3.1.1 Bonding Forces in Solids 64
3.1.2 Energy Bands 66
3.1.3  Metals, Semiconductors, and Insulators 69
3.1.4  Direct and Indirect Semiconductors 70
3.1.5 Variation of Energy Bands with Alloy Composition...72
3.2 Charge Carriers in Semiconductors 74
3.2.1 Electrons and Holes 74
3.2.2 Effective Mass 79
3.2.3 Intrinsic Material 83
3.2.4  Exirinsic Material 84
3.2.5 Electrons and Holes in Quantum Wells 87
3.3 Carrier Concentrations 89
3.3.1 The Fermi Level 89
3.3.2  Electron and Hole Concentration at Equilibrium 92
3.3.3 Temperature Dependence of Carrier Concentrations 97
3.3.4 Compensation and Space Charge Neutrality 99
3.4 Drift of Carriers in Electric and Magnetic Fields 100
3.4.1 Conductivity and Mobility 100
3.4.2  Drift and Resistance 105
3.43 Effects of Temperature and Doping on Mobility 106
3.4.4  High Field Effects 109
3.4.5 The Hall Effect 109
3.5 Invariance of the Fermi Level at Equilibrium 111
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4 EXCESS CARRIERS IN SEMICONDUCTORS 122

4.1 Optical Absorption 122
4.2 Luminescence 125
4.2.1 Photoluminescence 126

4.2.2 Electroluminescence 128
4.3 Carrier Lifetime and Photoconductivity 128
4.3.1 Direct Recombination of Electrons and Holes 129
43.2 Indirect Recombination; Trapping 131
4.3.3 Steady State Carrier Generation: Quasi-Fermi Levels 134
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4.4

43.4 Photoconductive Devices 136
Diffusion of Carriers 137
4.4.1 Diffusion Processes 138
442 Diffusion and Drift of Carriers; Built-in Fields 140
4.43 Diffusion and Recombination; Continuity Equation 143
4.4.4  Steady State Carrier Injection; Diffusion Length 145
4.45 The Haynes-Shockley Experiment 147
4.4.6  Gradientsin the Quasi-Fermi Levels 150

5 Juncrions 159

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

Fabrication of p-n Junctions 159
5.1 Thermal Oxidation 160
Diffusion 161
Rapid Thermal Processing 163
lon Implantation 164
Chemical Vapor Deposition (CVD) 167
Photolithography 168
Etching 171
. Metallization 173
Equilibrium Conditions 174
5.2.1 The Contact Potential 175
52.2 Equilibrium Fermi Levels 180
5.2.3 Space Charge at a Junction 180
Forward- and Reverse-Biased Junctions; Steady State 185
5.3.1 Qualitative Description of Current Flow at a Junction 185
532 Carrier Injection 189
5.3.3 Reverse Bias 198
Reverse-Bias Breakdown 200
5.4.1 Zener Breakdown 201
542 Avalanche Breakdown 202
543 Rectfifiers 205
5.4.4 The Breakdown Diode 208
Transient and A-C Conditions 209
5.5.1 Time Variation of Stored Charge 209
55.2 Reverse Recovery Transient 212
5.5.3  Switching Diodes 216
5.5.4  Capacitance of p-n Junctions 216
5.5.5 The Varactor Diode 221
Deviations from the Simple Theory 222
5.6.1 Effects of Contact Potential on Carrier Injection 223
5.6.2 Recombination and Generation in Transition Region 225
5.6.3 Ohmic Losses 227
5.6.4 Graded Junctions 228
Metal-Semiconductor Junctions 231
5.7.1 Schottky Barriers 231
5.7.2 Rectifying Contacts 233
5.7.3 Ohmic Contacts 235
5.7.4  Typical Schottky Barriers 237
Heterojunctions 238
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6 FIELD-EFFECT TRANSISTORS 257

6.1

6.2

6.3

6.4

Transistor Operation 258

6.1.1 The Load Line 259

6.1.2  Amplification and Switching 259
The Junction FET 260

6.2.1 Pinch-off and Saturatfion 261

6.2.2 Gate Control 263

6.2.3  Current voltage characteristics 265

The Metal-Semiconductor FET 261
6.3.1 The GaAs MESFET 267
6.3.2  The High Electron Mobility Transistor (HEMT) 268
6.3.3  Short Channel Effects 270
The Metal-Insulator-Semiconductor FET 271
6.4.1 Basic Operation and Fabrication 271
6.4.2 The ldeal MOS Capacitor 275
6.4.3  Effects of Real Surfaces 286
6.4.4 Threshold Voltage 289
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6.5

6.4.5 MOS Capacitance-Voltage Analysis 291
6.4.6 Time-dependent Capacitance Measurements 295

6.4.7  Current-voltage Characteristics of MOS Gate Oxides 296

The MQOS Field-Effect Transistor 299

. Output Characteristics 299

2  Transfer Characteristics 302

3 Mobility Models 305

4 Short Channel MOSFET |-V Characteristics 307
5  Confrol of Threshold Voltage 309

6  Substrate Bias Effects 312

7 Subthreshold Characteristics 316

.8 Equivalent Circuit for the MOSFET 318

9  MOSFET Scaling and Hot Electron Effects 321
.10 Drain-Induced Barrier Lowering 325

.11 Short-Channel and Narrow Width Effect 327
.12 Gate-Induced Drain Leakage 329

anced MOSFET structures 330

1 Metal Gate-High-k 330

2  Enhanced Channel Mobility Mat's and Strained Si FETs
3 SOI MOSFETs and FinFETs 333

7 BIPOLAR JUNCTION TRANSISTORS 348

7.1
7.2
7.3
7.4

7.5

7.6

7.7

7.8

7.9

Fundamentals of BJT Operation 348
Amplification with BJTs 352
BJT Fabrication 355

Minority Carrier Distributions and Terminal Currents 358
7.4.1 Solution of the Diffusion Equation in the Base Region 359
7.4.2  Evaluation of the Terminal Currents 361
7.43  Approximations of the Terminal Currents 364
7.4.4  Current Transfer Ratio 366

Generalized Biasing 367
7.5.1 The Coupled-Diode Model .368
7.5.2  Charge Control Analysis 373

Switching 375
7.6.1  Cutoff 376
7.6.2  Saturation 377
7.6.3  The Switching Cycle 378
7.6.4  Specifications for Switching Transistors 379

Other Important Effects 380
7.7.1 Drift in the Base Region 381
7.7.2  Base Narrowing 382
7.7.3  Avalanche Breakdown 383
7.7.4 Injection Level; Thermal Effects 385
7.7.5  Base Resistance and Emitter Crowding 386
7.7.6  Gummel-Poon Model 388
7.7.7  Kirk Effect 391
Frequency Limitations of Transistors 394
7.8.1 Capacitance and Charging Times 394
7.8.2  Transit Time Effects 397
7.8.3  Webster Effect 398
7.8.3  High-Frequency Transistors 398

Heterojunction Bipolar Transistors 400

8 Optoelectronic Devices 410

8.1
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Photodiodes 410
8.1.1 Current and Voltage in an lluminated Junction 411
8.1.2 Solar Cells 414
8.1.3 Photodetectors 417
8.1.4 Gain, Bandwidth, and S-N ratio of Photodetectors 419
Light-Emitting Diodes 422
8.2.1 Light Emitting Materials 423
8.2.2 Fiber Optic Communications 427
Lasers 430
Semiconductor Lasers 434
8.4.1 Population Inversion at a Junction 435
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8.4.2
8.4.3
8.4.4
8.4.5
8.4.6

Emission Spectra for p-n Junction Lasers
The Basic Semiconductor Laser 438
Heterojunction Lasers 439

Materials for Semiconductor Lasers 442
Quantum Cascade Lasers 444
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