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Preface

The book is an introduction to the physical principles of modern semiconductor devices

and their advanced fabrication technology It is intended as textbook for undergradu

ate students in applied physics electrical and electronics engineering and materials sci

ence It can also serve as reference for practicing engineers and scientists who need an

update on device and technology developments

WHATS NEW IN THE SECOND EDITION

50% of the material has been revised or updated We have added many sec

tions that are of contemporary interest such as flash memory Pentium chips

copper metallization and eximer-laser lithography On the other hand we

have omitted or reduced sections of less important topics to maintain the over

all book length

We have also made substantial changes in updating the pedagogy We have

adopted two-color format for all illustrations to enhance their presentation

and all important equations are boxed

All device and material parameters have been updated or corrected For

example the intrinsic carrier concentration in silicon at 300K is 9.65

iO cm replacing the old value of 1.45 1010 cm This single change has

an impact on at least 30% of the problem solutions

To improve the development of each subject sections that contain graduate-

level mathematics or physical concepts have been omitted or moved to the

Appendixes at the back of the book

TOPICAL COVERAGE

Chapter gives brief historical review of major semiconductor devices and

key technology developments The text is then organized into three parts

Part Chapters 23 describes the basic properties of semiconductors and

their conduction processes with special emphasis on the two most important

semiconductors silicon Si and gallium arsenide GaAs The concepts in Part

will be used throughout this book These concepts requires background

knowledge of modern physics and college calculus

Part II Chapters 49 discusses the physics and characteristics of all major

semiconductor devices We begin with the pn junction which is the key

building block of most semiconductor devices We proceed to bipolar and

field-effect devices and then cover microwave quantum-effect hot-electron

and photonic devices

Part III Chapters 1014 deals with processing technology from crystal growth

to impurity doping We presetit
the theoretical and practical aspects of the

major steps in device fabrication with an emphasis on integrated devices

iv
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Preface

KEYFEATURES

Each chapter includes the following features

The chapter starts with an overview of the topical contents list of learning

goals is also provided

The second edition has tripled the worked-out examples that apply basic con

cepts to specific problems

chapter summaiy appears at the end of each chapter to summarize the

important concepts and to help the student review the content before tackling

the homework problems that follow

The book includes about 250 homework problems over 50% of them new to

the second edition Answers to odd-numbered problems which have numeri

cal solutions are provided in Appendix at the back of the book

COURSE DESIGN OPTIONS

The second edition can provide greater flexibility in course design The book contains

enough material for full-year sequence in device physics and processing technology

Assuming three lectures per week two-semester sequence can cover Chapters 17 in

the first semester leaving Chapters 814 for the second semester For three-quarter

sequence the logical break points are Chapters 15 Chapters 6-9 and Chapters 1014

two-quarter sequence can cover Chapters 15 in the first quarter The instructor

has several options for the second quarter For example covering Chapters 11 12

13 and 14 produces strong emphasis on the MOSFET and its related process tech

nologies while covering Chapters 69 emphasizes all major devices For one-quarter

course on semiconductor device processing the instructor can cover Section 1.2 and

Chapters 1014
one-semester course on basic semiconductor physics and devices can cover

Chapters 17 one-semester course on microwave and photonic devices can cover

Chapters 14 79 If the students already have some familiarity with semiconductor fun

damentals one-semester course on Submicron MOSFET Physics and Technology can

cover Chapters 1014 Of course there are many other course design options depend

ing on the teaching schedule and the instructors choice of topics

TEXTBOOK SUPPLEMENTS

Instructors Manual complete set of detailed solutions to all the end-of

chapter problems has been prepared These solutions are available free to all

adopting faculty

The figures used in the text are available in electronic format to instructors

from the publisher Instructors can find out more information at the pub
lishers website at http //www.wiley.comlcollege/sze
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Introduction

Li SEMICONDUCTOR DEVICES

1.2 SEMICONDUCTOR TECHNOLOGY

SUMMARY

As an undergraduate in applied physics electrical engineering electronics engineering

or materials science you might ask why you need to study semiconductor devices The

reason is that semiconductor devices are the foundation of the electronic industry which

is the largest industry in the world with global sales over one trillion dollars since 1998

basic knowledge of semiconductor devices is essential to the understanding of advanced

courses in electronics This knowledge will also enable you to contribute to the Information

Age which is based on electronic technology

Specifically we cover the following topics

Four building blocks of semiconductor devices

Eighteen important semiconductor devices and their roles in electronic

applications

Twenty important semiconductor technologies and their roles in device

processing

Technology trends toward high-density high-speed low-power consumption

and nonvolatility

1.1 SEMICONDUCTOR DEVICES

Figure shows the sales volume of the semiconductor-devicebased electronic industry

in the past 20 years and projects sales to the year 2010 Also shown are the gross world

product CWP and the sales volumes of automobile steel and semiconductor indus

tries.2 We note that the electronic industry has surpassed the automobile industry in 1998

If the current trends continue in year 2010 the sales volume of the electronic industry

will reach three trillion dollars and will constitute about 10% of GWP The semiconductof

industry which is subset of the electronic industry will grow at an evei higher rate to

surpass the steel industry in the early twenty-first century and to constitute 25% of the

electronic industry in 2010
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If

GWP

io

Electronics

Automobiles

io Semiconductors

Steel

102

iO L..
1980 1990 2000 2010

Year

Gross world product GWP and sales volumes of the electronics automobile semicon

ductor and steel industries from 1980 to 2000 and projected to 2010.12

11.1 Device Building Blocks

Semiconductor devices have been studied for over 125 years.3 To date we have about

60 major devices with over 100 device variations related to them.4 However all these

devices can be constructed from sniali number of device building blocks

Figure 2a is the metal-semiconductor interface which is an intimate contact between

metal and semiconductor This building block was the first semiconductor device ever

studied in the year 1874 This interface can be used as rectifying contact that is the

device allows elects ical current to flow easily only in one direction or as an ohmic con

tact which can pass current in either direction with negligibly small voltage drop We

can use this interface to form many useful devices For example by using rectifying

contact as the gate and two ohmic contacts as the source and drain we can form MES

FET metal.sennconductor fIeld-effect transistor an important microwave device

undu

Oxide

icoviocror

Basic device building blocks Metal-semiconductor interface pn junction

heterojunction interface aod metal-oude semiconductor structure

The italicized terms in this paragraph
and in subsequent paragraphs are defined and explained in Part II

of the book
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Chapter rtroduction

se second building block is thep ye ictior Fig 2b wiich is formed bewiecn

p- type is ith positively charged car ieis and an n-tI/pc with negatively arged cam

ers semiconductors The pri junction is key building block for most semi onductor

devices and pn junction them1 serves as the fou idation of the physics of serriconduc

tur devices By combining two junctions that by adding another p-type scm

conductob we form the pnp bipolar transistor wlicli was invented in 1947 and had

an unprecedented impact on the electronic ndustiy If we combine three pn juT etions

to form npn structure it is switching device called thyristor

The third building block Fig 2c is the heteroji nction interface that is an inter

face formed between two dissimilar semiconductors For example we can use gallium

arsenide iGaAs and aluminum arsenide AlAs to form heterojunction Heterojunctions

are the key components for high-speed and pf otonic devices

Figure 2d shows the metal-oxide-semiconductor MOS structure The structure can

be considered combination of metal-oxide interface and an oxide-semiconductor inter

face By using the MOS structure as the gate and two junctions as the source and

drain we can form MOSFET MOS field-effect transistor The MOSFET is the most

important device for advanced integrated circuits which contains tens of thousands of

devices per integrated circuit chip

Major Semiconductor Devices

Some major semiconductor devices are listed in Table in chronological order those

with superscript are two-terminal devices otherwise they are three-teruunal or

four-terminal devices.3 The earliest systematic study of semiconductor devices metal-

semiconductor contacts is generally attributed to Bi aun3 who in 1874 discovered that

the resistance of contacts between metals and metal sulfides e.g copper pyrite depended

on the magnitude and polarity of the applied voltage The electroluminescence phe

nomenon for the light-emitting diode was discovered by Round6 in 1907 He observed

the generation of yellowish light froni ciystal of carborundom when he applied poten

tial of 10 between two points on the crystals

jo5 idcor

Year Semiconductor Devicea Authors/Inventors Ref

1874 Metal-semiconductor contact1 Braun

1907 Light emitting diode6 Round

1947 Bipolar transistor Bardeen Brattam and Shocidey

1949 junction6 Shockley

1952 Thyristor Ebers

1954 Solar cell1 Chapin Fuller and Pearson 10

1957 1-leterojunction bipolar transistor kroemner 11

1958 Tunnel dode6 Esaki 12

1960 MOSFET Kahog and Atalla 13

1962 Lased Hall ut al 15

1963 Heterostructure laser6 Kroenmer Alferom and Kazarinos 1617

1963 Transferred-electron diode6 Gunu 18

1965 MPYTT diode Johnston DeLoach and Cohen 19

continued
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Chapter Introduction

TABLE continued

Year Semiconductor Devicea Authors/Inventors Ref

1966 MESFET Mead 20

1967 Nonvolatile semiconductor memory Kahng and Sze 21

1970 Charge-coupled device Boyle and Smith 23

1974 Resonant tunneling diodeb ChangEsaki and Tsu 24

1980 MODFET Mimura et al 25

1994 Room-temperature single-electron
Yano et al 22

memory cell

2001 20 nm MOSFET Chau 14

MOSFET metal-oxide-semiconductor field-effect transistor MESFET metal-semiconductor field-effect transistor

MODFET modulation-doped field-effect transistor

bDenotes two-terminal device otherwise it is three- or four-terminal device

In 1947 the point-contact transistor was invented by Bardeen and Brattain.7 This

was followed by Shocldeyst classic paper on pn junction and bipolar transistor in 1949

Figure shows the first transistor The two point contacts at the bottom of the triangu

lar quartz crystal were made from two stripes of gold foil separated by about 50 .tm

1tm 10 cm and pressed onto semiconductor surface The semiconductor used

was germanium With one gold contact forward biased that is positive voltage with respect

to the third terminal and the other reverse biased the transistor action was observed

that is the input signal was amplified The bipolar transistor is key semiconductor device

and has ushered in the modem electronic era

In 1952 Ebers9 developed the basic model for the thyristor which is an extremely

versatile switching device The solar cell was developed by Chapin et al in 1954 using

silicon pn junction The solar cell is major candidate for obtaining energy from the

sun because it can convert sunlight directly to electricity and is environmentally benign

In 1957 Kroemer proposed the heterojunction bipolar transistor to improve the tran

sistor performance this device is potentially one of the fastest semiconductor devices

In 1958 Esaki2 observed negative resistance characteristics in heavily doped pn junc

tion which led to the discovery of the tunnel diode The tunnel diode and its associated

tunneling phenomenon are important for ohmic contacts and carrier transport through

thin layers

The most important device for advanced integrated circuits is the MOSFET which

was reported by Kaling and Atalla in 1960 Figure shows the first device using ther

mally oxidized silicon substrate The device has gate length of 20 pm and gate oxide

thickness of 100 nm nm iO cm The two keyholes are the source and drain con

tacts and the top elongated area is the aluminum gate evaporated through metal mask

Although present-day MOSFETs have been scaled down to the deep-submicron regime

the choice of silicon and thermally grown silicon dioxide used in the first MOSFET remains

the most important combination of materials The MOSFET and its related integrated

circuits now constitute about 90% of the semiconductor device market An ultrasmall MOS
FET with channel length of 20 nm has been demonstrated recently.4 This device can

serve as the basis for the most advanced integrated circuit chips containing over one tril

lion 1012 devices

In 1962 Hall et al.5 first achieved lasing in semiconductors In 1963 Kroemer6 and

Alferov and Kazarinov7 proposed the heterostructure laser These proposals laid the foun

dation for modern laser diodes which can be operated continuously at room tempera

ture Laser diodes are the key components for wide range of applications including
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Chapter Introduction

Fig The first transistor.7 Photograph courtesy of Bell Laboratories

Fig The first metal-oxide-semiconductor field-effect transistor.13 Photograph courtesy of

Bell Laboratories
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digital video disk optical-fiber communication laser printing and atmosphericpollution

monitoring
Three important microwave devices were invented or realized in the next years

The first device is the transferred-electron diode TED also called Gunn diode by Gunn8

in 1963 The TED is used extensively in such millimeter-wave applications as detection

systems remote controls and microwave test instmments The second device is the

IMPATT diode its operation was first observed by Jphnston et al.19 in 1965 IMPATT diodes

can generate the highest continuous wave CW power at millimeter-wave frequencies

of all semiconductor devices They are used in radar systems and alarm systems The third

device is the MESFET invented by Mead2 in 1966 It is key device for monolithic

microwave integrated circuits MMIC
An important semiconductor memory device was invented by Kahng and Sze2 in

1967 This is the nonvolatile semiconductor memory NVSM which can retain its stored

information when the power supply is switched off schematic diagram of the first NVSM

is shown in Fig.5a Although it is similar to conventional MOSFET the major differ

ence is the addition of thefloating gate in which semipermanentcharge storage is possible

Because of its attributes of nonvolatility high device density low-power consumption

and electrical rewritability e.g the stored charge can be removed by applying voltage

to the control gate NVSM has become the dominant memory for portable electronic

systems such as the cellular phone notebook computer digital camera and smart card

limiting case of the floating-gate nonvolatile memory is the single-electron mem

ory cell SEMC shown in Fig.5b By reducing the length of the floating gate to ultra-

Control gate

Floating gate pF

Source ______________________ Dn

Channel

n-type semiconductor

Control gate

Floating gate aF

Fig schematic diagram of the first nonvolatile semiconductor memory NVSM with

floating gate.21 limiting case of the floating-gate NVSMthe single-electron memory

cell.22

UMC 1223
UMC v. AICP



Chapter Introduction

small dimensions e.g 10 nm we obtain the SEMC At this dimension when an elec

tron moves into the floating gate the potential of the gate will be altered so that it will

prevent the entrance of another electron The SEMC is an ultimate floating-gate mem

ory cell since we need only one electron for information storage The operation of SEMC

at room temperature was first demonstrated by Yano et al.22 in 1994 The SEMC can

serve as the basis for the most advanced semiconductor memories that can contain over

one trillion bits

The charge-coupled device CCD was invented by Boyle and Smith23 in 1970 CCD
is used extensively in video cameras and in optical sensing applications The resonant tun

neling diode RTD was first studied by Chang et al.24 in 1974 RTD is the basis for most

quantum-effect devices which offer extremely high density ultrahigh speed and enhanced

functionality because it permits greatly reduced number of devices to perform given

circuit function In 1980 Minura et al.25 developed the MODFET modulation-doped

field-effect transistor With the proper
selection of heterojunction materials the MOD

FET is expected to be the fastest field-effect transistor

Since the invention of the bipolar transistor in 1947 the number and variety of semi

conductor devices have increased tremendously as advanced technology new materials

and broadened comprehension have been applied to the creation of new devices In Part

II of the book we consider all the devices listed in Table It is hoped that this book

can serve as basis for understanding other devices not included here and perhaps not

even conceived of at the present time

1.2 SEMICONDUCTORTECHNOLOGY

1.2.1 Key Semiconductor Technologies

Many important semiconductor technologies have been derived from processes invented

centuries ago For example the lithography process was invented in 1798 in this first

process the pattern or image was transferred from stone plate litho.26 In this sec

tion we consider the milestones of technologies that were applied for the first time to

semiconductor processing or developed specifically
for semiconductor-device fabrication

Some key semiconductor technologies are listed in Table in chronological order

In 1918 Czochralski27 developed liquid-solid monocomponent growth technique The

Czochralski growth is the process used to grow most of the crystals from which silicon

wafers are produced Another growth technique was developed by Bridgman28 in 1925

The Bridgman technique has been used extensively for the growth of gallium arsenide

and related compound semiconductor crystals Although the semiconductor properties

of silicon have been widely studied since early 1940 the study of semiconductor com

pounds was neglected for long time In 1952 Welker29 noted that gallium arsenide and

its related ITTV compounds were semiconductors He was able to predict their charac

teristics and to prove them experimentally The technology and devices of these com

pounds have since been actively studied

The diffusion of impurity atoms in semiconductors is important fo device process

ing The basic diffusion theory was considered by Fick3 in 1855 The idea of using dif

fusion techniques to alter the type of conductivity in silicon was disclosed in patent in

1952 by Pfann.3 In 1957 the ancient lithography process was applied to semiconductor-

device fabrication by Andrus.32 He used photosensitive etch-resistant polymers photoresist

for pattern transfer Lithography is key technology for the semiconductor industry The

continued growth of the industry has been the direct result of improved lithographic tech

nology Lithography is also significant
economic factor currently representing over 35%

of the integrated-circuit manufacturing cost
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TABLE Key Semiconductor Technologies

Year Technologya Authors/Inventors Ref

1918 Czochralski crystal growth
Czochralski 27

1925 Bridgman crystal growth Bridgman 28

1952 111-V compounds Welker 29

1952 Diffusion Pfann 31

1957 Lithographic photoresist
Andrus 32

1957 Oxide masking
Frosch and Derrick 33

1957 Epitaxial CVD growth Sheftal Kokorish and Krasilov 34

1958 Ion implantation Shocidey 35

1959 Hybrid integrated circuit Kilby 36

1959 Monolithic integrated circuit Noyce
37

1960 Planar
process

Hoerni 38

1963 CMOS Wanlass and Sah 39

1967 DRAM Dennard 40

1969 Polysilicon self-aligned gate
Kerwin Klein and Sarace 41

1969 MOCVD Manasevit and Simpson 42

1971 Dry etching Irving Lemons and Bobos 43

1971 Molecular beam epitaxy
Cho 44

1971 Microprocessor 4004 Hoff et al 45

1982 Trench isolation Rung Momose and Nagakubo 46

1989 Chemical mechanical polishing
Davari et al 47

1993 Copper interconnect Paraszczak et al 48

aCVD chemical vapor deposition CMOS complementary metal-oxide-semiconductor field-effect transistor DRAM

dynamic random access memory MOCVD metalorganic CVD

The oxide masking method was developed by Frosch and Derrick33 in 1957 They

found that an oxide layer can prevent most impurity atoms from diffnsing through it In

the same year the epitaxial growth process based on chemical vapor deposition technique

was developed by Sheftal et al.34 Epitaxy derived from the Greek word epi meaning on

and taxis meaning arrangement describes technique of crystal growth to form thin

layer of semiconductor materials on the surface of crystal that has lattice structure

identical to that of the crystal This method is important for the improvement of device

performance and the creation of novel device structures

In 1958 Shocldey35 proposed the method of using ion implantation to dope the semi

conductors Ion implantation has the capability of precisely controlling the number of

implanted dopant atoms Diffusion and ion implantation can complement each other for

impurity doping For example diffusion can be used for high-temperature deep-junction

processes whereas ion implantation can be used for lower-temperature shallow-junction

processes

In 1959 rudimentary integrated circuit IC was made by Kilby.36 It contained one

bipolar transistor three resistors and one capacitor all made in germanium and connected

by wire bondinga hybrid circuit Also in 1959 Noyce37 proposed the monolithic IC by

fabricating all devices in single semiconductor substrate monolith means single stone

and connecting the devices by aluminum metallization Figure shows the first mono

lithic IC of flip-flop circuit containing six devices The aluminum interconnection lines

were obtained by etching evaporated aluminum layer over the entire oxide surface using

the lithographic technique These inventions laid the foundation for the rapid growth of

the microelectronics industry
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Fig The first monolithic integrated circuit Photograph courtesy of Dr Moore

The planar process was developed by Hoemi38 in 1960 In this process an oxide

layer is formed on semiconductor surface With the help of lithography process por

tions of the oxide can be removed and windows cut in the oxide Impurity atoms will dif

fuse only through the exposed semiconductor surface and pn junctions
will form in the

oxide window areas

As the complexity of the IC increased we have moved from NMOS n-channel

MOSFET to CMOS complementary MOSFET technology which employs both

NMOS and PMOS p-channel MOSFET to form the logic
elements The CMOS con

cept was proposed by Wanlass and Sah in 1963 The advantage of CMOS technol

ogy is that logic elements draw significant current only during the transition from one

state to another e.g from to and draw very little current between transitions allow

ing power consumption to be minimized CMOS technology is the dominant technol

ogy for advanced ICs

In 1967 an important two-element circuit the dynamic random access memory

DRAM was invented by Dennard.4 The memory cell contains one MOSFET and one

charge-storage capacitor The MOSFET serves as switch to charge or discharge the capac

itor Although DRAM is volatile and consumes relatively high power we expect that DRAM

will continue to be the first choice among various semiconductor memories for nonportable

electronic systems in the foreseeable future

To improve the device performance the polysilicon self-aligned gate process was pro

posed by Kerwin et al.41 in 1969 This process not only improved device reliability it also

reduced parasitic capacitances Also in 1969 the metalorganic chemical vapor deposition
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MOCVD method was developed by Manasevit and Simpson.42 This is very important

epitaxial growth technique for compound semiconductors such as GaAs

As the device dimensions were reduced dry etching technique was developed to

replace wet chemical etching for high-fidelity pattern transfer This technique was initi

ated by Irving et aL4 in 1971 using CF4 gas mixture to etch silicon wafers Another

important technique developed in the same year is molecular beam epitaxy by Cho.44

This technique has the advantage of near-perfect vertical control of composition and dop

ing down to atomic dimensions It is responsible for the creation of numerous photonic

devices and quantum-effect devices

In 1971 the first microprocessor was made by Hoff et al They put the entire cen

tral processing unit CPU of simple computer on one chip It was four-bit micro

processor Intel 4004 shown in Fig with chip size of mm mm and it contained

2300 MOSFETs It was fabricated by p-channel polysilicon gate process using an im
design rule This microprocessor performed as well as those in $300 000 IBM comput

ers of the early 1960seach of which needed CPU the size of large desk This was

major breakthrough for the semiconductor industry Currently microprocessors con

stitute the largest segment of the industry

Fig The first microprocessor.4 Photograph courtesy of Intel Corp
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Since early 1980 many new technologies have been developed to meet the require

ments of ever-shrinking minimum feature lengths We consider three key technologies

trench isolation chemical-mechanical polishing and the copper interconnect The trench

isolation technology was introduced by Rung et al.46 in 1982 to isolate CMOS devices

This approach eventually replaced all other isolation methods In 1989 the chemical-

mechanical polishing method was developed by Davari et al.47 for global planarization

of the interlayer dielectrics This is key process for multilevel metallization At submi

cron dimensions widely known failure mechanism is electrornigration which is the trans

port of metal ions through conductor due to the passage of an electrical current Although

aluminum has been used since the early 1960s as the interconnect material it suffers

from electromigration at high electrical current The copper interconnect was introduced

in 1993 by Paraszczak et aL48 to replace aluminum for minimumfeature lengths approach

ing 100 nm In Part III of this book we consider all the technologies listed in Table

1.2.2 Technology Trends

Since the beginning of the microelectronics era the smallest line width or the minimum

feature length of an integrated circuit has been reduced at rate of about 13% per year.49

At that rate the minimum feature length will shrink to about 50 nrn in the year 2010

Device miniaturization results in reduced unit cost per circuit function For example the

cost per bit of memoiy chips has halved evesy years for successive generations of DRAMs

As device dimension decreases the intrinsic switching time also decreases The device

speed has improved by four orders of magnitude since 1959 Higher speeds lead to

expanded IC functional throughput rates In the future digital ICs will be able to per
form date processing and numerical computation at terabit-per-second rates As the device

becomes smalle it consumes less power Therefore device miniaturization also reduces

the energy used for each switching operation The energy dissipated per logic gate has

decreased by over one million times since 1959

Figure shows the exponential increase of the actual DRAM density versus the year

of first production from 1978 to 2000 The density increases by factor of every

18 months If the trends continue we expect that DRAM density will increase to Gb

in the year
2005 and to 64 Gb around the year 2012 Figure shows the exponential

increase of the microprocessor computational power The computational power also

increases by factor of every 18 months Currently Pentium-based personal com

puter has the same computational power as that of supercomputer CRAY of the late

1960s yet it is three orders of magnitude smaller If the trends continue we will reach

100 GIP billion instructions per second in the year 2010

Figure 10 illustrates the growth curves for different technology drivers.50 At the begin

ning of the modern electronic era 19501970 the bipolar transistor was the technol

ogy driver From 1970 to 1990 the DRAM and the microprocessor based on MOS devices

were the technology drivers because of the rapid growth of personal computers and

advanced electronic systems Since 1990 nonvolatile semiconductor memory has been

the technology driver mainly because of the rapid growth of portable electronic systems
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Ii
1950 1970 1990 2010 2030

Year

Growth curves for different technology drivers50

Although the semiconductor-device field is relatively new area of study it has enor

mous impact on our society
and the global economy This is because semiconductor devices

serve as the foundation of the largest industry in the worldthe electronic industry

In this introductory chapteg we have presented historical review of major semi

conductor devices from the first study of metal-semiconductor contact in 1874 to the fab

ncation of an ultrasmall 20-nm MOSFET in 2001 Of particular importance are the

invention of the bipolar transistor in 1947 which ushered in the modern electronic era

the development of the MOSFET in 1960 which is the most important device for inte

grated circuits and the invention of the nonvolalite semiconductor memory in 1967 which

has been the technology driver of the electronic industry since 1990

Semiconductor devces and materials lia been studied since the cash nineteenth century How ever

mossy
traditional devices and materials have been studied for much longer time For example

steel as

first studied in 12X BC over 3000 years ago
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We have also described key semiconductor technologies The origins
of many tech

nologies can be traced back to the late eighteenth and early nineteenth centuries Of

particular importance are the development of the lithographic photoresist in 1957 which

established the basic pattern-transfer process for semiconductor devices the invention

of the integrated circuits in 1959 which was seminal to the rapid growth of the micro

electronic industry and the developments of the DRAM in 1967 and the microproces

sor in 1971 which constitute the two largest segments of the semiconductor industry

We have vast literature on semiconductor-device physics and technology.5 To date

more than 300000 papers have been published in this field and the grand total may reach

one million papers in the year 2012 In this book each chapter deals with major device

or key technology Each is presented in clear and coherent fashion without heavy

reliance on the original literature However we have selected few important papers at

the end of each chapter for reference and for further reading
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Energy Bands and Carrier

Concentration in Thermal

Equilibrium

2.1 SEMICONDUCTOR MATERIALS

2.2 BASIC CRYSTAL STRUCTURE

2.3 BASIC CRYSTAL GROWTH TECHNIQUE

2.4 VALENCE BONDS

25 ENERGY BANDS

2.6 INTRINSIC CARRIER CONCENTRATION

2.7 DONORS AND ACCEPTORS

SUMMARY

In this chapter we consider some basic properties of semiconductors We begin with

discussion of crystal structure which is the arrangement of atoms in semiconductor

This is followed by brief description of the crystal growth technique We then present

the concepts of valence bonds and energy bands which relate to conduction in semi

conductors Finally we discuss the concept of carrier concentration in thermal equilib

rium These concepts are used throughout this book

Specifically we cover the following topics

Element and compound semiconductors and their basic properties

The diamond structure and its related crystal planes

The bandgap and its impact on electrical conductivity

The intrinsic carrier concentration and its dependence on temperature

The Fermi level and its dependence on carrier concentration

2.1 SEMICONDUCTOR MATERIALS

Solid-state materials can be grouped into three classesinsulators semiconductors and

conductors Figure shows the range of electrical conductivities and the corresponding

resistivities 1/a0 associated with some important materials in each of the three classes

Insulators such as fused quartz and glass have very iow conductivities on the order of

list of symbols is given in Appendix

17
UMC 1223

UMC v. AICP



18 Chapter Energy Bands and Carrier Concerlration in Thermal Equlibrium

lirsie sIts cm

io8 io io 1012 1010 io 106 102 io 10 io

Germanium Ge her

Glass

Aickel oxide
Silicon Si upper

pure
Diamond Calliuni arsenide GaAs Aluminum

pure
Gallium phoaphide GaP Platinum

Sulfur

Fused
Cadmium sulfide GdS Bhmuth

quartz

10 10 10 10-12 10 10 10 i0 10 102 i0 i06 i0

Conductivity 1S/ein

Insulator Conductor

Typical range of conductivities for insulators semiconductors and conductors

1018 1O S/cm and conductors such as aluminum and silver have high conductivities

typically from 1O to iO S/cm Semiconductors have conductivities between those of insu

lators ar those of conductors The conductivity of semiconductor is generally sensi

tive to temperature illumination magnetic field and minute amounts of impurity atoms

typically about tg to of impurity atoms in kg of semiconductor materials This

sensitivity in conductivity makes the semiconductor one of the most important materi

als for electronic applications

211 Eement Semicorductors

The study of semiconductor materials began in the early nineteenth century Over the

years many semiconductors have been investigated Table shows portion of the periodic

table related to semiconductos The element semiconductors those composed of single

Period Column 11 UI IV VI

Boron Carbon Nitrogen Oxygen

Mg Al Si

Magnesium Aluminum Silicon Phosphorus Sulfur

Zn Ca Ge As Se

Zinc Gallium Germanium Arsenic Selenium

Cd In Sn Sb Te

Cadmium Indium Tin Antimossy Tellurium

Hg Pb

Mercury Lead

The international system of units js presu ited in typendix
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spccics of ato such as silicoi ir ge man Cc can found in Column

In the earls 950s germaniun as thc mag semiconductor irate ial Since tile early

1960s iii no has becoinc practical substitute and has now virtually supplar ted germa
tine as material for semiconductor fhbrication The man reasons se non use silicon

are that silicon deviens xhibit htter properties a1 room emperatare and igh-ounlitv

silicon dioxide can be grown thernrallv Therc is also an economic consideration Des ce

grade silicon costs ir ueh less than any other semiconductor material Sd con in the form

of silica and silicates comprises 25% of the barth crust and silicon is second oniy to

orygen in abundance Currently silicon is one of the most studied ek ments it the peri
odic table and silicon technology is be far the most advanced among all semiconductor

technologies

21 Compound Semiconductors

In recent years number of co ripo nd seinicoiiductors have found applications for ear

ions devices The important compound semiconductors as well as the two element semi

conductors are listed2 in Table binary compound semiconductor is combination

of two elements from the periodic table For example gallium arsenide GaAs is III

compound that is combination of gallium from Column HI and arsenic As from

Column
In addition to binai compounds ternary compounds and quaternasy compounds

are made for special applications The alloy semiconductor AlGa1 As which has Al and

Ga from Column III and As from Column is an example of tenaiy compound whereas

quaternaiy compounds of the form AB1 C1D1 can be obtained from combination of

many binary and ternary compound semiconductors For example GaP InP InAs plus

GaAs can be combined to yield the alloy semiconductor Gajn1 As9P1 Compared with

the element semiconductors the preparation of compound semiconductors in single-crystal

form usually invoses much more complex processes

Many of the compound semiconductors have electrical and optical properties that

are different from silicon These semiconductors especially GaAs are used mainly for

high-speed electronic and photonic applications Although we do not know as much about

the technology of compound semiconductors as we do about that of silicon advances in

silicon technology have also helped progress in compound semiconductor technology In

this book we are concerned mainly with device ph sics and processing technology of sil

icon and gallium arsenide

The semiconductor materials we will be studying are single crystals that is the atoms

are arranged in three-dimensional periodic fashion The periodic arrangement of

atoms in crystal is called lattice In crystal an atom never strays
far from single

fixed position The thermal vibrations associated with the atom are centered about this

position For givemi semiconductom there is unit cell that is rcpresentatiee of the entire

lattice by repeating the unit cell throughout the crystal one can generate the stire

lattice

221 Unit CeO

generalized primitive three-dimensional unit ccl is shown in Fig Thc relationship

between this cell and the lattice characterized by three vectors and em hich need
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General Semiconductor

Classification Symbol Name

Element Si Silicon

Ge Germanium

Binamy compound

TV-tv SiC Siliconcarbide

111-V AlP Aluminumphosphide

AlAs Aluminum arsenide

A1Sb Aluminum antimonide

GaN Gallium nitride

GaP Gallium phosphide

GaAs Gallimu areside

GaSh Gallium antimonide

InP Indium phosphide

InAs Indium arsenide

InSb Indium antimormide

IT-VT ZoO Zincoxide

ZnS Zinc sulfide

ZnSe Zinc selenide

ZnTe Zinc teliuride

CdS Cadmium sulfide

CdSe Cadmium selenide

CdTe Cadmium telluride

HgS Mercumy sulfide

IV-VI PbS Lead sulfide

PbSe Lead selenide

PbTe Lead telluride

Ternamy compound AlGa1As Aluminum gallium arsenide

A1In1 As Alumimim indium arsenide

GaAs 1P Gallium arsenic phosphide

Gallium indium arsenide

Gajn1P Gallium indium phosphide

Quaternary compound AlGa1As5Sb11 Aluminum gallium
arsenic antimonide

GaIn1 As Gallium indium arsenic phosphide

generalized primitive
unit cell
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tot be perpend cular to cad othc and whie may or may em ua engt er

eqi ivalent latt cc point in the thr c-di nensiona crystal can he found usng the set

Rrnanbpc
where and are integers

Figure shows some basic cubic-crystal unit cells Fgure 3a shows simple cubic

se eiystaL it has an atom at each corner of the cubic lattice and each atom has six equidis

tant nearest-neighbor atoms The dimension is called the lattice constant In the peri

odic table only polonium is crystallized in the simple cubic lattice Figure 3b is

body-centered cubic bce crystal where in addition to the eight corner atoms an atom

is located at the center of the cube In bce lattice each atom has eight nearest-neighbor

atoms Crystals exhibiting bee lattices include those of sodium and tungsten Figure 3c

shows the face-centered cubic fcc crystal that has one atom at each of the six cubic faces

in addition to the eight corner atoms In this case each atom has 12 nearest-neighbor

atoms large number of elements exhibit the fcc lattice form including aluminum cop

per gold and platinum

If we pack hard spheres in bce lattice such that the atom in the center lust
touches the atoms at

the corners of the cube find the fraction of the bcc unit cell volume filled with hard spheres

Each corner sphere in bee unit cell is shared with eight neighboring cells thus each

unit cell contains one-eighth of sphere at each of the eight corners for total of one sphere In

addition each unit cell contains one central sphere We have the following

Spheres atoms per unit cell 1/8 corneh centerl

Nearest-neighbor distance along the diagonal AE in Fig 3h a\ 3/

Radius of each sphere

Volume of each sphere 4xi3 /43 a/16 and

Maximum fraction of unit cell filled Number of spheres volume of each sphere/total olume

of each unit cell 2nuV/16 \//8 068

Therefore about 68% of the bce unit cell volume is filled with hard spheres aod about 32% of

the volume is eniph

Three cubic-crystal unit cells Simple cubc Body-centered cubic Face-

centered cubic
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222 The Diamond Structure

The element semiconductors silicon and ger nanium ave diamond lattice structure

as shonm in Fig 4a This stnicture also belongs to the crystal family and car be se

es two inteenetrating fcc coblattices with 01 sublattice displaced froni the other

one-quatter of the distance along the body diagonal of the cube ic displacement of

aV/4 Although chemically identical the sets of atoms belonging to the two sub-

lattices are different from the point view of the crystal structure It can he seen in Fig

4a that if corner atom has one nearest neighbor in tire body diagonal direction then it

has no nearest neighbor in the reverse direction Consequently it requires two such atoms

in the unit cell Alternatively unit cell of diamond lattice consists of tetral edron in

which each atom is surrounded by four equidistant nearest neighbors that lie at the cor

ners refer to the spheres connected by darkened bars in Fig 4a
Most of the Ill-V compound semiconductors ce.g GaAs have zincblende lattice

shown in Fig 4b which is identical to diamond lattice except that one fec sublattice

has Column III atoms Ga and the other has Column atoms As Appendix at the

end of the book gives summari of the lattice coustar ts and other properties of impor

tant element and binary compound semiconductors

At 300 the lattice constant for silicon ii 5.43 Calcu ate the number of silicon atoms per cubic

centimeter and the density of silicon at room temperatore

There are eight atoms per unit cell Therefore

8/a 81543 10 1022 atoios/cm3 and

Density no of atoms/cm3 atonnc weight/Avogadro constant 10u atoms/cm3

28.09 g/mol/6.O2 1023 atoms/mol 33 gcin3

223 Crysta Panes and Miller hidces

In Fig 3b we note that there are four atoms in the ABCD plane and five atoms in the

ACEF plane four atoms from the corners and one from the center aid that the atomic

spacing is different for the two planes Therefore the crystal properties along different

planes are different and the electrical and other device characteristics can be dependent

Diamond lattic Ziiicblende lattice

UMC 1223
UMC v. AICP



Chapt nergy Bards and arrhr Concert atoi eriial Eqw briurr 23

or the vs rientation on nicnt in iod delia ng va ous planes in ass

al is se \Izllcr inc/ices These indices are obtained using tIe following steps

Find the intercepts of the plas on the three Cartesian eoordi iates in terms

of the lattice constant

Take the rmiprocals of these numbers and reduce them to the smallest three

integers having tIe same ratio

Enclose tIe result in parentheses hkl as the Miller indices for single plane

As shown in Fig the plane has
intercepts

at 3a and 2a along the three coordinates Taking

the reciprocals of these
intercepts we get ii and /2 he smallest three integers having the same

ratio are and obtained by multiplying each fraction by Thus the plane is referred to as

623-plane

Figure shows the Miller indices of important planes in cubic ciystal Some other

conventions are the following

hkl For plane that intercepts the x-axis on the negative de of the orin
such as 100

hJcl For plasses of equivalent symmetry such as l00 for 100 010 001
100 010 and 001 in cubic synsmetiy

For crystal direction such as for the r-axis By definition the

is perpendicular to 100-plane and the is per

pen rhiciiiar to the 111-plane

hkl For full set of equivalent directions such as 100 for

and

2a

623-crystal plane

In Chapter we shoe that the 1001 orientation eferred fos silicon metal Osk c-sc iiconductor Jell

effect transistors MOSFET/
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çiOO HO 111

Miller indices of some important planes
in cubic crystal

In this section we consider briefly how we grow semiconductor crystals specifically
the

silicor crystal because 95% of the semiconductor materials ised by tile electronic indus

tiy is silicon

The starting
material for silicon is relative1 pure form of sand Si02 called quartzite

It is mixed with various forms of carbon and allowed to react to form silicon 98% pure

SiC Si02 Si so1id SiO gas CO gas

The silicon product is reacted with hydroger chloride to form trichlorosilane

Si solid HCI gas SiIIC13gas H9gas

The trichiorosilane is decomposed using an electric cuient in charobr with controlled

ambient producing rods of ultrapure polycrystallice
silicon i.e silicon material that con

tains many single-crystal regions with different size and orientation with respect to one

another

SiHC13 gas H9gas Si solid HC gas

The polycrystalhine silicon is now ready for the crystal-growing process Figure shows

many pieces of polyciystalline silicon in silica Si02 crucible

Photograph of pohcrystalline

silicon in silica crucible
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ie most common crystal gios th method is tIe C7ochralsln technique Figure shows

sc semnatic drawing oF Czochralsld ystal puller The cruet ile containing the poiycxys

talline silicon is heated either by radio frequency induction or by thermal resistance

method to the melting point of silicon 1412C The crucible rotates during the growth
to prevent the formation of local hot or cold regions

The atmosphere around the ciystai-growing apparatus or crystal puller is controlled

to prevent contamination of the molten silicon Argon is often used as the ambient gas
When the temperature of the silicon has stabilized piece of silicon with suitable on

entation 111 which is called the seed crystal is lowered to the melt and is the

starting point for the subsequent growth of much larger cry
staL As the bottom of the

seed crystal begins to melt in the molten silicon the downward motion of the rod hold

ing the seed is reversed As the seed crystal is slowly withdrawn from the melt Fig
the molten silicon adhering to the crystal freezes or solidifies using the

crystal structure

of the seed crystal as template The seed crystal is therefore used to initiate the growth
of the ingot with the correct crystal orientation The rod continues its upward movement

forming an even larger crystal The crystal growth is terminated when the silicon in the

crucible is depleted By carefully controlling the temperature of the crucible arid the rota

tion speeds of the crucible and the rod precise control of the diameter of the crystal can

be maintained Figure 10 shows 200 mm diameter silicon crystal ingot The desired

impurity concentration is obtained by adding impurities to the melt in the form of heav

ily doped silicon prior to crystal growth more detailed discussion on the crystal growth
of silicon as well as other semiconductors can be founded in Chapter 10

itccw
Seal

Front opening Argon
door

Front opening

chamber

Seed shaft

ed holder

Seed
\acnum pomp

Salve Optical system

\iewing port Argon

Silica crucible

Graphite crncible

Graphite heater

Thermal shield

Vacnum pnmp
Crnciblc shaft cw Ar SiO CO

Simplified schematic drawing of the Czochralski poller Clockwise CW
counterclockwise CCW
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As discussed Sect on 22 each ato in diamo1 lattice is as riounded by four no ir

est neighbors Figure show the teti ahedron onds of diamond lattice simpli

fied wio diim nsional bonding diagram for the tetrahedron is shown in Fig lb Each

atom has four electrons in the outc orbit and each atom shares theses salence electrons

with its four neighbors This shanng of electrons is known as coca/cut bonding each electron

pair constitutes cos alent bond Cosalent bonding occurs between atoms of the same

element or betu een atoms of different elements -tat have similar outer-shell electron

configurations Each electron spends an equal amount of time with each nucleus Howeser

both electrons spend most of their time between the tsso nuclei The force of attraction

for the electrons both nuclei holds the tss atoms together

Gallium arsenide crystallizes in ainchleude lattice which also has tetrahedron bonds

The major bonding Ibice in GaAs is also due to the covalent bond However gallium

arsenide has small ionic contribution that is an electrostatic attractive force between

each Ga ion and its four neighboring As ions or between each As ion and its four neigh

boring Ga ions Electronically this means that the paired hondtwg electrons spend slightly

more time in tl As atom than in the Ga atom

At low temperatures the elections are bound in their respective tetiahedron lattice

consequently they are not available for conduction At higher temperatures thermal vibra

tions may break the covalent bonds When bond is broken or partially broken free

electron results that can participate in current conduction Figure 12a shows the situa

tion when salence electron in silicon becomes free electron An electron deficiency

is left in the covalent bond This deficiency may be filled by one of the neighboring

electrons which results in shift of the deficiency location as from locatior to loca

tion in Fig 12/i We may therefore consider this deficiency as particle similar to an

electron This fictitious particle is called hole It carries positive charge and moves
under the influence of an applied electric field in the direction opposite to that of an

electron Therefore both the electron and the hole contribute to the total electric cur

rent The concept of hole is analogous to that of bubble in liquid Although it is

actually the liquid that moses it is much easier to talk about the motion of the bubble

in the opposite direction

/O

III1IG

tetrahedi on bond Schematic two dimensional representation of tetrahedi or

bond
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25i Energy Leveis of soated Atoms

For an isolated atom the electrons can axe discrete energy lesels For example the energy

les els for an isolated hydrogen atom are given by the Bohr model4

F11 in0 q4/8eh2n2 _13.6/n2 e\ç

where m0 is the free-electron mass is the electronic charge is the free-space per

mittivith is the Planck constant and is positive integer called the principal quan

tum number The quantity eV electron oh is an energy unit corresponding to the energy

gained by an electron when its potential is increased by one volt It is equal to the prod

uct of 1.6 1019 coulomb and one olt or 1.6 1ri9 The discrete energies are

13.6eV for the ground state energy
level 3.4 eV for the first excited-state energy

level ii etc Detailed studies reveal that for higher principle quantum numbers

energy
levels are split according to their angular momentum quantum number

f012 nI
now consider two identical atoms When they are far apart the allowed energy

levels for given principal quantum number e.g consist of one doubly degen

erate level that is both atoms have exactly the same energy When they aic brought closer

the doubly degenerate energy levels will spilt into two levels by the interaction between

the atoms As isolated atoms are brought together to form solid the orbits of the

outer electrons of different atoms overlap and interact with each other This interaction

including those forces of attraction and repulsion betss ecu atoms causes shift in the

energy levels as in the case of two interacting atoms However instead of two levels

separate but closely spaced levels are formed When is large the result is an essen

tially continuous band of energy This band of levels can extend over few eV depend

ing on the inter-atomic spacing for the crystal Figure 13 shows the effect where the

parameter represents the equilibrium interatomic distance of the crystal

The actual band splitting in semiconductor is much niore complicated Figure 14

shows an isolated silicon atom that has 14 electrons Of the 14 electrons 10 occupy deep-

lying energy levels whose orbital radius is much smaller than the interatomic separation

in the crystal The four remaining alence electrons are relatively wealdy bound and can

be ins olved in chemical reactions Therefore we only need to consider the outer shell

ic cfldUctOi

e1ectron vi

I1
ll tronl

The basic bond reprc sentabon of intniisic silicon broken bond at position

resulting in conduction electron and hole broken bond at position
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interatorric distance

The splitting of degenerate state into band of allowed energies

the level for the valence electrons since the two inner shells are completely full

and tightly bound to the nucleus The 3s subshell forn and has two allowed

quantum states per atom This subslrell will contain two valence electrons at

The 3p subshell i.e and has six allowed quantum states per atom This

subshell will contain the remaining two valence electrons of an individual silico atom

Figure 15 is schematic diagram of the formation of silicon crystal from isolated

silicon atoms As the interatomic distance decreases the 3s and 3p subshell of the sil

icon atoms will interact and overlap At the equilibrium interatomic distance the bands

will again split with four quantum states per atom in the lower band and four quantum
states per atom in the upper band At temperature of absolute zero electrons occupy
the lowest energy states so that all states in the lower band the valence band will he

full and all states in the upper band the conduction band will be empty The bottom of

the conductiomi band is called and the top of the valence band is called Ev The handgap

energy Eg betis een the bottom of the conduction band and the top of the valence band

E0 E1 is the width of the forbidden energy gap as shown on the far left of Fig 15

Physically Egis
the energy required to break bond in the semiconductor to free an elec

tron to the conduction band and leave hole in the valence band

electrons elections electrons

Schematic representation of an isolated silicon atom
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Electroii

en gv

electrons

5.43 Lattice spacing

Formation of energy bands as diamond lattice ciystal is formed by bringing isoated

silicon atoms together

252 The EnergyMomentum Diagram

The energy of free electron is gri en by

2m
where is the momentum and rn0 is the free-electron mass If we plot vs we obtain

parabola as shown in Fig 16 In semiconductor ciystal an electron in tile conduc

tion band is similarto free electron in that it is relatis ely free to move about in the crys

tal However because of the periodic potential of the nuclei Eq can no longer be mAid

llowes er it turns out that we can still use Eq if we replace the free-electron mass in

Eq by an effective mass rn the subscript refers to the negative charge on an elec

tron that is

op
The paiaholic ener vs momentum curve for free electron
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electron effectise nass dp di on th ropertes of se ye ictor If ha

an enerry-moments ii relationship described h1 Eq is can obta tim effmtive mass
from the second deidsatise of with respect to

iii

dp2

Therefore the narrower the parabola corresponding to larger second derivative

the smaller the effective mass similarexpression can be written for holes with effec

tive mass where the subscript refers to the positive charge on hole The effective

mass concept is very useful because it enables us to treat electrons and holes essentially

as classical charged particles

Figure 17 shows simplified energy-momentum relationship of special seinicon

ductor with an electron effective mass of rn 0.25
in0 in the conduction band the upper

parabola and hole effective mass of m0 in the valence band the lower parabola
Note that the electron energy is measured upward and the ole energy is measured down
ward The spacing at between these two parabolas is the handgap F0 shown pre
viouslv in Fig 15

The actual energy-momentum relationships also called enmgy-band diagram for sil

icon and gallium arsenide are much mnore complex They are shown in Fig 18 for two crys
tal directions We note that the general features in Fig 18 are similar to those in Fig 17

First of all there is bandgap F5 between the bottom of the conduction band and the top
of the valence hand Second near the minimum of the conduction band or the maximum
of the valence band the F-p curves are essentially parabolic For silicon Fig iSa the max
imum in the valence band occurs at hut the minimum in the conduction baud occurs

along the direction at Therefore in silicon when an electron makes transi

tion from the maximum point in the valence band to the minimum point in the conduc

tion it requires not only an energs change F5 but also some momentum change pal

Conduction band

0.25 in0

hole

energy

Valence band

schematic energy-momentum diagrani for special semiconductor with ni 25 in0

and in rn0
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Conductior Conduction

hand band

nce008
Pc

Moe entum Momentum

Ener band structures of Si and GaAs Circles indicate holes in the valence bands

and dots indicate electrons in the conduction bands

For gallium arsenide Fig 18b the maximum in the valence band and the minimum

in the conduction hand occur at the same momentum Thus an electron mak

ing transition from the valence band to the conduction band can do so without change

in momentum

Gallium arsenide is called direct semiconductor because it does not require change

in momentum for an electron transition from the valence band to the conduction band

Silicon is called an indirect semiconductor because change of momentum is required

in transition This difference between direct and indirect band structures is very inipor

tant for light-emitting diodes and semiconductor lasers These devices require direct semi

conductors for efficient generation of photons refer to Chapter

We can obtain the effective mass from Fig 18 using Eq For example for gallium

arsenide with very narrow conductionband parabola the electron effective mass is

063 m0 where for silicon with wider conductionband parabola the electron effec

tive mass is 19 in0

253 Conduction in Metas Semiconductors and nsuators

The enormous variation in electrical conductivity of metals semiconductors and insu

lators as shown in Fig may be explained qualitatively in terms of their energy bands

We shall see that the electron occupation of the highest band or of the highest two bands

determines the conductivity of solid Figure 19 shows the energy band diagrams of three

classes of solidsmetals semiconductors and insulators

Metals

The characteristics of metal also called conductor include very low value of resis

tivity and the conduction band either is partially
filled such as Cu or overlaps the valence

band such as Zn or Pb so that there is no bandgap as shown in Fig 19a As conse
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quence the pperri st ectrons in the partia ly filled bs oi vieetrons the top of th

valence band can move to the exrihigher ailab energy level when they gar
kmet

eneigy e.g from an applied electric field Electrons are free to move with only small

applied field in metal because there are many unoccupied states close to the occupied

energy states Therefore current conduction can readily occur in conductors

Insulators

In an insulator such as silicon dioxide Si02 the valence electrons form strong bonds

between neighboring atoms These bonds are difficult to break and consequently there

are no free electrons to participate in current conduction at or near room temperature
As shown in the energy band diagram Fig 19c insulators are characterized by large

bandgap Note that electrons occupy all energy levels in the valence band and all energy
levels in the conduction band are empty Thermal energy or the energy of an applied

electric field is insufficient to raise the uppermost electron in the valence band to the

conduction band Thus although an insulator has many vacant states in the cond iction

band that can accept electrons so few electrons actually occupy conduction baud stares

that the overall contribution to electrical conductivity is very small resulting in cry

high resistivity Therefore silicon dioxide an insulator it can not conduct current

Semiconductors

Now consider material that has much smaller energy gap on the order of eV

Fig 19b Such materials are called semiconductors At all electrons are in the

valence band and there are no electrons in the conduction band Thus semiconductors

are poor conductors at low temperatures At room temperature and under normal atmm

sphere values of E5 are 1.12 eV for Si and 1.42 eV for GaAs The thermal energy kT at

room temperature is good fraction of E5 and an appreciable numbers of electrons are

thermally excited from the valence band to the conduction band Since there are many

empty states in the conduction band small applied potential can easily move these elem

trons resulting in moderate current

Empty
conduction band

Partially filled
Concluctioi band

conduction band

E1eV EgbeV
Conduction band

Valence band

__________ Fed

_j valence band

Valence band

Schematic energy band representations of conductor with tn possibilities either

the partially filled conduction band shown at the upper portion or the o\erlapping bands shown

at the lower portion hI semiconductor and an insulator

The thermal emu is of the ordei of kT At room temperature kT ii 0.026 eV which is such smaller

than the bandgap of an insulatoi
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We now dens the carrier concentration in thermal equilibrium condition that is the

steady-state condition at given temperature without aii external excitations such as light

pressure or electric field At given tempeiature continuous thermal agitation
results

in the excitation of cit ctrons from the valence bar to the couductiou hand end laes

an equal number of holes in the valence band An intrinsic semiconductor is one that

contains relatively small amounts of impurities compared with the thermally generated

electrons and holes

To obtain the electron density i.e the number of electrons per unit olunie in an

intrinsic seiniconductoi we first evaluate the electron density in an incremental energy

range dE This density is givcn by the product of the density of states NE that is

the density of allowed energy states including electron spin per energy range per unit

volume and by the probability of occupying that energy range FE Thus the electron

density in the conduction band is given by integrating NE F1E dE from the bottom of

the conduction band initially taken to be or simplicit to the top of the con

duction band

nEdE NEFEdE

where ii is in cm and NE is in cmmeV
The probability that an electron occupies an electronic state with energy is given

by the FermiDirac distribution function which is also called the Fermi distribution

function

FE ierL1 10

where is the Boltzmann constant is the absolute temperature in degrees Kelvin and

is the energy of the Fermi level The Fermi energy is the energy at which the prob

ability
of occupation by an electron is exactly one-half The Fermi distribution is illus

trated in Fig 20 for different temperatures Note that FE is symmetrical around the

Fermi energy EF For energies that are 3/cT above or below the Fermi energy the expo

nential term in Eq 10 becomes larger than 20 or smaller than 0.05 respectively The

Fermi distribution function can thus be approximated by simpler expressions

FiE r51tr for E1 3/cT lie

and FE -F5/mr for 3/cT lib

Equation llb can be regarded as the probability that hole occupies state located at

energy

Figure 21 shows schematically from left to right the band diagram the density of

states NE which varies as for given electron effective mass the Fermi distribu

tion function and the carrier concentrations for an intrinsic semiconductor The carrier

concentration can be obtained graphically from Fig 21 using Eq that is the product

of NE in Fig 21b and FE in Fig 21c gives the nE-versus curve upper curve in

Fig 21d The upper shaded area in Fig 21d corresponds to the electron density

lie density of states im is derived ir ppendia
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IIep

15

500K
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0.5 04 03 02 03 0.1 0.2 03

Fernii disti-ibutiun functmn FL ersus E3 Jut tarious temperatures

Conduction

band
fl

pu
Valence

band ____________________

0.5 10

VE FE uEandpE

Instrinsic semiconductos Schematic band diagram hi Density of states Fermi

distribution function ci Carrier concentration

There are large number of allowed states in the conduction band However for an

intrinsic semiconductor there will not be many electrons in the conduction band Therefore

the probability of an ectron occtipying one of these states is small There also are large

number of aliowee states in the valence band By contrast most of these are occupied

by electrons Thus the probability of an electron occupying one of these states in ti

valence band is nearly unity There will be only fess unoccupied electron states that is

holes in the valence band As can be seen the Fermi level is located near the middle of

the bandgap i.e EF is many kT below E0 Substituting the last equation in Appendix
and Eq.lla into Eq yields

ii NckT 3/2f Ft EF kTJdE 12

where V1 122in kf/h2 for Si 13a

22xmf/h232 for GaAs 13b

We have taken Eto be because FE becomes veir sinai sshcn F1 ki
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If we ict FlirT Eq 12 becomes

ntNCeXPEF lkTJx112edx 14

The integral in Eq 14 is of the standard farm and equals Y/2 Therefore Eq 14 becomes

12 Ncexp EF/kT 15

If we refer to the bottom of the conduction band as F0 instead of we obtain for

the electron density in the conduction band

fl Nep 16

where N0 defined in Eq 13 is the effective density of states in the conduction band At

room temperature 300 N0 is 2.86 10cm for silicon and 4.7 io cm3 for gal

lium arsenide

Similarly we can obtain the hole density in the valence band

17

and 22vm1 kT/h32 18

where is the effective density of states in the valence band for both Si and GaAs At

room temperature is 2.66 10 cur3 for silicon and 7.0 1018 cnr3 for gallium arsenide

For an intrinsic semiconductor the number of electrons per unit volume in the con

duction band is equal to the number of holes per unit volume in the valence hand that

is where n1 is the intrinsic carrier density This relationship of electrons and

holes is depicted in Fig 21d Note that the shaded area in the conduction band is the

same as that in the valence band

The Fermi level for an intrinsic semiconductor is obtained by equating Eq.16 and

Eq 17

F1 E/2 kTl2 lii NlN0 19

At room temperature the second term is much smaller than the bandgap Hence

the intrinsic Fermi level F1 of an intrinsic semiconductor generally lies very close to the

middle of the handgap
The intrinsic carrier density is obtained from Eqs 16 17 and 19

n2 20

Nvexp8lkT 21

and IVNcWvp/2kT 22
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it
1000 300 200 100 30

in13

101

Si

10

71

1O

10
9.65 109cni

G8AS

..1
0.5 1.0 1.5 2.0 2.5 3.0 35 40 4.5

1000/ TK

Intrinsic carrier densities in Si and GaAs as function of the reciprocal of

temperature

ssherc F5 F5 Figure 22 shows the tempurature dependerce of for silicon

and gallium arsenide 5At room temperature 300 is 9.65 100 cm for silicon0 and

2.25 106 cm for gallium
arsenide As expected the larger the bandgap the smaller

the intrinsic carrier density

When semiconduetos is doped with impurities the semiconductor becomes extrinsic

and impurity energy levels are introduced Figure 23a shows schematically that silicon

atom is replaced or substituted by an arsenic atom with five valence electrons The arsenic

atom forms covalent bonds with its four neighboring silicon atoms The fifth electron has

relatively small binding energy to its host arsenic atom and can he ionized to become

conduction electron at moderate temperature We say
that this electron has been

donated to the conduction band The arsenic atom is called donor and the silicon

becomes n-type because of the addition of the negative charge carrier Similarly Fig 23b

shows that when boron atom with three valence electrons substitutes for silicon atone

an additional electron is accepted to form four covalent bonds around the boron and

positively charged hole is created in the valence band This is p-type semiconduc

tor and the boron is an acceplor

\e can estimate the ionization energy for the donor ED by replacing m0 with the

electron effective mass and taking into account the semiconductor permittivit in

the hydrogen atom model Eq

ED 11FI 23mo
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I..i L_.CO1iduCt1o11 t1
lecton

limOIL
13

Schematic bond pictures for n-type Si with donor arsenic and type Si with

acceptor borou

The ionization energy for donors measured from the conduction band edge as cal

culated from Eq 23 is 0.025 eV for silicon and 0.007 eV for gallium arsenide The hydro

gen atom calculation for the ionization level of acceptors is similarto that for donors We
consider the unfilled alence band as filled band plus hole in the central force field

of negative charged acceptor The calculated ionization energy measured from the valence

band edge is 0.05 eV for both silicon and gallium arsenide

Sb As Pt Au

00
0.25 0.25

0.54

0.41

0.34 Pala 2db

0145
-ii-D

Al Ga In Pd

Se Sn Te Si

0.006 0.006 0.006 0.0058 0.006

0.4

0.63

0.67

0.44

0.24

0.028 0028 OM3llfQhh .2dd 0.026
0.14

Be Mg Zn Cd Si Cu Cr

Measui ed ionization energies in for various impurities in Si and GaAs The le els

below the gap center are measured from the
top

of the valence hand and are an eptor
levels

iinles indicated by foi donor le\ The lm els above the gap centei are nicisured from the

bottom of the conduction band and are donor les eli unless indicated In for acceptor le\ el.5
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Oi im lii cc he oni in

res pat
ii hr cep is les sem ci .1 ionization

ci ems iT Howe caic siate lms Ic picd ci ti rec mdci of magni
111 the tnie toni/atm cneqies schUss in silty ci cls Figure in the mci

surid ionization energies sarious impurities in silicon and galls in arsei ide.5 hote that

it possible for sir ti 15 Cs isans 1ev Is loi cain ph oayge Flicon vo
dot ics els and tu icey to ci els the rl iddc nerg gap

2J1 Nondegene ate See icorductor

Ii our pies ions discussion is base assumed that the ectros or hole co icentration is

much lower than the effective dcnsits of states in the conductioi hand or the salence

hand rcsp tiselv In othei ids the Fermi level is at Icast 3CT al ose or 3kT

below For such cases the sc nicos due or is reermed to as rmondegenerate semF

con luctor

For slma1luw donors silicon us gal ucs trseuio there usus II is enougi thermal

energy to supphs the energy oil zc all di soi impurities at room te iperature and

thins prosmd ti sa ne mber of electrons in the curd iction hand This en idition is called

complete jot i7atin Li is itc Ic tr

if us is

24

ssli rc is thc dc ci tra Figure 25a 11 strates conlplctc ionizatio is here

the donor lesel L0 is measured with respect to the bottom of the conduction band and

equal sncentratsons of electrons which are subtle and donor ions which arc insin0

bile shown From F0s 16 ann 24 in cxc ti in Fe-

de tv sts itt cc

lTli 25

nilarli fbi shallon accc ptors shown in Fig 255 Lie is ompletc moni7at

ii iicc itc

26

\\ let cp can obtain ti cur espo idii Fermi lesel

from
is as 26

F5 CT hi i\ /\ 2T

Fs
ma mmm

Schematic icrgs cp is ita mu Pc iii ses us onduct ir xx ons

and acceptor ions
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EiiiiiL
0.5 1.0

1VE FE aLandpE
Cc

n-Type semiconductor Schematic band diagram Density of states Fermi

distribution function Carrier concentration Note that op

From Eq 25 we can see that the higher the donor concentration the smallei the

energy difference Es that is the Fermi level will move closer to the bottom of

the conduction band Similarly for higher acceptor concentration the Fermi level will

move closer to the top of the valence band Figure 26 illustrates the procedure for obtain

ing the carrier concentration This figure is similar to that shown in Fig 21 Howevei

the Fermi level is closer to the bottom of the conduction band and the electron con
centration upper shaded area is much larger than the hole concentration lower shadcd

area
It is useful to express electron and hole densities in terms of the intrinsic carrier con

centration and the intrinsic Fermi level since is frequently used as reference

level when discussing extrinsic semiconductors From Eq.16 we obtain

N0 cap F0 F5/kTJ

cap E/kT cap

or eap 1/kT1 28

and similarly

cap EF/kT 29

Note that the product of and from Eqs 28 and 29 equals This result is iden

tical to that for the intrinsic case Eq 20 Equation 20 is called the mass action law which

is valid for both intrinsic and extrinsic semiconductors under thermal equilibrium con
duction In an extrinsic serniconductom the Fernii Ic ci moves toward either the bottom

of the conduction band n-type or the top of the valence band p-type Either n- or

p-type carriers will then dominate but the product of the two types of carriers will remain

onstant at given temperature
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sil con ingot is doped wit 10 arsenic atoms/cm Find t1 earn concentrations and the Fermi

level at room temperature 300

At 300 rs can assume complete ionizaton of impunitr atoms We hia

From Eq 20 si2/N0 9.65 10/10 9.3 1O cm

The Fermi leel measured from the bottom of the conduction band is given by Eq 25

F1 F1 kTlnNc/Pvn

0.0259 ln2.86 1059/1011 205 eV

The Fermi level measured from the intrinsic Fermi level is given by Eq 28

F1 kTInN/n
0.0259 In 1016/9.65 106 0.358 eV

These results are shown graphicall in Fig 27

II both donor and acceptor impurities are present simultaneously the impurity that

is present in greater concentration determines the type of conductivity in the semU

conductor The Fermi level must adjust itself to preserve charge neutrality that is the

total negative charges electrons and ionized acceptors must equal the total positive charges

holes and ionized donors Under complete ionization condition we have

nN9_pND 30

Solving Eqs 20 and 30 yields the equilibrium electron and hole concentrations in an

litype semiconductor

ND NA2 4n 31

p- n/n 32

0054 iN

10358e\

1.12e\

I_____
Band diagram showing Fermi level F6 and intrinsic Fermi level
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Th ihscript
rcfcrs to type se ilicom icto Bccm se elect is dc

na carne it is called the majority carrier The hole in the n-Tpe semi mnductor is ealle

the minority carrier Similarlywe obtain the concentration of holes majority carrier and

electrons minority carrie in p-type semiconductor

PX 33

nj/p1 34

The subscript refers to the p-type semiconductor

0.8 ------r
Cooduction head

-02-

.c1o1s___
Valence band

0.8
100 200 300 400 500 600

to

OS clonduetimT band

ioi
$- 02

V41ene baud

tO
100 200 300 400 500 600

Fermi Ie ci for Si and GaAs as function of temperature and ilnpurit\ concentration

The dependence of the bandgap on temperature is shown.9
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Generally ie rnagmtu Is of the ii if concent an arger ian

thc i3trnslc carrier caner itrat therefo ti above rela ionships cars be 51mph

fied to nV if N0N5 35

-N if \T 36
Pp Jp

From Eqs 31 to 34 together with Eqs 16 arid 17 sic can calculate the position of the

Fermi level as function of tempel aturc for given acceptor or donor concentration

Figure 28 sliosi plot of these calculations for silicos and gallium arsenide We have

incorporated in the figure the variation of the bandgap with temperature see Problem

Note that as the temperature increases the Fermi level approaches the intrinsic level

that is the se niconductor becomes intrinsic

Figure 29 shows electron density iii Si as function of temperature for donor con

centration of lO cm At low temperatures the thermal ener in the clystal is

not sufficiert to ionize all the donor impurities pvesent Some electrons are frozen at

the donor level and the clectron density is less thai the donor concentration As the tern

perature is increased the condition of complete ionization is reached lie N0 As

the temperature is further increased the electron concentration remains essentially

the same over wide temperature range This is the extrmsic region Howevei as the

temperature is ncreased even furthei we reach point where the intrinsic carrier

concentration becomes comparable to the donor concentration Beyond this point the

semiconductor becomes intrinsic The temperature at which the semiconductor

becomes intrinsic depends on the impurity concentrations and the bandgap value and

can be obtained from Fig 22 by setting the impurity concentration equal to

200 100 100 200 300
3xlOb

Si

N0lO5cm
Intrinsic

region

Extrinsic region

Freezc out

region

___I
100 200 300 400 500 600

TK
Electron density as function of temperatu for Si sample with donor concentra

tim of 10 cm
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LL2 Degenerate 5emconductor

When the doping concentiation becomes equal or larger than the corresponding eff cc
tue density of states we can no longer use the approxii 3ation of Fq 11 and the clectron

density Eq has to be integrated numerically For er heavily doped n-type or p-type

semiconductor will be above Ec or below F5 The semiconductor is referred to as

degenerate semiconductor

An important aspect of high doping is the bandgap narrowing effect that is high

impurity concentration causes reduction of the bandgap The bandgap reduction

for silicon at toom temperature is given by

AEg 22 meV 37

where the doping is in cm For example for 7D 10n cm AEg 0.022 e\ which is

less than 2% of the original basidgap However for N0 2.86 1019cnr AE3
012 eV which is significant fraction of

At the beginning of the chapter listed few important semiconductor materials The

properties of semiconductors are determined to large extent by the crystal structure

We have defined the Miller indices to describe the ciystal surfaces and csystal orienta

tions and briefly described how semiconductor csystals are grown More detailed dis

cussions can be found in Chapter 10

The bonding of atoms and the electron ener-nsomenturn relationship in semi
conductor were considered in connection with the electrical properties The energy

band diagram can be used to understand why some materials are good conductors of

electric current hereas others are poor conductors We have also shown that changing

the temperature or the amount of impurities can drastically vasy the conductivity of

semiconductor
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FOR SECTION 2.2 BASIC CRYSTAL STRUCTURE

Vt hat is the distance between nearest neighbors in silicon

Find the number of atoms per square centimeter in silicon in the 100 110 and

111 planes

If we project the atoms in diamond lattice onto the bottom surface with the heights of

the atoms in unit of the lattice constant shown in the figure below Find the heights of the

three atoms on the figure

Find the maximum fraction of the unit cell volume which can be filled by identical hard

spheres in the simple cubic facecentered cubic and diamond lattices

Calculate the tetrahedral bond angle the angle between any pair of the four bonds in

diamond lattice Hint represent the four bonds as vectors of equal length What must be

the sum of the four vectors equal Take components of this sector equation along the

direction of one of these vectors

If plane has intercepts at 2a 3a and 4a along the three Cartesian coordinates where

is the lattice constant find the Miller indices of the planes

Calculate the density of GaAs the lattice constant of GaAs is 5.65 and the atomic

weights of Ga arid As are 69.72 and 7492 g/mol respectively

gallium arsenide sample is doped with tin If the tin displaces gallium atoms in

the ciystal lattice are donors or acceptors
formed Why Is the semiconductor or

type

FOR SECTION 2.3 BASIC CRYSTAL GROWTH TECHNIQUE

Does silicon or silicon dioxide have higher melting point Why
Why is seed ciystal used for crystal growth

Why is the ciystal orientation of wafer important2

What two variables are used to control the diameter of the silicon rod

FOR SECTION 25 ENERGY BANDS

The variation of silicon and GaAs bandgaps with temperature can be expressed as EgT
Eg 01 aT2/T where 01 1.17eV ix 473 10 eV/K and 636 for
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silicon arid L519 eV n.405 10 eV Cf hr fs Find the

bandgaps of Si and GaAs at 100 and 600

FOR SECTION 26 INTRINSIC CARRIER CONCENTRATION

Dense Eq 17 1-lint In the alence hand the probability of occupancy of state bs

hole is 1E
At rooni temperature .300 the effecthe density of states in the valence band is 2.66

cm for silicon and 101 cm for gallium arsenide Find the corresponding effec

tive masses of holes Compare these masses with the free-electron mass

Calculate the location of in silicon at liquid nitrogen tempemature 77 at room tern

perature 300 and at 100 let eq 1.0 in0 and rn 0.19 rn0 Is it reasonable to

assume that is in the center of the forbidden gap

Find the kinetic energy of electrons in the conduction band of nondegenerate n-type

semiconductor at 300

For free electron with velocity of iO cm/s what is its de Bro2lie wavelength

In GaAs the effective mass of electrons in the conduction hand is 0.063 If they

have the same velocit1 find the corresponding do Brogue wavelength

The intrinsic temperature of semiconductor is the temperatures at which the intrinsic

carrier concentration equals the impurity concentration Find the intrinsic temperature

for silicon sample doped with 1015 phosphorus atoms/cui3

FOR SECTION 27 DONORS AND ACCEPTORS

silicon sample at 300 contains an acceptor impurity concentration of 10n

cmn Determine the concentration of donor impurity atoms that must be added so that

the silicon is n-type and the Fermi energ is 020 eV below the conduction hand edge

Draw simple flat energy band diagram for silicon doped with 1016 arsenic atoms/cm1 at

77 300 and 600 Show the Fermi level and use the intrinsic Fermi level as the

energy reference

Find the electron and hole concentrations and Fermi level in silicon at 300 fur

1015 boron atoms/cui3 and for fQhi boron atoms/cm3 and 29a 1016 arsenic

atonss/cm3

Si sample is doped with 10 As atoms/cm3 What is the equilibrium hole concentration

do
at 300 Where is F5 relative to

Calculate the Fermi level of silicon doped with Qh5 1017 arid 1014 phosphorus atoms/cm3

at room temperature assuming complete ionization arom the calculated nermi 1ev ci

check if the assumption of complete ionization is justified for each doping Assume that

the iomnzed donors is given by FE0j
As iks

For an type silicon sample with 10 cmn phosphorous donor impurities and donor

level at E0 0.045 e\ find the ratio of the neutral donor density to the ionized donor den

sil at 77 where the Fermi level is 0.0458 below the bottom of the conduction band

The expression for ionized donors is given in Prob 19
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Carrier Transport
Phenomena

CARRIER DRIFT

3.2 CARRIER DIFFUSION

3.3 GENERATION AND RECOMBINATION PROCESSES

3.4 CONTINUITY EQUATION

3.5 THERMIONIC EMISSION PROCESS

3.6 TUNNELING PROCESS

37 HIGHFIELD EFFECTS

SUMMARY

In this chapter investigate various transport phenomena in semiconductor devices

The
trailsport processes includc drift diffusion recombination generation theraiionic

emission tunneling and impact ionization We consider the motion of charge carriers

electrons and holes in semiconductors under the influence of an electric field and

carrier concentration gradient We also discuss the concept of the nonequilibrium con
dition where the carrier concentration product pn is different from its equilibrium value

Returning to an equilibrium condition through the geueration-recombination processes

is considered next We then derive the basic governing equations for semiconductor device

operetion which includes the current density equation and the continuitT equation This

is followed by discusson of thermionic nission and tunneling process The chapter

closes with brief discussion of high-field effects which include velocit\ saturation and

impact ionization

Spceificall ie cover the following topicu

The current density equation and its drift and diffusion components

The continuity equation and its generation and rccomhination components

Other transport phenomena including the thermionic emission tunnelrng

transferred-electron effect and impact ionization

Methods to measure key semiconductor parameters such as resistivity mobil

ity majority -carrier concentration and minority-carrier lifetime
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311 Mobility

Consider an n-type semiconductor sample with uniform donor concentration in thermal

equilibrium As discussed in Chapter the conduction electrons in the semiconductor

conduction band are essentially free particles since they are not associated with any par
ticular lattice or donor site The influence of crystal lattices is incorporated in the effec

tive mass of conduction electrons which differs somewhat from the mass of free electrons

Under thermal equilibrium the average thermal energy of conduction electron can be

obtained from the theorem for equipartition of energy 1/2 kT units of energy per degree

of freedom where ic is Boltzrnanns constant and is the absolute temperature The elec

trons in semiconductor have three degrees of freedom they can move about in three-

dimensional space Therefore the kinetic energy of the electrons is given by

mflvthkT

where is the effective mass of electrons and 12th is the average thermal velocity At room

temperature 300 the thermal velocity of electrons in Eq is about iO cm/s for sil

icon and gallium arsenide

The electrons in the semiconductor are therefore moving rapidly in all directions

The thermal motion of an individual electron may be visualized as succession of ran

dom scattering from collisions with lattice atoms impurity atoms and other scattering

centers as illustrated in Fig la The random motion of electrons leads to zero net dis

placement of an electron over sufficiently long period of time The average distance

between collisions is called the mean free path and the average time between collisions

is called the mean free time re For typical alue of i0 cm for the mean free path

is about ps ie 10 5/Vth 10 12

When small electric field is applied to the semiconductor sample each electron

will experience force from the field and will be accelerated along the field in the

opposite direction to the field during the time between collisions Therefore an addi

tional velocity component will be superimposed upon the thermal motion of electrons

This additional component is called the drift velocity The combined displacement of an

electron due to the random thermal motion and the drift component is illustrated in Fig

lb Note that there is net displacement of the electron in the direction opposite to the

applied field

We can obtain the drift velocity by equating the momentum force time applied

to an electron during the free flight between collisions to the momentum gained by the

electron in the same period The equality is valid because in steady state all momen

Schematic path of an electron in semiconductor Random thermal motion

Combined motion due to random thernial motion and an applied electric field
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tui hained betu eer coil so is lost the ati ii he co is on TI no nent or app ied

to an electron is giver and the momentum gained is mu We Fare

qF myva

or

2a

Equation 2a states that the electron drift veiocity is proportional to the applied electric

field The proportionality factor depends on the mean free time and the effecttc mass

The proportionality factor is called the electron mobility in units of cm2/V-s or

Thus

Mobility is an important parameter for carrier transport because it describes how

strongh the motion of an electron is influenced by an applied electric field similar

expression can be written for holes in the valence band

where is the hole drift velocity and is the hole mobility The negative sign
is removed

in Eq because holes drift in the same direction as the electric field

In Eq the mobility is related directly to the mean free time between collisions

which in turn is determined by the various scattering mechanisms The two most irnpor

taut mechanisms are lattice scattering and impurity scattering Lattice scattering results

from thermal vibrations of the lattice atoms at any temperature above absolute zero These

vibrations disturb the lattice periodic potential and allow energy to be transferred between

the carriers and the lattice Since lattice vibration increases with increasing temperature
lattice scattering becomes dominant at high temperatures hence the mobility decreases

with increasing temperature Theoretical analysisi sF ows that the mobility due to lattice

scattering will decrease in proportion to Th
Impurity scattering results when charge carrier travels past an ionized dopant impor

rity donor or acceptor The charge carrier path will be deflected owing to Coulomb force

interaction Tue probability of impurity scattering depends on the total concentration of

ionized impurities that is the sum of the concentration of negatively and
positively charged

ions However unlike lattice scattering impurity scattering becomes less significant at

higher temperatures At higher temperatures the carriers move faster they remain near

the impurity atom for shorter time and are therefore less effectively scattered The mobih

ity
due to impurity scattering /.t can theoretically be shown to rary as T3/N1 where

is the total impurity concentration

The probability of collision taking place in unit time 1/re is the sum of the prob
abilities of collisions due to th arioas srrntteririg mechanisms

lattice lmpuiitc
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or

6a
fi flu flu

Figure shows the measured electron mobility as function of temperature for sth

icon with five different donor concentrations3 he inset shows tue theoretical temper

ature dependence of mobility due to both lattice and impurityscatterings For lightly doped

samples e.g the sample with doping of 10iu crn3 the lattice scatturing dominates and

the mobilitydecreases as the temperature increases For heavily doped samples the effect

of impurity scattering is most pronounced at low temperatures The mobility increases

as the temperature increases as can be seen for the sample with doping of 1O can

For gien temperature the mobility decreases with increasing impurity concentration

because of enhanced impurity scatterings

Figure shows the measured mobilities in silicon and gallium arsenide as func

tion of impuritr concentration at room temperature.3 Mobility reaches maximum value

at low impurit% concentrations this cur responds to the lattice-scattering limitatior Both

electron and hole mobilities decrease with increasing impurity concentration and even

tually approach minimun3 value at high concentrations Note also that the mobility of

electrons is greater than that of holes Greater electron mobility is due mainly to the smaller

effective mass of electrons

1o

1O1cm

3/u

Impuitu Lattice

tt
e
iI
g

scattering

50

300 200 500 1100

TK
Electron mobilits in silicon tersus temperature for rarions donor concentrations Insert

shon the theoretical temperature dept ndenee of electron mobility.3
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Mobilities and diffusivities in Si and GaAs at 300 as function of impurity
concentration.3

Calculate the mean free time of an electron having mobihp of 1000 cm2/V at 300 also cal

culate the mean free path Assume m9 0.26
rn0 in these calculations

From Eq the mean free time is given by

rnjty 026x0.91x10 kg 1000x104 m2/V-s

1.6x10
148xl03 0148 ps

he mean free path is
given by

10 cm/sl.48 10 3s 1.48 10 cm

14.8 mu

312 Resisdvity

We now consider conduction in homogeneous semiconductor material Figure 4a shows

an n-type semiconductor and its hand diagram at thermal equilibrium Figure 4b shon

the corresponding band diagram when biasing voltage is applied to the right-hand ter

minal We assume that the contacts at the left-hand and right-hand terminals ohmic
that is there is negligible oltagc drop at each of the contacts The behavior of is

contacts are considered in Chapter ks mentioned pi eviousll when an electric eld
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_________________________ Electron

Conduction process in an o-type semiconductor Ia at thermal equilibrium and

under biasing condition

is applied to semiconductor each electron will experience force from the field

The force is equal to the negative gradient of potential energy that is

_gradient of electron potential energy
cLr

Recall that Chapter the bottom of the conduction band E0 corresponds to the poten

tial energy of an electron Since we are interested in the gradient of the potential energy

we can use any part of the band diagram that is parallel to e.g or as shown

in Fig 4b It is convenient to use the intrinsic Fermi level because we shall use

when we consider pn junctions in Chapter Therefore from Eq we have

qdx qdx

We can define related quantity iy as the electrostatic potential whose negative gra

dient equals the electric field

dx

Comparison of Eqs and gives

10

which provides relationship between the electrostatic potential and the potential energy

of an electron For homogeneous semiconductor shown in Fig 4b the potential energy

and decrease linearly
with distance thus the electric field is constant in the nega

tive a-direction Its magnitude equals the applied voltage divided by the sample length

The electrons in the conduction band move to the right side as shown in Fig 4b

The kinetic energy corresponds to the distance from the band edge i.e for electrons

When an electron undergoes collision it loses some or all of its kinetic energy to the

lattice and drops toward its thermal equilibrium position After the electron has lost some
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all its kinetic energy vil aga begin to move toward he gil and th ran pro

cars wil be repeated mans tines Conduction by holes car he visualized in simila man
ccc but in the opposfe direction

The transport of carriers unde the influence of as applied electric field produces
current called the drift current Consider semiconductor sample shown in Fig which

has crosnsectional area length and carrier concentration of electrons/cm3

Suppose we nou apply an electric field to the sample The electron current densityJ
flowing in the sample can be found by summing the product of the charge on each

electron times the electrons velocity over all electrons per unit volume

cnp 11

where is the electron current We have employed Eq for the relationship between

v1
and

similarargument applies to holes By taking the charge on the hole to he positive

we have

qpo 12
The total current flowing in the semiconductor sample due to the appled field can be

written as the sum of the electron and hole current components

_J qn qpbki 131

The quantity in parentheses is known as conductivity

aqnjr pi 14
The electron and hole contributions tu conductivity are simply additive

The corresponding resistivi of the semiconductor which is the reciprocal of is

given by

15qnipt

Generally in extrinsic semiconductors only one of the components in Eq 13 or 14 is

significant because of the many ordersmf-magnitude difference betnee the two carrier

densities Therefore Eq 15 reduces to

iSa
qn/.t

AreaA

Cuirent conduction unifosnsly doped semiconductor bar with length and cross-

sectional area
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foi in ii semiconductor sincc and to

ç15b

qp/11

for p-type semiconductor since

The most common method for measuring resistivity is the four-point probe method

shown in Fig The probes are equally spaced small current from constant-cur

rent source is passed through the outer two probes and voltage is measured between

the inner two probes For this semiconductor sample with thickness IV that is much

smaller than the sample diameter the resistivity is given by

p.W.GF cm 16

nhere CF is well-documented correction factor The correction factor depends on

the ratio of dir here .s is the probe spacing When dir 20 the correctior factor

approaches 4.54

Figure shows the measured room-temperature resistivity as function of the impu

nt\ concentration for silicon and gallium arsenide.3 At this temperature and for low in3pu-

rity concentrations all donor e.g. and As in Si or acceptor e.g in Si impurities

that have shallow energy
levels will be ionized Under these conditions the carrier con

centration is equal to the impurity concentration From these curves we can obtain the

impuri concentration of semiconductor if the resistivity is knoum or vice versa

Find the room-temperature resistivity of an n-type silicon doped with 10 phosphorus atoms/cm3

At room temperature ve assume that all donors arc ionized thus

i0 cm

From Fig we find 05 Qcm We can also calculate the resistivity from Eq 15a

____ 0.48 itcm
qn/L 16x109v106 x1300

The mobility ja is obtained from Fig

II

Measurement of resistivity using four-point probe
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300K

Si

GaAs

k\rLIiEJfs\
10

10 _- __0
l0 10 10 1013 1016 lO j18 io 1020 1021

Impurity Concentration cm

Resistivity versus impurib concentration3 for Si md GaAs

313 The Hall Effect

The carrier concentration in semicorductor may he different from the impuiitv con
centration because the ionized impurity density depends on the temperature and the

impurity ener level To measure the carrier concentration direct1 the most commonly
used method is the Hall effect Hall measurement is also one of the most convincing meth
ods to show the existence of holes as charge carriers because the measurement can give

directly
the carrier type Figure shows an electric field applied along the axis and

magnetic field applied along the z-axis Consider p-type semiconductor sample The

Lorcntz force qv qvB due to the magnetic field will exert an average upward
force on the holes flowing in the x-direetiori The upward directed current causes an

Basic setup to measure arriei concentration
using

the Hall effect
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accun ulation of holes at the top of the sample that gi es se to doxn aid-dis cc ed

electric field Since there is no net current flow along the y-dhection in the steady

state the electric field along the y-axis exactly balances the Lorentz force that is

17

or

vB 18

Once the electric field
sf

becomes equal to vTBZ no net force along the y-dllrection
is

experienced by the holes as they drift in the i-direction

The establishment of the electric field is known as the Flail effect The electric field

in Eq 18 is called the Flail field and the terminal voltage VH d%V iFig is called the

Hall voltage Using Eq 12 for the hole drift velocity the Hall field in Eq 18 becomes

HJpBz 19

where

R11
-- 20

qp

The Hall field is proportional to the product of the current density and the mag
netic field The proportionality constant RH is the Hall coefficient similar result can

be obtained for an n-type semiconductor except that the Hall coefficient is negative

RH 21
qn

measurement of the Hall voltage for known current and magnetic field yields

iJ0B l/AB IBW 22
qR11 q1 qV/W qVA

where all the quantities in the right-hand side of the equation can be measured Thus

the carrier concentration and carrier type can be obtained directly from the Hall mea

surement

sample of Si is doped with 10u phosphorus atoms/cm Find the Hall voltage in sample with

IV 500 tm 2.5 iO cm2 mA and 10 4Wb/cm2

The Hail coefficient is

625 cm3/C

qn 16x10 9x10
The Hall voltage is

1625 10
500x104

2.5x103

1.25 mV
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3Ll Diffusion Process

In ti preceding section conside ed the drift curi cvi that is the transport of earn

crs when an electric field is applicd Another important current coneponent can exist if

there is spatial variation of carrier concentraton in the semiconductor ateriaL TI

carriers tend to move from region of high concentration to region of low concentra

tion This current component is called diffusion current

To understand the diffusion process let us assume an electron density that varies in

the xdirection as shotsu in Fig The semiconductor is at uniform temperature so that

the average thermal energy of electrons does nots ary with only the density ns varies

Consider the number of electrons crossing the plane at per unit time and per unit

area Because of finite temperature the electrons have random thermal motions with

thermal relocity v15
and mean free path note that VfhT where is the meat free

time The electrons at one mean free path away on the left side have equal cF ances

of moving left or right and in mean free time one half of them will move across the

plane The average rate of electron flow per unit area F1 of electrons crossing plane
from the left is then

F1 1n_l 23

Similarly the average rate of electron flow per unit area F2 of electrons at crossing

plane from the right is

F2 bnl Vth 941

Dstance

Electron concentration versus distance is the mean lice path The directions of dec
tron and current flays are indicated by arross
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The net rate of carrier flow Iron left to right

F1 F2 c11jnlnlt 25

pproxiniating IhiC densities at by the first two terns of Taylor series expansion

we obtain

-1

26
dx dx

where v5I is cled the difftasion coefficient also called the diffissivity Because each

electron carriers charge -q the carrier floss gis es rise to current

-qF qD
dn 27

The diffusion current is proportional to the spatial
derivative of the electron den

sity Diffusion current results from the random thermal motion of carriers in concen

tration gradient For an electron density that increases ssith the gradient is positive

and the electrons ll ffuse toward the ncgatis x-direction The current is positive and

flows in the direction opposite to that of the electrons as indicated in Fig

Assume that in an n-te semiconductor at 300 the electron concentration varies lineaily

from 1018 to 1017 cm os er distance of 0.1 cm Calculate the ffusion current density if

the electron diffusion coeflicient is 225 cm2/s

The diffusion current density is given by

dx An
Jn diff

qD

iO192251
1018_f

10.8 A/cm2

21 Einstein Ration

Equation 27 can be written in more useful form using the theorem for ti equiparri

lion of euer for this one-dirneiisioi al case We can uxite

mrcth 1kT 28

From Eqs 26 and 28 and using the relationship ire obtain

or

Di ttiiite v1 29

UMC 1223
UMC v. AICP



hapter3 Car nspor hen rrena 59

k7
.30

Equation 30 is hnosxn the Einstein reiction It elates the tn important constants rdif

fusivity and mobility that characterize carrier transport diffuson to by drift in semi

conductor The Einstein relation also applies between D0 and values of diffusivities

for silicon and gallium arsenide are shown in Fig

Minority carriers holes are injected into homogeneous n-type semiconductor sample at one point
An electric field of 50 /cin is applied across the sample and the field moves these mninoriri car

riers distance nfl cm in 100 jas Find the drift velocity and the diffusivit of the minoriti carriers

1cm
10 cia/s

100x105s

11 200 cm2/V-s
50

0.0259 200 18 cm2s

323 Current Density Equations

When an electric field is present in addition to concentration gradient both drift cur
rent and diffusion current will flow The total current density at any point is the sum nf

the drift and diffusion components

qfJnqD 31

where ri is the electric field in the s-direction

similar expression can be obtained for the hole current

39

We use the negative sign in Eq 32 because for
positive hole gradient the holes will dif

fuse in the negative s-direction This diffusion results in hole cus rent that also flows in

the negative x-direction

The total conduction curser msity is given by the sum of Eqs 31 and 32

Jeond 33
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Thc three xpiessio1 qs 31 33 consttute th en it dcnsivi eq atio est eq

tions are imporhnt fo alyziug device operations under iow electric Fields owes er

at sufficier fly high electric fields the tern and should be replaced hi the sat

uration velocity discussed in Section

In thermal equilibrium the relationship pa n2 is valid If excess carriers are introduced

to semiconductor so that pa n2 we have nonequilthrium situation The process of

introducing excess carriers is called carrier injection Most semiconductor devices oper

ate by the creation of charge carriers in excess of the thermal equilibrium values We can

introduce excess carriers by optical excitation or forward-biasing junction discussed

in Chapter
Whenever the thermal-equilibrium condition is disturbed i.e pn ni processes

edst to restore the system to equilibrium i.e pa In the case of the injection of

excess carriers the mechanism that restores equilibrium is recoinbination of the injected

minority carriers with the majority carriers Depending on the nature of the recombi

nation process the released energy that results from the recombination process can be

emitted as photon or dissipated as heat to the lattice When photon is emitted the

process is called radiative recombination otherwise it is called nonradiative recombination

Recombination phenomena can be classified as direct and indirect processes Direct

recombination also called band-to-band recombination usually dominates in direct

bandgap semiconductors such as gallium arsenide whereas indirect recombmation via

bandgap recombination centers dominates in indirect bandgap semiconductors such as

silicon

331 Direct Recombhmtion

Consider direct-bandgap semiconductor in thermal equilibrium The continuous ther

mal vibration of lattice atoms causes some bonds between neighboring atoms to be bro

ken When band is broken an electron-hole pair is generated In terms of the band

diagram the thermal energy enables valence electron to make an upward transition to

the conduction band leaving hole in the valence band This process is called carrier

generation and is represented by the generation rate G5 imber of electron-hole pairs

generated per cm3 per second in Fig lOa When an electron makes transition down

ward from the conduction hand to the valence band an electron-hole pair is annihilated

This reverse piocess is called iecornbination is represented by the recombination rate

in Fig lOa Under thermal equilibrium conditions the generation rate must equal

hv
G1 G11

Direct generation and reombinatioi of election-F ori pairs at thermal equilibrium

and hi ider illumination
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tf recombr aton ate R1 so that the arrie conccnti ations nan nstant mc if

condition pa is maintained

When excess carriers are introduced to direct-bandgap semiconductor the prob

ability is high that electrons and holes will recombine directly because the bottom of the

conduction band and the top of the valence band are lined up and no additional momen
turn is required fat the transition across the bandgap The rate of the direct recombina

tion is expected to be proportional to the number of electrons available in the conduction

band and the number of holes available the valence band that is

np 34

where J3 is the proportionality constant As discussed previously in thermal equilibrium

the recombination rate must be balanced by the generation rate Therefore for an

type semiconductor we have

fln0p0 35
In this notation for carrier concentrations the first subscript refers to the type of the semi
conductor The subscript indicates an equilibrium quantity The n0 and

pfl represer
electron and hole densities respectisely in an n-type semiconductor at thermal equlibrium

When we shine light on the semiconductor to produce electron-hole pairs at rate CL
Fig lob the earner concentrations are above their equilibrium values The recombi

nation and generation rate become

/3np fln Anp0 Ap 36

37

where An and Ap are the excess carrier concentrations given by

38a

Appp0 38b

and An Ap to maintain overall charge neutrality

The net rate of change of hole concentration is given by

Gth-R 39

In steady state dp/ dt From Eq 39 we have

C1R-CU 40

where is the net recombination rate Substituting Eqs 35 and 36 into Eq 40 yields

Un0 p0 ApAp 41

For low-level injection Ap Eq 41 is simplified to

Uun0Ap
Fl

42

Therefore the net recombination rate is proportional to excess minority carrier con
centration Obviously in thermal equilibrium The proportonality constant l/f3n0

is called the lifetime of the excess minority carriers or
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EnPro 43

where

44\

The ph sical meaning of lifetime can best be illustrated by the transient response of

device after the sudden removal of the light source Consider an -b Pc sample as shown

in Fig la that is illuminated with light and in which the electron-hole pairs are gen

crated uniformly throughout the sample with generation rate G1 The time-dependent

expression is given by Eq 39 in steady state from Eqs 40 and 43

CL 45

he

Light pulie

Decay of photoexcited carriers n-type sample under constant illumination

Deem of Ilmority carriers holes with timc Schematic setup to measure minorit

carrier lifetime
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01

4.x

If at an arhitra tui
say

the light is ddenlv turned ofh the boundary cor di

tions are p0t p0 GL vs given by Eq 45a and p0t The time-

dependent evpressk of Eq 39 becomes

46

and the solution is

pit rGL exp_t/r 47

Figure lb shows the variation of with time The minoritycarriers recombine wit

majorj carriers ar decay exponentially with time constant which corresponds to

the lifetime defined in Eq 44

This case illustrates the main idea of measuring the caiiier lifetime using the pho
toconductivitv method Figure lIe shows schematic setup The excess carriers gener
ated uniformly throughout the sample by the hght pulse cause momentary increase in

the conductivity The increase in conductivivi mamfests itself by drop in voltage across

the sample when constant current is passed thiough it The decay of the conductivity

can be observed on an oscilloscope and is measure of the lifetime of the excess minor
itv carriers

Si sample with l0cm is illuminated with light and 1013 electron-hole pairs/cni3 are cre
ated cv my microsecond II ts find ti change in the minority carrier concentration

Before illumination

/n 9.65x1012 /i 931x100 cma

After illumination

p0 p0rG1 9.31 x105 2xiO 1011
2x1033 cm

10

322 ndirect Recombinaton

For indirect-bandgap semiconductors such as silicon direct recombination process is

very unlikely because the electrons at the bottom of the conduction band have nonzero

momentum with respect to the holes at the top of the valence band see Chapter
direct transition that consers es both energy and momentum is not possible without simul

taneous lattice interaction Therefoi the do ninant recombination process such semi
conductors is indirect transition via localized energ states in the forbidden

energy gap.4
These states act as stepping stones betsveen the conduction band and the vale cc band

Figure shows various transitions that occur the recnrnhinatinn process through

intermediate-level states also called recoanbination centers We illustrate the charging

State of the centei before and after each of the four basic transitions takes place The

arrows in the figure desig iate the ti ansitmo of the electron in particu1 mu
pi

ocass The
illustration is for time eas of recombination center with single energy hey el that is neutral

UMC 1223
UMC v. AICP



64 Chapter Carrer Transpor PU io iena

_J l-

F0

-----

Elect on Electron Hole Hole

capture
emission capture

enission

Indirect generation-recombination processes at thermal equilibrium

when not occupied by an electron or negative when it is occupied indirect recombi

nation the derivation of the recombination rate is more complicated The detailed deriva

tion is given in Appendix and the recombination rate is given by4pNtPnfl//an
where

vth
is the thermal velocity of carriers given in Eq is the concentration of the

recombination center in the semiconductor and ci is the capture cross section of elec

trons The quantity describes the effectit eness of the center to capture an electron

and is measure of hms close the electron has to come to the center to be captured

is the capture cross section of holes

We can simplify the general expression for the dependence of on by assuming

equal electron and hole capture cross sections that is cT c0 Equation 48 then

becomes

50
UVrnC0Nt 49

p0 2n

c
o
s
h

Under low -injection condition in an n-type semiconductor so that
n5 p5 the recoin

bination rate can be written as
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pfl pflQ Pfl Pro

2n
cosh

ki

The recoinhinnoon rate for indirect recombination is given by the same expression as

Eq 43 however depends on the locatio of the recomb nation centers

333 Suace Recombinaton

Figure 13 shows schematically the bonds at semiconductor surface5 Because of tF

abrupt discontinuity of the lattice structure at the surface large number of localized

energy states or generation-recombination centers may be introduced at the surface region

These energy states called surface states may greatly enhance the recombination rate

at the surface region The kinetics of surface recombination are similar to those consid

ered before for bulk centers TF total nuiober of cariiers recombining at the surface

per unit aura and unit time can be expressed in form analogous to Eq 48 For low-

injection condition and for the limiting case where electron concentration at the surface

is essentially equal to the bulk majority carrier concentration the total nu nber of carri

ers recombining at the surface per unit area and unit time can be simplified to

olhaip0 p00 51

where denotes the hole concentrations at the surface and is the recoinbination

center density per unit area in the surface region Since the product va5N1 has its diincn

sion in centimeters per second it is called the low-injection surface recombination

velocity Sir

Sir vhNl 52

Schematic diagram of bonds at clean semiconductor surface The bonds are

anisotropic asid differ from those in the bulk.3
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Auger recombination

3.34 Auger Recombhiatou

The Auger recombination process occurs by the transfer of the ener and momentum

released by the recombination of an electron-hole pair to third particle that can be either

an electron or hole The example of Auger recombination process is shown in Fig 14

second electron in the conduction band absorbs the enerr released by the direct econi

bination After the Auger process the second electron becomes an energetic electron

It loses its ener to the lattice by scattering events Usually Auger recombination is impor
tant when the carrier concentration is veiy high as result of either high doping or high

injection level Because the Auger ocess invohes three particles the rate of Auger recoin

bination can be expressed as

Bn2p or Bnp2 53

The proportionality constant has strong temperature dependence

In the previous sections we considered individual effects such as drift due to an electric

field diffusion due to concentration gradient and recombination of carriers through

intermediatelevel recoribination centers We now consider the overall effect when drift

diffusion and recombination occur simultaneously in semiconductor material The gov
erning equation is called the continuity equation

To derive the one-dimensional continuity equation for electrons consider an infinites

imal slice with thickness di located at shown in Fig 15 The number of electrons ir

the slice may increase due to the net current flow into the slice and the net carrier gen
eration in the slice The overall rate of electron increase is the algebraic sum of four com
ponents the number of electrons flowing into the slice at minus the number of electrons

flowing out at dx plus the rate at which electrons are generated minus the rate at

which they are recombined ith holes in the slice

The first two components are found dividing the currents at each de of the slice

by the charge of an electra The generation and recornbinaiion rates arc desgnated by

UMC 1223
UMC v. AICP



Chap cr3 Carr is ransporl Phen n-c

Area

xdx

Current flow arid generation recombirjation processes in an infinitesimal slice of thick

ness dx

and respectively The overall rate of change in the number of electrons in the slice

is then

Adr Jx dxA1 R1Adx 54

where is the cross-sectional area and Adx is the volume of the slice Expanding the

expression for the current at dx in Taylor series yields

55
dx

We thus obtain the basic continuity equation for electrons

LcG_R 56
dt qdx

similar continuity equation can be derived for holes except that the sign of tl first

term on the right-hand side of Eq 56 is changed because of the positive charge ass oci

ated with hole

dj

We can substitute the current expressions from Eqs 31 and 32 arid the recombination

expressions from Eq 43 into Eqs 56 and 57 For the ore-dimensional case under low-

injection condition the continuity equations for minoritycarriers i.e in p-type senir

conductor or in an sr-type semiconductor are

58

D5-G1 P50

dx dx
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In addition to tie conti uity equations Po ssons equatior

60
dx

must be satisfied where Ei is the semiconductor dielectric permittivityand is the space

charge density given by the algebraic sum of the charge carrier densities and the ionized

impurity concentrations qp N0 NA
In principle Eqs 58 through 60 together with appropriate boundary conditions have

unique solution Because of the algebraic complexity of this set of equations in most

cases the equations are simplified with physical approximations before solution is

attempted We solve the continuity equations for three important cases

34i Steady-State injection om One Side

Figure 16a shows an type semiconductor where excess carriers are injected from one

side as result of illumination It is assumed that light penetration is negligibly small i.e

the assumptions of zero field and zero generation for At steady state there is

Injecting

L-Jbr

tract

Steady-state carrier injection
from one side Semiinfinite sample Sample with

thickness
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coicentiat cii ei rea tie su ii a9 the ci fcrcnti ate fo ie

nunoritv ncrs ns de the sci neon ictor is

3/ 0D 61

ilie boundary cot ditions are 10 constant value and The

solution of is

pprn p0pe 62

The length F1 is equal to V15 and is called the dffbsion length Figure 6a shon the

variation of the minority carrier density which decays with characteristic length given

byL
If we change the second boundary condition as shown Fig 16b so that all excess

carriers at are extracted that is pW pa then we obtain new solution for

Eq 6F

\Vx
sinh

pa 1pOp 63
smhW

The current density at is given by the diffusion current expression Eq 32 with

hV/L 64

342 Minority Carriers at the Surface

When surface recombination is introduced at one end of semiconductor sample under

illumination Fig 17 the hole current density flowing into the surface from the bulk of

urbce hv
recombination

pIO tic1

poo

_________

Surface reeomhination at The minority carrier distribution near the surfacc

affected the surface recoinbinatioii velocity.t
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tic SC ocondu tot cu by qV In this nple it is assumed tl at the sa nplc is un
fonnln illuminated with uniforni feneration of carriers The surface recombination leads

to Ion er carrier cot centration at the sin face This
gi

adi mt of hole concentration yields

diffusion currant density that is equal to the rface recombination curient Therefoic

the boundary condition at is

qU8 qS7p 01 65

The boundary condition at is given by Eq 45a At steady state the differential equa

tion is 0D G1 66

The solution of the equation subject to the boundary conditions abose is6

pp PGL PSue 67

plot of this equation for finite S11 is shown in Fig 17 When S5 then p1x
as obtained previously Eq 45a When S11a oo then

TPGl /L 68

Froni Eq 68 we can see that at the surface the minority carriei density approaches its

thermal equilibrium value

343 The HaynesShockey Experiment

One of the classic experiments iii semiconductor physics is the demonstration of drift

and diffusion of minority carriers first made by Haynes and Shockle.7 The experiment

allows independent measurement of the minority carrier mobility and diffusion coef

ficient The basic setup of the Haynes--Shoekie experiment is shown in Fig 8a The

soltage source p5 establishes an electric field in the direction in the n-type senn

conductor bar Excess carriers are produced and effectively injected into the semicon

ductor bar at contact by pulse Contact will collect fraction of the excess carriers

as they drift through the semiconductor After pulse the transport equation is given by

Eq 59 by setting GJ arid if/dx i.e the applied field is constant across the semi

conductor bar

69
dx

If no field is applied along the sample the solution is given by

a2px eyp p1w 70
4Dt

uhere is the namber of electrons or holes generated per unit area Figure 18b shows

this solution as the carriers diffuse away from the point of injection and recombine

If an electric field is applied along the sample the solution is in the form of Eq 70

except that is replaced by iy11 Fig lSc Thus all the excess carricis move with

the drift velocity p5
At the same time the carriers diffuse outward and recombine as

in the field-frce caSe
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R2R

1i

The
Ilaynes Shockle evperimcnt Exprimental setup li Carrier distributions

without an applied field Carrier distributions with an applied field

In -Iaynes-Shockley experiment the maximum amplitudes of the minority carriers at 100

ts and t2 200 las differ by factor of Calculate the minority carrier lifetime

When ao electric field is applied the nnnority carries distribution is given h%

Ap_p p0
4Dt

exp
4Dt

At the maxirnuni amplitude

It
expi-

y42tDpt

LXpt1taP t1I
cx

1200_100

pt5 /t1 eypt2 100

200 100 i9s
ln5/\/2
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In previous sections we considered carrier transport phenomena inside the hulk scm

conductor At the semiconductor surface carriers ma recombine with the recombina

tion centers due to the dangling bonds of the surface region In addition if the carriers

have sufficient energy they maybe thermioiiically emitted into the vacuum Tlhs is mllcd

the therrnionic emission process

Figure 19a shows the band diagram of an isolated n-type semiconductor The dec

tron affinity is the energy difference betsi ecu the conduction hand edge and the vac

uum level in the semiconductor and the work function is the energy between the

Fermi level and the vacuum level in the semiconductor From Fig 19b it is clear that

an electron can be thermionically emitted into the vacuum if its energy is above

The electron density with energies above can be obtained from an expression sim

ilar to that for the electron density in the conduction band Eqs and 16 of Chapter

except that the lower limit of the integration is instead of

71

vvhere is the effective density of states in the conduction band and is the differ

ence between the bottom of the conduction band and the Fermi level

Vacuum eel

qx q05

xacuum Semiconductor

The band diagram of an isolated u-type
semiconductor The thermionic emission

process
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Ca1euh to the th rmio ically emitted eleetu nt rvi to ra for ii typo ii

ico smp1 wth ai ci etron affinin of 05 eV qt cV II we udue the effect

to e\ what is

n0 405 eV 2.86 io exp
4.050.2

2.86 164
00259

0th 0.6 eV 2.86 10n exp 2.86 1o ep 30.9

i0 em3

From me above example we see that at 300 there is no emission of electrons into

vacuum for qy 4.05 However if we can lower the effective electron affinity to 0.6 eV

substantial ruinber of electrons can be thermioaically emitted The thermionic omis

sion process is of particular important for metal-semiconductor contacts to be consid

ered in Chapter

Figure 20a shows the energy band diagram when two isolated semiconductor samples

are brought close together The distance between them is and the potential barrier

height qV0 is equal to the electron affinity If the distance is sufficient small the elec

trons in the left-side semiconductor may transport across the barrier and move to the

right-side semiconductor even if the electron energy is much less than the barrier height

This process is associated with the quantum tunneling phenomenon
Based on Fig 20a we have redrawn the one-dimensional potential barrier diagram

in Fig 20b \te first consider the transmission or tunneling coefficient of particle e.g
electron through this barrier In the corresponding classic case the particle is always

reflected if its energy is less than the potential barrier height qV0 We see that in the

quantum case the particle has finite pi obabibty to transmit or tunnel through the poten
tial barrier

The behavior of particle e.g conduction electron in the region where qVx
can be described by the SchrOdingcr equation

721
2m dx

or

di2nmE 3l
dx2

where is the effective mass is the reduced Planck constant is the kinetic energy
and is the wave function of the particle he solutions art

xAe Bet x0 74

xd 75

where V2mnE/h For we have an incident-particle wave function with ampli

tude at reflected nave function with amp itude B1 fort have trans

mnitted wave function with anphtude
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\c \rl

.-

Energy qV

qVQ

______
rI

hi

The hand diagram of tu isolated seiruconds don ith distancr One

dimensional potential barrier Schem itic representation
of the uric function across the

potenti
a1 harrier

Tnside the po ential harriei the nase equation given by

di i6
2in dx

or

2in qV0

h2

The solution fbr qV9 is

xFe Ge iS

where Vq\i E/- schematic representation of the wave functions across

the barrier is shown in Fig 20e The contrn nta of iyaod di.ikLr at anda which

required hr ho ndars on fiti oi hi e1at tu th lie coeffu

rim ti and C1 We can soli fo C/dh hch the traniniissioa coefficient
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snhJ3d 794L1E
The transmission coefficient decreases monotomcaiiy as decrcases \% he ci

the transmission coefficient becomes qultc small and vai icy as

exp2fld exp h2 80

To have finite transmission coefficient we require small tunneling distance low

potential barrier qV0 and small effective rims These results will he used for tunnel

diodes in Chapter

At low electric-fields tile drift elocitt is linearly proportional to the applied field We

assume that the time interval betxveen collision is independent of the applied hell

This is reasonable assumption as long as the drift velocity is small compared with the

thermal velocity of carriers which is about i0 cm/s for silicon at room temperature
As the drift velocity approaches the theriual velocity its field dependence on the dec

tric field xviii begin to depart from the linear reiatiooslup given in Section 3.1 Figure 21

shows the measured drift velocities of electrons and holes in silicon as function of the

electric field It is apparent that
initially

the field dependence of the drift velocity is

Pncar corresponding to constant mobility As tile electric field is further increased the

drift velocity increases less rapidly At sufficiently large fields the drift velocib approaches

saturation velocity The experimental results can he approximated by the empirical

expressiofu

Vr 81

em

Drift elocitv versus electric field in Si.1
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wh is the saturation locit Ocu /s fr 300 is onstan ii to

iO h/cm for elections 2nd 10 V/cm for holes higf-pur Is silicon mate mis

2d yis for electrons and fo holes Velocity saturation at Figh fields is particularly

likely for fleitheffect transistors FLTs wit ry short channels Even modcrate solt

age can result in high field along the channeL This effect is scussed in Chapter

The high-field transport in type gallium arsenide is dffereiit from that of silicon.9

Figure 22 shows the measured drift velocity versus field foi type and p-type gallium

arsenide The results for silicon ai also shown in this log-log plot for comparison Note

that foi n-hype GaAs the drift velocity reaches maximum then decreases as the field

further increases his phenomenon is due to the cner band structure of gallium arsenide

that allows the transfer of conduction electrons from high-mobility energy minimum

called valley to low-mobihtr higher-energy satellite valleys that is electron transfer

from the central valley to the satellite valleys along the direction shown in Chapter

To understand this phenomenon consider the simple two-valley model of n-type gal

hum arsenide shown in Fig 23 The energy separation between the two valleys is AE

031 eV The lower valleys electron effective mass is uenoted by in the electron mobil

it by and the electron density by The upper-valley quantities are denoted by m2
and a2 respectively and the total electron concentration is given by n1 The

steady-state conductivity of the n-tpe GaAs can be written asaq qn 32

where the average mobility is

tntt2n2/lnins 83

The drift velocity is then

v5 84

ios

GsAs Electrons

io E300K
102 I.O 10 106

Electric field \/crn

Drift vclocitr sersus electric field in Si and GaAs etc that for n-typ GaAs there is

region
of

negative
differential mobility.69
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GaAs Conduction

band
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Electron distributions under various conditions of electric fields for two valle semi

conductor

77 UMC 1223
UMC v. AICP



78 Chapter CarrerTranspe Phenomera

For upl ri we make ol on ig sigy
ts En ele ctrc entrat oi ir

the vano is ranges of electric-field val ies illustrated in Fg 23 Fig 23a tie field is

low and all electrons remain in the ion ci valley In Fig 23b th field is higher and some

electrons gain sufficient energies fioin the field to move to the ighersalley In Fig 23c

the field is high enough to transfer all electrons to the higher valle Thus we have

and n2O

01 no for 85

and 09 ii for e5

Using these relations the effective drift velocity takes on the asymptotic alues

for

vnp9 fordd 86

If is larger than p25 there is region in which the drift velocity deercases witi

an increasing field between and c5 as shonn in Fig 24 Because of the characteris

tics of the drift elocity in n-tYpe gallium arsenide this material is used in microwave

transferred electron devices disci ssed in Chapter

When the electric field in semiconductor is increased abose certain value the

carriers gain enough kinetic energy to generate electron-hole
pairs

he an avalanche pro
cess that is shown schematically in Fig 25 Consider an electron in the conduction band

designated by If the electric field is high enough this eleefron can gain idnetic energy

before it collides with the lattice On impact with the lattice the electron imparts most

of its kinetic energy to break bond that is to ionize valence electron from the valence

band to the conduction band and thereby generate an electron-hole pair designated by

and Similarly the generated pair now begins to accelerate in the held and collides

with the lattice as indicated in the figure In turn they will generate other electron-hole

pairs e.g and and and so on TIns process is called the avalanche process it

is also referred to as the impact ionization process This process will result in breakdown

in pn junction nhich is discussed in Chapter

d5

Elect field

One possible seloc it -field characteristic of tno illev semiconductor
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Ev\

_____

Energy band diagram for the avalanchc process

To gain some ideas about the ionization energy involved let us consder the process

leading to 22 shown in Fig 25 Jr st prior to the collision the fast-moving electron

no has kinetic ener ns1v2 and momentum in1ry where m1 is the effective mass
and is the saturation velocity After collision there are three carriers the original elec

tron plus an electron hole pair no ard no If we assume that the ti ree carriers have

the same effectve mass the same kinetic energy and the same momentmn the total kinetic

energy is ii in1e12 and the total momentum is 3m1v1 where
Vj

is the elocity alter collision

To conserve both energy and momentum before and after the collision we require that

7in1v8 Egmivj 8i

and

rn1c 3rnlvf 88

where in Eq 87 the energy F5 is the bandgap conesponding to the minimum energy

required to generate an electron-hole pair Substituting Eq 88 into Eq 87 yields the

required kinetic energy for the ionization process

F0 1m1v12 1.5E5 89

It is obvious that F0 must be larger than the bandgap for the ionization process to occur

The actual energy required depends on the band structure For silicon the va ue for F0

is 3.6 eV 3.2 Fg for electrons and eV for holes

The number of electron-hole pairs generated by an electron per unit distance tra\

eled is called the ionization rate for the electron Similarly a5
is the ionization rate

for the holes The measured ionization rates f01 silicon and gallium arsenide are shown

in Fig 26 We note that both and a0 are strongly dependent on the electric field

For substantially large ionization rate say 10 cm the corresponding eleetrc field

is iO V/cm for silicon and 10 V/cm for gallium arsenide The electron hole

pair generation rate from the avalar che process is given by
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t05\/crn

108654
5x10

io Gas

ii4

in

102

J/310 Ccm/V

Measured ionization rates versus reciprocal field for Si and GaAs.9

90

where and are the electron and hole current densities respectively This expression

can be used in the continuity equation for devices operated under an avalanche condition

Various transport processes are at work in semiconductor devices These include drift

diffusion generation recoinbination thermionic emissios tunneling and impact ionization

One of the key transport processes is the carrier drift under the influence of an elec

tric field At low fields the diift velocity is proportional to the electric field This pro

portionality constant is called mobility Another key transport process is the carrier diffusion

under the influence of the carrier concentration gradient The total current is the sum

of the drift and diffusion components
Excess carriers in semiconductor cause nonequilibrium condition Most semi

conductor devices operate under nonequiibrium conditions Carriers can be generated

by various means such as forward biasing p-n junction incident light and impact ion

ization The mechanism that restores equilibrium is the recombination of the excess minor

ity carriers with the majority cairiers by direct band-to-band recombination or via localized

energy states in the forbidden energy gap The goserning equation for the rate of change

of charge carriers is the continuity equation
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Amc other sport oc th ri ccu hen carrie ti

surface
regi gam nougl energy to be emitted nto if vacuum lea el Another the tur

neling process is based on the quantum tunneling phenomena that results in the trans

port of electroi across potential barrier even if IF electron energy is iess than th

barrier height

As the electric field becomes higher the drift veloeit departs from its linear rela

tionship with the applied field and approaches saturation velocity This effect is par

ticulaily important in the study of short-channel field-effect transistors discussed Chapter
When the field exceeds certair alue the carriers gain enough kinetic energy to gen

erate electron-hole pair by colliding with the lattice and breaking bond This effect is

particularly important in the study of pn junctions The high field accelerates these nexa

electron-hole pairs which collide with the lattice to create more electron hole pairs As
this process called impact ionization or the avalanche process continues the pn junc
tion breaks down and conducts large current The junction bi eakdown is discussed in

Chapter
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FOR SECTION 3d CARR ER DRIFT

rind the resistivitses of intrinsic Si and intrinsic GaAs at 300

Assume that the mobility 0f electrons in silicon at 300 is 1300 cm2/V-s Also

assume that the nsobility is mainly limited by lattice scattering Determine the electron

mobility at 200 and 400

Two
scattering mechanisms exist irs semiconductor If only the first mechanism is pre

sent the mobility will be 250 cm2/V-s If only the second mecliassism is present the

mobility will be 500 cm2/V-s Deternsine the mobility when both scattering mechanisms

exist at tie same time

Find the electron and hole cosicentrations mohilities and resistivities of silicon samples at

300 for each of the following impurity concentrations 10 boron atoms/em5
10m boron atoms/cm3 and 15 10 arsenic atoms/cm3 and lO boron

atoms/cm3 i0 arsenic atoms/cm3 and 100 gallium atoms/cm3

Consides compensated nfope silicon at 300 with conductsvit of 16

0-cm and an acceptor doping concentration of 101 cm Detersnine the donor
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Co scentratiot ax the electro mohslty compe sxtc semicor ctor th

tails both do sor and acceptor unpurity atoms the same region

or semiconductor with cot slant mobility ratio indepe dent of impurity

concentration find the maaimum resistivits in terms of the intrinsic resistivitx and

the mobility ratio

four-point probe with probe spacing of 0.5 mm1 is used to measure the resistivity of

p-type silicon sample Find the resistivity of the sample if its diameter is 200 mm and its

thickness is 50 gm The contact current is mA and the measured voltage between the

inner two probes is 10 mV

Given silicon sample of unknown doping Hall measumement provides the following

information 11 005 cm 16 10 cm refer to Fig 2.5 mA and the mag
netic field is 30 nT 10 Wb/cm If Hall voltage of 10 mY is measured find the

Hall coefficient conductivity type majority carrier concentration resistivity
and mobility

of the semiconductor sample

semiconductor is doped with ND N1 mq and has resistance The same semicon

ductor is then doped with an unknown amount of acceptors NA 1V5 N0 yielding

resistance of 0.5 Find JIin ternis of N0 if D/D50
Consider semiconductor that is nonuniform doped with donor impurity atoms N0x
Show that the induced electric field in the semiconductor in thernial equilibrium is given

kT dN0x
bs xII

clx

FOR SECTION 32 CARRIER DIFFUSION

An intrinsic Si sample is doped with donors from one side such that N0 exp ax
Find an expression

foi the built-in field at equilibrium over the range for which

1sD Exaluate when gnrm

An n-type Si slice of thickness is inhomogeneously doped with phosphorus donor

whose concentration profile
is given by Nty x/L What is the formula

for the electric potential
difference betsveen the front and the back surfaces when the

sample is at thermal and electric equilibria regardless of how the mobility and diffusivity

varies with position What is the formula for the equilibrium electric field at plane

from the front surface for constant diffusivity and mobility

FOR SECTION 33 CENEBATION AND RECOMBINATION PROCESS

Calculate the electron and hole concentration under steady-state illumination in an n-type

silicon with l0 cm N0 1010 cm and 10 Its

An n-type silicon sample has io arsenic atoms/cm 10 bulk recombination cen

ters/cm and 10 surface recombination centers/cm Find die bulk minority carrier

lifetime the diffusion length and the surface recombinatmon velocity under low-injection

conditions The values of and are 10 and 10 semi respectively If the

sample is illuminated with uniformly absorbed light that creates electron-hole

pairs/cm-s what is the hole concentration at the surface

Assume that an n-type semiconductor is uniformly illuninated producing uniform

excess generation rate Show that in steady state the change in the semiconductor

conductivity is gisen by
Ao q/.e

FOR SECTION 34 CONTINUITY EQUATION

The total current in semiconductor is constant and is composed of electron drift current

and hole diffusion current The electron concenti ation is constant mid equal to 1011 cnr
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so cinceitra is In

or 10k xP ci r0
riliere 12 pan The hole diffusion coefficient is 12 cm2/s arid the electron mobil
its is ft 1000 cm2/\ Thc tota current denity is Tb Vein2 Calculate the hok
diffusion currc nt dcnsitx vcrsus hI thc ci mtron current dcnsit versus aid ci else

electric field versus

Excess cairiers are injected on one surface of tiun slice of
n-type silicon with thickness

It and extracted at tile
opposite surface where pW Thc re is in electric held in

the region Dense the expression for current densitics at the two suifaces

In Prob 17 if carrier lifetime is 50 Os arid 01 mm calculate the portion of injected

cuircnt that reaches the opposite surface by diffusion 50 cm2/s

An
n-type semiconductor has excess carrier boles 101 cm and bulk minoritt carriei life

time 10 in the bulk material and minority carrier lifetime 10 at the surbice Assume
zero applied electric field and let 10 cm2/s Determine the steady state exccss carrier

concentration as function of distance from the surface of the semiconductor

FOR SECTION T5 THERMIOMC EMISSION PROCESS

metal with work fonctmon la is deposited on an -type silicon semiconductoi

with affinib 4.0 and 1.12 eV What is the potential barrier height seen by elec

trons in the metal mos lug into the semiconductor

Consider tungsten filament with metal work function inside high acuu ci amber
Show that if current is passed through the filament to beat it rip sufficiently the elec

trons with enough thermal energy will escape into the aeuum and the resulted

therminnic current dcnsth is

where is 4ijnmk2 53 and or is free electron mass The definite integral

FOR SECTION 3.6 TUNNELING PROCESS

Consider electron with an sergy
of cv impinng on potential barrie th 20 e\7

and width of What is the tunneling prohabmilti

Es alnate the transmission coefficient for an electron of energy eV impil ging on

potential barrier of height 6.0 and thickness 10 meters Repeat the calculation for

barrier thickness of 10 meters

FOR SECTION 37 HIGH FIELD EFFECTS

Use the velocitr -field relations for Si and GaAs shown in Fig 22 to determine the transit

time of electrons through distance ir these materials for an electric fie of

kV/cm and hi 50 ky/cm

Assume that conduction electron in Si 1350 em2/V-s has thennal energy kT
related to Its mriean thermal selncmty by E1 m0o5i2 This elcctron is placed in an

electric field of 100 \/cm Show that the drift velocits of the electron in tins case is

small compared to its thermal
velocity Repeat for field of 104 V/cm using the same

s/cue of Con ient on the actual mr bilits ef cc ts at ti is higher val ic uf field
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41 BASIC FABRICATION STEPS

4.2 THERMAL EQUILIBRIUM CONDITION

4.3 DEPLETION REGION

4.4 DEPLETION CAPACITANCE

4.5 CURRENT-VOLTAGE CHARACTERISTICS

4.6 CHARGE STORAGE AND TRANSIENT BEHAVIOR

4.7 JUNCTION BREAKDOWN

48 HETEROJUNCT ON

SUMMARY

In the preceding chapters we considered the carrier concentrations and transport phe
nomena in homogeneous semiconductor materials In this chapter we discuss the behav

ior of
single crystal semiconductor material containing both p- and n-type regions that

form pn junction Most modem pn junctions are made by planar technolor to be

described in Section 4.1

pn junction serves an important role both in modern electronic applications and

in understanding other semiconductor devices It is used extensively in rectification switch

ing and other operations in electronic circuits It is key building block for the bipolar

transistor and
thyristor Chapter as well as for metal-oxide-semiconductor field-effect

transisitors MOSFETs Chapter Given proper biasing conditions or when exposed

to light pn junction also functions as either microwave Chapter or photonic device

Chapter
We also consider related devicethe heterojunction which is junction formed

between two dissimilar semiconductors It has many unique features that are not read

ily
available from the conventional pn junctions The heterojunction is an important build

ing block for heterojunction bipolar transistors Chapter modulation doped field-

effect transistors Chapter quantum-effect devices Chapter and photonic devices

Chapter

Specifically we cover the following topics

The formaton of pn junction physically and electrically

The behavior of the junction depletion layer under voltage biases

The current transport pn junction and the influence of the generation

and recombination processes

The charge storage in pn junction and its influence on the transient

behavor

84 UMC 1223
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ar2lal ltrn ie it id on tie ax hum
rcxcrse \oi age

hetenjunetu arid ts basic haraeteristies

Foday planar techno1o is used extensive1 for integrated circuit IC fabrication igures

arid show the major steps of planar process These steps include oxidation lithography

ci

hv

hare n-type Si safer An oxidized Si wafer by dry or wet oxidation

Application of esist Resst exoosu ii rougt the mask
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101 00

au lercted is punts ions

ci

tsio

The wafer after the des elopm eat is The ss afer after Si07 removal The final

result after conip1ete lithograph process p1 junction is formnc in the diffusion or

implantation process
Time wafer after inetallization junction

after the complete

prncesies

ion inspianation and metalhzatmon We describe these steps briefly in this section \Iore

detailed discussions can be found in Chapters 10U

411 OxWaton

The development of highqua1ity silicon dioxide S102 has helped to establish the dom
inance of Si in the production of commercial ICs Generally Si02 fu ictions as an insu

lator in numbr of device structures or as barrir to diffusion or implantation during

device fabrication Jr the fabrication of junction Fig the Si09 film is used to

define the junction area

There arc two Si05 owth mneth ds dry and sset oxidation dpcnding on sshethei

dry ox aen or svater vapor is used Dry oxidation is usually used to form thin oxides in
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CS Kl dC Ic cs as

ii ior ic CS Ot ir Os

ir iC Ite ti tio ss

ned Ii surf tee sir plc ts si ows pp so Ire

an oxidr waler

41 Lithography

Anothe ted coiled pI toi th rap used to define the geomct of ti op
iction ARm th for tiiatio of afe coated wit dti ioiet U\ hlight

sensitis iateual called photoresist whic is spun on the ss afer rfaee b1 highspeed
spinner Alter spinner Hg ti wafer is baked at about S0 100CC to drise the sol

vent out of the resist md to hardci tile mss hr inproved clues on Figure Id si ows
the next step whel is to exp the ssafei th ough patter icd mask it ing an UV-light
so tree exposed regF of In lot resist ci ed wafe igoes ehe weal

uoi depenc ing In ype of st te are eoed to gi become pole merized and
dif lie lit to remos ni etchant Tile Ol\ ci ized region remains when the wafer is

placed in deveiopc sslu ii as ie unexpi scd legion in de the opique ea dissolves

un washes away gore lOWS me fiftcr development wafet is igain
baked to 120 S0C for 20 iwO utes to nilma cc adf esion and nup use the esistance

to tile subseqi st ctci
trig plocess lhc rifi etch using buffered hedrofluoiJ acid PF

removes th unp otecte Si0 su face 2h Last die res st is stopped away by chem
ical solution ot an oxygen as ha sxst ni Figure 2c shows the final result of region with

out oxidc sm indow after tile lithograph\ process The wafer is now ready for forming
the ii junetnol bs diffusion IT ion-implantation process

413 01ff usion and ion impantat on

In tl diffusion method the sc icond ietoi surface not protected by tile oxide is exposed
to source with

limgh coi ccntiation oft ppositc type impurits The impurity moses into

the semiconductor stal hr soLd-s atc dffiisioi In the ioi nnplantatiou nethod the

intended impurity is introduced into time scm doe ductor by tcceleratn tile impurity ions

to ligh-ener lesel an then in iplan ing the ions in the seniicondnictor he Si02 layer

swes as barer Ii imps rity cliff usio or jo iplantation Aftc tile diffusoi im Pan
tation process he inctior formed as shown in ig 2d Due to late ud diffusion

of iwurities or lateral stragnrie of im1 la ted is the idth of time region is siighlls

ider ti an tie win ope ig

414 Meta ization

AlL diffusion or ion-implai tatioi pr icc ss inetolli ation process is used to fhrm liC
contacts and interconr ectionis iFig Me al Ph is can be fonimed by physical vapor depo

and cite coi sapor dcp siti Ti
lithogrr ply piocess is again used to define tiv

front coimtaet wInch is shown Fig 2f simnlar inetailization step done Ofl the hack
contact itho it us ng Iiograhv process on ally los -temperature oOOC neal

would also rimmed to pr iii oti ow- esista cc contacts behveen the metal laye

His 11 patti TI WI Ii ii Xlii 11 OtOi 515 iho pus ii ii phi oresists ru cc

dered in ccliii hppt
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and the semiconduc ith cor ipletso
Ad eta otioi thr as be om

functional

The most important ch racteristic of pn junctions is that they rectifh
that is thc\ allow

current to flow easily only one direction Figure shows the current-voltage charac

teristics of typical
silicon pn junction When we apply forward bias to the junction

lie positive voltage on the p-side the current increases rapidly as the voltage increases

However when we apply reverse bias virtually no current flows initially
As the reverse

bias is increased the current remains very small until critical voltage is reached at which

point the current suddenly increases This sudden increase in current is referred to as

the junction breakdown The applied forward voltage is usually less than but the reverse

critical voltage or breakdown oltage can vary from just few volts to many thousands

of volts depending on the doping concentration and other device parameters

421 Band Diagram

In Fig 4a we see two regions of p- and n-type semiconductor materials that are uni

formly doped and physically separated before the junction is formed Note that the Fermi

level is near the valence band edge in the p-type niaterial and near the conduction

band edge in the n-type material While p-type material contains large concentration

of holes with few electrons the opposite is true for type material

When the p- and n-type semiconductors are jointed together the large carrier con

centration gradients at the junction cause carrier diffusion Holes from the p-side dif

fuse into the n-side ann electrons from the n-side diffuse into the p-side As holes continue

to leave the p-side some of the negative acceptor ions near the junction are left

uneompensated since the acceptors are fixed in the semiconductor lattice whereas the

holes are mobile Similarly some of the positive donor ions near the junction are

left uncompensated as the electrons leave the n-side Consequently negative space charge

rnA

1.Forward
conduction

Reverse

hrekdnwn
3-

Current voltage characteristics of typical silicon pn junction
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__ Liii LJEiuh

Lniformly doped type and n-type semiconductors before the junction is formed

The electric field in the depiction region and the energy hand diagram of pn junction in

thermal equilibrium

forms near the p-side of the junction and positive space charge forms near the n-side

This space charge region creates an electric field that is directed from the positis charge
toward the negative charge as indicated in the upper illustration of Fig 4b

The electric field is in the direction opposite the diffusion current for each type
of charge carrier The lower illustration of Fig 4b shows that the hole diffusion current

flows from left to right whereas the hole drift current due to the electric field flows from

right to left The electron diffusion current also flows from left to right whereas th elec
tron drift current flows in the opposite direction Note that because of their negative chargc
electrons diffuse from

right to left opposite the direction of electror current

422 Equilibrium Fermi Levs

At thermal equilibrium that is the steady-state condition at given temperature with

out any external excitations the individual electron and hole current flowing across the

junctions are identically zero Thus for each type of carrier the drift current due to tire

electric field must exactly cancel the diffusion current due to the concentration gradi
ent From Eq 32 in Chapter

drift i-Jdiffusion

dpq/Jp qD
q1LpP

where we have used Eq of Chapter for the electric field and the Einstem relation

kT/qy Substituting the expressior for hole concentration

EilcTpne
and its derivative

lx kTdx dx
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into Eq reIds et ole current det iv

JijuppLcaO

or

dx

Similarly obtain for the net electron current density

drift diffusion

do
qpnc qD

dx

Thus for the con Wtion of zero net electron and hole currents the Fermi level must

be constant i.e independent of throughout the sample as illustrated in the energy

band diagram of Fig 4h

The constant Fermi level required at thermal equilibrium results in unique space

charge distribution at the junction We repeat the one-dimensional pn junction and the

corresponding equilibi ium energy
band diagram in Figs Sa and Sb respectri ely The

unique space charge distribution and the electrostatic potential iy are given by Poisson

equation

Here we assume that all donors and acceptors are ionized

In regions far away from the metallurgical junction charge neutrality is maintained

and the total space charge density is zero For these neutral regions we can simplify Eq

to

dx2

and

N0NpnO
For p-pe neutral region rre assume N0 and The electrostatic potential

of the p-type neutral region with respect to the Fermi level designated as in Fig Sb

can he obtained by setting N0 in Eq and by substituting the result

into Eq
Ii

E1 lnj 10
lfl

Similarly we obtain the electrostatic potential of the n-type neutral region with respect

to the Fermi 1cm ci
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\It lu go 11 Ofl

II

Depletion

region

Neutral Neutral

region rcgion

Transition anitioo

region regior

Charge densth due

to uncompensated

spuriti ions

pn junction with abrupt doping changes at the metallurgical junction Ener
band diagram of an abrupt junction at thennal equilibrium Space charge distribution

clangular approximation of the space charge distribution

1JCEI-EFfx ln 11

The total electrostatic potential difference between the p-side and the n-side neu
tral regions at thermal equilibrium is called the built-in potential

12
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4.23 Space Charge

Moving from neutral region toward the junction we encoui ter narron transitso reg on

shon in Fig 5c Here the space charge of impurity ions is partially compensated by the

mobile carriers Beyond the transition region we enter the completely depleted region

where the mobile can icr densities are zei This is ualled the depletion region also called

the space-charge region For typical pri junctions ir silicon mid gallium arsenide the

width of each transition region is small compared th the dth of the depletion region

Therefore we can neglect the transition region and represent
the depletion region by

the rectangular distribution shon in Fig 3d uhere Xp and denote the depletion layer

dths of the p-
and n-sides for the completely depleted region wdth Equation

becomes

13

The magnitudes of and as calculated from Eqs 10 and 11 are plotted ir Fig

as function of the doping concentration of silicon and gallium arsenide For given

doping concentration the electrostatic pote rtial of gaihuin arsenide is higher because of

its smaller intrinsic concentration mi1

Calculate the built-in potenB for silicon pn junction
th N5 cm and 10 cin

at 300

From Eq 12 ne obtain

vn0.0259ln
1015 0774\

9.65x 109

Also from Fig

V1_ny90.30V047\ 0.77\

101k 10 1019 1017 10

N4 or cnr3

nit-in potenPris on the pside and n-side of abrupt junctions in Si and Gs as fu ic

tion of impurity
conceritraton
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To solve Fossion eouation Eq.13 we is knou the impurity distrib tion this sec

on we consider two nportant casesthe abrupt junction and the
linearly graded junc

tion Figure 7a shows an abruptjunction that is pn junction formed by shallow diffusio

or low ener ion implantation The impurity distribution of the junction can be approx
irnated by an abrupt transition of doping concentration between the and pipe regions

Figure 7b shows linearly graded junction For either deep diffusior or higher eri
ion implantations the impurity profiles may be approximated by linearly graded junc
tions that is the impa ri distribution varies linearis across the junction We consider

the depletion regions of both types of junction

43i Abrupt Junction

The space charge distribution of an abrupt junction is shown in Fig 8a In the depletion

region free carriers are totally depleted so that Possions equation 13 simplifies to

fbr xxO l4a
dx2

_x__________________

NB

N-N

W/2

Approidmate doping profiles Abrupt junction Ii Linearly graded jun lion
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Neutraip Neutral

legion region

_____________

IX

Space charge distribution in the depletion region at thermal equilibrium lb

Electric-field distribution The shaded area corresponds to the built-in potential

dgi q1
for Oxx 14b

The overall space charge neutrality of the semiconductor requires that the total neg

afive space charge per unit area ni the p-side must precisely equal the total positive space

charge per unit area in the n-side

NDx1 15

The total depletion layer width is given by

Xr
16

The electric field shown in Fig 8b is obtained by integrating Eqs 14a and 14h which

gives

qNxx
-r

for x2xO La
dx

and

fbr Orx 17b

where is the mwdmurn field that exists at and is given by

rn
qNx11 qNx7 18

Es C1

Iritegating Eqs 17a and 17b er the depletion region gives the total potential vari

ation naniely the built in potential V1

cCxdxp side bxdxj51d

qN15x qVx 19
2e5
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There dcc di area of ti leld tra Fig 8b corresords to the ut ii potential

Combining Eqs 15 19 gis es the total depletion Inve width inction of the

built-in potential

12sN1 DV 20
N4V0

\Vhen the impurity concentration on one side of an abrupt junction is much higher
than that of the other side the junction is called one-skied abrupt junction Fig 9a
Figure 9b shows the space charge distribution of one-sided abrupt junction wI crc

N4 N0 In this case the depletion layer width of the p-side is much smaller than the

n-side i.e and the expression for IF can be simplified to

Wux /2ESV5 21
1qN0

The expression for the electric-field distribution is the same as Eq 17b

qNx 22
Es

where NB is the lightly doped bulk concentration i.e N0 for ptn junction he field

decreases to zero at Therefore

qNW
rn

v.n

V0

_______

One-sided abrupt junction with N4 N0 in thcnnal equilibrium Space charge
distribution Electric-field distribution Potential distribution ith distance where V0 is

the built in potential
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and

Wx-d 11 24

which is shown in Fig Or

Integrating Possions equation once more gives the potential distribution

dx _1_ constant 25

With zero potential in the neutral p-region as reference or pO and employing

Eq 19

26

The potential distribution is shown in Fig 9d

For silicon one-sided abrupt junction with 10n cm3 and 10n enva calculate the deple

tion layer width and the maximum field at zero bias 300

From Eqs 12 21 and 23 we obtain

10 101i

V9 0.0259ln 0.895

9.65 109

3.41 10 0.343 Lm
qN0

qN5W 0.52x104 V/cm

The previous discussions are for pjn junction at thermal equilibrium without exter

nal bias The equilibrium energy band diagram shown again in Fig iOn illustrates that

the total electrostatic potential across the junction is Vi The corresponding potential

energy difference from the p-side to the n-side is qV91 If we apply positive voltage

17F to the p-side with respect to the n-side the pn junction becomes forward-biased

as shown in Fig lOb The total electrostatic potential across the junction decreases by

VF that is it is replaced with V9 Thus forward bias reduces the depletion layer

width

By contrast as shown in Fig iOc if we apply positive voltage to the n-side with

respect to the p-side the pn junction now becomes reverse-biased and the total elec

trostatic potential across the junction increases by VR that is it is replaced by V9

Here we find that reverse bias increases the depletion layer width Substituting these

voltage values in Eq 21 yields the depletion layer widths as function of the applied volt

age for one-sided abrupt junction
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pictio

rcgior

qV51 V5

Schematic representations
of

depletion layer width and energr baud diagrams of pn
junction under various biasing conditions Thermal-equilibrium condition Forward-bias

condition Re erse-bias condition

27
qN

where is the lightly doped bulk concentration and is positive for forward bias and

negative for reverse bias Note that the depletion layer width Wvaries as the square root

of the total electrostatic potential difference across the junction

432 Lineady Graded Junction

We first consider the case of thermal equilibrium The impurity distriburion for lin

early graded junction is shown in Fig ha The Possion equation for the case is

___asLax -x 28
dx2 dx

where is the impurity gradient in crn4 and is the depletion layer width

We have assumed that mobile carriers are neglibie in the depletion region By inte

grating Eq 28 once with the boundary conditions that the electric field is zero at W/2
we obtain the electric-field distribution shown in Fig lb
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W/2 ______________
W2

if

-W/2EC
Linearly graded Junction in thermal equilibrium Impurity distribution di Electric-

field distribution Potential distribution with distance Energy band diagram

W/2
29

The maximum field at is

rn
q72 29a

Integrating Eq 28 once again yields both the potential distribution and the corresponding

energy hand diagram shown in Figs lc and lid respecthely The built-in potential and

the depletion layer width are given by

30

and

1/3wI12 31
qa
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icet values of ti iii t\ con nti us at wet gn fth dep ti oi regi

and 72 are the same and both are equal to aW/2 tI hr ilt4n potcntia lirwar

graded junction Tray he expressed form simdai to Eq

V/2aW/0
32

2iq

Solving the transcendental equation that results when is eliminated from Eqs 31 and

32 yields the built4n potential as function of The results for silicon at gallium ars de

linearly graded junctions are shown in Fig 12

When either forward or reverse bias is applied to the linearly graded junction the

variations of the depetion layer width and the energy band diagram will be similar to

those shown in Fig 10 for abrupt junctions However the depletion lgrer width wi vary

as V5 uhere is poslti\e for foruard bias and negatise for reverse bias

For silicon linearly graded junction with iinpuri gradient of 1020 cm the depletion laser width

ii 05 rm Calculate the maximum field and huilt4n voltage fT 300

From Eq 29a and Eq 32 we obtain

ow2 1.6x1019x102 x0.5xl0-
475x103 V/cm

8a Sx119xS8x10

V9
1f2x0.0259 110x05x10 0.645V
2mm 2x9.65x109

1.2

t.0

0.8

0.6
300K

0.4

1119 1020 1021 1022 1023

cnr4

Built4n potential for be early graded lunction in Si and CaAs as function of impurity

gradient

LT arkT
Based on an accurate numerical technique the bum1tmn potential is given by ln

Sqii

For given impurits gradient the
/a

is smaller thami that calculated from Em 32 about 0.115 0.1
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The junction depletion layer capacitance per unit area is defined as dQ/dV where

dQ is the incremental change in depletion layer charge per unit area for an incremental

change in the applied voltage dV
Figure 13 illustrates the depletion capacitasace of pn juuction with an ahitmiy

impurity distribution The charge and electric-field distributions indicated by the solid

lines correspond to voltage applied to the nside If this voltage is increased by an

amount dv the charge and field distributions will expand to those regions bounded by

the dashed lines In Fig 13b the incremental charge dQ corresponds to the colored area

between the two charge distribution curves on either side of the depletion region The

incremental space charges on the n- and p-sides of the depletion region are equal but

with opposite charge polarit thus maintaining overall charge neutrality This incremental

charge dQ causes an increase in the electric field by an amount d6 dQk from Possions

equation The corresponding change in the applied voltage dv represented by the cross-

hatched area in Fig 13c is appromately Wd which equals WJQ/fi Therefore the deple

tion capacitance per unit area is given by

333dV wQ

or F1n2 33a

r- Metallurgical

junction

vz pn junction
with an arbitrary impurity profile under reverse bias Change in

space charge distribution due to change in applied bias Corresponding change in electric-

field distribution

The capacaance is also ieferrcd to as the tranution region capacitance
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44 Capac anc VoliagC acterr cs

Eqs ation 33 for tf pletion capac ta ic rut ea the sa ne as sisndard erprr

sion for araflel-p ate capac to 1ier the spacing bes eer the vo plates represe its

the depletion-layer width The equaFon is valid for any arbitrary impurity distribution

deriving Eq 33 we have assumed that only the variation of the space charge

the depletion rcgion contributes to the capacitance This certainly is good assumption
for die reserse-hias condition For forward ases howevea large rrent can flow across

the junction corresponding to large number of mobile carriers present within the neu

tral region The incremental change of these mobile carriers with respect to the biasing

voltage contributes an additional term called the diffusion capacitance which is considered

in Section 4.6

For one-sided abrupt junction se obtain fron Eqs 27 and 33

qEN 34
12Vn_V

or

2V
qeN

It is clear from Eq 35 that plot of 1/C2 versus produces straight line for one-

sided abrupt junction The slope gis es the impurity concentration of the substrate

and the intercept at /Gf th gies Vt

For silicon one-sided abrupt junction with 10 cm and VD 10n cm calculate

the junction capacitance at zero bias and rcversed bias of 300

From Eqs 12 27 and 34 we obtain at zero bias

0.0259ln
10 Sn IO

0.906

9.65

2eV 2x11.9x8.85x10 4x0.906
IV 3.86 10 0.386 tram

1.6x109x8 10

_____ qe 2.728 10 cm2
180 2V5

From Eqs 27 and 34 we ca obtain at reverse bias of

2e 2a119x8.S9x10 5x0906 8.99x105 0899 trio

qV 1.6x10 xSxlO

1.172x10 5F/cm2
F5
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442 Evauatfton at nipurity Dstnbution

The capacitance-s oltage chara teristics can be used to evaluate an arbitrary imp ity
dis

tribution We consider the case of junction with doping profile on the n-side as

shown in Fig 14b As before the incremental change depletion layer charge per unit

area dQ for an incrcmertal change in the applied voltage dV is given by qVW dW i.e

the shaded area in Fig 4b The con esponding change in applied voltage shaded area

in Fig 14c is

nV dd 1C1Q qNW dW2
36

By substituting from Eq 33 we obtain an expression for the impurity concentration

at the edge of the depletion region

zvw
-- 37
qe 41/c12/dv

Metallurgical
junction

VdV
P9

dW

1NV
_____if_________________

/11

IV

dQIr

ptn junction with an arbitaiy impurits distribution Change in space charge

distribution iii the lightly doped side due to change in applied bias Corresponding change

ii the electric-field distribution
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ue an ea ret acitonc ye ni casersi merse-bas Itahe pOI

/C 2versus Tic slope of the plot thet 2/d welds YW multaneoush

is obtained from 33 series of su caiculat ons produces complctc mpurity

profile This approach referred to as tie in thod for measuring impurity profiles

For linearly graded junction the depict on larer capacitance is obtained from Eqs

31 ard 33

---- qae F/cni2 38
12V

For such junction we can plot 1/C3 versus and obtain the impurity gradient and

from the slope and the intercept respecti ely

443 Varactor

Many circuit applications employ the voltage-variable properties of reverse-biased pn
junctions pn junction designed for such purpose is cal ed varactor uhich is short

ened form of variable reactor As previousls derived the reverse biased depletion capac

itance is
gis en by

12 39

or

vs for 39a

where V3 for imearlr graded junction and /2 for an abrupt junction Thus the

voltage sensitivity of i.e variation of with is greater for an abrupt janction than

for linearly graded junction We can further increase the oltagc sensitivity by usmg

hyperabrupt junction baring an exponent Eq 39 greater than

Figure 15 shows three doping profiles
with the doner dutribution Nx given

byBx/vm where andr0 are constants in for linearly graded junction in for

an abrupt junction and for hyperabrupt junction The hyperahnipt profile can

________________H

Linearly graded in

Or0
Abi ipt

Imp itit prr
files for hypcrahiupt oi sided abrupt and ie-.-idcd nearly graded

junctions
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he achieved by epitaxial grouth te iques scusse in CF 31cr lo ibtain the

capacitance-voltage relationship we solve Possion equation

d2i
40

Ti tegrating Eq 40 twice with appiopriate boundary cond ons gives the dependence of

the depiction layer width on the reverse bias

i/nWVR 41

Therefore

v4 42

Comparing Eq 42 with Eq 39a yields 1/sn For hyperabrupt junctior with

V2 must be negatixe number

By choosing different ralues for or we can obtain wide variety of
CJ-versus-VR depen

dencies for
specific applications One

interesting example shown in Fig 15 is the case for

if For this case When this varactor is connected to an inductor in resonant

circuit the resonant frequency varies linearly
with the voltage applied to the varactor

V1 for 43
LC1

voltage applied to pn junction will disturb the precise balance between the diffu

sion current and drift current of electrons and holes Under forsvard bias the applied

voltage reduces the electrostatic potential across the depletion region as shown in the

middle of Fig 16 The drift current is reduced in comparison to the diffusion current

We have an enhanced hole diffusion from the p-side to the n-side and electron diffusion

from the n-side to the p-side Therefore minority carrier injections occur that is elec

trons are injected into the p-side whereas holes are injected into the n-side Under reverse

bias the applied voltage increases the electrostatic potential across the depletion region

as shown in the middle of Fig 16b This greatly reduces the diffusion currents result

ing small reverse current In this section we first consider the ideal current-voltage

characteristics We then discuss departures from these ideal characteristics due to gen
eration and recombination and other effects

45i dea Characteristics

We now derive the ideal current-voltage character sties based on the following assump
tions The depletion region has abrupt boundaries and outside the boundaries the

seiniconductoi is assumed to be neutral hi the carrier densities at the boundaries arc

related by the electrostatic potential difference across the junction ci the low-injection

condition that is the injected minority carrier densities are small compared with the

majority earner densitiesz in other words the majority carrier densities are changed neg
ligibly at the boundaries of neutral regions the applied bias and neither genera
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cii
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it

___
Depletion region energy band diagram and carrier distribution Forivard bmas çb

Re erse bias

tion nor recombination current exists in the depletion region and the electron and hole

currents are constant throughout the depletion region Departures from these idealized

assumptions are considered in the next section

At thermal equilibrium the majority carrier density in the neutral regions is essen

tially equal to the doping concentration We use the subscripts ii and to denote the

semiconductor type and the subscript to specify the condition of thermal equilibrium

Hence an and
pn are the equilibrium electron densities in the n- and sides respec

tir clv The expression for the built-in potential in Eq 12 can be rewritten as

hz
ln.i9 44

where the mass action Ian PpnpO nu2 has been used Rearranging Eq 44 gives

qS /kT

n0 ne 45

Similarly we have

46

We note from Eqs 45 and 46 that the election ersity and the hole dens
ty

the two

boundaries of the depletion region are related through the electrostatic potential dif

ference at thermal equilibrium From oui second assumptior wc expect that the

same relation holds when the electrostatic potential difference is changed by an applied

voltmge
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en foru ard bias is applied the ci trostatic pote tial differe reduced to

V0 V1- hut when reverse bias is applied tI electrostatic potential difference is

increased to V51 Thus Eq 45 is iìiodified to

_vJki
ne 47

where and are the nonequilibririm electron densities at the boundaries of the deple
tion region in the ii- and p-sides respectively with positive for forward bias and neg
ative for reverse bias For the low-injection condition the injected minority carrier density

is much smallei than the majority carrier density therefore n0 Substituting this

condition and Eq 45 into Eq 47 yields the electron density at the boundaiy of the deple
tion region on the p-side

qVIkT
n0e 48

or

1v/kr
ni nne 48a

Similarly we have

qV/kT
p0 p0e 49

or

_i 49a

at for the n-type boundaiy Figures 16a and 16b show band diagrams and carrier

concentrations in pn junction under forward-bias and reverse-bias conditions respec
tively Note that the minority carrier densities at the boundaries x5 and increase sub

stantially above their equilibrium alues under forward bias whereas they decrease below

their equilibrium values under reverse bias Equations 48 and 49 define the minoritycar

rier densities at the boundaries of depletion region These equations are the most impor
tant boundary conditions for the ideal current-voltage characteristics

Under our idealized assumptions no current is generated within the depletion region

all currents come from the neutral regions In the neutral n-region there is no electric

field thus the steady-state continuity equation reduces to

d2p0p0p0 50
dx Dr5

The Solution of Eq 50 with the boundai conditions of Eq 49 and oo gives

p0 p00 ri/kT
/L0 51

where L5 which is equal to is the diffusion length of holes minority carriers in

the n-region At

jx0 qD

f-
ic

qDp00
52
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Si ar wc obta the mu ra p-region

kT
0f jO

ii 53

and

dv qDn
qD

dx

po 54

where which is equal to is the diffusion length of electrons The minority car

rier densities Eqs 51 and 53 are shown in the middle of Fig 17

The graphs illustrate that the injected minority carriers recombine with the major

ity carriers as the minority carriers move away from the boundaries The electron and

hole currents are shown at the bottom of Fig 17 The hole and electron currents at the

boundaries are given by Eqs 52 and 54 respectively The hole diffusion current will decay

WL 1%HH 1Hl

pj PU

UQ

PLUH rI

Jt

J-JUIp

eJI
-x

Injected minomitv carrier distribution and electron and hole currents Forwaid bias

Rca ersc bias The figure illustrates idealized currents For practical devices the currents aie

not constant across the space charge layer
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exponc itilly in the regio \vith diff sion length rd he etron df on it

will decay exponentially in the regior tl diffi length

The total ci rrent is constant throughout the deice and is the sum of Eqs 52

ard 54

jjr 55

qDp0 qDn00
5oa

fl

where is the saturation current density Equation 55 is the ideal diode equation The
ideal current-voltage characteristic is shown in Figs 18a and 18/i in the Cartesian and

Forard

qWkT

Reers

io4

br
Foraard

///
/_Re\erse

10

10

qlv/4T

Ideal cuirent voltage characteristics Cartesian plot Id Semnilog plot
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serrilog ph ts respectively In the foiwrd direction wi ositivc ins on thc p-side for

3kT/q the rate cu Tent increase is constant shon Fig 18h At 300 fw

every decade char ge of current the oltage change for an ideal diode is 60 mV
kT/q In the reverse direction the current density saturates at

Calculate the ideal reverse saturation current in Si p.m junction diode nith cross-sect al area

of 10 cm2 The parameters of the diode are

N1 10is cin 1D 1016 cm 9.65 iOn cm
21 cm2/s 10 cm2/s 10

From Eq 55a and VI5 we can obtain

qD6p3qDn
ND VP

1.6 10n x9 65 1022
10

______
10165x107 5x105x10

858x10 A/cm2

From the cross-sectional area 10 cm2 we obtain

Ia AaJ 2a10 4x8.58x1O2 L72x10

452 GenerationRecombinaton and Highnjecton Effects

The ideal diode equation Eq 55 adequately describes the curient voltage characteris

tics of germanium junctions at low current densities For silicon and gallium arsenide

pn junctions however the ideal equation can only give qualitative agreement because

of the generation or recombination of carriers in the depletion region

Consider the reverse bias condition first Under reverse bias carrier concentrations

in the depletion region fall far below their equilibrium concentrations The dominant

generation-recombination processes discussed in Chapter are those of electron and hole

emissions through bandgap generation-recombination centers The capture processes are

not important because their rates are proportional to the concentration of free carriers

which is very small in the rererse-biased depletion region

The two emission processes operate in the steady state by alternately emitting elec

trons and holes The rate of electron-hole pair generation can be obtained from Eq 48

of Chapter with the conditions n1 and n1

c1POflVIhN

_____ E2E
aexp kT cYPexP kT

i56

Tg

where the generation lifetime is the reciprocal of the expression in the square brack

ets We can arrive at an iirlportant
conclusion about electron-hole generation from this
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expressu Let us consiclcr si upic case here Fo ti is cse redu es

to

a0VI\fl

cosh
The generation rate reaches maximum value at F1 F1 and falls off exponenCaily as F1

moves in either direction away from the middle of the baudgap Thus only those cem

ters with an energi level of near the intrinsic Fermi level can contribute significantly

to the generation rate

The current due to generation in the depletion region is

Jgen qffdx qGW
qnW 58

where is the depletion layer width The total reverse current for junction that

is for N4 and for 3kT/q can he approximated by the sum of both the diffu

sion current in the neutral regions
and the generation current in the depletion region

59

For semiconductors with large values of n1 such as germanium the diffusion current done

mates at room temperature and the reverse current follows the ideal diode equation

But if is small such as for sihcon and gallium arsenide the generation current in the

depletion region may dominate

Consider the Si pn junction
diode in Example and assunie calculate the generation

current density for reieise bias of

From Eq 20 we obtain

I1n N4N

N1 n2

9x8.85x10 14 dx lO 1016 dx 1016
I0O2D9ln

16ion 5x10 xt016 9.65x 1062

39 xxo.7o8VXiO cm

Hence the generation current density is

qn.W 16x11C9x9.65x109
x3.9e xx i58 10 k/cnr

5x10

1.22x \0.58 10 A/cm6

If we apph reversed bias of the generation current density is 2.66 10 A/cm2
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Undm hr va as ci tration ectro ci ho es cxcc ec req
ibrium values he carriers will rttempt se to 1uihb 4i vals es b\ ieco ii

hit ation Therefore the dormant gcneratioinreco nbinat proce es the depletion

regiol cie the capture piocesses From Eq 49 se ohtai

qi ikT qV/kT 60

Substituting Eq 60 in Eq 48 of Chapter and assuming yields

VthN ii

/kT

61
2ncosh

fl kT

In either recombination or generation the most efibetive centers are those located near

As practical examples gold and copper yield effective generatiomrecomhination cen

ters in silicon where the ialues of are 02 for gold and 0.02 e\ for copper
In gallium arsenide chronnum gives an effective center with an F1 salue of 0.08eV

Equation 61 can be simplified for the case

21 qi 21

It

Ucravh\/ 62
2mq

For given forward bias reaches its maximum value at location in the depletion region

either nhere time denominator mm 2n is minimum or where the sum of the rIce

tron and hole concentrations is at its minimum value Since the product of these

concentrations is constant given by Eq 60 the condition dp leads to

clp dn rip 63

or

pflnfl 64

as the condition for the minimum This condition exists at the location in the depletion

region where is halRvay between and as illustrated in the nmiddle of Fig 6a

Here the carrier concentrations are

q1/22T
mm ne gin

and therefore

21 /27

nie
cY0Vh\/ 9k

66
2n1e2

For 3kT/q

2V/22TnaV7\Tmqe 6i

The recombination current is then

j0n qUclr vNne112 qWi
eti

/227 68
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wl em rr is the effectix reconibination fetime gi en by tota forward

current can be approximated by the sum of Eqs 55 and 68 Forp0 and 3kT/q

we have

69

In general the experimental results can be represented empirically by

XPkT 70

where the factor is called the ideality factor When the ideal diffusion current domi

nates whereas when the recombination current dominates When both cur

rents are comparable has value of between and

Figure 19 shows the measured fonsard characteristics of silicon and gallium arsenide

pn junction at room teniperature.1 At low current levels recombinafion current dominates

arid At higher current levels diffusion current dominates and approaches

At even higher current levels we notice that the current departs from the ideal

situation and increases more gradually with forward voltage This phenomenon is asso

ciated with two effects series resistance and high injection We first consider the series

resistance effect At both low- and medium-current levels the JR drop across the neu

tral regions is usually small con ipared with kT/q 26 mV at 300 where is the for

ward current and is the series resistance For example for silicon diode with

10

T300K /7

i03

/1
II 1/

//111
Ii

Ii
10

02 0.4 06 0.8 1.0 t2

VV
Comparison of the fom aid current-oltage characteristics of Si aiid GaAs diodes2 at 300

Dashed lines indicate slopes of different idealihf factors 17
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L5oF nstfefld opati my L5mV mcve at thcfRd opbeconcs
15 wh ch six times larger ti an IcT/q hs TI drop reduces the ias across the deple

tion region therefore the urrent becomes

ml exp
qVIR expqv /kT

fT qIR
exp

and the ideal diffusion current is reduced by the factor exp
At high-current densities the injected minority carrier density is compariable to the

majority concentration that is at the n-side of the junction This is the

high-injection condition By substituting the high-injection condition in Eq 60 we obtain

p5 x5 exp qV/2kT Using this as boundary condition the current becomes

roughly proportional to exp qV/2kT Thus the current increases at slower rate under

the high-injection condition

53 Temperature Effect

Operating temperature has profound effect on device performance In both the

forward-bias and reverse-bias conditions the magnitudes of the diffusion and the

recombination-generation currents depend strongly on temperature We consider the for

ward-bias case first The ratio of hole diffusion current to the recombination is given by

diffsts1oxi rqV 2kr 72
recoinbination 2kT

This ratio depends on both the temperature and the semiconductor bandgap Figure 20a

shows the temperature dependence of the forward characteristics of silicon diode At

_____________________________ ______________________________

225C 225C

10-10 10
25

Si
Si

1012 _______________________ 1012 ______________________

02 04 06 0.8 10 10 101

VF

Ternperatuie dependence of the current voltage characteristics of Si diode

Forward bias Reverse bias
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room temperature or sir all forn aid oltages tf rccom atio irrent ger malls doi

mates whereas at higher forward voltages the diffusion current usualh dominates At

gis en forward bias as the tempcrature increases the dii fuson current will increase more

rapidly if an the recombination cmi cut Therefore the deal diode uation will be fol

lowed over wide range of forward biases as the temperature increases

The temperature dependence of the saturation current densityJ Eq 55a for one-

sided pt_n junction in which diffusion current dominates given by

qDp0 XP_ 73

Thus the activation energy obtained from the slope of plot of versus 1/T corresponds

to the energy bandgap

In the reverse bias condition for pt-n junction the ratio of the diffusion current

to the generation current is

n.E r0
di fusion 74

gonciation
NDW

This ratio is proportional to the intrinsic carrier density As the temperature increases

tile diffusion current as entually dominates Figure 20b shows tile effects of temperature

on the reverse characteristics of sihcon diode At low temperatures the generation cur

rent dominates and the reverse current varies as in accordance with Eq 58 for an

abrupt junction i.e \/ As the temperature increases beyond 175C the cur

rent demonstrates saturation tendency for Va 3kT/q at which point the diffusion cur

rent becomes dominant

Under forward bias electrons are injected from tile n-region into the p-region and holes

are injected from the p-region into the n-region Once injected across the junction the

minority carriers recombine with the najoritv carriers and decay exponentially with dis

tance as shou in Fig 17a These minority-carrier distributions lead to current flow and

to charge storage in the p-n junction We consider the stored charge its effect on junc

tion capacitance and the transient behavior of the pn junction due to sudden changes

of bias

46i MinorftyCarrer Storage

The charge of injected minority carriers per unit area stored in the neutral n-region can

be found by integrating the excess holes in the neutral region shown as the shaded area

in the middle of Fig 17a using Eq 51

qSp11 p00 dx

qV/kT s_s L5

qJ dx

qLpp00e51T
75

sin ilar expression can be obtained for the stored electrons in the neutral p-region The

number of stored minority ca Tiers depends on both the diffusion lcngth and the charge
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density at born dai the depleti re We ar pre re ch src en is

of the meeter current Froir Eqs and 75 ise have

76

Equation 76 states that the amount of stored iarge is the product of the current md
lifetime of the minority carriers This is because the injected holes diffuse farther into

the n-region before recombining if their lfetimc is longer thus more holes aie stored

For an ideal abrupt silicon junction with N0 io cm calculate the stored ininorit

carriers per unit area in the ileutral n-region when fern ard bias of l\ is apptied The diffusion

length of the holes is jam

From Eq 75 we obtain

9.65x10k
Q1 qL1pe kr

l.6x10
is x5xlO 4cm

8x 101
00259

4.69xJ0 C/cm2

62 Diffusion Capacithnce

The depletion layer capacitance considered previously accounts for most of the junction

capacitance when the junction is reverse biased When the junction is ftrward biased
there is an additional significant contribution to junction capacitance from the rear

rangement of the stored chaiges in the neutral regions This is called the dffusion capac
itance denoted term derived from the ideal-diode cast in which minority carriers

move across the neutral region by diffusion

The diffusion capacitance of the stored holes in the neutral n-region is obtained by

applying the definition ç1 AdQ1 /dV to Eq 75

Aq2Lp
77

where is the device cross-section area may add the contributior to Cd of the stored

electrons in the nentral p-region in cases of significant storage For junction how
evei fl and the contribution to of the stored electrons becomes insignifi

cant Under reverse bias i.e is negative Eq 77 shows that Cd is inconsequential because

of negligible minority-carrier storage

In mans applications we prefer to represent pn junction by an equisalent circuit

In addition to diffusion capacitance and depletion capacitance we must include

conductance to account for the ci rrent through the device In vie ideal di inc the con
ductance can be obtained from Eq 55

-L -1-/-je5_fojju-9L 78
dv kT kT kT
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P11
I_ __TI

Small
signal equivalent circuit of pn junction

The diode equivalent circuit is shown in Fig 21 where stands for the total depletion

capacitance i.e the result in Eq 33 times the device area For low-voltage sinusoidal

excitation of diode that is biased quiescently i.e at dc the circuit shown in Fig 21

provides adequate accuracy Therefore we refer to it as the diode small-signal

equivalent circuit

463 Transient Behavior

For switching applications the forward-to-reverse-bias transition must be nearly abrupt

and the transient time short Figure 22a shows simple circuit where forward current

flows through pn junction At time switch is suddenly thrown to the right

and an initial reverse current VIR flows The transient time plotted in Fig 22h
is the time required for the current to reach 10% of the initial reverse current

The transient time may he estimated as follows Under the forward-bias condition

the stored minority carriers in the region for pn junction is given by Eq 76

79

where is the total forward current and is the device area If the average current flow

ing during the turn-off period is 1R ae the turn-off time is the length of time required

to remove the total stored charge

t0 80
Rave Rave

let

OlR

Transient behavior of pn junction Basic
switching circuit Transient response

of the current switched from forward bias to reverse bias
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110

10

102

10

io __________________________
10 10 10 10 10 10

Normalized transient tim ie versus the ratio of foru ard current to reverse current.3

Thus the turn-off time depends on both the ratio of forward to verse currents and

the lifetime of the minority carriers The result of more precise turn-off time calcula

tion3 accounting for the time-dependent minority-carrier diffusion problem is shown in

Fig 23 For fast-suitehing devices we must reduce the lifetime of the minority carriers

Therefore recomnbination-generatioii centers that have energy levels located near n3id

banugap such as gold in silicon are usually introduced

When sufficiently large reverse voltage is applied to pn junction the junction breaks

down and conducts very large current Although the breakdown process is not inher

ently destructive the maximum current must be limited by an external circuit to avoid

excessive junction heating Two important breakdown mechanisms are the tunneling effect

and avalanche multiplication We consider the first mechanisni briefly and then discuss

avalanche multiplication in detail because avalanche breakdown imposes an upper limit

on the reverse bias for most diodes Avalanche breakdown also limits the collector volt

age of bipolar transistor Chapter and the drain voltage of MOSFET Chapter
In addition the avalanche multiplication mechanisms can generate microwave power as

in an IMPATT diode Chapter and detect optical signals as in an avalanche pho
todetector Chapter

431 Ttrnneing Effect

\1vhcn high electric field is applied to pn junction in the reverse direction valence

electron can make transition from the valence band to the conductior band as shown

in Fig 24a This process in which an electron penetrates through the energy haudgap
is called tunneling

The tunneling process is discussed in Chapter Tunneling occurs only if the elec

tric field is vemy high The typical field for silicon and gall uin arsenide is about /cn

or higher To achieve sue1 high field the doping concentrations for both p- and n-regions

UMC 1223
UMC v. AICP



118 Chapter nJunction

Energy band diagrams under junction
bieakdonu conditions Tunneling effect

Aalanche multiplication

must be quite high 1O cm The breakdown mechanisms for silicon and gallium

arsenide junctions with breakdown voltages of less than about 4E5/q where Eg
is the

bandgap are the result of the tunneling effect For junctions with breakdown voltages

in excess of 6EIq the breakdown mechanism is the result of avalanche multiplication

At voltages betueen and 6Eg/q the breakdown is due to mixture of both avalanche

multiplication and tunneling.4

4L2 Avalanche Multiplication

The avalanche multiplication process is illustrated in Fig 245 The pn junction such as

ptn one-sided abrupt junction with doping concentration of ND iO cm or less

is under reverse bias This figure is essentially
the same as Fig 25 in Chapter ther

mally generated electron in the depletion region çdesignated by gains kinetic energy

from the electric field If the field is sufficiently high the electron can gain enough kinetic

energy that on collision with an atom it can break the lattice bonds creating an elec

tron-hole pair and These newly created electron and hole both acquire kinetic energy

from the field and create additional electron-hole pairs e.g and These in turn con

tinue the process creating other electron-hole pairs This process is therefore called

avalanche multiplication

To derive the breakdown condition we assun3c that current is incident at the

left-hand side of the depletion region of width as shown in Fig 25 If the electric

field in the depletion region is high enough to initiate the alanche multiplication pro

cess the electron current will increase with distance through the depletion region to

reach value at where the multiplication factoi is defined as

81

Similarly the hole current increases from to The total current

ICC is constant at steady state The incremental electron current at equals the rumber

of electron hole pairs generated per second in the distance dx
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-W
i-

Depletion region in p--n junction with multiplication of an incident current

dJ adx jacix 82

or

dl

aol 82a

where and are the electron and hole ionization rates respectively If we use the

simplified assumption that the solution of Eq 82a is

1w-I
Il

J0 adx 83

From Eqs 81 and 83 we haie

adx 83a

The avalanche breakdown voltage is defined as the voltage where 14 approaches infin

ity hence the breakdown condition is given by

fa1 84

From both the breakdown condition described above and the field dependence of

the iomzation rates we may calculate the critical field the maximum electric field

at breakdown at which the avalanche process takes place Using measured and

Fig 26 in Chapter the critical field are calculated for silicon and gallium arsenide

one-sided abrupt junctions and shown in Fig 26 as ftmctions of the impurity coricentra

tion of the substrate Also indicated is the critical field for the tunneling effect It is evi
dent that tunneling occurs only in semiconductors having high doping concentrations

\1 ith the critical field determined we may calculate the breakdown voltages As dis

cussed previously voltages in the depletion regior are determined from the solution of

Possioi equation

85
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20

16
One-sided abrupt juIlctiou at 300

GaAs

Nfl pJJjj

1016 101 10

cm

Critical field at breakdown versus background doping for Si and GaAs one-sided abrupt

junctions.5

for one-sided abrupt junctions and

2W 4C3/2

ii
a
j

86

for linearly graded junctions where is the background doping of the lightly doped

side is the semiconductor perrnittivity
and is the impurity gradient Since the crit

ical field is slowly varying function of either or the breakdown voltage as first-

order approximation varies as for abrupt junctions and as for linearly graded

junctions

Figure 27 shows the calculated avalanche breakdown voltages for silicon and gallium

arsenide junctions.5 The dash-dot line to the right at high dopings or high-impurity gra
dients indicates the onset of the tunneling effect Gallium arsenide has higher breakdown

voltages than silicon for given or mainly because of its larger handgap The larger

the bandgap the larger the critical field must be for sufficient kinetic cnergy to be gained

between collisions As Eqs 85 and 86 demonstrate the larger critical field Es turn gives

rise to higher breakdown voltage

The inset of Fig 28 shows the space-charge distribution of diffused junction with

linear gradient near the surface and constant doping inside the semiconductor The

breakdown voltage lies between the two limiting cases of abrupt junction and linearly

graded junction considered previously.6 For large and low N5 the breakdown voltage

of the diffused junctions is given by the abrupt junction results shown on the bottom line

in Fig 28 ss hereas for small and high N1 V6 is given by the linearly graded junction

results indicated by the parallel lines in Fig 28

Calculate the breakdown voltage for Si one-sided pn abrupt junctions
with 10i6 cm

From Fig 26 we see that the critical field breakdown for Si one-sided abrupt

junction is about 5.7 10 \/cm Then from Eq 85 we obtain
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irit come 3trtior vi

1014 b6 10 10

1000 1000

T300K

00
One-sided

100

abrupt junction

.1inear1m

graded junction
io iii

GaAs

1020 1021 1022 1023 1024

Impunty gradient cmb

Avalanche breakdown oltage versus impurity concentration for one-sided abrupt junc
tion and avalanche breakdown oltage versus iinpuni gradient for linearly graded junction in Si

and GaAs Dash-dot line indicates the onset of the tunneling mecharnsnt

fW 51
breakdown voltage

2q

11.9x8.85x 1Oh1 x5.7x 105
5x10162x1.6x109

21.4

In Figs 27 and 28 we assume that the semiconductor layer is thick enough to sup
port the reversu-biased depletion layer width at breakdown If the semiconductor

_________________________________ iO

10 /_Gradienta

Si

101 L..J

i0 10 1016

Backgrour en ieentiatinn \Bcrn

Breakdown voltage for diffun junctions nset shows the space cis
Irge

distrib itior
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layer is smallei if an as shonu in the insct of 99 the desi ii be pu ci ed

through that is the depletion layer will reach the nivi interface prior to breakdcwn

nerease the reverse bias further and the device will break down The critical field is

essentially the same as that shown in Fig 26 Therefore the breakdown soltage for

the punch-through diode is

shaded area in Fig 29 inset

VB

1i2 87

Punch-through occurs when the doping concentration NB becomes sufficiently iow

as in ptir or vn diode where iv stands for lightly doped p-type and stands

for lightly doped n-type semiconductor The breakdown voltages for such diodes cal

culated from Eqs 85 and 87 are shown in Fig 29 For given thickness the breakdown

voltage approaches constant value as the doping decreases

For GaAs one-sided abrupt junction with N0 10 cm calculate the depletion width

at breakdown If the n-type region of this structure is reduced to 20 rm calculate the breakdown

voltage

From Fig 27 we can find the breakdown voltage V5 is about 500 which is oiuch

larger than the built-in voltage V0 And from Eq 27 we obtain

vv 12x124x8.85x10 4x500
293 i0 29.3pm

qNB 1.6v109x6x104

io
Si

One sided

OObn3 abrupt
Hi

H2

10 ILU Li .L.LJJLIJ.J.LLLIfI

iOu to6

Impuntv conmntration cm3

Breakdown oltage for ptTr_n and junctions is the thickness of the lightly

doped pe or the lightly doped n-type region
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insulating

Planar diffusion
process

that forms junction curvature near the edge of the diffusion

mask \shere is the radius of curvature Iri Cylindrical and spherical regions formed by diffu

sion through rectangular mask

Vi hen the
n-type region redu es to 20 Irm the punch-through will occur first From Eq 87 we

can obtain

shaded area in Fig 29 inset 1W12
VB i/2 wA

wV 20Y
VB 2--500xI---U 2-----I449

129.3 29.3

Another nnportant consideration of breakdown oltage is the junction curvature effect

When junction is formed diffusion through window in the isulatiug layer on

semiconductos the impurities diffuse downward and sideways see Chapter 13 Her cc

the junction has plane or flat region with nearly cylindrical edges as shown in Fig
30a If the diffusion mask contains sharp corners the corner of the junction will acquire

the roughly spherical shape shown in Fig 30b Because the spherical or cylindrical regiol

of the junction have higher field intensity they determine the avalanche breakdown

voltage The calculated results for silicon one sided abrupt junctions are shown in Fig
31 The solid line repwsents the plane junctions considered previously Note that as the

junction radius becomes smaller the breakdown voltage decreases dramatically espe
cially for spherical junctions at low impurity concentrations
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1000
Si One sidld

41 ropt junctions

Plane

CFndrical

100
10tm S1iorica1

30010

1014 10u 10 l0 1015

Impurity concentration N5 cnfj

Breakdown voltage versus impurity concentration for one-sided abrupt doping profile

with cylindrical and spherical junction geometries uhese is the radius of cnn ature indicated

in Fig 30

heterojunction is defined as junction formed between two dissimilar semiconduc

tors Figure 32a shon the energy band diagram of tu isolated pieces of semiconduc

tors prior to the formation of heterojunction The twa semiconductors are assumed to

have different energy bandgaps F0 different dielectric permittivities
different work

function and different electron affinities The work function is defined as the energy

required to remove an electron from Fermi level to position just outside the mate

rial the vacuum level The electron affinity is the energy required to remove an elec

tron from the bottom of the conduction band to the vacuum level The difference in

energy of the conduction band edges in the two semiconductors is represented by

and the difference in energy in the valence band edges is represented by AE From Fig

32a AE and AE5 can be expressed by

LEc 88a

and

Fri Ega qxs AE5 88b

uhere AEg is the energy band diffetence and AE5 F51 Eg2

Figure 32b shows the equilibrium band diagram of an ideal abrupt heterojunction

formed between these semiconductors.5 In this diagram it is assumed that there is neg

ligible number of traps or generation-recombination centers at the interface of the two

dissimilar semiconductors Note that this assumption is salid only when heterojunctions

are formed between semiconductors with closely matched lattice constants Thes efore

we must choose lattice-matned materials to satisfy the assumption.1 For example the

AirGat As materials with from to is the most important material for heterojunc

1Tbe lattice bun atci ed epitax also called tin strained-layer opita is corsdercd in Section 106
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Va ulirl e\e

qx1 qC51 q2 q0s2

E01

E9

Vj qx2 q2

E2

E11

12

flH a2

x0

Energy band diagram of tu isolated semiconductors hi Energy band diagram of

an ideal np heterojunction at thermal equilibrium

tions When we have GaAs with bandgap of 1.42 eV and lattice constant of

5.6533 at 300 When we have AlAs with bandgap of 2.17 eV and lattice

constant of 6605 The bandgap for the ternamy Al2Ga1 2As increases with howeve4
the lattice constant remains essentially constant Even for the extreme cases where

and the lattice constant mismatch is only 0.1%
There are two basic requirements in the construction of thc energy band diagram

the Fermi level must be the same on both sides of the interface in therir al equilib

rium and hI the vacuum level must be continuous and parallel to the band edges Because

of these requirements the discontinui in conduction band edges and valence band

edges AE1 will he unaffected by doping as long as the bandgap and electron affir ity

are not functions ofdopng i.e as in nondegenerate semiconductors The total built-

in potential can be expressed by

V/2 89
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nhern and V52 ire the alec tiostatic rientials at quiIibriuni ins ii ic md ic ir am

respectively

Under the conditions that the potential and t1iefreecarrierJlux density defined as

the rate of free-carrier flow through unit area ire continuous at the heterointerface

we can derive the depletion widths and capacitance from the Poisson equation using the

conventional depletion apprudmation One boundai condition is the continui of elec

trIc displacement that is where and are the electric fields at the inter

face in semiconductors and respectivel V11 and V5 are given by

e.2N2
90a1

e1N1 a2N9

1b2
CII

90h
e1N1 E2V2

where and N2 are the doping concentrations in semiconductors and respecti\ ely

The depletion widths and x2 can be obtained by

2E1s2N
x1 91a

eV
and

91h
qN2 1v1 E2N2

Consider an ideal abrupt heterojunction with huilt-in potential of The impurity concen

trations in sea miconductor and are 1016 donors/cm and 10u acceptors/cm3 and the dielec

tric constants are 12 and 13 respectively Find the electrostatic potential and depletion width in

each material at thermal equilibrium

From Eq 90 the electrostatic potentials of heterojunction at thermal equilibrium

orl Oare

13x3x10xl
_____________________ 16V
12 xi Ou 13 iofl

and

12xlx 1ox1.6
V2 4.9x10V

12x1x1016 13x3X109

The depletion widths can he calculated by Eq 91

2x 123 13x8.85x 1014x3X i019x 1.6

a3 4.608x 10 cm

ixio 9xixiO 6x19 1x1015 13.331016
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2x19a 3v8.85x10 x1xII.6
1536 10 cm

10 ii to 12 ix 016 13 3x ion

We see that most of the built-in potential is in the so meo sduetor with loner doping concentra

tion The depletion width theie is also much wider

junction is formed when p-type and an n-type semiconductor are brought into

intimate contact The pn junction in addition to being device that is used in many

application is the basic building block for other semiconductor des ices Therefoie an

understanding of junction theory serves as the foundation to understanding other semi
conductor devices

Most modern pn junctions are fabricated using planai technology This technol

ogy includes the thermal oxidation process to grow an oxide layer on the semiconductor

surface the lithography process to open an windoss in the oxide the diffusion or ion implan
talon process to form pn junction in the window area and the metallization process

to provide contacts to connect the junction to other cilcuit elements Planar technology

is covered in detail in Chapters 1014
When pn junction is formed there are uncompensated negative ions on the

p-side and uncompensated positive ions Non the n-side Therefore depletion region

i.e depletion of mobile carriers is formed at the junction Tins region in turn creates

an electric field At thermal equilibrium the drift current due to the electric field is exactly

balanced by the diffusion current due to concentiation gradients of the mobile carriers

on the two sides of the junction When positive voltage is applied to the p-side with

respect to the n-side large current wi1i iiow through the junction However when

negative voltage is applied virtually no current flows This rectifying behavior is the

most important characteristic of junctions

The basic equations presented in Chapters and has been used to develop the

ideal static and dynamic behaviors ofpn junctions \Ve derived expressions for the deple
tion region the depletion capacitance and the ideal current-voltage characteristics of pn
junctions Howes er practical devices depart from these ideal chum acteristics because of

carrier generation and recombmation in the depletion layers high injection under for

ward bias ar series-resistance effSets The theory and methods of calculating the effects

of these departures from the ideal are discussed in detail We also considered other fac

tors that influence pn junctions such as minority-carrier storage diffusion capacitance

and transient behavior in high-frequency arid switching applications

limiting factor in the operation ofpn junctions is junction breakdownespecially
that due to avalanche multiplication When sufficiently large reverse voltage is applied

to pn junction the junction breaks down and conducts very large current Therefore

the breakdown voltage imposes an upper limit on the reverse bias for pn junctions We
derived equations for the breakdown condition of the 11 junction and have shown the

effect of device geometry and doping on the breakdown voltage

related device is the lieterojumictioui funned between two dissimilar seniieondue

tors We obtained expressions for its electrostatic potentials and depletion widths These

expressions are simplified to that for conventional pri junction when these two semi
conductors become identical
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FOR SECTION 43 DEPLETION REGION

diffused silicon pn junction has linearly graded junction on the p-side with l0
cin and uniform dopiisg of lO cm on the n-side If the depletion layer width of

the p-side is 0.SHm at rem bias find the total depletion layer width built-in potential and

maxinsum field at zero bias

Sketch the potential distribution in the Si junction in Prob

For an ideal silicon pn abrupt junction
with l0 cnr3 and N0 1015 cm cal

culate Vt at 280 300 350 400 450 and 500 and plot Vt5 versus hI comment on

our result in terms of energy baud diagram and find the depletion layer width and

the maximum field at zero bias for 300

Determine the n-type doping concentration to meet the following specifications for Si

pn junction

cin lO V/cm at 30 300

FOR SECTION 44 DEPLETION CAPACITANCE

An abrupt pn junction has doping concentration of iO or 101 cm on the

lightly doped n-side and of l0 cm on the heavily doped p-side Obtain series of curves

of l/C versus where ranges from to in steps
of 0.5 Comment on the

slopes and the interceptions at the voltage avis of these curves

For silicon linearly graded junction with impurity gradient of 10 cm calculate the

built-in potential and the junction capacitance at reverse bias of 300

one-sided pn Si junction at 300 is doped with Nt l0iYcm Design the junction

so that 0.85 pF at 4.0

FOR SECTION 45 CURRENTNOLTAGE CHARACTERiSTICS

Assume that the pn junction considered in Frob contains l0 cm generation-recom

bination centers located 0.02 eV above the intrinsic Fermi level of silicon with

10 cm2 If vt l0 cmls calculate the generation and recosrubination current at 05

Consider Si junction with n-type doping concentration of 10u cm and is forward

biased with 0.8 at 300 Calculate the minority carrier hole concentration at the

edge of the space charge region
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Calculate the applied reverse- as voltam uhlch the ideal evers cu cit

lunction diode at 300 reaches 95% ol its everse saturation curient value

Design the Si pn diode such tliatJ 2u diem2 andJ5
Acni at 0.7 The

remaining parameters are given in Er

An ideal silicon junction has 10n cnr 10Th cur3 10 and

device area of 1.2 10 cm2 Calculate the theoretical saturation current at 300

Calculate the forward and reverse currents at 07
In Prob 12 assume the widths of the two sides of the junction are much greater than the

respective minority-earner diffusion length Calculate the applied voltage at forward

current of mA at 300

silicon -a junction has the following parameters at 300 Kn5 r5 10 N0 1015

cur3 N4 1012 cm3 Plot diffusion current density and total current density ver

sus applied reverse voltage Repeat the above results for N0 10 cm3

FOR SECTiON 4.6 CHARGE STORAGE AND TRANSIENT BEHAVIOR

For an ideal abrupt silicon pn junction with 16 cm find the stored irlinority

carriers per unit area in the neutral n-region when forward bias of is applied The

length
of neutral region is j.tm and the diffusion length of the holes is .1ni

FOR SECTION 4.7 JUNCTION BREAKDOWN

For silicon one-sided abrupt junction with N0 10 cin3 find the depletion layer

width at breakdown If the n-region is reduced to jim calculate the brcakdoun voltage

and compare your result with Fig 29

Design an abrupt Si junction diode that has reverse breakdown voltage
of 130

and has forward bias current of 2.2 nid at \7 0.7 volt Assume 10

In Fig 20/i the avalanche breakdown voltage increases with Increasing temperature Give

qualitative argument for the result

If a1 a5 10d/4 10 cur1 in gallium arsenide where it is in V/cm find the break

down voltage of p-i-n diode with an intrinsic-layer width of 10.tm and pn Junc
tion with doping of lO cm for the lightly doped side

Consider that Si pn junction at 300 with linearly doping profile varies from

10 8cm to N0 lOne10 over distance of icm Calculate the breakdown voltage

FOR SECTION 48 HETEROJUNCTION

For the ideal heterojunctmon in Er 10 find the electrostatic potential and dcplctior width

in each material for applied voltage of 0.5 and

For an n-type GaAs/ p-type Al0 3Ga0 -As heterojunction at room temperature AL1 0.21

eV Find the total depletion width at thernial equilibsium when both sides have impurity

concentration of lO cm Hint the bandgap of A11Ga1 As is given by Ex 424

247i e\ and the dielectric constant is 12.4 3.1 2r Assume N5 and N1 are the same

for A1Ga1 As with cx 0.4
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CHAPTER

Bipolar Transstor and
Related Devices

5.1 THETRANSISTORACTION

5.2 STATIC CHARACTERISTICS OF BIPOLAR TRANSISTOR

5.3 FREQUENCY RESPONSE AND SWITCH NO OF BIPOLAR TRANSISTOR

5.4 THE HETEROJUNCTION BIPOLAR TRANSISTOR

5.5 THE THYRISTOR AND RELATED POWER DEVICES

SUMMARY

The transistor contraction for transfer resistor is multijunction semiconductor device

Normally the transistor is integrated with other circuit elements for voltage gair cur

rent gain or signal..power gain The bipolar transistor also called the bipolar junction

transistor BJT is one of the most important semiconductor devices It has been used

extensively in high-speed circuits analog circuits and power applications Bipolar devices

are semiconductor devices in which both electrons and holes participate in the conduc

tion process This is in contrast to the field-effect devices discussed in Chapter and

in which predominantly only one kind of carrier participates
The bipolar transistor was invented by research team at Bell Laboratories in 1947

The device had two metal wires with sharp points making contact with germa iium sub

strate see Fig in Chapter The first transistor was primitive by todays standards

yet it revolutionized the electronics industry and changed our way of life

For modern bipolar transistors have replaced the germanium with silicon and

replaced the point contacts with two closely coupled pn junctions in the form of p-n-p
or n-p-n structui es We consider the transistor action of the coupled junctions and derive

the static characteristics from the minority carrier distributions in the regions We also

discuss the frequency response and switching behavior of the transistor In addition we

briefly consider the heterojunction bipolar transistor in which one or both junctions

are formed between dissimilar semiconductors

In the final section related bipolar device called thyristor is introduced The basic

thyristor his three ciosel coupled pn junctions in the form of p-n-p-n structure.2 The
device exhibits histable characteristics and can he switched between high-impedance
ofi state and low-impedance on state The name thyristor is derived from gas thy ra
tron which is gas-filled tube with similar bistable characteristics Because of the two
stable state on md off and the low power dissipato in these states thyristors are .se

Lul in many applications We consider the physical operation of the thvristor and few
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rciatec suit In
ig

duic ore the ran Sd tie in io

are hriefi introduced

Specifically sic co ci the fbi owing to1 ics

The cm ent gain and modes of operatio of hipolsi transistors

Th cutoff frequency nnd suitcli ing time of hinolar transistor

The advantages of hetcrojunction bipolar transistor

The posi er handling capability of thyristor and related bipolar devices

perspective viess of discrete p-n-p bipolar transistor is shown Fig The transistor

is formed by starting with p-type substrate An n-type region is thermally diffused through

an oxide window into the p-type substrate vcxy heavily doped egion is then dif

fun into the n-type region Metallic contacts are made to the and n-regions through

the windows opened in the oxide layer and to the p-region at the bottom The details of

transistor fabrication processes are considered in later chapters

An idealized one-dimensional structure of p-n-p bipolar transistor is shown in Fig 2a

Normally the bipolai transistor has three separately doped regions and two junc

tions The heavily doped p-region is called the emitter defined as symbol in the fig

ure The narrow central n-region niti nioderatel doped concentration is called the

base sy mbol The width of the base is small compared with the minority carrier dif

fusion length The lightly doped p-region is called the collector symbol The doping

concentration in each region is assumed to be uniform It should he noted that the con

cepts developed for the pn junction can be applied directly to the transistor

Figure 2b illustrates the circuit symbol for p-n-p transistor The current conipo

nents and voltage polarities are shown in the figure The arrows of the various currents

indicate the direction of current flow under normal operating couditions also called the

active mode The and
signs are used to define the voltage polarities We can also

denote the voltage polarity by do ible subscript on the voltage symbol In the actir

mode the emitter-base junction is fonvard biased VEB and the base-collector junction

Fe Fter

Base

Collertor

Perspective
view of silicon p-n-p bipolar transistor
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Emitter Base Collecto

VB

ICE

Emitter Base Collector CF

Idealized one-dimensional schematic of p-n-p bipolar transistor and hI its circuit

symbol Idealized one-dimensional schematic of an n-p-n bipolar transistor and its circuit

symbol

is reverse biased Vca According to Kirchhoffis circuit laws there are only two inde

pendent currents for this three-terminal device If two currents are known the third cur
rent can be obtained

The n-p-n bipolar transistor is the complementamy structure of the p-n-p bipolar tran
sistor The structure and circuit symbol of an ideal n-p-n transistor are shown in Figs 2c

and 2d respectively The n-p-n structure can be obtained by interchanging for and
for from the p-n-p transistor As result the current flow and voltage polarity are all

reversed In subsequent sections we concentrate on the p-n-p type because the direc

lion of minority-carrier hole flow is the same as current flow It provides more intu
itive base for understanding the mechanisms of charge transport Once we understand
th6 p-n-p transistor we riced only to reverse the polarities and conduction types to describe

the n-p-n transistor

51i Operation in the Active Mode

Figure 3a show an idealized p-n-p transistor in thermal equilibrium that is where all

three leads are connected together or all are grounded The depletion regions near the

two junctions are illustrated by colored areas Figure 3b shows the impurity densities in

the three doped regions where the emitter is more heavily doped than the collector

However the base doping is less than the emitter doping but greater than the collector

doping Pigure 3c shows the corresponding electric field profiles in the two depletion

regions

Figure 3d illustrates the
energy band diagram which is simple extension of the

thermal-equilibriumsituation for the pn junction as applied to pair of closely coupled
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.ii itter Ian CoIleLtoTIF
\j

p-n-p transistor with all leads grounded at thennal equilibrium Doping pro
file of transistor with abrupt impurity distributions Electiic field profile Cl Energy band

diagram at thermal equilibrium

pm and n-p junctions The results obtained for the pn junction in Chapter are equally

applicable to the emitter-base and base collector junctions At thermal equilibrium there

is no net current flow hence the Fermi lmei is constant in the regions

Figure shows the corresponding cases when the transistor in Fig is biased in the

active mode Figure ua is schematic the transistor connected as an amplifier with

the common-base configuration that is the base lead is common to the input and out

put circuits.3 Figures 4b and 4c show the charge densities and the electric fields respec

tti e1v under biasing conditions Note that the depletion layer width of the emitter base

junction is narrower and the collector-base junction is wider compared with the equi

librium case shown in Fig

Figure 4d shows the corresponding energy band diagram under the active mode

Since the en3itter-base junction is forward biased holes are injected or emitted from

the emitter into the base and electrons are injected from the base into the emitten

Under the ideal-diode condition there is no generation-recombmation current in the deple

tion region these two current components constitute the total emitter current The

collector-base junction is reverse biased and small reverse saturation current will flow

across the junction llowevei if the base width is sufficiently narrois the holes injected

from the emitter can ffuse through ti base to each the base collector depletiom eda
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Emi tee Base oil ctor1TT1ly
eitput

\I

1570 W0

The transistor shown in Fig under the actEe mode of
operation Doping pro

files and the depletion regions under biasing conditions Electric-field profile Energy
band diagram

and then float up into the collector recall the bubble analogy This transport mech
anism gies rise to the ternsinolo of emitter which emits or injects carriers and of col
lector which collects these carriers injected from nearby junction If most of the injected
holes can reach the collector without recombining with electrons in tile base region then

the collector hole current will be vegy close to the emitter hole current

Therefore cariers injected from nearby emitter junction can result in large cur
rent flow in reverse biased collector junction This is the transistor action and it can
be realized only when the two junctions are physically close enough to interact in the

manner described Therefore the two junctions are called the niteracting pnjunctions
1f on the other hand the two junctions are so far apart that all the injected holes are

recombined in the base before reaching the base-collector junction then the transistor

action is lost and the p-n-p structure becomes merely two diodes connected back to hack
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512 Cur tGafl

Figme shows the various curr conipor ents in ar deal n-p transistor biased ii the

active node Note that we assume that there are no genwation-rccombina ion currents

in the depletion regions The holes injected from the nitter constitute the current

which is the
largest current component in well-designed transistor Most of the injected

holes will reach the collector junction and give rise to the current Thcre are three

base current components labeled BB and BE corresponds to electrons that must

be supplied by the base to replacc electrons recombined with the injected holes ic
Ep Cp1 corresponds to the current arising

from electrons being ml cted from

the base to the emitter Howevei En is ot desirable as is shown later It can be mini

mized by using heavier emitter doping Section 5.2 or heterojnnction Section 5.4

corresponds to thermally generated electrons that are near the base-collector junc

tion edge and drift from the collector to the base As indicated iii the figure the direr

timi of the electron current is opposite the direction of the electron flow

We can now express the terminal currents in terms of the various current compo

nents described aCove

Ep

Cp Cu

Ia 1x Ei Ep Ip Cn

An important parameter in the characterization of bipolar transistors is the common-

base current gain a0 This quantity is defined by

IC

a0

Emitter Base çn Collector

iiole Electron current

current

arid hole Eleetmn flow

flow

Various current components in p-n-p transistor under active mode of operation The

clectro flow is in time opposite
direction to the elcctron curi cut
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SuIT sttuting into Eq yields

a0
Op Ep

Ep En 14 EnEp
The first term on the right-hand side is called the emitter efficiency which is mea

sure of the injected hole current compared with the total emitter current

Ep Ep

I4 En

The second term is called the base transport factor a1 which is the ratio of the hole cur
rent reaching the collector to the hole current injected from the emitter

14

Therefore Eq becomes

aT
For well-designed transistor because is small compared with and is close to

Ep both yand a5 approach unity Therefore a0 is close to

We can express the collector current in terms of a0 The collector current can be
described by substituting Eqs and into Eq

1Ep
Op Cu a51 TCn

ia___j
On aOIE Cu

where It corresponds to the collector-base current flowing with the emitter open-circuited
We designate IOu as CEO where the first two subscripts GB refer to the two

terminals between which the current or voltage is measured and the third subscript
refers to the state of the third terminal with respect to the second In the present case
cao designates the leakage current between the collector and the base with the emitter
base junction open The collector current for the common-base configuration is then given
by

IC aQI 10

For an ideal p-n-p transistoC the current components are given by mA Eu 0.01 mA
299 niA and 0.001 in Determine the cilutter efficiency the base

transport fac
tor a7 the common-base current gain a0 and IcQ
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Using Eq tIe cii itt effie icy is

Fp _______ 0.9967Il 30.0
The base transport factor can be obtained from Eq

0.9967

The common-base current gain is gisen by Eq

a0 Ear 0.9967 0.9967 0.9934

ci 001 3.0lmA

Cp Cn 2.99 0001 2.991

Using Eq 10 we find

ceo Ic opl 2.991 0.9934 03.01 0.87 gA

Tn this section we study the static current-voltage characteristics for an ideal transistor

and derive equations for the terminal currents he current equations are based on the

minority-carrier concentration in each region and therefore are described by semicon

ductor parameters such as doping and minority-carrier lifetime

521 Carrier Distribution in Each Region

To derive the current-s oltage expression for an ideal transistor we assume the following

The device has uniform doping in each region

The hole drift current in the base region as well as the collector saturation

current is negligible

There is low-level injection

There are no generation-combination currents in the depletion regions

There are no series resistances in the device

Basically we assume that holes are injected from the emitter into the base under

forward-biased condition These holes then diffuse across the base region arid reach the

collector junctior Once we determine the minority-carrier distribution i.e holes in the

n-tspe base region we can obtair the current from the minority-carrier gradient

Base Region

Figure 4c shows the electric-field distnbutions across the junction depletion regions The

minority-carrierdistribution in the neutral base region can he described by the field-free

steady-state continuity equation

d2p 11
dx
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uhere md tile fusio constant snd ic ifeti or rs espec

tively fhe general lUtiOt of Eq 11 is

p1x C2e 12

where is the diffusion length of holes fhe constants C1 and can be detei

mined by the boundaiy condit ons for the active moan

pO 13a

and

p1W 13b

nhere is the equilibrium rnmoriiy-carrier concentration in the base given by

n/N5 and NB denotes the uniform donor concentration in the base The first boundary

condition Eq 13a states that under forward bias the minority -carrier concentration at

the edge of the emitter-base depletion region is increased above the equilibrium

value by the exponential factor The second oounaaiy condition Eq 13b states

that under reverse bias the minorityearner concentration at the edge of the base-collector

depletion region in WI is zero

Substituting Eq 13 into the geneial solution expressed in Eq 12 yields

Wx
sinh snih

p1x p0 ev7cT_ 14

snihi sinlil

The sirili function sinh can be approximately expressed by when For exam

pie when 0.3 the difference between sinhA and is less than 1.5 percent Therefore

when W/L the distribution equation can be simplified as

q%FBCTpx pO 15

The distribution approaches straight line The approximation is reasonable because the

width of the base regoo is designed to be much smaller than the diffusion length of the

minority carrier Figure shows linear minorfly-cu ncr distribution in typical tran

sistor operated under active mode Note that assuming linear minority-carrierdistribu

tion can simpIif the derivation of current-voltage characteristics Therefore we use the

assumption hereafter to derive equations for the current-voltage characteristics

Emitter and Collector Regions
The minority-carrier distributions in the emittei and collector can be obtained in man
ner similar to the one used to obtain the distributions for the base region In Fig the

boundary conditions in the neutral emitter and collector regions are

c/\FB/kT

OFO

and
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Ertntt Base I1 cto

pO

Minority carrier distribution in arious regions of p-n-p transistor under the antis

mode of operation

n0x ncoe ii

where n0 and co are the equilibrium electron concentrations in the emitter and col

lector respectively assume that the emitter depth and the collector depth are much

larger than their corresponding diffusion lengths and respectively Substituting these

boundary conditions into expressions similar to Eq 12 yields

11k

nEx LO nEOe 18

nclx co 19

522 dea Transistor Currents for Active Mode Operation

Once the minonty carrier distributions are known the arious cum rent components shown

in Fig can be calculated The hole current injected from the emitter at is

proportional to the gradient of the minority carrier concentration For W/L the

hole current can be expressed by using Eq 15

IqD qADp ek 20

Similarly the hole current collected by the collector at is

TCp

qAD 11 Iki 21
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Note that is equal to when V/La fhc elect oi Tent sid to

electron flow from the base to en ittei and whici due to electros low em
the collector to the base are

22

qD0
qAD0n00 23

where DE and D0 are the diffusion constants in the emitter and collector respectirely
The terminal currents can now be obtained from these equations The emitter cur

rent is the sum of Eqs 20 and 22

qV /kf

a11 e12 24

where

a11 qA
Dpn0 DEnro 25

qAD1p90
a19 26

The collector current is the sum of Eqs 21 and 23

riEB/T
21

lj
a22

where

qADp9
an 28

a22 qA
1DIP D0

29
L0

Note that a12 a91 The base current foi the ideal transistor is the difference between
the emitter current and the collector current Therefore the base current can

be obtained by subtracting Eq 27 froni Eq 24

30

From these discussions we see that the currents in the three terminals of transis

tor are mainly determined by the minority carrier distribution in the base region Once
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we derie tie current coi iponents the common bise en rent gui obtmned

by using Eqs through

An ideal p-ii-p transistor has impurity concentrations of i0 10r and 1015 cur in the emit

ter base and collector regions respectively the corresponding lifetimes are 10 br and 10

Assume that an effective cross section area is 0.05 mm2 and the emitter-base
ji

action is forward

biased to 0.6 Find the common base current
gain

of the transistor Note that the other device

parameters are D5 cm2/s D1
10 cm2ls cm2/s and 05 p.m

In the base region

JD0r i0.ior 10 cm

2/N 96531092/1017 931x102 cm

Siuiilarl in the emitter region L5 VD5 10 cm and n0 n/ 9.31 cm

Since W/L 0.05 cc the current components are given by

i019 b0 109.31 102 e000 xlO 4A 1.7137x b0rA
05x10

cp 1.7137x 10

l.6xlO 5x10r xix 9.31

V6259 8.5687x 10

Therefore the common-base current gain a0 is

a0
Cp 1.7137x104

0.9995

as 1.7137x1048.5687x10

For the case of W/L we can simplify the emitter efficiency from Eqs 20

and 22

Fp TV 3fl
3E 51F0 0F0

DpL

or

31a
D9 LB

where n/p0t is the impurity doping in the base and Nn/nQ is the impurity dop

ing in the emitter This equation shows that to improve sic should decrease the ratio

NB/NE that is there should be much heavier doping in the emtter than in the base This

is the reason why we use p-doping in the emitter
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523 odes of Operat or

bipolar transistor has four modes of ope atio depending or he voltage polaritic on

emitter-base junction and the ollector-hase ju setion Figure shon the VEB and

V5 voltages for the four modes of operations of p-n-p tras sistor Ti corresponding

minority carrier distributions are also shown So far in this chapter have considered

the active mode of transistor operation In the active mode the emitter-base junction is

forward biased and the base-collector junction is reverse biased

In the saturation mode both junctions are fornard biased leading to the non zero

minority-carrierdistribution at the edge of each depletion realon Therefore the bound

ary condition at becomes p1W petkT instead of the one given by Eq 13b

The saturation mode corresponds to small biasing voltage and large output current that

is the transistor is in conducting state and acts as closed or on switch

In the cutoff mode both junctions are reverse biased The boundaiy conditions of

Eq 13 become pO pW The cutoff mode corresponds to the open or offi state

of the transistor as switch

The fourth mode of operation the inverted mode which is sometimes called the

inverted antis mode this mode the emitter-base junction is reverse biased and the

collector-base junction is for ard biased The inserted mode corresponds to tl case where

the collector acts like the emitter and the emitter acts like collector In such condition

the des ice is used backward Tlowevei the current gain for the inverted mode is gener
ally lower than that for the active mode It is because of poor emitter efficiency result

ing from low collector doping with respect to the base doping Eq 31
The current voltage relationships for the various modes of operation can be obtained

by following the same procedures used Ibr the active mode with an appropriate change

vs5

HJ LLAP1

Acti Saturation

____ EBC

Cutoff hiverted

mctiou polarities and no loriti carrier distributions of transistor under four

modes of operation
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tF boundaiy conditu us is Eq 13 rf gen ra1 exprcssions appi cable to all odes

of operations are

a11 a12 cu1
CT

32a

and

a21

kT

a22 e8Th
where the coefficients a11 a12 a1 and

a22 are given by Eqs 25 26 28 and 29 respec

tively Note that in Eqs 32a and 32b the biasing voltages for the junctions can be posi

tive or negative depending on the mode of operation

524 Current-Voftage Charactedstcs of Common-Base and Common
Emifter Contiguratons

Using Eq 32 we can obtain the current-voltage characteristics for transitor ir coimaon

base configuration We note that in this configuration 1EB and 1/BC are the input and out

put voltages and and are the input and output currents respectively

Hownver hi circuit applications the common-emitter configuration is most often used

where the emitter lead is common to the input and output circuits The general expres
sions of the currents shown in Eq 32 are also applicable to the common-emitter con

figuration In this case to generate the current-voltage characteristics VEB and are if

input parameters and and Ic are the output parameters

Common-Base Configuration

Figure 8a shows the conimnri-base configuration of p-n-p transistor Figure Sb shows

the measured results of output current-voltage characteristics for the common-base con

figuration The various modes of operation are indicated on the figure Note that the col

lector current is practically equal to emitter current Le a11n
and virtually independent

of V80 This is in close agreement with the ideal transistor behavior gis en by Eqs 10 and

27 The collector current remains practically constant even down to zero volts for V8
where the holes are still extracted by the collector This is indicated by the hole distributions

VFBVCB
vi 10 20 BVGBO

Common-base configuration of p-n-p transistor Its output cuirent-voltage

charactensties
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shown in Fig 9a Since the hole gradient at changes onl ightly from to

1IBC the collector current remains essentially the same over the entire active mode
of operation To reduce the collector current to zero have to apply small forward

bias about for silicon to the base-collector juncf on in thc saturation mode as shown

in Fig 9b The forward bias will
sufficiently increase the hole density at to make

it equal to that of the emitter at see the horizontal line in Fig Yb Therefore the

hole
gi

adient at as well as the collector current will be reduced to zero

CommonEmitter Configuration

Figure iOn shows the common-emitter configuration for p-n-p transistor The collec

tor current for the common-emitter configuration can be obtained by substituting Eq
into Eq 10

a0 lB ICO 33

Solving for we obtain

a0 CBO 34ia0 ia0
\Ve now designate /3 as if common-emitter current gain which is the incremental change

of with respect to an incremental change of From Eq 34 we obtain

a0 35
i-a0

We can also designate CEO as

CEO 36

px

vile tvs

Minority carrier distributions in the basa
region of p-n-p transistor Active mode for

and l/ Saturation mode with both junctions forward biased
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________

__oc 2act

B0B

Coininon-eniitter configuration of p-n-p transistor Its output current-voltage

characteristics

This current corresponds to the collector-emitter leakage current Los Equation
34 becomes

CEO 37

Because the value of a0 is generally close to unity is much larger than For exam

ple if a0 0.99 /3 is 99 arid if a0 is 0.998 f3 is 499 Therefore small change in the

base current can give rise to much larger change in the collector current Figure lOb

shows the measured results of output current-voltage characteristics with vanous input

base currents Note that the figure shows nonzero collector-emitter leakage current Ico
when

Refering to Ex find the common-emitter current gain J3 Express in terms of /3

and CBO and find the value of CEO

The common-base current gain a0 in Example is 0.9934 Hence we can obtain

by

0.9934
J3Q 150.o

10.9934

Equation 36 can he expressed by

a0
IQ

Therefore ICEO 150.5 0.87 tO 1.32 10
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IC

I8

Er

Schematic diagram of the Early effect and Early voltage The collector currents for

different base currents meet at

In an ideal transistor with the common-emitter configuration the collector current

for given is expected to be independent of for This is true when we

assume that the neutral base width is constant However since the width of the space

charge region extending into the base region varies with the base-collector voltage the

base width is function of the base-collector voltage The collector current therefore

is dependent on As the base-collector reverse-bias voltage increases the base width

will be reduced The reduced base width causes the gradient in the minority-carrier con

centration to increase which causes an increase in the diffusion current As result f3

will be increased Figure 11 shows pronounced slopes and increasing with increasing

This deviation is Imown as the Early effect4 or the base width modulation By extrap

olating the collector currents and intersecting the axis we can obtain the voltage VA
which is called the Early voltage

In Section 5.2 we discussed four possible modes of operation that depend on the bias

ing conditions of the enntter-base and collector-base junctions Generally in analog or

linear circuits the transistors are operated in the active mode only Howevei in digital

circuits all four modes of operation may be involved In this section we consider the fre

quency response and switching characteristics of bipolar transistors

531 Frequency Response

HighFrequency Equivalent Circuit

In previous discussions we were concerned with the static direct current dcl char

acteristics of the bipolar transistor We now study its alternating current ac character

istics when small-signal voltage or current is superimposed upon the de values The

term small-signal means that the peak values of the ac signal current and voltage are sirialler

than the dc values Consider an amplifying circuit shown in Fig 12a where the transis

tor is connected in common-enutter configuration For given dc input voltage

dc base current and dc collector current flow in the transistor These currents cor

respond to the operating point shown in Fig 12b The load line determined by the applied

voltage and the load resistance RL intercepts the axis at 17cc mid has siope of

1/Ri When small ac signal is superimposed on the input voltage the base current

1B
Will vary as function of time as illustrated in Fig 12b This variation in turn brings

about corresponding variation in the output current which is times larger than

the input current variation Thus the tiansistor amplifies the input signal

UMC 1223
UMC v. AICP



hapter pola aisis ard Fe eted Dane

ri

oad ime
20Il

1L

IFS Pc 10 15

Vi- VI

Bipolar transistor connected in the commor -emitter configuration Is Small-signal

operation of the transistor circuit

The equivalent circuit for this low-frequency amplifier is shown in Fig 13a At higher

frequencies we extend the equis aent circuit by adding the appropriate capacitances Sii cc

the emitter-base junction is hi-ward biased we expect to hare depletion capacitance

and diffusion capacitance C1 similar to that of forward-biased pn junction For

the reverse-biased collector-base Junction we expect to have only depletion capacitance

Bet
oC

EB

Eoj

Bet

JJ3 ii
Eo

Bot

v55

Eo

Basic transistor equivalent cir nit Basic circuit with the addition of depletion

and diffusion capacitances Basic circuit with the sdditio of resista ice conductance
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C5 The high-frequer cy equivalent circuit with the three added capactancesis show

in Fig 13b Note that _ic/llaB is called the transconductance aTid
llFB ui5/ll5 is

called the input conductance To account for the base width modulation effect there is

finite output conductance llrc ic/ In addition we have base resistance and

collector resistance Figure 13c represents the high-frequency equivalent circuit incor

porating all of the above elements

Cutoff Frequency
In Fig 13c the transconductance and the input conductance are dependent on

the common-base current gain At low frequencies the current gain is constant inde

pendent of the operating frequency However the current gain will decrease after cer

tain critical frequency is reached typical plot of the current gain versus operating

frequency is shown in Fig 14 The common-base current gain can be described as

a0 38
jf/f

where a0 is the lou -frequency or dc common-base current gain and is the common-

base cutofffrequency At the magnitude of is 0707 a0 dB down

Figure 14 also shows the common-emitter current gain /3 From Eq 38 we have

39
1-a

where the is the common-emitter cutofffrequency and is given by

fp 1aofa 40

Since cq is much smaller than ía Another cutoff frequency is f5 when $1 becomes

unity By setting the magnitude of the right-hand side of Eq 39 equal to we obtain

f7021f$npo1_aofauaafa 41

Hence is vesy close to but is smaller than ía

106 io 100 1010

Frequency liz

Current gain as function of operating frequency
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cu off fr iue cv can so be ezp essed as 2m r1 rere the total

of the rnrrier fr ns Ito eritter to the collector mel des the emitter delay ne

T1-
the base transit time 5and the collector transit tune The sort important dc lay

time The distarce traveled by the minori carriers in the base in tine interval cit

is dx wx dt where vx is the effectis minority-earner velocity the base This veloc

ity is related to the current as

qcxpxA 42

where is the device area and px is the distribution of the minority carriers The tran

sit time T5 required for hole to traverse the base is given by

jWqpxA dx 43
vx

For straight-line hole distribution as given by Eq 15 the integration of Eq 43 using

Eq for leads to

---- 44
2D

To improve the frequency response the transit time of minority carriers across the

base must be short Therefore high-frequency transistors are designed with small base

width Because the electron diffusion constant in silicon is about three times larger than

that of holes all high-frequency silicon transistors are of tire n-p-n type i.e the minor

it\ carrier in the base is electron Another way to reduce the base transit time is to use

graded base with built-in field For large doping variation i.e high base doping
near the emitter and low base doping near the collector the built-in field in the base

will aid the motion of carriers toward the collector and reduce the base transit time

a2 Switching Transients

For digital applications transistor is designed to function as switch In these appli

cations we use small base current to change the collector current from an off condi

tion to anon condition or vice versa in very short time The off condition corresponds

to high-voltage and low-current state and the on condition con esponds to low-voltage

md high-current state basic setup of switching circuit is shown in Fig 15a where

the emitter-bases oltage is suddenly changed from negative value to positixe value

The output current of the transistor is shown in Fig 15b The collector current is ini

tially sery low because both the emitter-base junction and the collector-base junction are

res erse biased The current will follow the load line through the actir region and will

finally reach high current level where both junctions become forward biased Thus

the transistor is virtually open-circuited between the emitter and collector terminals in

the off condition which corresponds to the cutoff mode and 5F ott-circuited in the on

condition which corresponds to the saturation mode Therefore transistor operated

in this mode can nearly duplicate the function of an ideal switch

The switching time is the time required for transistor to switch from the off en

dition to the on condition or vice versa Figure 16a shows that when ass input current

pulse is applied to the emitter-base terminal at time the transistor is being turned

on At the base emreat is suddenly snitched to zero and the transistor is being

tur med off The trar sient behavior of the collector current can be dete -mined by the
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on

Schematic of transistur switching circint hI Sitcliiug operation
From cutoff to

saturation

/b

QB

Base

____
or1 r2

andt\

It1

______________
t2 t3

Transistor switching characteristics Jnput base current pulse Variations of the

base-stored charge with time cj Variation of the collector current with time dii Minority

carrier distributions in the base at different times

variation of the total excess minority carrier charge stored in the base Q5t plot of

as function of time is shown in Fig 16h During the turn-on transient the base-

stored charge will increase from zero to Qt2 During the turn-off transient the base-

stored charge will decrease from Q5t2 to zero For Qt Q5 where Q5 is the base charge

when VCB i.e at the edge of saturation as shown in Fig 16d the trans stor is in

the active mode
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ie variata ii tl is otted ig iSo In the tur -or tr uric ri on
brse charge reaches Q5 the liarge at edge of saturation at For Q10 th

device is operated in saturation nod and both the eiuittcr and colector currents remain

essentially constant Figure 16d shous that for any t1 say li1 the hole dstributon

px will be parallel to that for Therefore ti gradients at and as well

as the currents remain the same In the turn-off transient since the device is initially in

the saturation mode the collector cunent remains relatively unchanged until is reduced

to Fig 16d The time from
t2 to t3

vihen Q5 Q5 is called the storage time c/clay

\Vhen Q5 Q5 the device enters the active mode at t3
Afier that time the collector

current will decay exponentially toward zero

The turn-on time depends on how fast we can add holes minority carries in the

p-n-p transistor to the base region The turn-off time depends on how fast we can remove
the holes by recombination One of tl most important parameters for switcl ing tram

sistors is the minority carrier lifetime One effective method to reduce for faster

svsitching is to introduce efficient gcncration-recornbination cente near the midgap

We have considered the heterojunction in Sec heterojunction bipolar tranustor

HBTI is transistor in which one or both pn junctions are for-ned between dissimilar

semiconductors The primnamy advantage of an HBT is its high emitter efficiency yj The

circuit applications of the IIBT are essentially
the same as those of bipolar transistors

However the IIBT has higher-speed and higher-frequency capability in circuit opera
tion Because of these features the I-JBT has gained popularity in photonic microwave
and

digital applications For example in microwave applications HBT is used in solid-

state microwave and millimeter-wave poner amplifiers oscillators and mLxors

54i Current Gain in HBT

Let semiconductor be the emitter and semiconductor ho the base of HBT We now
consider the impact of the bandgap difference between these two semiconductors on the

current gain of HBT
When the base-transport factor a5 is yew close to unity the common-emitter cur

rent gain can be expressed from Eqs and 35 as

a0 ______ for a5 11 451
1a0 1ya5

Substituting yftomn Eq 31 in Eq 45 yields for n-p transistors

46
D5 PLO PEQ

D0 n00

The ir inority carrier concentrations in the emitter and the base are given by

n12emnitter V0Nvexp Egr/kT
4i

N5 lemitter

nibase expE5a/kTl

N5 base N5
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uhere andN are the dci si ies of states the corducton Fand 2nd the valence band

respectively and is the bandgap of the emitter scm conductor 7V and are

the corresponding parameters for the base seir iconductor Therefore

NE lEgELgB Atig 49
N3 liT NB kT

HBT has bandgap of 1.62 eV for the emitter and bandgap of 1.42 eV for the base BJT
has bandgap of 1.42 eV for both the emitter and base materials it has an emitter doping of 1018

cm and base doping of 10s cm3

If the HBT has the same dopings as the BJT find the improvement of If the FIBT has

the same emitter doping and the same as the BJT hon much can we increase the base doping

of the HBT kssume that all other device parameters are the same

E5E Eg
0HBT exp kT 1.621.42 0.2

_______________ exp expi exp7.722 2257

POBJT 0.0259 10.0259

We have an improvement of 2257 times in

QHBT -exp7.722 0BJT

N5 exp7.722 2257 i0 2.26 105cm

The base doping of the heterojunction can be increased to 2.26 1018 cm 3to maintain the

same

542 Basic HBT Structures

Most developments of HBT technology are for the AlGa1As/GaAs material system

Figure 17a shows schematic structure of basic n-p-n HBT In this device the

n-type emitter is formed in the wide bandgap AGa1 As whereas the p-type base is formed

in the lower bandgap GaAs The n-type collector and n-type siibcollector are fornied in

GaAs with light doping and heavy doping respectively To facilitate the formation of ohmic

contacts heavily doped n-type GaAs layer is formed between the emitter contact and

the AlGaAs layer Due to the large bandgap difference between the emitter and the base

materials the common-emitter current gain can be extremely large Howevei in homo

junction bipolar transistors there is essentially no bandgap difference instead the ratio

of the doping concentration in the emitter and base must be very high This is the fun

damental difference between the homojunction and the heterojunction bipolar ti ansis

tors see Ex

Figure 17b shows the energy band diagram of the HBT under the active mode of

operation The bandgap difference between the emitter and the base will provide band

offsets at the heterointerface fact the superior performance of the HBT results directly

from the valence-band discontinuity AE at the heterointerface E5 increases the valence-

hand ban icr height in the emitte -base heterojunction and thus reduces the injection of

holes from the base to the emitter This effect in the HBT allows the use of heavily
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A5 Emitter

Slletroi

T5e
Scmiinsulating GaAs substrate

Schematic cross section of an n-p-n heterojursetion bipolar transistor HBT struc

ture Energy band diagram of HBT operated under actis mode

doped base while maintaining high emitter efficiency and current gain The heavily doped
base can reduce the base sheet resistance.5 In addition the base can be made very thin

without concern about the punch-through effect in the narrow base region The punch-
through effect arises when the base-collector depletion region penetrates completely

through the base and reaches the emitter-base depletion region thin base region is

desirable because it reduces the base transit time and mreases the cutoff frequency6

543 Advanced HBTs

In recent years the InP-based TnP/InCaAs or AlInAs/InCaAs material systems have been

extensively studied The InP-based heterostructures had several advantages The
InP/InGaAs structure has very low surface recombination and because of higher elec
tron mohilii in InGaAs than in GaAs superior high-frequency performance is expected

typical performance curve for an InP-based HBT is shown in Fig 18 very high
cutoff frequency of 254 GHz is obtained In addition the InP collector region has higher

40

30
37dB

if 20

254 GHz

10 100 400

Frequency CHz

Current gain as function of operating frequency for air InP-based HBT.5
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drift seloci at lug fields than th in Gai ector co wi akdowi

tage is also higi er than that ii ac GaAs

Another heterojunction is in the Si/SiGe aterial system This sa stem has sea ral prop
erties that arc attractive for HBT applications lie AIGaAs/GaAs HBIs SliSiGe HBTs

have high-speed capability since the base can be heavily doped because of the bandgap

difference The small trap density at the silicon surface minimizes the surface recomb

nation current and ensures high current gain ca en at low collector current Compatabiliw

with the standard silicon technology is another attractive feature Figure 19a shows typ

ical SiISiGe HBT structure comparison of the base and collector currents measured

from Si/SiGe HBT and Si hornojunction bipolar transistor is giae by Fig lob The

results indicate that the SiSmGe BT has higher current gain than the Si homojunction

bipolar transistom Compared with GaAs- and In based HBTs the Si/SiGe HBT how

erer has lower cutoff frequency because of the lower mobilities in Si

The conduction band discontinuity AE0 shown in Fig 17b is not desirable since the

discontinuity will make it nccessarv for the carriers in the hetcrojunction to tlmnsport by

means of thernaoimic emission across harrieror by tanneling through it Therefore the

emitter efficiency and the collector current will suffer The problems can he alleviated

by improved structures such as the graded-layer and the graded-base heterojunctions

Figure 20 shows an energy band diagram in which the AE is eliminated by graded

Implant

SiP
10

//J
0.0 0.2 04 0.6 0.8 .0

Ba c-emitter bias

icc structui of an mm-p-n
SSiGc/Si Collector and base current arms

fur HBT amid bipolar junction transistor Bi
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II

Emitter Base Collector

Without graded layer

Craded base

Energy band diagrams for heterojmsctioa bipolar transistor with and without graded
layer in the junction and with and without giaded-base layer

layer placee between the emitter and base heterojuuction The thickness of the graded
layer is Wu

The base region can also have graded profile which results in reduction of the

bandgap from the emitter side to the collector side The energy band diagram of the graded
base HBT is illustrated in Fig 20 dotted line Note that there is built-in electric field

in the quasi neutral base It results in reduction in the minority-carrier transit time

and thus an increase in the cornmon-eniitter current gain and the cutoff frequency of

the HBT can he obtained for example by varying linearly the Al mole fraction of

A15Ga 5As in the base from 0.1 to

For the design of the collector layer it is necessary to consider the collector transit

time delay and the breakdowr voltage equirenient thicker collector layer will improve
the breakdown oltage of the base-collector junction but proportionally increase the tran
sit time In most devices for high-power applications the carriers move through the col
lector at their saturation velocities because very large electric fields are maintained in

this layer

It is possible however to increase the xelocities by lowering the electric field with

certain doping profile in the collector layer One way is to use collectors with pulse-

doped layer near the subcollector for an n-p-n HBT Therefore electrons entering the

collector layer can maintain their higher mobilibJ of the lower valley during most of the

collector transit time Such device is called ballistic collector transistor BCT9 An

energy band diagram of BCT is shown in Fig 21 The BCT has been shone to have
more favorable frequency response characteristics compared with conventional HBTs over

narrow range of bias voltages Because of its advantages at relativeI low collector volt

age and cuirent condtions the BCT is for switchu applcations microwave-

power amplifications
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Emitter Base Colector

Energy band diagram for the ballistic collector transistor rBCT

The thyristor is an important power device that is designed for handling high voltages

and large currents The thyristor is mainly used for switching applications that require

the device to change from an off or blocking state to an on or conducting state or vice

ersa We hase considered the use of bipolar transistors in this application in which

the base current drives the transistor from cutoff to saturation for the on-state and from

saturation to cutoff for the off-state The operation of thyristor
is intimately related to

the bipolar transistor in hich both electrons and holes are involved on the transport

processes However the switching mechanisms in thyrirtor are different from those of

bipolar transistor Also because of the device construction thyristors have much wider

range of current- and voltage-handling capabilities Thyristors are now available1 with

current ratings from few milliamperes to over 5000 and voltage ratings extending above

10000 We first consider the operating principles of basic thyristors and discuss some

related high-pon er and high-frequency thyristors

55i Basic Characteristics

Figure 22a shows schematic cross-sectional view of thyristor structure which is four-

layer p-n-p-n device with three pn junctions in series J1J2 andJ3 The contact elec

trode to the outer p-layer is called the anode and that to the outer n-layer is called the

cathode This structure without any additional electrode is two-terminal device and is

called the p-n-p-n diode If an additional electrode called the gate electrode is connected

to the inner p-layer p2 the resulting three-terminal device is commonly called the semi-

conductor-controlled rectfier SCII or tlqnstor

typical doping profile
of thyristor is shown in Fig 22/a An n-type high-resistivity

silicon wafer is chosen as the starting material ni-layer diffusion step is used to form

the pi- and p2-layers simultaneously Finally an n-type layer is alloyed or diffused into

one side of the wafer to form the n2-layer Figure 22c shows the energy band diagram

of thyristor in thermal equilibrium Note that at each junction there is depletion region

with built-in potential that is determined by the impurity doping profile

The basic current voltage characteristics of
p-n-p-li

diode is shown in Fig 23 It

exhibits five distinct regions
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J7

HZJIIiiIIIE2r2K

IOh8

xO xW

Four-layer p-n-p-n diode Tpicai doping profile of thyristor Enerpi band

diagram of thyristor in thermal equilibrium

The device is in the forward-blocking or ofT-state and has very high

impedance Forward breakover or switching occurs where dV/dI and at

point we define forward-breakover voltage VBF and switching current

The device is in negative-resistance region that is the current increases as

the voltage decreases sharply

The device is in the forward-conducting or on-state and has low impedance
At point where dVldI we define tF holding current and holding

voltage V5

The device is in the reverse-blocking state

The device is in the reverse-breakdown region

Thus p-n-p-n diode operated in the forward
region is bistable device that can

switch fro 11 high-impedance low-current off-state to low-impedance lugh-current

on-state or vice versa

To understand the forward-blocking characteristics we consider the device as two

bipolar transistors p-n-p transistor and an n-p-n tiansistor connected in special way
as shown in Fig 24 They are connected with the base of one transistor attached to the

collector of the other and vice versa The relationship between the ernittei collector and

base currents and the dc common-base current gain were given in Eqs and 10 The

base current of the p-n-p transistor transistor with curient gain a1 is

Bi El Cl

aiIri Ii

i_aii 50
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conlitcUng

-2
I-

tBR

Ot V55

Re\ erie Forward

blocking blocking

5-

Curient-voltage characteristics of n-p-n diode

Two-ti ansistor representation of thyristor2

where is the leakage current CBQ for the transistor This base current is supplied by

the collector of the n-p-n traiisistor transistor witF the current gain a2 The collector

current of the n-p-n transistor is

C2 a2IE9 12 a2I 51

where 121s the leakage current Ico for the transistor By equating Bl and we obtain

a2
52
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Consider thyristor in which the leakage currents and 12 are arid 0.6 nA respectively Explain
the foiward-bloclong charactenstics when a2 is 0.01 and 0.9999

The current gains are functions of the current and generally increase with iticreas

ing current At low currents both
a1 and a2 are much less than and we have

04x1006x10
1.OlmA

1001
In this case the current flowing through the device is the sum of the leakage currents Ii and

mA
As the applied voltage increases the current also increases as do a1 and a2 This in turn

causes to increase furtherri
regenerative behavior When a1 a9 0.9999

0.4x10306xl0

109999

This value is 10000 times larger than Therefore as a1 a2 approaches the current

increases without limit that is the device is at forward breakover

The variations of the depletion layer widths of p-np-n diode biased in different

regions are shown in Fig 25 At thermal equilibrium Fig 25a there is no current flow

ing and the depletion layer widths are detenimned by the impurity doping profiles In

np2li12

n2
V2 I3

J1 J2 J3

IiilJp2i2
Vi V3

ci

1nhiiP2K
ci

Depletion layer widths and noltage drops of thyristor operated under equilibrium

hi forward blocking forward conducting and ieverse blocking
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the forward-blocking state Fig 25b junctionJi andJ3 are forward kiased andJ2 is revcrsc

biased Most of the voltage drop occurs across the central junction J2 In the forward-

conduction state Fig 25c all if ree junctions are forward biased The two transistors pi
nl-p2 and ni-p2-n2 are in saturation mode of operation Therefore the voltage drop

across the device is veiy low given by V1 v21 V3 which is approximately equal to

the voltage drop across one forward-biased pn junction In the reverse-blocking state

Fig 25d junction J2 is forward biased but both Ji and J3 are reversed biased For the

doping profile
shown in Fig 22h the reverse-breakdown voltage will be mainly deter

mined by Ji because of the lower impurity concentration in the ni-region

Figure 26a shows the device configuration of thyristor that is fabricated by planar

processes
with gate electrode connected to the p2-region cross section of the thyris

tor along the dashed lines is shown in Fig 26b The current-voltage characteristic of the

thyristor is similar to that of the p-n-p-n diode except that the gate current causes an

increase of a1 a2 and results in breakover at lower voltage Figure 27 shows the

effect of gate current on the current-voltage characteristics of thyristor As the gate cur

rent increases the forward breakover voltage decreases

simple application of thyristor is shown in Fig 28a where variable power is

delivered to load from constant line source The load RL may be
light

bulb or heater

such as furnace The amount of power delivered to the load during each cycle depends

on the timing of the gate-current pulses of the thyristor Fig 28b If the current pulses

are delivered to the gate near the beginning of each cycle more power will be delivered

to the load Hon ever if the current pulses are delayed the thyristor
will not turn on until

later in the cycle and the amount of power delivered to the load will be substantially

reduced

Kt

Si09

n12n2
Schematic of planar three-terminal thvrmstor One-dimensional cross section of

the planar thyristor
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3h
____ 4K

is Igi Igi

Affect of gate current on current-voltage characteristics of thyristor

HVAKH ioliage

LdRL __Load 1\

Schematic circuit for thyristor application Wave forms of oltages and gate

current

552 Bdfrectiona Thyrstor

bidirectional thyristor is switching device that has on- and off-states for positive and

negative anode voltages and is therefore useful in ac apphcations The bidirectional

p-n-p-n diode switch is called diac diode ac switch It behaves like two conventional

p-n-p-n diodes with the anode of the first diode connected to the cathode of the second

and vice versa Figure 29a illustrates such structure where Mi stands for main termi

nal and M2 for main terminal When we integrate this arrangement into single two-

terminal device we have diac as shown in Fig 29h The symmetry of this structure

will recult in identical performance for either polarity of applied voltage

When positive voltage is applied to Mi with respect to M2 junction J4 is reverse

biased so that the n2 region does not contribute to the functioning of the device Therefore

the p1-ni -p2-n2 layers constitute p-n-p-n diode that produces the forward portion of

the I-V characteristic shown in Fig 29c If positive voltage is applied to M2 current
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M2 M2

_id_ p2

ol ni ol ni

PI
SIi Mi

_- On state

Off state

Off state

On state

Two reverse-connected p-n-p-n diodes Integration of the diodes into single

two-terminal diode ac switch diac Current-voltage characteristics of diac

will conduct in the opposite direction andJ3 will be reerse biased Therefore the pl
ni-p2-n2 layers from the reverse p-n-p-n diode produce the reverse portion of the

I-V characteristics shown in Fig 29c

bidirectional three-terminal thyristor is called triac triode cc switch The triac

can switch the current in either direction by applying low-voltage low-current pulse

of either polarity between the gate and one of the two main terminals Mi and M2 as

shown in Fig 30 The operational principles and the I-V characteristics of tiiac are sim

ilar to those of dine By adjusting the gate current the breakover voltage cast be var

ied in either polarity

553 Related Thyrstor Types and Applications

In addition to the bidirectional thyristors there are many other types of thyristors for

different applicationsJ2 The majority of these types are based on the four-layer thyristor

structure but with special designs

The conventional thyristors considered in Section 5.5.2 are usually designed to have

similar forward and reverse blocking capabilities Two broad classes exist in the conven
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JPI
ci

Ji

p1

n4
J5

Mi

Cioss section of triode ac switch six1ayer structure having five pn junctions

tional thyristor one is the converter grade thyristob and the other is the inverter grade

thyristor The former is uscd iow frequency and is designed to have the lowest pos
sible on-state voltage drop but can onll switch slossly The latter is designed for high fre

quency and has fast turn-off but it generally has larger on-state soltage drop

The asymmetric thyristar is shown in Fig 31a it does not have reverse blocking

capability since tile n-base contains an additional layer adjacent to junction J1

Figure 31b shows the structure of cons cntional thyristor for comparison Note that the

Electric field

A1Jli2n2K
ft J2 J3

Flectric held

TIfli2iI2K
ji f2 f3

Comparison of the structure and electric field for the same fo ward-b ockisig soltage

the asymnietric thyristor and the consentioiial thynstor
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asynimetric iyrctoi has higher resistivity -basc and adjecent resis ivltt

layer In forward blocking the depletion layer on the n-side of the loclurlgjurction spreads

to the ct-layer However the depletion layer is then
effectively constrained from further

spreading by the high-doping le\ el of this layer Consequently as shown in Fig 31 the

electric-field distribution is approvimately constant for the asymmetric thyristor compared
with the

triangular
distribution for the conventional thyristor he additional ct-layer allows

the use of much thinner n-base than the conventional thyristor The reduced base width

greatly helps to reduce the on-state voltage drop and shortens the turn-on time of the

device through the narrower base The turn-off performance is also improved since the

narrower base results in lower value of stored charge
The gate turn-off GTO thyTistor is device that overcomes one of the basic thyris

tors limitations since the GTO can be turned on and off by the gate control.3 This is

achieved by tight
control on the current gain and by distributing the gate over the whole

cathode area Figure 32 shows CTO with negative voltage applied to the p-gate To

turn off the current reverse-gate voltage and current are applied instead of reversing
the

polarity
of the main terminals As result the holes from the anude begin to be par

tially removed by the gate On the other hand the electrons injected by the cathode emit

ter are pushed away from the negative gate voltage toward the active center of the device

The
light

activated thy ri star is thyristor in which the gate terminal is not electri

calh contacted but is designed to respond to an optical signal Usually the optical signal

is vely weak and consequently the device has high gain
The power switching applications of the thyristors cm er broad range of both power

and frequency Figure 33 illustrates the major application areas for thiyristors catego
rized by switching frequency and power At the low-frequency and high-power end of

the spectnim we has the high voltage direct current iIIVDC devices which demand
the highest power On the other hand for high-frequency and low-pon er applications

we has the
lighting control ultrasonic generators high frequency power conversion equip

ment and switched-mode power supplies SMPS However the major applications are

p.2 HvwH
J2

nl

ft

The
gate turn off th ristor with negative voltage apphcd to the gate The main appli

cations of thyristors
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\DC
102

1OD

so4
Motor drives

10
Poner supplies

SMPS
io HF power conversion

Lighting

10 tJltiasonic gencratois

io 102 io3 io4 io io8 io io8

Frequency Hz

Thc main applications of thyristors

for motor drives and power supplies which cover wide range of power and frequency
The motor drive applications for example range from small motors used in domestic

appliances to the high-power motor drives used in rolling mills

The bipolar transistor developed in 1947 remains one of the most important semicon

ductor devices bipolar transistor is formed when twop ii junctions of the same semi

conductor materials are physically close enough to interact Charge carriers injected from

the forward-biased first junction result in large current flow in the reverse-biased sec

ond junction

We have considered the static characteristics of bipolar transistors such as the modes

of operation and the current-voltage characteristics of the common emitter configura

tion \Vc have also considered the frequency response and switching behavior key device

parametcr of bipolar transistor is il-ic base width which must he cry small compared

with the minority-carrier diffusion length to improve the current gain and to increase

the cutoff freqnency

Bipolar transistors are used extensively as discretc devices or in integrated circuits

for current-gain voltage-gain and power-gain applications They are also used in bipolar

CMOS combination circuris BiCMOS covered in Chapters and for highdensity

high-speed operations

The frequency limitations of conventional bipolar transistor are the resnlt of its Ion

base doping and relatively wid base To overcome these limitations heteroju mtior

bipolar transistor HBI formed between two dissimilar semiconductors can have much
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higher- wse doping an ii cii narroner base The HBT has ti -e go sed paw
larity in millimeter wase and high-speed digital applications

Another important bipolar device is the tfyrstor winch is formed of three or more

ii junctions The thysistor is used mainly fo switching applications These devices can

ha current ratings
from fe milliamperes to over 5000 and voltage ratings

extend

ing above 10.000 We have considered the basic characteristic of thyristor operation

In addition we discussed the bidirectional thyristor diac and triac that has on-off states

with either positive or negative terminal voltages the as mmetric thyristor that has very

short turn-on and turn-off times the gate turn off
thyristor GTO and the

light-activated

tbyristoa Thyristors can cover wide range of applications from Ion frequency high current

power supplies to high-frequency low-power applications including lighting controls home

appliances and industrial equipment
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FOR SECTION 52 STATIC CHARACTERISTICS OF BIPOLAR TRANSISTOR

An si-p-ti transistor has base transport factor of 0.998 ass emitter efficiency of 0.997

and an of 10 nA Calculate a5 and J3 for the device If what is the emit

ter cut semit

Gis en that an ideal transistor has an emitter efficiency of 0.999 and the collector-base

leakage current ii 10 pA calcislate the actise region emitter current due to holes if
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Isi cotp-n- ransis asilpl rico en atois fi 2x10 nd ci

tli ii itter base and o1 edo respect ls The basc vi It is qo aid the esicc

cioss-sectic nal arc is 02 oP lie lie emittct baa junctic fo ard ascd

and the base collector junctio reierse biased to caic date the neutral base

Pd and hi ti minoriti arrier colic nitration at the emitter-base junction

For the narisiscor iii ft ub tue diffus oti constants 0f nOt oritv carrie in the eltltL

base and collector are 52 -10 and 115 cin2/s respectir eli and the corresponding life

times are 10 10 and 10 Find the current components Iaa- and illus

trated in Fig

Using tile results obtained horn Prob and find thc ti rminal currents and

of the transistor calculate cmitter efficiencs base transport factor common-base cur

rent gain and conunon emitter current gain and ci comment on hon the emitter effi

ciency and base transport
factor can be improved

Referring to the niinoritv carrier concentration shown in Eq 14 sketch px/p50 curses

as function of with chffcrent W/L Shon that ti distribution will approach straight

line when W/LJ is small enough say IV/L

For transistor under tile active mode of operation use Eq 14 to find the exact solutions

of and

Deri\ the expression for total excess in lonty -carrier charge Q8 the transistor is
opci

ated under the active mode and pO Explain how the charge can he approxi

mated by thc triangle area mu the base shosin in Fig In addition using the parameters

in Prob find Q8

Using QB derived from Prob show that the collector current expressed in Eq 27 can

be approximated by 2D7/W2Qa

Show that the base transport factor a1 can he simplified to 5W212L6

If the emitter elliciemicy is eiy close to units show that the cormnon-einitter current gain

can he given by 2L1/W2 Hint Use a1 in Prob 10

For p5-ri-p transistor with high emitter efficiency
find the common-emitter current gain

If thc base width is gin and the diffusion constant of ininorits carrier in the base

region is 100 cm2/s assume that the lifetime of the carrier in the base region is 10

Hint Refcr to f3 derived iii Fob 11

silicon
n-p-Il bipolar transistor has iinpnrits concentrations of 1016 1016 and

1017 cm in the emitter basc and collector respectis ely Determine the diffusion con

stants of minority carrier in the three regions by usmg Einstein relationship

kT/q/2 Assume that he mohihties of electrons and holes and can he expressed as

1252 407
88 and

tt1
54.3 at 301

10698x10 1N 103r4x10

Using the results obtained from Prob deter nine the current components in each

region
with 7BL 0.6 operated under active mode The deUce cross-sectional amea is

0.01 mm2 and the neutral base width is 0.5 gin ssumm1e the minority -carrier lifetime in

each region is tIre same and equals to 10

Based on the results obtain from Prob 14 find the emitter efficiency base tram sport fac

tor common-base currcnt gain and commnn-emmtter current gain

For an ion implanted n-p-n transistor the net impuriT doping in the neuti al base is gwen

by F50
si whie 10 5cmo tand 0.3 pm a1 Pid time total miumnher

impurities in the neutral base region per unit area Find the as erage impuriz concen

tration in the mieutral base ie3ion for neutral-base width of 0.8 p.m
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Referring to Proh1m 16 if L5 ifon 7V 1Ocm n2/s tF avcrage ifet me

is 10 in the base and the average diffusion coefficient in the base corresponds to the

impurity concentration in Prob 16 find the common-emitter current gain

Estimate the collector current las ci for the transistor in Probs 16 and 17 that has an emit

ter area of 10 cm2 The base resistance of the transistor can be expressed as 1O 71B11

where \V is the neutral base width at ti is the average base resistivity

Plot the common-emitter current gain as function of the base current from to

25 at fixed V5 of for the transistor shown in Fig lob Explain why the

current gain is not constant

The general equations of the emitter and collector currents for the basic Ebers-Moll

model Ebers and Moll Large-Single Behavior of Junction Transistors

Proc.IRE 4217611954 are

aie051T

arIrneIk1 iaoe
kT

where aF and are the forward common-base current gain
and the reverse common-

base current gain respectively and are the saturation currents of the normally for

ard- and reverse-biased diodes respecth ely Find a2 and in terms of the constants in

Eqs 25 26 28 and 29

Referring to the transistor in Example find a5 Io and RO using the equations

derived in Problem 20

Derive Eq 32b for the collector current starting with the field-free steady-state continuity

equation Hint Consider the minority carrier distribution in the collector region

FOR SECTION 53 FREQLENCY RESPONSE AND SWITCHING OF BIPOLAR

TRANSISTOR

Si transistor has of 10 cm2s and of 0.5 Jnn Find the cutoff frequencies for the

transistor with common-base current gain a0 of 0.998 Neglect the emitter and collector

delays

If we uant to design bipolar transistor with GHx cutoff frequency what the neutral

base width VT will be Assunie is 10 cin2/s and neglect the emitter and collector delays

FOR SECTION 5.4 THE HETEROJUNCTION BIPOLAR TRANSISTOR

Consider Si1 Ge/Si HBT with 10% in the base region and 0% in emitter and col

lector region1 The bandgap of the base region is 98% smaller than that of Si If the base

current is due to emitter injection efficiency only what is the expected change in the

common-emitter current gain
between and 100C

For an AlGaiAs/GaAs HBT the bandgap of the AlGa1As is function of and can he

expressed as 1.424 i.247xeV when 0.45 and 1.9 l25s 0.143x2 eV when 0.45

cx Plot /30I4BT1/$0BJT as function of

FOR SECTION 55 THE THYBISTOR AND RELATED POWER DEVICES

For the doping profile shown in Fig 22 find the width lOxm of the ni-region so

that the thyristor has ieverse blocking voltage of 120 If the current gain a2 for the

nl-p2-n2 transistor is 0.4 independent of current and a1 of the pi-ni-p2 transistor can be

expresced as 0.51 LiW 1nJ/J0 where L0 is 25 .tm and is 10 0A/cm2 find the

cross-sectional area of the thyristor that will switch at current of mA

For OTO thryistor shown in Fig 32 find the minimum gate curreiit to turn off the

thyristor Assume the current gains
of the pl ni-p2 and ci -p2-n2 transistors are a1 and

a2 respectively
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MOSFET and Reated
Devices

6.1 THE MOS DIODE

6.2 MOSFET FUNDAMENTALS

6.3 MOSFETSCAUNG

6.4 CMOS AND BICMOS

6.5 MOSFET ON NSULATOR

6.6 MOS MEMORY STRUCTURES

6.7 THE POWER MOSFET

SUMMARY

The metafnxide-semiconductor field effect transistor MOSFET is composed of an MOS
diode and two pn junctions placed immediately adjacent to the MOS diode Since its

first demonstration in 1960 the MOSFET has developed quickly and has become the

most important device for advanced integrated circuits such as microprocessors and semi

conductor memories This is because the MOSFET consumes veiy low power and has

high yield of working devices Of particular importance is the fact that MOSFET can

be readily scaled down and will take up less space than bipolar transistor using the same

design rule

Specifically we cover the following topics

The inversion condition and threshold voltage of an MOS diode

Basic characteristics of MOSFET
MOSFET scaling and its associated short-channel effects

Low-power complementary MOS CMOS logic structure

MOS memory structures

Related devices including charge-coupled device silicon-on-insulator device

and power MOSFET
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The MOS diode is of paramount important ii semiconductor device physics because thc

device is extremely useful in the study of semiconductor surfaces In practical applica

tion the MOS diode is the heart of the MOSFETthe most important device for ad anccd

itegrated circuits The MOS diode caii also be used aS sturage capacitor vi integrated

circuits and it forms the basic building block for charge-coupled devices tieD In this

section we consider its characteristics in the ideal case then we extend our considera

tion to mclude the effect of metal-semiconductor work-function difference interface traps

and oxide charges

611 The dea MOS Dode

perspective view of an MOS diode is shown in Fig Ia The cross section of the device

is shown in Fig.lb where is the thickness of the oxide and is the applied voltage on

the metal field plete Throughout this section use the convention that ii voltage

is poslti\ when the metal plate is positively biased with respect to the ohmic contact

and is negative when the metal plate is negatively biased with respect to the ohmic

contact

The energy band diagram of an ideal p-type semiconductor MOS at is shown

in Fig The work function is the energy difference between the Fermi level and the

vacuum level i.e qy for the metal and for the semiconductor Also shown are the

electron affinity qx which is the energy difference between the conduction band edge

and the vacuum les el in the semiconductoi and gre which is the energy difference

between the Fermi level EF and the intrinsic Fermi level

Insulator

M
e

tx
i

I02
Perspective view of metal-oxide-semiconductor MOS diode Coss-section of

an MOS diode

more geneial clas of device is the nat 1-insulato -semiconductor MIS diode Io\se\ ci because in

most cxpcssmc itsl studies the insulator has been ii icon cloxids in this tcxt the term MOS diode is used

interclsangeahls with MIS diode
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.1

ci 3-
Metal p-type

sernieondneto

Oxide

Energy band diagram of an ideal MOS diode at

An ideal MOS is defined as follows At zero applied bias the ener difference

between the metal work function and the semiconductor work function is zero

or the work function difference is zero.1

qO qity

\\ here the sum of the three items in the hrackets equals to In othc words the energy

band is flat flat-band condition when there is no applied voltage The only charges

that exist in the diode under any biasing conditions are those in the semiconductor and

those with equal but opposite sign on the metal surface adjacent to the oxide There

is no carrier transport through the oxide under direct current dcbiasing conditions or

the resistivity
of the oxide is infinite This ideal MOS diode theory serves as founda

tion for understanding practical MOS des ices

When an ideal MOS diode is biased with positive or negatire voltages three cascs

may exist at the semiconductor surface For the case of p-tpe semiconductor wisen

negative oltage is applied to the metal plate excess p051 tire carriers holes will

be induced at the SiO-Si interface In this case the bands near the semiconductor sur

face are bent upward as shown in Fig 3a For an ideal MOS diode no current flows in

the device regardlless
of the value of the applied voltage thus the Fermi level in the semi

conductor will remain constant Previously we determined that the cars er density in the

semiconductor depends exponentially on the energy difference F1 that is

LFJkT
nc

The upward bending of the cner band at the semiconductor surface causes an ncrease

in the energy there which in turn gives rise to an enhanced concentration an

accumulation of holes near the oxide-semiconductor interface This is called the accu

mulat ion case The corresponding charge distribution is sliossu on th right side 0f Fig dii

Th is for p-type semiconductor For an n-type semiconductor the term gig5 will be replaced fi/1
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EF

Qm

Ec

ov
qVW

Qn

Cc

Energy band diagrams and charge distributions of an ideal MOS diode in Ca accumula

tion depletion and inversion cases

where is the positti charge per unit area in the semiconductor and is the nega

tive charge per unit area in the metal

When small positive voltage is applied to an ideal MOS diode the energy

bands near the semiconductor surface are bent downward and the majority carriers holes

are depleted Fig 3b This is called the depletion case The space charge per unit area

in the semiconductor is equal to qN4W where is the width of the surface deple

tion region

When larger positive voltage is applied the energy bands bend downward ea en

more so that the intrinsic level at the surface crosses over the Fermi level as shown

in Fig 3c That means the positive gate voltage starts to induce excess negative carriers
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electrons at he iO Si interface he ectron concentration is if sern conduc or

depends exponentially on the ener difference and is gis en by

r1_v /kr
ne

In the case shown in Fig 3c EE Therefore the electron concentration

at the interface is larger than and the hole concentration given by Eq is less than

The number of electrons minority carriers at the surface is greater than holes major

iti carriers the surface is thus ins erted This is called the inversion case

Initially the surface is in weak incer.sion condition since the electron concentra

tion is small As the bands are bent further eventually the conduction band edge comes

close to the Fermi level The onset of strong inversion occurs when the electron con

centration near the SiO-Si interface is equal to the substrate doping level After this point

most of the additional negative charges in the semiconductor consist of the charge

Fig 3c in very narrow type inversion layer where is the width of the

ins ersion region Typically the value of ranges from to 10 nm and is always much

smaller than the surface depletion-layer width

Once strong inversion occurs the surface depletion-layer width reaches inaxinium

This is because when the bands are bent downward far enough for strong inversion to

oceui even cry small increase in band bending correspo iding to very small increase

in depletion-layer width results in large increase in the charge in the inversion layer

Thus under strong inversion condition the charge per unit area in the semiconductor

is the sum of the charge in the inversion layer and the charge in the depletion

region

Q5 QTh qN4W
where VV is the maximum width of the surface depletion region

The Surface Depletion Region

Figure shows more detailed band diagram at the surface of p-type semiconductor

The electrostatic potential .i is defined as zero in the bulk of the semiconductor At the

semiconductor surface iy tp yi is called the surface potential We can express elec

tron and hole concentrations in Eqs and as function of

meqsi_vtB/kT 5a

5b1

where 5i is positive when the band is bent downward as shown in Fig At the surface

the densities are

6a

qvv /kT 6h

From this discussion and with the help of Eq the following regions of surface poten
tial can be distinguished

ij
Accumulation of holes bands bend upward

Flat-band condition

Depletion of ho es bands bend downward
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Senñconduc

surface

----

Semiconductor
Oxide

Ener band diagrams at the surface of p-pe semiconductor

Midgap with
a2 intrinsic concentration

1/TB Inversion bands bend downnard

The potential as function 0f distance can be obtained by using the one-dimcn

sional Poissons equation px
dx2

where p2x is the charge densihf per unit volume at position and is the dielectric per

mittivity We use the depletion approximation that we have employed in the study ofpn
junctions When the semiconductor is depleted to width of and the charge within

the semiconductor is given by p2 qN integration of Poissons equation gives
the elec

trostatic potential distribution as function of distance in the surface depletion region

The surface potential is

qNW2

Note that the potential distribution is identical to that for one-sided nt-p jnnction

The surface is inverted whenever 41 is larger thau HoweveL we need criterion

for the onset of strong inversion after which the charges in the inversion layer become

significant simple criterion is that the electron concentration at the surface is equal

to the substrate irnpuri concentration i.e n5 NA Since NA from Eq 6a

we obtain
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2kT
10

fl

Equation 11 states that potential is required bend the energy hai4s down to the

intrinsic condition at the surface Er and bands nust then be bent downwai

another at the surface to obtam the condition of strong inversion

As discussed previously the surface depletion layer reaches maximum when the

surface is strongly inverted Accordingly the naxiinum width of the surface depletion

region is given by Eq in which equals iiinv or

________
r1

In -ii qN

EkTIn
or Wm2

q2

and qNW 2qN42lJ 12

For an ideal metal-Si02-Si diode having NA 10 cm calculate the maximum width of the sur

face depletion region

At room temperature kT/q 0.026 and 965 10 cm the dielectric permit

tivity of Si is 11.9 8.85 10 F/cm From Eq lIe

11.9x885x10 14o.o2oiJ10
965xt09

1.6 10
10 cm0.1m

The relationship between Wrn and the impurity concentration is shown in Fig for

silicon and gallium arsenide where NB is equal to for p-type and for n-be semi-

conductors

Ideal MOS Curves

Figure 6a shows the energt band diagram of an ideal MOS diode with band bending

identical to that shown in Fig The charge distribution is shown in Fig Oh In the absence

of any work function differences if applied oltage will appear pardy across the oxide

and partly across the semiconductor ThusVT 13

UMC 1223
UMC v. AICP



176 Chapter MOSFET and Reated Deuces

ic

Ii
jo.i

ti1Zt IlIlli ______________

i04 1015 1016 1017 b6

Impurity concentration NB p3
Maximum depletion-layer width versus impurity concentration of Si and GaAs under

strong-inversion condition

where V0 is the potential across the oxide and is given Fig by

fd_iJJiJ 14
CO

where is the field in the oxide is the charge per unit area in the semiconductor

and C0 e/d is the oxide capacitance per unit area The corresponding electrostatic

potential distribution is shown in Fig 6d
The total capacitance of the MOS diode is series combination Fig 7a inset of

the oxide capacitance C0 and the semiconductor depletion-layer capacitance C1

F/cm2 15
c0 c1

where 1W the same as for an abrupt pn junction

From Eqs 13 14 and 15 we can eliminate and obtain the formula for the capac
itance

16
C0

/i 2V

which predicts that the capacitance will decrease with increasing metal-plate voltage while

the surface is being depleted When the applied voltage is negative there is no deple
tion region and we ha an accumulation of holes at the seniconductor surface As
result the total capacitance is close to the oxide capacitance Id
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Inversion region

-d

Hq

0_

Band diagram of an ideal MOS diode Charge distributions under inaersson con
dition Electric-field distribution Potential distribution
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c/c

cd\ O4H7
Gn o10163H1o5H7

High frequency MOS C-V curve showing its approximated segments dashed lines

Insct slso the series connection of the capacitors
Effect of frequency on the C-V curve.2

In the other extreme when strong inversion occurs the width of the depletion region

will not increase with further increase in applied voltage This condition takes place at

metal-plate voltage that causes the surface potential pto reach pinv as given in Eq

10 SubsLituting 1/rinv into Eq 13 and noting that the corresponding charge per unit

area is qN4W yields
the metal-plate voltage at the onset of strong inversion This volt

age is called the threshold voltage

17

Once the strong inversion takes place the total capacitance wi1i remain at minimum

value given by Eq 15 with

602

mm

typical capacitance-voltage characteristics of an ideal MOS diode is shown in Fig

7a based on both the depletion approximation Eqs 16 18 and exact calculations so1id

curve Note the close correlation between the depletion approximation and the exact

calculations

Although we has considered only the p-type substrate all of the considerations are

equally valid for an n-type substrate with the proper changes in signs
and symbols e.g

for The capacitance voltage characteristics will have identical shapes but will be

mirror images of each other and the threshold voltage is negative quantity for an ideal

MOS diode on an type substrate

In Fig 7a we assumed that when the voltage on the metal plate changes all the incre

mental charge appears at the edge of the depletion region Indeed this happens when

the measurement ftequency is high If however the ineasuiesnent frequency is loo enough

so that generation-recombination rates in the surface depletion region are equal to or

faster than the soltage ariation then the electron concentration minority carrier can

follou the alternating current ac signal and lead to charge exchange with the inversion

layer in step with the measurement signal As result the capacitor cc in strong inver
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Chacter VOSF and Re etch Dances

on 11 be that of oxide xc al xc i3ure Tb clv xs riexs ired OS C-I

cuwcs at dificient requcn Ses Note vi the onset the low-h equencv cuw occurs

atf 100 Hi

For an ideal inetal-SiO-Si diode having 1017 cm and nra calculate the minimum capec
itaice of the C-V curve in Fig 7a The relative dielectric constant of SiO is

3.9x8.85x10
690x10 F/cm2

5x10

qN 1.6 10 101 10 1.6 10 C/cm

V17 is obtained in Example

inv2%B ln12x0026xln1 10
1184

f9.65x10

The minimum capacitance Crnj at is

___________
39x8.85x104

iF 10 3.9/11 .9l 10

9.lxlO F/cm

Therefore is about 13% of

612 The SO2Si MOS Dftode

Of all the MOS diodes the metal-Si02 Si is the most extensively studied The electrical

characteristics of the Si02-Si system approach those of the ideal MOS diode However
for commonly used metal electrodes tile work function difference is generally not

zero and there are various charges inside the oxide or at the Si02-Si interface that will

in one way or another affect the ideal MOS characteristics

The Work Fundion Difference

The work function of semiconductor which is the ener fference between the

vacuum level and the Fermi level Fig varies with the doping concentration For

given metal with fixed work function we expect that the work function diffeiencc

will vary depending on the doping of the semiconductor One of the

most common metal electrodes is aluminum with 41 eV Another material also

used extensively is the heavily doped polycrystalline silicon also called polysiliconl Thc

work function for iv- and p-poiysilicon are 4.05 and 5.05 eV respectively Figure shows

the work fu lotion differences for aluminum and -polysilicon on silicon as the dop
ing is varied It is interesting to note that can vary over range depending on

electrode materials and the silicon doping concentration

To construct the ener band diagram of an MOS diode we start with an isolated

metal and an isolated semiconductor with an oxide layer sandwiched between them Fig
9a tl is isolated situation all bands are Hot this is ie flat-band condition At ci
mal eq ilibrium the Feron level must be constant and the vacuum level must be
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1.2

1.0

poly
0.8

0.6

0.4

02 ppolyp Si _______ _______

0.2 ______ A1 ______ ______ ______
npoIy

04 ________ ________ ________ ________

0.6 ________ ________ ________ ________ ________

A1pS0
-0.8 ___
LO ________

poly Si

1.2
i03 1014 100 1056 ion

N5 rIo

WOrk function difference as function of background impurity concentration for Al n-
and -polysilicon gate

materials

continuous To accommodate the work function difference the semiconductor bands bend

downward as shown in Fig 9b Thus the metal is positively charged and the semicon

ductor surface is negatively charged at thermal equilibrium To achieve the ideal flat-

band condition of Fig we have to apply voltage equal to the work function differ

ence This corresponds exactly to the situation shown in Fig 9a where we must

apply negative oltage to the metal and this voltage is called the flat-band voltage

VFB

Interface Traps and Oxide Charges

In addition to the work function difference the MOS diode is affected by charges in the

oxide and traps at the Si02-Si interface The basic classification ofthese traps and charges

are shown in Fig 10 They are the interface-trapped charge fixed-oxide charge oxide-

trapped charge and mobile ionic charge.3

Interface-trapped charges Q6 are due to the Si03-Si interface properties and depen
dent on the chemical composition of this interface The traps are located at the Si02-Si
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\acuurr lexel
1E

___________
Lv

F1

pSi

Metal

F3

SiO

Energy band diagram of an isolated metal and an isolated semiconductor with an

oxide layer between them hi Energy band diagram of an MOS diode in thermal equilibrium

interface with energy states in the silicon forbidden bandgap The interface trap density

ic number of interface
traps per unit area and per e\ is orientation dependent In 1OO

orientation the interface trap density is about an order of magnitude smaller than that

in 11ii orientation Present-day MOS diodes with thermally grown silicon dioxide on
silicon have most of the interface trapped charges passi ated by low-temperature 450C
hydrogen anneaIing The value of Q/q for l00-oriented silicon can be as low as 1010 core

Metal

Na Mobile tonic

charge
Oxide trapped \j2
charge

nod oxide

charge

Jotei lace trapped

charge

Terminology for the charges associated with tliermalh oxidized silicon3
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nF ich air ou xis to ah tone lute free-trapped charg pe su face us 1-

oriented silicon Q/q is bout 10 cm

The fixed charge Qj is located within approximately urn of the SiO-Si nterfaee

This charge is fixed and cannot be cliargcd or discharged ver wide variation of sur

face potential Generallyi is positive and depends on oxidation and annealing con

ditions and on silicon orientation It has been suggested that when the oxidation is stopped

some ionic silicon is left near tf 2terface These ions along with uncompleted silicon

bonds e.g Si-Si or Si-O bonds at the surface may result in the positie interface charge

Qf Q1 can he regarded as charge sheet located at the Si02-Si interface Typical fixed-

oxide charge densities for carefully
treated Si02-Si interface system are about 10 crn

for 100 surface and about 1010 cm for 111 surface Because of the lower val

ues of and Qj the 100 orientation is preferred for silicon MOSFETs

The oxide-trapped charges Q0 are associated with defects in the silicon dioxide These

charges can be created for example by X-ray radiation or high-energy electron bom

bardment The traps are distributed inside the oxide layer Most of process-related

can be removed by low-temperature aanealing

The mobile ionic charges such as sodium or other alkali ions are mobile within

the oxide under raised-temperature e.g 100C and high-electric
field operations Trace

contamination by alkali metal ions may cause stability problems in semiconductor devices

operated under high-bias and high-temperature conditions Under these conditions mobile

ionic charges can move back and forth through the oxide layer and cause shifts of the C-

curves along the voltage axis Therefore special attention must be paid to the elimi

nation of mobile ions in device fabrication

The charges are the effective net charges per unit area in C/cm2 We now evaluate

the influence of these charges on the flat band voltage Consider positive sheet charge

per unit acea Q0 within the oxide as shawn in Fig 11 This
positive

sheet charge will

p0

_____
ci

Metal Oxide Si Oxide Si

Fffect of she charge ithuii the oxide.2 Condition for Ve Flat-band

condition
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iid aie gatu charges ii eta id th mco as xx in

ipper part The resulting field distrihutro obt iine from integrating

Poissons equation ice is shoimi he loner pa Fig ha when we iave assun ed

tha there is no work function differercc or

To reach the flat-band condition i.e no charge udueed in the semiconductor we
must appiv uegaive voltage to the metal as shown in lb As the negative voltage

increases more negatix charges are put on the metal and thereby the electric-field dis

tribution shift doxvnxxard until the electric field at the sen iconductor surface is zero Under

this condition the area contained under the electric-field distribution corresponds to the

flat-band voltage

_2e 19

The flat band voltage is thus dependent on both the density of the sheet charge and

its location within the oxide When the sheet charge is located von close to the metal
tuat is if 0it will induce rio charges iii tIm silicon and therefore have no effect on
the flat-hand voltage On the other hand when is located veiT close to the semi

coudnctorx such as the fixed-oxide charge Q1 it will exert its maximum influ

once and give rise to flat-band oltage

Q0d Q0

C0 C0

For the more general case of an arbitrary space charge distribution within the oxide the

flat-hand voltage is given by

_1r1
2l

where px is the oluine charge density in the oxide Once we know p01x the volume

charge density for oxide-trapped charges and p0x the volume di argo density for mobile

ionic charges we can obtain Qt and Qrn and their corresponding contribution to the flat-

band voltage

ci

Q0t fxp0rdx 29a

Qm xpmzdx 22h1

If the value of the work function difference is not zero arid if the value of the

interface-trapped charges is negligible the experimental capacitance-voltage curve will

be shifted from the ideal theoretical curve by an amount

1FB
Qj Q0

23

The curve in Fig 12a shows the C-V characteristics of an ideal MOS diode Due to nonzero

or the C-I curve will be shifted by an amount gixen by Eq 23 The
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To

05

Effect of fixed oxide charge and interface traps on the C-V characteristics of an MOS

diode

parallel shift of the C-V curve is illustrated in Fig 2b If in addition there are large

amounts of interface-trapped charges the charges in the interface traps will ary with

the surface potential The C-V curve will be displaced by an amount that itself changes

with the surface potential Therefore Fig 12c is distorted as nell as shifted because of

interface-trapped charges

Calculate the flat-band voltage for an n0-polsilicon-SiO-Si diode having 10 cm and

nm Assume the and are negligible in the oxide and Q1/q is 101cm

From Fig is 0.98 for a0 polysilicon p-Si sstem with NA 10F cm C0 is

obtained from Ex

QQQt

1.6
1O 5x 10098
6.9x 10

Assume that the volume charge density p0x for oxide-trapped charge in an oxide layer
has

txiangular distxibution The distxibuhon is described by the function 10n 10u cm

where is the distance from the location to the metal-oxide interface The thickness of the oxide

layer is 20 nm Find the change in the flat-band xoltage
due to Q0

From Eqs 21 and 22a

r20100

IWFB J0 xpnxdx
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19

xlOx2x OS _3x1o2x2 io34x8.35x10

1.6 x2x 106 i.33x io6

3.43 10s

0.31

L3 The ChrgeCouped Device CCD
schematic view of CCD is shown4 in Fig 13 The basic device consists of closely

spaced array of MOS diodes on continuous insulator oxide layer that covers the semi
conductor substrate CCD can perform wide range of electronic functions including

by 5v

Si

015V 021OV ç1315V

pSi

Cross scction of three-phase charge coupled de\ ice4 High roltage on

pulsed to higher voltage for charge transfer
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image se ising and signal proccssillg The opc uting prir pie of the CD ins oh cs the

charge storage id tras sfer act ons controll h1 tF gate electrodes Figure 3a hows

CCD to which sufficiently large postive ias pulses has been applied to all the elec

trodes to produce surface depletion slightly higher bias has been applied to th cen

ter eluctrode so that the center MOS structure is under greater depletion and potential

well is formed there i.e the potential distribution is shaped like well because of the

larger depletion-layer width under the center electrode If minority carriers electrons

are introduced they irili be collected in the potential well If the potential of the right-

hand electrode is increased to exceed that of the central electrode we obtain the poten

tial distribution shown in Fig 13h In this case the minority carriers will be transferred

from the central electrode to the right-hand electrode Subsequently the potential on

the electrodes can be readjusted so that the quiescent storage site is located at the right-

hand electrode By continuing the process we can transfer the carriers successively along

linear array

The MOSFET has many acronyms meluding JGFET insulating-gate field-effect tran

sistor MISFET metal-insulator-semiconductor field-effect transistor and MOST metal-

oxide-semiconductor transistor perspective vien for an n-channel MOSFET is shown

in Fig 14 It is four terminal device and consists of p-type semiconductor substrate

in which two regions the source and drain are formed.1 The metal plate on the oxide

is called the gate heavily doped polysilicon or combination of suicide such as WS12

and polysulicon can be used as the gate electrode The fourth terminal is an ohmic eon-

Source
Gate

//
Drain

Si09

Substrate

Perspective view of metal oxidc-semicooductor held-effect transistor MOSFET

For pchaoncl \IOSF ETs doping t\yes in snbstralc and source/drain regions become and

respeciiacly
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tacttothesuut iR Tic cdniccpia sr Ian icigth shici sie
drstenee beri cr the win metallurgical -p uctrons the ha mel fith the oxidc

thickness the nc ion depth and the substrate doping N4 Note that the centia sec
tion of the devicc eorrespor ds to the MOS diode discussed Section 61

The first MOSFET was fabricated in 1960 using thermally oxidized sihion sub

strate.5 The desice had char nd length of 20 irm and gate oxide thickness of 100 ii in
Although present-day MOSFETs has been scaled down considerably the choice of uI

icon and thermally grown silicon dioxide used in the first MOSFET remains the most

important combination Most of the results ti is section are obtained from the Si-Si02

system

611 Basic Characteristics

The source contact is used as the voltage reference throughout this section When no
voltage is applied to the gate the source to-drain electrodes correspond to tao pn june
tions connected back to hack The oniy current that can flow from tile source to drain is

the res erse-leakage current.Wheii we apply sufficiently large positive bias to the gate
tile MOS structure is inserted so that surfhce rn crsion layer or channel is formed
beta een the two -region The source and drain arc then corn ected by conducting
surface n-channel through which large current can floss The conductance of this chan
nel can be modulated by varying the gate voltage The substrate contact can be at the

reference voltage or is reverse biased with respect to the source the substrate bias volt

age will also affect the channel conductance

Linear and Saturation Regions
We now present qualitative discussion of MUSFET operation Let us consider that

voltage is applied to the gate causing an inversion at the semiconductor surface Fig
15 If small drain voltage is applied electrons will flow from the source to the drain

the corresponding current will flow from drain to source through the conducting chan
neL Thus the channel acts as resistor and the drain current is proportional to the

drain oltage This is the linear region as indicated by the constant-resistor line in the

right-hand diagram of Fig iSa

When the drain voltage increases eventually it reaches Dst at which the thickness

of the inversion layer near is reduced to zero this is called the pinch-off point

Fig 15b Beyond the pinch-off point the drain current remains essentially the same
because for Vat at point the roltage VDSSt remains the Same Thus time number
of carriers arriving at poait from the source or the current flowing from the drain to

the source remains the same This is the saturation region since is constant regard
less of an increase in the drain voltage The major change is decrease of to the value

shown in Fig lSc Carrier injection from into the drain depletion region is similar

to that of carrier injection from an emitter-base junction to the base-collector depletion

region of bipolar transistor

We now derive the basic MOSFET characteristics under the following ideal co idi

tions The gate structure corresponds to an ideal MOS diode as defined in Section

6.1 that is there are no interface traps fixed-oxide cF arges or work function differences

Only drift current is considered ci Carrier
lrrobilibl in the inversion lai er is cosLnt

Aphrtograpli of tim first MOSFET shoss in Fig ofhaptem
This is truc fo the u-channel aiim off OSF LT 0th types of MOSFE are usc is cd Setmon
62.2
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snail ID

DOll
L_VJ

Vr
VV81

Depletion region
at

_______

Depletion region

Ic

Operations of the MOSFET and output I-V characteristics Low drain voltage

Onset of saturation Point indicates the pinch-off point Beyond caturation

Doping in the channel is uniform Reverse-leakage current is negligibly small

The transverse field created by the gate voltage in the x-direction shown in Fig 14

which is perpendicular to the current flow in the channel is much larger than the lon

gitudinal field created by the drain voltage in the p-direction which is in parallel to

the current flow The last condition is called the gradual-channel approximation and gen

erally is valid for long-channel MOSFETs Under this approximation the charges con

tained in the surface depletion region of the substrate are induced solely from the field

created by the gate voltage

Figure 16a shows MOSFET operated in the linear region Jnder the abore ideal

conditions the total charge induced in the semiconductor per unit area Q5 at distance

from tie source is ovm in Fig 161 which is an enlarged central sectio of Fig 16a

is given froir Eqs 13 and 14
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\\

QBY

Vy

ydy

MOSFET operated in the linear region Enlarged view of the channel Drain

voltage drop along the channel

QY iyC0 24

where çy is the surface potential at and C3 eJd is the gate capacitance per unit

area Since Q3 is the sum of the charge in the inversion layer per unit area Q3 and the

charge in surface depletion region per unit area we can obtain Q3

Q3y

_v0 yc0_Q3y 25

The surface potential at inversion can be approximated by 2i5 /y wF crc Vy
as shown in Fig 16c is the reverse bias between the point and the source electrode

which is assumed to be grounded Tue charge within the surface depletion region QJy
was given previously as

Qy qNW 2EqN3x 26
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Substituting Eq 26 ii Eq 25 yields

\7y 2B 2EqA Vy 27

The conductivity of the channel at position can be approximated by

qnx1x 28

For constant mobility the channel conductance is then given by

g5aS qnxdi 29

The integral qnxdx corresponds to the total charge per unit area in the inversion

layer and is therefore equal to lQI or

30

The channel resistance of an elemental section dp Fig 16h is

dR dy 31
gL

and the voltage drop across the elemental section is

cI\ IdR 32
ZpQyI

where iD is tF drain current which is independent of Substituting Eq 27 into Eq

32 and integrating from the source to the drain VV yield

_FflGO 2B
jeqNa

2B372 2wB2 33

Figure 17 shows the currentivoltage characteristics of an idealized MOSFET based

on Eq 33 For given VG the drain current first increases linearly
with drain voltage

the linear region then gradually leveE off approaching saturated value the satura

tion region The dashed line indicates the locus of the drain voltage at which the

current reaches maximum value

We non consider the linear and saturation regions For small Eq 33 reduces

to

v0 for Vu 34

where is the thieshold voltage given pre iously in Eq 17

qN2 .35
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10 12 14 16 18

VD

Ideali7ed drain characteristics of MOSFET For V0 the drain current remains

constant

By plotting versus V0 for given small VD the threshold voltage can be deduced

from the linearly extrapolated value at the axis In the linear region Eq 34 the clian

nel conductance and the transconductance g1 are given as

36

37
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When if drain voltage is increased to point that the charge Q0y the ins ersion

layer at becomes zero the number of mobile electrons at the drain are reduced

drastically This point is called pinch-off The drain voltage and the drain current at this

point are designated as VDSOi and Dsai respectively For drain voltages larger than VDSaI

we have the saturation region We can obtain the value of V01 from Eq 27 under the

condition Q0L

VDSOt VG 2VB 38

EqN5
where The saturation current can be obtained by substituting Eq 38 into

Eq 33

39

The threshold voltage in the saturation region for low substrate doping and thin oxide

layers is the same as that from Eq 35 At higher doping levels becomes VG dependent

For an idealized MOSFET in the saturation region the channel conductance is zero

and the transconductance can be obtained from Eq 39

40

For an n-channe n-polysilicon-SiO4-Si
MOSFET with gate

oxide nm N5 cm and

3V calculate V0

39x8.85x10 432x107 F/cm2
8x101

5_Jh1098085b0 03
4.32x10

21 0.84 from Es

Therefore from Eq 38

VDO V0 9f5 /K2
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The Subthreshold Region
When the gate voltage is below the threshold voltage and the semiconductor surface is

only weakly inverted the corresponding drain current is called the suhthreshold current

The subthreshold region is particularly important when the MOSFET is used as low

voltage low-power device such as switch in digital logic and memory applications

because tl subthreshold region describes how the switch turns on and off

In the subthreshold region the drain current is dominated by diffusion instead of

drift and is derived in the same way as the collector current in bipolar transistor with

homogeneous base doping If we consider the MOSFET as an n-p-n source-substrate

drain bipolar transistor nig 16b we have

nL
qAD1 qAD 41

where is the channel cross section of the current flow and n0 and nL are the elec

tron densities in the channel at the source and drain respectively The electron densi

ties are given by Eq 5a

n0 qin-1HT 42a

nL qe PB 42b

where is the surface potential at the source Substituting Eq 42 into Eq 41 gives

-q kT
qADne /AT /kT 43

The surface potential ip is approximatelyV0 Therefore the drain current will decrease

exponentially when V0 becomes less than

env -\ 44

typical measured curve for the subthreshold region is shown in Fig 18 Note the

exponential dependence of on V0 VT for V0 An important parameter in this

region is the subthreshoid swing which is defined as is typically

70 100 mV/decade at room temperature To reduce the suhthreshold current to neg

higible value we must bias the MOSFET half-volt or more below

621 Types of MOSFET

There are basically four types of MOSFETs depending on the type of inversion layer

If at zero gate bias the channel conductance is very low and we must apply positive

voltage to the gate to form the n-channel then the device is normally off enhancement

UMC 1223
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d50 nm
10 5io 3crn

L.3pw
30 nii

10_li

Subthreshold characteristics of MOSFET

n-channel MOSFET If an n-channel exists at zero bias and we must apply negative

voltage to the gate to deplete carriers in the channel to reduce the channel conductance

then the device is normally on depletion n-channel MOSFET Similarlywe have the

p-channel normally off enhancement and normally on depletion MOSFETs
The device cross sections output characteristics i.e versus Va and transfer char

acteristics i.e versus of the four types arc shown in Fhi 19 Note that for the

normally off n-channel device positive gate bias larger than the threshold voltage V1

must he applied before substantial drain current flows For the normally on n-channel

device large current can flow at and the current can be increased or decreased

by vaning the gate voltage This discussion can be readily extended to p-channel device

by changing polarities

2.3 Threshold Voltage Control

One of the most important parameters of the MOSFET is the threshold voltage The

ideal threshold oltage is given in Eq 35 However when we incorporate the effects of

the fixed-oxide charge and the difference in work function there is flat-band voltage

shift Additionally substrate bias can also influence the threshold voltage When reverse

bias is applied between the substrate and the source the depletion region is svidened

and the threshold voltage required to achiex inversion must be increased to accommo

date the larger These factors in turn cause change in the threshold voltage

45
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Tpe Crc ss oem ii cha- ft islic Ti ella acteristics
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_________________
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n-Channel

vu

vip__________channel

enhancement

onrallv

off

V0 4V hi Ij

__________

channel

depletion

normally

on _______

______________
p-Channel

lv ID hi

Cross section output and transfer characteristics of four types of MOSFETs

where i/B5 is the reverse substrate-source bias Figure 20 shows the calculated threshold

soltage of n-channel and p-channel V.1k MOSFETs witi p- polysilicon and

mid-gap work function gate electrodes as function of their substrate doping assuming

nm VB5 and Q1 Mid-gap gate materials are those with work function of

61 eY which equals the sum of the electron affinity qx and Ej2 of silicon see Fig

Precise control of the threshold voltage of MOSFETs in an integrated circuit is

essential for reliable circuit operation Typically the threshold voltage is adjusted

through ion implantation into the channel region For example boron implantation

through surface oxide is often used to adjust the threshold voltage of an n-channel

MOSFET with p-type substrate Using this method it is possible to obtain close con

trol of threshold voltage because veiy precise quantities of impurity can be introduced

The negatively charged boron acceptom increase the doping level of the channel As

result V. increases Similaris shallow boron implant into p-channel MOSFET
can reduce the absolute value of Vi-

P1

For an dmaiiuel n-polysilieon SiO.-Si MOS FT nth N5 10 cm and Q1/q 10

calculate for gate
oxide of urn hat is the boron Ion dose required to increase to 0.6 VP

Assume that the implanted acceptors
form sheet of negatise charge at the Si-Si02 interface
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i04 10b lO I0 to io

isBcrn

Calculated threshold voltage of n-channel 1.z and p-channel a/ MOSFETs as

function of impurity concentration for devices with nt ppolysilicon and mid-gap ork

function gates assuming zero fixed charge The thickness of the
gate

oxide is nm NMOS
channel MOSFET PMOS p-channel MOSFET

From the examples in Section 6.1 we have 6.9 jQ7 F/cm2 2iy5 084 and

PB
1.1 Therefore from Eq 45 with VBS

v-v qNA2B
FB /tB

_1.1084h1.9x885xb0 4xL6x109x10 xO84

6.9x10

002

The boron charge causes flat-band shift of qF2/C0 Thus

06002 qF
6.9x10

FB
0.62x6.9x10 267x102 cm

1.6 i09
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ci ii ro sari
ig

oxide ek ics esi id soltage cmi rsor

posits
for an u-chann fi MOSFE and iorc nagat se or p-channel MOSFET as ii

oxide thick iess is ncreand TFis is simply due to the redu ed field stiengtl at fixed

gate soltage or thickcr oxide Such an approach is used extensively for isolating tran

sistors fabricated on chip Figure 21 shows the cross section of an isolation oxide also

ailed field oxide between an diffusion and an well Details about the field oxide

formation and the well te hnolog are givel in Chapter The diffusion region is

the source or drain region of normal n-channel MOSFET The gate oxide of MOSFET

is much thinner than the field oxide When conductor line is formed over the field oxide

parasitic MOSFET also called field transistor results with the ii diffusion and a-

well regions as the source and drain respectisely The V1 of the field oxide is typically

an order of magnitude larger than that of the thin gate oxide During circuit operation

the field transistor will not be turned on Consequently the field oxide offers good iso

lation between the diffusion and well regions

For an n-chamiel field transistor with lO cm and Q/q lO cur2 calculate for

gate
oxide i.e the field oxide of 500 urn

C0 69 10 F/cm2

From Exs and we have 2ij15 0.84 and 1.1

Therefore from Eq.45 with

qNk2B

\2x119x8.85x104x1.6x10 1x107x0.84
1.1084

6.9x109

2412

gate of the field transistor

Cross section of parasitic field transistor in an n-well structure
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Sub ite bias can also be ed to just the tI us in voltag Acc ding Eq 43
ti lange in if reshold voltage to the substrate as is

.\J2E qN
VBS 46

If we plot the drain current versus V0 the intercept at the -5 corresponds to

the threshold voltage Eq 36 Such plot is shou in Fig 22 for three different sub
strate biases As the magnitude of the substrate increases from to the thresh
old soltage also increases from 056 to 1.031 The substrate effect can be used to raise

the threshold voltage of marginal enhancement device to larger value

For the MOSFET discussed in Ev with of 012 if the suhstrae bias iS increased from

zero to calculate time change in threshold oltage

From Eq 46

2e qN 5v5

lOG

80

MJT

60

40

20

4.8 ooi

045 tim

10 tom

\T

Threshold \oltage adiustoient using
substrate bi is

UMC 1223
UMC v. AICP



Chapter JSFE aid ebted ev ces 99

\x jxS xlO .Gx hix1
69x lO

O.27x 69O92O.2i\

Another was to coi trol is to adjust the wo function difference by ci oosmg an

appropriate gate material uumber of conducting matrrials hive been proposed such

as TiN and heavily doped polyciystalline silicon-germanium layer.6 In deep submi

cron device fabrication control of the threshold voltage and device performance becomes

more difficult because of the geometric effects encountered in de\ ice scaling see the

discussion in the next section The use of other gate materials to replace the cojiven

tional polysilicon could make des ice design more flexible in deep submicron fabrication

Scaling down of MOSFETs duriensioiis is eontiiiuuus trend since its inception Smaller

device size enables higher device density in an integrated circuit in addition smaller

channel length improves the di
iving current ilL and thus the operation perfor

mance As devices dir iensions are red iced however infir ences from the side regions

of the channel i.e source drain and isolation edge1 become significant Device char

acteristics therefore deviate from those derived from long-channel approximation

631 Shod-Channe Effects

The threshold voltage given in Eq 45 is derived based on the gradual-channel approci

mation stated in Section 621 That is the charges contained in the surface depletion

region of the substrate are induced solely
from the field crested by the gate voltage In

other words the third term in Eq 45 is independent of the lateral fields froni the source

and drain As channel length is reduced hossever the fields originating from the

source/drain regions may influence the charge distribution and thus the device char

acteristics such as the threshold voltage control and device leakage

Threshold Voltage Roll Off in Linear Region

When the channel side effect becomes nonnegligible the threshold voltage in the lin

ear region usually becomes less positive as channel length decreases for n-channel

MOSFETs and less negative as channel length decreases for p-channel MOSFETs Figure

23 shows an example with 0.05 of this V7 roll-off pl enomenon Roll off can be

explained by the charge-sharing model8 as illustrated in Fig 24 This figure shows the

cross section of an n-channel MOSFET This device is operated in the linear reon V0
0.1 VI Hence the depletion region width for the drain junction is almost equa to that

for the source junction Since the channel depletion region overlaps the source and drain

depletion regions charges induced b1 the field created by the gate bias can be approx

imated by those within the trapezoidal region

The threshold voltage shifi AV1 is due to the reduction of charges in the depletion

layer from tIre rectangular region to the trapezoidal region L\V/2 AV
is given by see Prob 27

qW 9W
rn 47

C0L r1
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06

Vs 0.05

0.4

02 0.4 0.6

Lg.tt4tT

Threshold voltage roll off characteristics in 0.15 nn complementary metal oxide-

semiconductor CMOS field-effect transistor technology.7

nhere NA is the substrate doping concentration the depletion width the junction

depth the channel length and the gate oxide capacitance per unit area

For long-channel devices the charge reduction is smaller since Fig 24 is much

smaller than For short-channel devices however the charges needed to turn on the

device are dramatically reduced since is comparable to As can be seen from Eq
47 for givers set of N4 Wrn and C0 the threshold voltage decreases with decreasing

channel length

DrainInduced Barrier Lowering
When the drain voltage of short-channel MOSFET increases from the linear region

toward the saturation region its threshold voltage roll-off becomes larger see Fig 23
This effect is called drain-induced barrier lowering DIBL The surface potentials between

source and drain for several n-channel devices with different channel lengths are shown9

in Fig 25 The dotted lines are for and the solid lines for VDSO \Vhen the gate

voltage is below the p-Si substrate forms potential barrier betis een source and

drain and limits the electron flow from source to drain For device operated in the sat

uration region the depletion-layer width of the drain junction is significantly wider than

that of the source junction In the long-channel case the increase in depletion-layer region

width of the drain junction will not affect the potentril barrier height see Fig 25 the

tm case Nevertheless when the channel length is short cc ough the increase in drain
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Calculated surface potential along the channel for n-channel MOSFETs with different

channel lengths.9 The source-channel boundai is at 1o 0.05 dotted lines and

high solid lines V05 applied Oxide tliicloiess and substrate doping re0 urn

and 10n cm respectively The substrate bias is
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voltage deerm ses the potential bar ieigf ic 03 cases 251 is

is ascribed to the field peneti ation at the ri ace region fran he drain to se sour when

they are too close Such rner-loa craig fleet leads to subtantial ncrease in elec

tron ii ectioii fr the source to the drain As result subthreshold current increases

The thresholds oltage thus decreases furti er with increasing drain bias in short-channel

des ices

Figure 26 illustrates the subthreshold characteristics of long and short n-chan

nel MOSFET at low and high drain bias conditions The parallel sluft in subthreshold

current in the short-channel device Fig 26b as the drain soltage ii creases indicates that

significant
DIBL effect has been induced

Bulk Punchrthrough

DIBL causes the formation of leakage path at the Si02/Si interface If the drain volt

age is large enough significant leakage current may also flow from drain to source via

the bulk of the substrate for short-channel MOSFET This is also ascribed to the increase

in the depletion Ia1 er region width of the dma junction ith inereas ng drain voltage

In short-channel MOSFET the sum of depletion-layer width for source and drain junc

tions is comparable to the channel length The depletion region of tin drain junction grad

ually merges with that of the source 1unction sshen the drain voltage is increased As

result large leakage current may flow froni the drain to the source through the bulk

Figure 27 shows the subthreshold characteristics of short-channel 23 ltrn MOS
FET When the dram voltage is increased from to DIBI is induced with the par

allel shift in the subthreshold characteristics similar to that shown in Fig 26b When the

drain oltage is further increased to Vi the subthreshold swing is oiuch larger than that

for lower drain biases Consequently the device has very high leakage current This

indicates that the hulk punch-through effect is very significant The gate can no long turn

di device completely off arid loses control of the drain current High-leakage current

limits device operation for short-channel MOSFETh

632 Scahug Rules

As device dimensions are reduced the short-channel effects must be minimized to main

tain nonnal device and circuit operation Sonic guidelines are necessary in scaled-device design

One elegant approach for maintaining the long-channel behavior is to simply reduce all dimen

sions and voltages by scaling factor K1 so that the interr al electric fields are the same

as those of long-channel MOSFET This approach is called constantfield scaling

Table summarizes the scaling rules of constant field scaling for various device param
eters and circuit performance factors The circuit perfbrmance speed and power con

sumption in the on-state can he enhanced as the device dimensions are scaled down.1

In practical integrated circuit IC manufacturing howeser the electric fields inside the

smaller devices are not kept constant but increase to some extent This is mainly because

the voltage factors e.g power supply threshold voltage cannot he scaled arbitrarily
If

the threshold voltage is too small the leakage level in the off-state VG will increase

significantly because tl nonscalahle subthreshold swing Consequently standby power

consumption will also increase By applying the scaling rules MOSFETs have been fab

ricated that have channel length as short as 20 nm very high transconductance 1000
mS/mml and reasonaolc subthresholu swing 120 wV/decade

cornprisor of the off hequ OiC\ Id dfferent field-effect traiisi5tOi iiichiding \40S ITT is slioorn hi

Fig tS of CI apter
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10
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Subthreshold characteristics of an n-channel MOSFET with 0.1 and

MOSFET device and Multiplying factor

Determinant circuit parameters ic

Scaling assumptions Device dimensions
r1

1/ic

Doping concentration N0
Voltage çV 1/ic

Derived sealing behavior of Electric field ci

device parameters Carrier elocity

Depletion-layer width 1/ic

Capacitance sAid 1/ic

Inversion-laser charge density

Current drift 1/ic

Channel resistance

Derived scaling behavior of Circuit delay time Cl IV 1/ic

circuit parameters Pon er dissipation per circuit VP 1/c2

Power-delay product per circuit

Circuit densiri 1/A

Power density F/A
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Cm ipleme itaiy
MOS CMOS refers to complemental p-chan sd id ianncl OS

FET pair CMOS logic is the most popular technology utlh7ed in present-da intcgr ten

circuit design The mam reasons for the success of CMOS are low pan er consumpti

and good noiw immunty In fact c..rrvntly nub CMOS technologi is used in advanced

integrated-circuit manufacturing due to the low power-dissipation requirement

Mi The CMOS hwerter

CMOS inverter which is the basic element of CMOS logic circuits is shown in Fig

28 In CMOS inverter the gates of the p- and n-channel transistors are connected and

serve as the input node to the inverter The drains of the tss transistors are also con

nected and serve as the output nodc to the inverter The source and substrate contacts

of n-channel MOSFETs are grounded whereas those of p-channel MOSFETs are con

nected to the power supply V1 Note that both p-channel and channel MOSFETs

are enhancement-type transistors When the input voltage is low e.g Vcm

Vr the n-channel MOSFET is off.1 The p-channel MOSFET honevei is on since

tV0M VDD IV GSp
and are negative Consequently the output node is charged

to through the p-channel MOSFET When tIme input voltage goes high so that the

gate voltage equals the n-channel MOSFET is turned on since VDD V1
and time p-channel MOSFET is turned off since v51I v1 Therefore the out

put node is discharged to ground through the channel MOSFET
For more detailed understanding of the operation of the CMOS inserter we can first

plot the output characteristics of the transistors This is given in Fig 29 in which and

are shown as function of output voltage Vm is the current of p-channel MOS

FET in the direction from the source connected to to the drain output node In

is the current of n-channel MOSFET in the direction from the drain output node to

the source connected to ground It is noted that the increase in input voltage cV tends

to increase but decrease at fixed V0 In steady state howevei should be equal

to ii For given we can deterinme the corresponding from the intercept of I1T
and lVl as shown in Fig 29 The V-V01 curve as shown in Fig 30 is called the traits

fer curve of the CMOS inverter.1

An important characteristic of the CMOS inverter is that when the output is in

steady logic state i.e or only one transistor is on The current flow from

the power supply to ground is thus very low and is equal to the leakage current of the

off device fact there is significant current conduction only during the short transient

period when the two devices are temporarily on Therefore the power consumption is

very low in the static state compared with other types of logic circuits such as n-channel

MOSFETs bipolar etc

642 Latchup

In order to fabricate both p-channel and n-channel MOSFETs in the same chip for CMOS

applications extra doping and diffusion steps are needed to form the nell or tub in

the substrate The doping type in the well is different from that of the surrounding

and represent the voltage differe ice beaseen the
gate

Cr3 tile source inn nd pl anne1

MOSFETs respeetisely
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if

The CMOS inverter

substrate Typical well types are the p-well n-well and twin svell Details of the well tech

noio are given in Chapter 14 Figure 31 shows cross-sectional view of CMOS inverter

fabricated using p-well technologu In this figure the p-channel and n-channel

MOSFETs are fabricated in the n-type Si substrate and the p-well region respectively

major problem related to the well structure in CMOS circuits is the latch-up phe
nomenon The cause of latch-up is the action of the parasitic p-n-p-n diode in the well

structure As shown in Fig 31 the parasitic p-n-p-n diode consists of lateral p-n-p and

crtical n-p-n bipolar transistors The p-channel MOSFETs source n-substrate and

p-well correspond to the emitter base and collector of the lateral p-n-p bipolar transis

tor respectisely The n-channel MOSFETs source p-well andn substrate are the emit

ter base and collector of the vertical n-p-n bipolar transistor respectively The equivalent

circuit of the parasitic components is illustrated in Fig 32 R5 and Rn are the series resis

tance in the substrate and the well respectively The base of each transrstor is driven by
the collector of the other to form positive feedback loop This configuration is similar

to the thyristor discussed in Chapter Latch-up is induced when the current gain prod
uct of the tw bipolar transistors aw is larger thai When latch-up occurs large

current will flow from the power supply to the ground contact This can interrupt
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and as function of The intercepts of and circled represent the steady

state operation points of the CMOS invertei The curves are labeled by the input o1tages

1.7 V3

out

VDD

DD

Transfer curve of CMOS inerter Points labeled and correspond to

those points labeled in Fig 29
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th

ii
substrate

Prevention of latch-up with heavily doped substrate

normal circuit operation and es en destroy the chip itself because of the high power

dissipation

To avoid latch-up the current gains of the parasitic bipolas- transistors must be reduced

One method is to use gold doping or neutron irradiation to lower the minority carrier

lifetimes However this approach is difficult to control Besides it also causes an increase

of the leakage current deeper well structure or high-energy implantation to form ret

rograde wells can also reduce the current gain of vertical bipolar transistor by raising the

impurity concentration in the base In the retrograde well the peak of the well doping
concentration is located within the substrate away from the surface

Another way to reduce latch-up is to use heavily doped substrate with devices fab

ricated on lightly doped epitaxial layer as shown4 in Fig 33 The heavily doped sub
strate provides highly conductive path to collect the current The current then is drained

away through the surface contacts

Latch-up can also be avoided with the trench isolation scheme process for form

ing trench isolation is discussed in Chapter 14 This approach can eliminate latch-up

because the n-channel and p-channel MOSFETs are physically isolated by the trench

6A3 BCMOS

CMOS has the advantages of low power dissipation and high device density which make

it suitable for fabricating complex circuits However CMOS suffers from low drive capa

bility compared with bipolar technology limiting its circuit performance BICMOS is

technology that integrates both CMOS and bipolar device structures in the same chip
BiCMOS circuit contains mostly CMOS devices with relatively small number of bipo

lar devices The bipolar devices have better switching performance than their CMOS coun

terparts without consuming too much extra power However this performance
enhancement is achieved at the expense of extra manufacturing complexity longer fab

rication time and higher cost The fabrication processes for BiCMOS are discussed in

Chapter 14

For certain applications MOSFETs are fabricated on an msulating substrate rather than

on semiconductor substrate The characteristics of these transistors are howem er Cm
ilar to those of MOSFET Usually we call such devices thin film transistors TFT .f
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the chan ml layer is an amorphous os poi crystalline silicon If ti ci annel layer is

snonocrystalline silicon we call it silicon-on-insulator 501

65i The Thin Film Transistor TFT

Hydrogenated amorphous silicon a-SiH and polysilicon are the two most popular mate

rials for TFT fabrication They are usually deposited on an insulating substrate such as

glass quartz or Si substrate with thin Si02 capping layer

The hydrogenated amorphous silicon TFT is an important device in electronic appli

cations that require large area such as liquid crystal displays LCD and contact imag

ing sensors CIS The a-SiH materials are usually deposited with plasma-enhanced

chemical vapor deposition PECVD system Since the deposition temperature is low typ

icallv 200400C inexpensive substrate materials such as glass can be used The role

played by the hydrogen atoms contained in the a-SiH is to passivate dangling bonds in

die amorphous silicon matrix and thus reduce the defect density Without hydrogen pas

sivation the gate voltage can not adjust the Fermi level at the insulator and the a-Si inter

face since the level is pinned by fEe large amount of defects

The a-SiH TFT is usually fabricated using the inverted staggered structure as shown

in Fig 34 The inverted staggered structure is with bottom-gate scheme metal gate

can be used since the post process temperature is low 400C dielectric layer such

as silicon nitride or silicon dioxide also deposited by PECVD is often used as the gate

dielectric An undoped aSiH layer is subsequently deposited to form the channel The

source and drain of the TFT are formed with an in situwioped a-SiH layer comply

ing with the requirement of low process temperature dielectric layer that serves as an

etch-stop for patteming of a-SiH is often used Device characteristics of TFTs with

the bottom-gate structure are usually better than those with the top-gate structure This

is because the a-SiH channel could be damaged by plasma during PEC\TD gate-dielectric

deposition of top-gated TFTs In addition the source/drain formation process is easier

for the bottom-gate structure typical subthreshold characteristic of the a-SiH TFT is

shown in Fig 35 Because of the amorphous matrix presents in the channel material its

carrier mobility is usually very low cmtmIV-s

Glass

typical a-SiII thir film transistor TFT structure
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1Fi\

10

10 in

10 10

V0

3a Subthreshold characteristics of an a-SOfT TFT L/Z 10/60 l.tm4tm The field-effect

carrier mobility is 0.23 cm/ \/

The polysilicon TF uses thin poly silicon as the channel layer Poly silicon is mate
rial consisting of many Si grains Within the grain are the monociystalline Si lattices The

orientations of two side-by-side grains are hon evei different from each other The inter

face between the two grams is called the grain boundary Thlysilicon TFT exhibits much

higher carrier mobility and thus better drive capability than a-SiH TFT because of higher

ciystallinity Carrier mobility of these devices typically anges from 10 to several hun
dred cmW-s depending on the grain size and process conditions Polysilicon is usually

deposited with low-piessure CVD LPCVD The grain size of poh silicon is an impor
tant factor in determining the TFT performance since the carrier mobility genesally

decreases with decreasing grain size This is mainly because of the large number of defects

contained in the grain boundaries that impede the transport of carriers

The defects at the grain boundaiT could also affect the threshold voltage and sub-

threshold swing of the device When gate voltage is applied to induce an inversion lay er

in the channel these defects act as traps and inipede the movement of the Fermi level

in the forbidden gap To alleviate these drawbacks hydrogenation step is often adopted
after device fabrication The hydrogenation treatment is usually done in plasma reac

tor Hydrogen atoms or ions generated in the plasma diffuse into the grain boundaries

arid passivate these defects After hydrogenatio there is significant improvement in device

performance
Unlike a-SiH TFT polysilicor TFT is usually fabricated with th top-gate structure

as shown in Fig 36 self-aligned implant is used to form the source/drain One main

limitation of poly silicon TFT manufacturing is the lngh process temperature 600C
Consequently expensive substrates such as quartz are usually ieeded to tolerate Lie hgh
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ate ucide

PolyiI nd

Quartz

polysilicon TFI structure

process temperatures This makes polysilicon TFT less attractive than a-SiH TFT in pro
duction foi low-end applications because of higher cost Laser crystallization of Si is

potential ay to overcome the problem In this method an a-Si layer is deposited first

on glass substrate at low temperatures by PECVD or LPCVD high-power laser source

is then used to irradiate the a-Si The energy is absorbed by the a-Si and melting occurs

locally in the a-Si layer After cooling the a-Si turns into polysilicon with very large grain

size 00 .tm Very high carrier mobility approaching that of
crystalline

Si \4OSFETs

can be obtained using this method

652 SiUcon-on-kisuator SOD Devices

Many SOl devices have been proposed including silicon-on-sapphire SOS silicon-on

spine1 silicon-on-nitride and silicon-on-oxide.5 Figure 37 shows schematic diagram
of an SOl CMOS built on silicon dioxide Compared with CMOS built on bulk Si sub

strate also called bulk CMOS SOls isolation scheme is simplified and does not need

complicated well structures Device density can thus be increased The latch-up phe
nomenon inherent in hulk CMOS circuits is also eliminated The parasitic junction capac

Metal

p-glass ...\

Bulk silicon substrate

on of the silicon-on-insulator SOl
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ta ir sousce id drah regions can vi cant reduced with vi it sr ating
substrate Addtonalh sign ficant nprovemei oser bulk CMOS in adiation-damage

toicratior is achies ed SQl This is becar se of the in all volume of Si available for el ctron
hole pair generation radiation This property is particularly important for space appli

cations

Depending on the thickness of the Si channel layer SQl can be classified into par
tiall depleted PDI and fully depleted FD hpes PD-SQl uses thicker Si channel

layer so that the depletion width of the channel does not exceed the thickness of Si layer

Device design and performance of PD-SQl is similai to that of bulk CMOS One major
difference is the floating substrate used in SQl devices During device operation high
field itear the drain could induce inipact ionization there Majority carriers holes in the

p-substrate for an n-channel MOSFET generated by impact ionization will be stored in

the substrate since there is no substrate contact to drain away these charges Therefore
the substrate potential will be changed and will result in reduction of the threshold volt

age Tins in turn may cause an increase or kink in the current-voltage characteristics

The kink phenomenon is shown15 in Fig 38 This float-body or kink effect is especially
dramatic for n-channel devices because of the higher impact ionization rate of electrons

The kink effect can be eliminated by forming substiate contact to the source of the

transistor This will howevem complicate the device layout and process flow

FD-SQI uses Si layer thin enough so that the channel of the transistor is completely

depleted before threshold is reached This allows the device to be operated at lower

field In addition the kink effect caused by high-field impact ionization can be eliminated

ED-SQl is very attractive for low-pon er applications Nevertheless the FD-SQ1s char

acteristics are sensitive to the Si thickness variation If an FD-SOT circuit is built on
wafer with nonuniform Si thickness its operation will be unstable

Calculate the threshold voltage fin an n-channel SOT device having N5 iO crn urn and

Q/q 10 dy2 Si thickness for the device is 50 urn

Drain volt mg

The kink effect in the output eharactemmstmcs of an it-channel SO MOSFET
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ro Ex maxirnu dc1 letio alti Ioi ho N1 den 10 ian

Therefore the SOT desire is fully depleted tyne Since the mdth of ti depletiou rgion is now

the Si thickness 11 used in Eq 17 and Eq 45 for calculating the threshold voltage should be

replaced by d5

qNJ

From Eu and we have 6.9 10 F/ens2 VFJI 1.1 and 2i 084

Therefore

t1084 l6x10 9x10 xio- _O14
6.9 10

Semiconductor memories can be classified as volatile and nonvolatile memoriesVolatile

memories such as dynamic random access memories DRAMs and static random access

memories SRAMs lose their stored information if the power supply is switched off

Nonvolatile memories on the other hand can retain the stored information rrently

DRAM and SRAM are extensivell used in personal computers and ork stations mair ly

because of DRAMS attributes of high density and mw cost and RAMs attribute of high

speed The nons olatile mernosy is used extensively in portable electronics systeslss such

as the celular phone digital camera and smart IC cards mainly because of its attributes

of low-power consumption and nonvolatility

66i DRAM

Modern DRAM technology consists of cell array using storage cell structure shown16

in Fig 39 The cell includes an MOSFET and an MOS capacitor one transistor/one

capacitor iT/iC cell The MOSFET acts as switch to control the wiiting refresh

ing and read-out actions of the cell The capacitor is used for charge storage During
the write cycle the MOSFET is turned on so that the logic state in the bit line is trans

ferred to the storage capacitor For practical applications charges stored in the capaci

tor will be gradually lost because of the small but nonnegligible leakage current of the

Cell phth

Basic configuration of dynsniic random access mcmoiy DRAM cell
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rig Co ic tI il arato DR arnie cc data iced

to be tofu hed pin dma with f\ed ii tenS pieall nO mi
The 11/ JR kM eel has the siva itages so pC and small sica eonst us

Lion In order to increase the storage density of chp agg essive scaling of th cell size

is necessary Howes ci Wi degrade the storage capahibts of the capacitor since the

capacitor electrode area will be diminished as Wi 11 To Solve this problem three dimension

ç3-D capacitor structures are required Sonic nos el capacitor structuies are disem ssed

in Chapter 14 TI utilization of high dielect ic constant materials to replace conven
tional oxide-nitride composite layers dielectric constant as the capacitor dielec

tric materials can also he mnployed to inert ase tl capacitance

66i SRAM

SHAM is matrix of static cells using histable
flip-flop structure to store the logic state

as shown in Fig 40 TIe flip flop consists of two cross-coupled CMOS inverters T1T3
and T2T4 The output of the ins erter is connected to the input node of the other inverter

This configuration is called latched livo additional n-channel MOSFETs T5 and T6
with their gates connected to the word line are used to access the SHAM cell The oper
ation of if SR is staR since logic state is sustained as long as the power is applied

Therefore SHAM does not hare to he refreshed The two p-channel MOSFETs Ti and

12 in the mnverters re used as the load transistors There is essei ally no dc current

flow through the cell except during switching Jr some situations p-channel polysilicon

TFTs or polysilicon resistors are used instead of bulk p-channel MOSFETs These

LI

T3 T4

Configuration of CMOS SRA cell Ti and I2 are load transistors p- han 13

and T4 are drive transisto n-channel T5 and T6 arc access transistors elm nd
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po1 silicon load devices ccn be fab icated Use the 1k nil anne MOSFETs 3-1 inte

gration can effectively
reduce the cell area and therefore increases the stoi age capac

ity of the chip

663 Nonvoatile Memory

When the gate electrode of conventional MOSFET is modified so that semipermanent

charge storage inside the gate is possible the new structure becomes nonvolatile mem
ory device Since the first nonvolatile memory device proposed7 in 1967 various device

structures hase been made Nonvolatile memory devices have been used extensively in

ICs such as the erasable-programmable read-only memory EPROM electrically erasable-

programmable read-only memory EEPROM and flash memory
Most of the devices used for present-day nonvolatile memories has floating-gate

structure Fig 41a Charges are injected from the silicon substrate or the drain to the

floating gate across the first insulator They are then stored in the floating gate This pro-

Control

Substrate

Gate

ein
Substrate

Nonvolatile semiconductor memory7 Floating-gate nonvolahie memory hI

Equivalent circuit of the nonvolatile memory
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Co itrol

Control gate

Source Drain
Channel

Illustration of hot electron injection in an n-channel floating-gate nonvolatile mom
or5 Single-electron rnernoly cell

cess is called programming The equivalent circuit for the floating-gate device can be

represented by two capacitors in series for the gate structure as illustrated in Fig 41b
The stored charge gties rise to threshold voltage shift and the device switched to

high-voltage state e.g logic For well-designed inemoiy device the charge reten
tion time can be over 10 years To erase the stored charge and return the device to low-

threshold voltage state e.g. logic an electrical bias or other means such as UV ight
can be used

In floating-gate devices the
prograix ruing can be done by ether hot carrier injec

tion or tunneling process Figure 42a shows the hot electron injection scheme in an

u-channel floating-gate device The hot electrons arc hot because they are heated to

high-energy state by the high field near the drain Some of the hot electrons with energy

higher than the barrier height of Si07/Si conduction band 3.2 eV can then surmount
the harrier and are injected into the floating gate Several types of floating-gate devices

are differentiated by the erase mechanisms In the EFROM which has only floating

gate hut no control gate erasing is done by UV irradiation since the UV light can excite

the stored charges into the conduction band of gate oxide The EPROM has the advan

tage of small cell area due to the iT/cell structure Nevertheless its erase scherae neces
sitates the use of an expensive package with quartz window In addition the erasing
time is long

The EEPROM uses tunneling process to erase the stored charges Unlike the EPROM
device in which all cells are erased during erasing cell in an EEPROM can be erased

only when it is selected This function is accomplished through the selecti\ transistor
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co in ecci cell Such byte-ciasible Ii rcctc Ic make se se ri ELPROM

noie flexible Honever the 2T one selective tiansst ph one storage transistor/cell

feature of EFPROM limits its storage capactv

The storage cells flash memory are divided rnto several sectors or blocks The

erasing scheme is performed on one selected sector with the tunneling process During

erasing all cells in the selected sector are erased simultaneously The erasing speed is

much faster than EPROM and the iT/cell feature makes the storage capacity of the flash

memoiy higher than EEPROM
related device structure is tire single electron memory cell SEMC wInch is

limiting case of the floating gatr
stricture.18 By reducing the length of the floating gate

to ultrasmail dimensions say
10 urn ss obtain the SEMC cross-sectrional view of

SEMC is shown in Fig 42b The floating dot corresponds to the floating gate in Fig 42a

Because of its small size the capacitance is also very small aF When an electron

tunnels into the floating dot because of the small capacitance large tunneling harrier

can arise to prevent the transfer of rother electron SEMC is an ultimate floating gate

memory cell since we need only one electron for inforuiatiuu storage single electron

memory with densities as high as 256 terabits 256 10 bits that can be operated at

room temperature has been projected

Cs

The input impedance of MOS devices is
very high because of the insulating SiO between

the gate and semiconductor channel This feature makes the MOSFET an attractive can

didate in pori
er-des ice applications Because of the lngh-input impedance the gate leak

age is very Ioss and thus time power MOSFET does imot require complex input drive

circuitry compared with bipolar devices In addition the switching speed of the power

MOSFET is much faster than that of the power bipolar device This is because the unipo

lar characteristics of MOS operation do riot involve storage or recombination of minor

ity carriers during turn-off

Figure 43 shows three basic power MOSFET structures.19 Unlike the MOSFET struc

ture used in ULSI circuits the power MOSFETs employ vertical structure with the

source and drain at the top and bottom surfaces of the is afer respectively This vertical

scheme has the benefit of large channel width and reduced field crowding at the gate

These properties are important for power applications

Figure 43a is tF V-MOSFET in which the gate has V-shaped groove The V-shaped

groove can be formed by preferential wet-etching using KOFI sulution When the gate

voltage is larger than the threshold voltage an inversion channel is induced at the sur

face along the edge of the V-shaped groove and forms the conductis path between source

and di air One main limitation of V-MOSFET development is related to process con

trol The high field at the tip
of the V-shaped groove may lead to current crowding there

and degrade device performance

Figure 43/i shuns the cross-section of the U-MOSFET It is similar to the V-MOSFET

The U-shaped trench is formed by reactive ion etching and the electric fields at the bot

tom cornors are substantially lower than that at the tip
of the V-shaped grove Another

power MOSFET is the D-MOSFET shown in Fig 43c The gate is formed at the top

surface ar then serves as mask for the sabsequent double-diffusian process The dou

ble diffusion process this the reason why it is call MOSFET is used to form the

p-base and source portions The advantages of D-MOSFET are its short drift time

across the base megon and the avoidar cc of high-field corners
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Gate. ate

Drab Drain

Gate

Drain

ci

V-shaped MOS \MOSI U-shaped MOS tUMOS and ci double-diffused

MOS DM05 poner device structures9

There is an drift region in tF drain for all the three power MOSFET structures

The doping concentration of drift region is lower than p-base region Therefore when

positiv voltage is applied to the drain and the drain/p-base nctior is reverse biased
most of the depletion width will be des eloped across the drift region Therefore ie

dopng level and width of the drift region are important parameters that determine

th drain blocking voltage capabiuity On the other hand there exists parasitic n-p-n

device in the power MOSFET structures To prevent the action of the bipolar tran

sistor during power MOSFET operation the p-base and n/ source emitter are shorted
as shown in Fig 43 This can keep the p-base at fixed potcntaL
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In this chapter introduced the basic characteristics and the perational principles of

the MOSFET The core component of the OSFET is the MOS diode Cl arge distri

butions at the oxide/semiconductor sterface accumulation depletion and ins ersion in

an MOS device can be controlled by the gate voltage The MOSFET is foi stied when

source and drain are placed adjacent to the MOS diode Output current i.e drain cur

rent is controlled by varying the gate and drain voltages The threshold voltage is the

main parameter that determines the onoff characteristics of MOSFET Adjustment

of the threshold voltage can be done by choosing suitable substrate doping oxide thick

ness substrate bias and gate materials see Eq 45
The Si MOSFET is the most important device for advanced integrated-circuit IC

applications Its success is mainly ascribed to the high-quality Si02 material and the sta

ble Si Si02 interface properties To meet the stnngent requirement of low power con

sumption in an IC chip CMOS technology is currently the only viable solution and is

widely implemented Superior performance in povi or dissipation can be understood from

the discussion of the CMOS inserter given in Section 6.4

Scaling down of device dimensions is continuing trend in CMOS technology to

increase the device density operating speed and functionality of chip The short-chan

nel effects hosvever cause deviations in device operation and require attention in device

scaling Optimization of device structural parameters depends on the main requirement

of thc applications such as minimized power consumption or faster operating speed

TFT and SOl are MOSFET devices fabricated on insulating substrates in contrast

to the conventional MOSFETs fabricated on bulk Si substrate TFT uses an amorphous

or polvcry stalline semiconductor as the active channel layer The carrier mobility of the

TFT is degraded the presence
of large number of defects in the channel However

TFT can be applied to large-area substrate hich is difficult for bulk MOS technol

ogy e.g the switching element of pixeis
in large-area flat-panel display TFT can also

be used as the load devices in the SEAM cell SOI MOSFETs use monocrystalline Si

channel layer Compared with bulk-MOS devices SOI devices provide lower parasitic

junction capacitance and improved resistance to radiation damage SOT is also more attrac

tive for low-power high-speed applications

MOSFETs have been employed for semiconductor memory applications including

DRAM SEAM and nonvolatile memory These products share significant portion of

the IC market Owing to the aggressive shrinkage of device size the storage capacity of

the MOS memories improves rapidly For example the DRAM density has been dou

bled evemy IS months and the single-electron memory has been projected to reach mul

titerabit level Finally we discussed three power MOSFETs These devices use vertical

structure to allow higher operating voltage and current
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P9
FOR SECTION 61 THE MOS DIODE

Plot the band diagiain of an ideal MOS diode with n-type substrate at V0 V1

Plot the band diagram of an -pnlysilieon-gated MOS diode nithi p-type substrate at

Plot the band diagram of an -poiysibcon--gated MOS diode with p-type substrate at flat

hand condition

Plot the charge distrib ition electric-field distribution and
potential distribu

tion of an ideal MOS diode with n-type substrate under isversion

Fos metal Si02-Si capacitor having lO cm calculate the maxiirmri width of

surface depletion region

For nietal-Si02-Si capacitor having Is lOis cm and ci mu calculate the mini

mum capacitance on the C-V curve

For an ideal Si-Si02 MOS diode with ci urn N3 10 ens3 find the applied voltage

and the electric field at the interface required to nsake the silicon surface intrinsic

For an ideal Si Si02 MOS diode with ci 10 urn N3 l0 ens find the applied

voltage and the elect ic field at the interface required to bring aut sI oag mvcisior
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ssa ic at the xile Irappe igc ir or oxide Ia cr1 as ui if orn urn cfarg

densri pq of 10 cm where is the distance lion the ocation of the charge to

the met l-oxid interface thickness of the oxide laer tO mn Find the change in

the flatband voltage due to Q0

Assume that the oxide trapped charge in an oxide layes is charge sheet with an area

density of cm locating solely at nfl The thickness of the oxide layer is

10 nrn Find else change in the flat-band soltage due to

Assunse that the oxide trapped charge in an oxide layer has triangular distribution

102 cm The thickness of oxide byes is 10 urn Find the change in

the flat-band voltage due to

Assume that initlalb there is sheet of mobile ions at the metal Si02 intes face After

long period of electrical stressing under high positive gate oltage and raised tempera
ture condition the mobile ions completely drift to the Si02-Si interface This leads to

change of 03 \T the flat band soltage The thickness of oxide laxer is 10 urn Find the

area density of

FOR SECTION 62 MOSFET FUNDAMENTALS

Derive Eq 34 from Eq 33 in the text assuming fl

eris the I-V chas actesistics of MOSFET with the drain and gate connected together

srncl the source and substrate grounded Can one obtain the threshold voltage from these

characteristics

Considcr aloisg-channel MOSFET with .Lm 10 urn N3 1O cm

800 crnft \s 3.45 10 F/cm2 and VT 0.7 Find V0at and for

Consider subnsicron MOSFET with 0.25 inn Inn cm 500

cmh \15 345 10 F/cm and V.3 0.5 Find tise channel conductance for

1V and l/ 0.1

For the device stated in Prob 16 find the transconductance

An n-channel polysihicon-Si02-Si
MOSFET has 10 cm Q1/q 10 ens

and ci 10 nm Calculate tlse threshold voltage

For the device stated in Prob 18 boson ous are iniplanted to increase the threshold volt

age to -0.7 Find the implant dose as.sume that the implanted ions form sheet of neg
ative charges at the Si-SiO interface

Ap channel ii -polrsihicon-Si02-Si MOSFET has lO ciii Q1/cj
10 cm

and ci 10 isni Calculate the threshold roltage

For the device stated in Pob 20 boron ions are implanted to decrease the sdue of

thresh ld oltage to Find the implant dose ass urning that the implanted ions foro3

sheet of negative charges at the Si-Si02 interface

For the device stated in Prob 20 if the ic poly-Si gate is replaced by poly-Si gate

xvhat will the threshold oltage be

23 field transistor with structure similar to Fig 21 in the text has 10r cm Q1/q

101 cur2 and an ii polysihicon local interconnect as the gate electrode If the require

ment los sufficient isolation hem ccii device and well i.s
20 calculate the minimum

field oxide thickness

MOSFET has threshold oltage of Vr 0.5 subthreshold swing of 100

mV/decade and drain urrent of at V3 What is the subthreshold leakage ens

rent at

or the de ice stated in Prob 24 calculate the ix verse substrate-source voltage

re 4uixed to reduce the leakage current by une order of magnitude V5 1O cin3

5rins
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FOR SEC ION 63 \LOSFET Sc t.L

WI it se ear dimensions of MOSFET are sealed dos factor of 10 based on ti

conster field scii what is seahig factor for the oi Lois cling swi ching ener2

Based on the charge sharing model hg 24 show that the threshold soltage roll-off is

given by 47

FOR SECTION 6.4 CMOS AND BiCMOS

Describe the pros and cons of B1CMOS

FOR SECTION 6.5 MOSFET ON INSULATOR

For an channel FD-SOI device having NA 10 cm and ma calculate the

maximum allowable thickness for Si channel layer d9
For an n-channel SOT device with -poly silicon gate having 1017 cm

fins and d51 30 sun calculate the threshold voltage Assume that Q1 and are

all zero

For the device stated in Prob 29 calculate the range of V- distribution if the thickness

variation of across the wafer is oni

FOR SECTION 6.6 MOS MEMORY STRUCTURES

\1 hat is the
capacitance

of DRAM capacitor if it is planar lIns tm with an oxide

thickness of 10 nmS Calculate the capacitance if the sanie surface area is used for trench

that is JIm deep and with the same oxide thickness

DRAM must operate with irlinimom refresh time of ms The
storage capacitor iii

each cell has
capacitance of 50 fE and is fully charged to Find the worst-case leak

age current d.c during the refresh cycle 50% of the stored ch
arge

is lost that the

dynamic node can tolerate

floating-gate nonvolatile memory has an initial threshold oltage ofS id linear-

region drain conductance of 10 imhos at gate voltage of After write operating
the drain conductance increases to 40 imhos at the same gate voltage Find the threshold

soltage shift

FOR SECTION 67 THE POWER MOSFET

power MOSFET has an n-polysilicon gate and p-base with N4 10T dr3 Gate

oxide thickness 100 urn Calculate the threshold voltage

For the device stated in Prob 35 calculate thc effect of
positive fixed chargc density of

10 ii on the threshold voltage
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71 METAL-SEMICONDUCTOR CONTACTS

7.2 MESFET

73 MOOFET

SUMMARY

The metal-semiconductor field-effect transistor MESFET has current-voltage charac

teristics similar to that of metal-oxide-semiconductor field effect transistor MOSFET
However it uses metal-semiconductor rectifying contact instead of MOS structure

for the gate electrode In addition the source and drain contacts of MESFET are ohmic1

whereas in MOSFET they are pn junctions

Like other field-effect device MESFET has negative tenperature coefficient

at high current levels that is the current decreases as temperature increases This char

acteristic leads to more uniform temperature distribution and the device is therefore

thermally stable even when the active area is large or when many devices are connected

in parallel Furthermore because MESFETS can be made from compound semiconductors

with high electron mobilities such as GaAs and InP they have higher switching speeds

and higher cutoff frequencies than do silicon MOSFETs
The basic building block of MESFET is the metal-semiconductor contact This

contact is electrically similar to one-sided abri pt pn junction yet it can be operated

as majority carrier device with inherently fast response There are two types of metal-

semiconductor contacts the rectifying
and the nonrectifying or ohmic types In this chap

ter we begin with the tivo types of contacts and then consider the basic characteristics

and microwave performance of the MESFET In the last section we discuss modulation-

doped field-effect transistor MODFET which is similar to the device configuration of

MESFET but can offer even higher-speed performance

Specifically we cover the following topics

Rectifying metal-semiconductor contact and its current-voltage characteristics

Ohmic metal-semiconductor contact and its specific contact resistance

The MESFET and its high-frequency performance

The concept of iectifying was discussed in Chapter
The concept ci ohmic contact is presented in

Section 7.1

224 UMC 1223
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ho MODFF aid ts two-dimonsio al 4e ro ga

compa ison of three field effect ransistors VOSFE MESFET and

MODFE

The first practical semiconductor dev-ce was the metal-semkonductor contact in the form

of point contact rectifier that is metallic whisker pressed against semiconductor

The device found many applications beginning in 1904 In 1938 Schottlqi Si ggested that

the rectifying behavior could arise from potential barrier as result of the stable space

charges in the semiconductarj The model arising from this concept is known as the

Sehottkv barrier Metal semiconductor contacts can also be nonrectiing that is the cor

tact has negligible resistance regardless of the polarity of the applied voltage This type

of contact is called an ohmic contact All semiconductor devices as well as integrated cir

cmts need ohmic contact to make connections to other devices iii an electronic system

We consider the energy band diagram and the current-voltage characteristics of both the

rectiing and ohmic metal-semiconductor contacts

111 Basic Characteristics

The characteristics of point contact rectifiers were not eproducible from one device to

another They have been largely replaced by metal semiconductor contacts fabricated by

planar processes see Chapters 10-14 schematic diagram of such device is shown

iii Fig la To fabricate the device window is opened in an oxide layer and metal Ia er

is deposited in vacuum system The metal layer covering the window is subsequently

defined by lithographic step We consider one-dimensional structure of the metal

semiconductor contact shown in Fig lh which corresponds to the central section in Fig
la between the dashed lines

Insulator

Metal

Ohmic ntact

Sen

Metal

Semiconductor

Perspectim view of metal-seniiconductor contac fabricated by the planar process
One-dimensional structure of metal-semiconductor contact
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Fgure 2a hous the ei ergi bard diagram of ar iso ated netal adjace to ir iso

lated type semiconductor Note that ti metal work function is gene ally differ

ent from the semiconductor work function The work function is defined as the energy

difference between the Fermi level and the vacuum level Also shown is the lcctron affrn

ity qx which is the energy difference between the conduction band edge and he vac

uum level in the semiconductor When the metal makes intimate contact with the

semiconchactor the Fermi levels in the two materials must be equal at thermal equihib

rium In addition tI vacuum level must be continuous These two requirements deter

mine unique energy hand diagram for the ideal metal-semiconductor contact as shown

in Fig 2b

For this ideal case the barrier height is simply the difference between the metal

work function and the semiconductor electron affinity1

qOfl

Similarly for the case of an ideal contact between metal and p-type
semiconductor

the barrier height is given by

Eg cj qx

acuum Ie\ ci

1X

q-z

Metal Semiconductor

Vacuum level

qx
qV5 qO

qB

ia Energy band diagram of an isolated metal adjacent to an isolated n-type

semiconductor under thermal nonequilibrium condition Energy band diagram

of metal-semiconductor contact in thermal equilibrium

Both iii electron volts id in %olts are referred to as the barrier hemght
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wh cc 1st 11C tli iii et

fo any retl th 51 Cf tin he ncr iehts ci ts and tef st ected

be aqual to tic andgap

On the semiconductor side in Fig 2b is the built-in potentia that is seen bye cc

troiss in the conduction band trying to move into the meta

Bn
The qV is the distance between the bottom of the conduction basin and the Fermi level

Similar results can be given for the p-type semiconductoi

Figure shows the measured hairier heights for n-type silicon- and n-type gallium

arsenide.3 ote that Bn increases with increasing Howevei the dependence is not

as strong as predicted by En This is because hi practical Schottkv diodes the disrup
tion of the crystal lattice at tF semiconductor irface produces large number of sur

face energy states located in the fosbidden bandgap These surface states can act as donors

or acceptors thai influence the final determination of the harrier height For si icon and

gallium arsenide Eq generally underestimated the n-type barrier height and Eq over

estimates the p-type harrier height The sum ofq6 and qBp hon ever sin agreement
with Eq

Figure shows the energy hand diagrams for etals on both n-type and p-type semi

conductors under different biasing conditions Consider the tpe seniiconducto first

When the bias voltage is zero as shown in the left side of Fig 4a the band diagram is

under thermal equilibrium condition The Fermi les els for both materials are equal
If we apply positive voltage to the metal with respect to the il-type seniiconductog the

semiconductor-to-metal harrier height decreases as shown on the left side of Fig 4h This

is forward bias When forward bias is applied electrons can move easils from the semi

conductor into the metal because the harrier has been reduced by voltage V1 For

0.2

Ag Au

Nd Mg Hf Ti Al Pd Ni PtLLL
3.0 4.0 5.0 6.0

Metal work function eV

Measured barrici height fom nietal-sil con metal gallium arsenide omi
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type mscondi ctor type semiconductor

qV V1

qY

Energy band diagrams of metal n-type and p-type semiconductors under different bias

ing conditions ci thermal equilibrium hi forward bias and reverse bias

reversu bias ie negative voltage is applied to the metal the barrier has been increased

by voltage as depicted on the left side of Fig 4c It is more difficult for electrons

to flos from the semiconductoi into the metal We have sinulas results for p-type semi

conductor however the polarities must be reversed In the following derivations we con

sider only the metal type semiconductor contact The results are equally applicable to

p-type semiconductor with an appropriate change of polarities

The charge and field distributions for metal-semiconductor contact are shown in

Fig ha and 5b respecti\ ely The metal is assumed to be perfect conductor the charge

transferred to it from the semiconductor exists in rery iarrow region at the metal sur

face The extent of thc space charge in the semiconductor is i.e qN for

and for IF Thus tEe charge distributior is identical to that of one-sided abrupt

-n junction

Th magnitude of the electric field is decreasing linearly
with distance The maxi

mum electric field is located at the interface The electric feld distribution is then

guen by
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UMC v. AICP



hap VIE ET and 8elated evices 229

________________

Charge distribution and di electric field distributon metalsemiconductor

contact

qW
Es

where is the dielectric permittivity of the semiconductor The ioltage across the space-

charge region hich is represented by the area under the field curve in the Fig 5b is

given by

VW qi\W

2a

The depletion layer width is expressed as

hs V/qND

and the space-charge densi Qsc in the se niconductor is given as

Qsc qNnWy2qE NnVn C/cm2

wF crc the voltage equal to for forward bias and to for reverse bias The

depletion-layer capacitance per unit area can be calculated by using Eq

qN F/cm2 10
2V1V

and

fl 2V2V
F/cm22 11

c2 qe8N
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We ca ffe eiithte 1/C9 tF respect to Rear ngi teims we oh

12
d1/C2/dV

Thus measurements of the capacitance per unit area as function of voltage can pro
vide the impurity distribution from Eq 12 If N0 is constant throughout the depletion

region we should obtain straight
line by plotting 1/C2 ersus Figure is plot of

the measured capacitance versus ioltage for tungsten-silicon and tungsten-gallium arsenide

Schottky rhodes4 From Eq 11 the intercept at 1/C2 corresponds to the built-in poten

tial V5 Once Vu is determined the barrier height can be calculated from Eq

Find the donor concentration and the barrierheight of the tungsten silicon Scliottky diode shown

in Fig

The plot of 1/C2 versus is straight line which implies that the donor concentra

tion is constant throughout the depletion region We find

1/C2 6.2 10 1.8 lO
4.4 lO cmi/F

dV 1--0

14

to

Intercept

1/62 vcrsus applied soitage
for Si and Vt-GaAs diodes.4
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oi
li xlO5 en

6x10 9xif 9xP.S5x10J f4.4x105

1/ 10259x1o 2.86x10lo4v
27 10

Since the intercept Vu is 0.42 then the barne height is fs 042 0.24 66 \7

1.12 The SchoUky Barrier

Schottky barrier refers to metahsemiconductor contact having large harrier height

ie PBn or 03 kT and low doping concentration that is less than the der 5sf of

states in the conduction band or valence band

The curi out transport in Schottky barrier is due mcmlv to majority carrier iv car

trast to pn junction where current transport is due manly to minority earners For

Schottky diodes operated at moderate temperature e.g 300 KI the dominate transport

mechanism is thermionic ciT ission of majority carriers om the semconductor over if

potential harrier into the metal

Figure illustrates the thermionic emission plocess.5 At thermal equilibrium Fig

7a the current density is balanced by two equal and opposite flows of carriers thus there

is zero net currents Electrons in the semiconductor tend to flow orem into die metal

and there is an opposing balanced flow of electrons from metal into the semiconductor

These current components are proportiormal to the density of electrons at the boundary

As discussed in Section 3.5 ol Chapter at the semiconductor surface mm eectrnn

can be thermionically emitted into the metal if its ener is above the harrier height Here

the semiconductor work function is replaced by qOBfl and

exp_J 13

iS im
Sn

IS SSS

Er

Cuncnt transport by the thermnmonic cmissiom process
Thermal quihibn ma if for

ward bias and reverse bias
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where the sit cf states in co ductioi mi At or cc uilbrn sic

fl 14

or IJrnHJ C1N1 exp_J 14n

where is the current from the metal to the semiconductoi is the current from

the semicanductoi to the metal and C1 is proportionality constant

When forward bias is applied to the contact Fig Ni the electrostatic poten

tial difference across the barrier is reduced raid the electron density at the surface increases

to

nthNc expv1 15

The current that results from the electron How out of the semiconductor is there

fore altered by the sanic factor Fig 7/4 The flux of electrons from the metal to the semi

conductor howevei remains the same because the barrier remains at its equilibrium

value The net current under forsi ard bias is then

Jcrn Jrn

G1N1
qvn

vF C1N1

C1Nce kTqV
ItT 16

Using the same aiguirient oi the ieverse-bias conditionsee Fig 7c the expression for

the net current is identical to Eq 16 except that V1 is replaced by VR
The coefficient C1\/1 is found to he equal to A5T2 where is called the effective

Richardson constant in units of AK2-cm2 and is the absolute temperature Fhe value

of depend on the effective mass and are equal to 110 and 32 for n- and p-type sili

con respectively and and 74 for 11- and p-type gallium arsenide respectively.6

The current-voltage characteristic of metal-semiconductor contact under thermiornc

emission condition is then

j0vv/ki 17

AT2e 17a

where is the saturation current density and the applied voltage is positive
for for

ward bias and negative for reverse bias Experimental forward I-V characteristics of two

Schottky diodes4 are shown in Fig By extrapolating the forward I-V curve to

we can findL FromL and Eq ha we can obtain the barrier height

In addiiion to the rnajorty carrier electron current minor -carrie hole cur

rent exists in metal n-type semicondueto contact because of hole injection from the
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io

i0-2

io-

io

icr5

10

10

01 02 0.3

Forward current density versus applied oltage of -Si and W-GaAs diodes

metal to the semiconductor The hole injection is the same as in p-n junction which

is described in Chapter The current density is given by

jpoe/ 18

cjDn
uhere 18a

Under normal operating conditions the minority-carrier current is orders of magnitude

smaller than the majority-carrier current Therefore Schottty diode is unipolar device

ic predominately only one type of carrier participates in the conduction process

For tungsten-silicon Schottky diode with ND lO cur find the barrie height and depletion-

layer width from Fig Compare the saturatso curient with assuming that the iinorit

carrier lifetime in Si is 10
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From Fig we win 65 10 cm2 The barmier ight in he btinncd fron

Eq 17a

110x30o2
OO2o9xlnl 0.61

65x10
This result is iii the close agreement with the C-V measurement see Fig and Ex

The built.4n potential is given by where

286x1o
V00259x1n1 ._Q_ I0.02591n1 H0.17V

N0 lxlO6

Therefore

0.67 0.17 0.50

The depletion-layer width at thermal equilibrium is gino by Eq with

2eV
2.6 i0 cm

qN
To calculate the minori-carrier current densi ue need to hi ow which is 10 cm2/s for

N0 io cm andL1 which is \/ 3.1 10 3cm Therefoie

qD 1.6 iO lOx9.65x 1092
4.8x10 12 A/cm2

LN0 3.txlO xto
The ratio of the two current densities is

6.5x10
1.3x107

4.8x10

From the comparison we see that the majority-carrier current is over seven orders of magni

tude greater than the minors-carrier current

13 The Ohmic Contact

An ohmic contact is defined as metal-semiconductor contact that has negligible con

tact resistance relative to the bulk or series resistance of the semiconductor satisfac

toiy ohmic contact should not significantly degrade device performance and can pass the

required current with voltage drop that is small compared with the drop across the active

region of the device

figure-of-merit for ohmic contacts is the specific contact resistance defined as

Rc

c
m

2
j

19

For metal-semiconductor contacts with low doping concentrations the thermionic-emission

current dominates the current transport as given by Eq 17 Therefore

expIf1i1 20
qAT kT

Equation 20 shows that metal-semiconductor contact with low barrierheight shc uld

be used to obtain small
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For cc starts ti higi dc pi co cci at ier nidtl be omes cc

ross cdt se tunr cling ci nert bec ye do ii icte The tu rd rg irre as descubcd

the upper inset of is proportlo to tile noel aig probab1i whir is given

in Section 3.6 of Chapter

xF21a1pBfl qV/h2 ç21

where is the depletion4ayer width which can he approdrnated as 2p/q1c51
ln is the effective mass and is the reduced Plauck constant Substituting into Eq
21 we obtain

C2oIexp 22

where C2 equal 4\//h The specific contact resistar cc for higf dopings is thus

23

1D cm

1020 1011 1018 1017
10

IrT
10 AlSi

Theory

21 Erpednient

10i-

qEi
10

10 cm-

Calculated and measi slues of specflc cc itact resitance Lpp inset iows the

tunneling process Lower inset showc therm our emission ovcr the lan barricr
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Equatior 23 hows if at in the unneling range the specifu contact resistar cc epe ids

strongly on doping concentration and vanes exponentially with the factor /VN0
The calculated values of are plotted6 in Fig as function of iiV For V0

1019 cm R0 is dominated by the tunr cling process and decreases rapidly with increased

doping On the other and for N0 1017 cm the current is due to thermionic emis

sion and Rc is essentially independent of doping Also shown in Fig are experimen

tal data for platinum suicide-silicon PtSi-Si and aluminum-silicon Al Si diodes They

are in close agreement with the calculated values Figure shows that igli doping con

centration low barrier height or both must be used to obtain low value of R0 These

two approaches are used for all practical ohmic contacts

An ohmic contact has an area of cm2 and specific contact resistance of 10 cwi The ohmic

contact is formed in an n-type
silicon If N0 lO csn and \1 and the electron

effective mass is 0.26 nip
find the voltage drop across the contact when forward current of 1A

flows through it

The contact resistance for the ohmic contact is

10 cm/10 cm2 10

0.26x9.lx1031xl.03X10 so

C24smic/h
1.05x i0

i.9x104rn 312/V

From Eq 22

Ci _v
II0exp

\i N0

-- i_cxpI2fi

vo Rc ND JN0

or

NDIexp
F0 JN0

f5x10xlO 1.9x104v0.8
lOx

19x 1014
exp

8.13x10

at 1A we have

ini63V

08 0.763 0037 37 m\
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11 efo or negi ii ii vol ross co act os

age hop nias wcon sigm Vant ien the contad area re luced cm or sa er

72 Device Stnjctures

The metal-semiconductor field-effect transistor MESFET was proposed7 in 1966 he

MESFET has three metal-semiconductor contacts one Schottky barrier for the gate

electrode and two ohmic contacts for the source and drain electrodes perspective view

of MESFET is illustrated in Fig lOa The basic device parameters include the gate

length the gate width and the thickness of the epitaxial layer Most MESFETs are

made of n-type 111-V compound semiconductors such as gallium arsenide because of

their high electron mobilities which help to minimize series resistances and because of

their high saturation velocities which result in the increase in the cutoff frequency

Practical MESFETs are fabricated by using epitaxial laycrs on semiiitsulating sub

strates to minimize parasitic capacitances In Fig lOa the ohmic contacts are labeled

source and drain and the Schottl barrier is labeled as gate MESFET is often descnbed

in terms of the gate dimensions If the gate length is 0.5 .trn and the gate width

Source

La

Drain

-0

Source af Drain

Perspective view of metal-se niconductnr field effect transistor MF FE
Cross section of the gate region

of MESFET
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380 pm the devicc is ref err to as 300 an de cc crow av or lh neter

wave device typically has gate length the range 011 Lm The thick sess of the

epitaxial la ci is typically one-third to one-fifth of the gate length The spaci betwcen

the electrodes is one to four times that of the gate length The current handling capa

bility of MESFET is directly proportional to the gate width because the cross-sectional

area available for chainie current is proportional to

L22 Princpes of Operation

To understand the operation of MESFET we consider the section under the gate Fig

lob The source is grounded and the gate and drain oltage are measured with respect

to the source Under normal operating conditions the gate oltage is zero or reverse biased

and the drain voltage is zero or forward biased that is V0 and Since the chan

nel is n-type material the device is referred to as an channel MESFET Most appli

cations use the n-channel MESFET rather than the p-channel MESFET because of higher

carrier mobility in n-channel devices

The resistance of the channel is given by

24
q/JNA ql.LNDzaW

where is the donor concentration is the cross-section area for current flow and equals

Za IF and is the width of the depletion region of the Schottky barrier

When no gate voltage is applied and is small as shown in Fig lla small drain

current flows in the channel The magnitude of the current is given by V/R where

is the channel resistance given in Eq 24 Therefore the current aries linearly
with

the drain voltage Of course for any given drain ultage the voltage along the channel

increases from zero at the source to at the drain Thus the Schottky barrier becomes

increasingly reverse biased as we proceed from the source to the drain As is increased

increases and the average cross-sectional area for current flow is reduced The chan

nel resistance also increases As result the current increases at slower rate

As the drain voltage is further increased eventually the depletion region touches the

semiinsulating substrate as shown in Fig ilb This happens when at the drain

We can obtain the corresponding value of the drain voltage called the saturation volt

age V1 froni Eq where VD

Vsat
qNa2

for V0 25

At this drain voltage the source and the drain are pinched off or completely separated

by reverse-biased depleton region The location in Fig lib is called the pinch-off

point At this point large drain current called the saluration current can flow across

the depletion region This is similar to the situation caused by injecting carriers into

reverse-biased depletion region such as the collector-base depletion region of bipolar

transistor

Beyond the pinch-off point as is increased furthei the depletion region near the

dram will expand and point will move toward the source as indicated in Fig lie

Howe-ei the vo1tage at point remains the same Thus the number of electrons

per unit time arriving from the source to point and hence the current flowing in the

channel remain the same because the potential drop in the channel from source to point
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Pinch-off

V0
V0

Vp1

DvP

ic--iv
ii

77J7 LSai

V01

Variation of the depletion-layer width and output characteristics of MESFET under

various biasing conditions V0 and small Li and at pinch off V0 Oat

post pinch-off V0 V0 --tV and small V0

does not change Therefore for drain voltages larger than VDMit the current remains

essentiall at the value Dgi and is independent of

\Vhen gate voltage is applied to reverse bias the gate contact the depletion-layer

width W/ increases For small V0 the channel again acts as resistor but its resistance

is higher because the cross sectioral area available for carrent flow is decreased As indi

cated in Fig lid the initial current is smaller for V0 than for V0 When
is increased to certain value the depletion regon again touches the semiinsulating sub

strate The value of this V0 is given by

DNDO2 26

For an n-channel MESFET the gate voltage is negative with respect to the source so

we use tire absolute ralue of V0 in Eq 26 and in subsequent equato is Me se from Eq
26 that the application of gate voltage V0 reduces the drain voltage required for the

onset of pinch-off by an amount equal to V0
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23 urrentVoftage Chafacter St CS

We now conside MESFET before ti onset of pinchmff es shown in Fig 2a The

drain voltage variaton along the channel is shown in Fig 12b The oltage drop across

an elemental section dy of the channel is given by

dV
IDdY 27

qF DZ Wy
where we have used Eq 24 for dR and we have replaced by dy The depletiondayer

width at distance from the source is given by

Wy Tvy hiI 28
qN1

The drain current 11 is constant independent of We can rewrite Eq 27 as

IDdy qNDZ Wy dv 29

The differentiation of the drain voltage dV is obtained from Eq 28

30

Substituting dv into Eq 29 and integrating from to yields

S\qFflNDza w-wdw

Source

Tiif7

Vy

dy_-
iydy

Sourcei Drain

Expanded vien of the channel region
Drain voltage ariation along the channel
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w13
2cL

or II 31

where

Ztq2Na3 31a
25L

and

qNa2
31b

The voltage is called the pinch-off voltage that is the total voltage VD VG V0 at

which W2
In Fig 13 we show the I-V characteristics of MESFET having pinch-off voltage

of 32 The curves shown are calculated for VD V5 using Eq 31 Beyond Vat
the current is taken to be constant in accordance with our previous discussion Note that

there are three different regions in the current-voltage characteristics When VD is small

VD

Normalized ideal current-s oltage characteristics of MESF1 with
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the cross secton area of ti channel is essc tially depi de of th char

acterist cs are ohmic or In ear We refer to this region of operation as the lnear region

For Vf the currert saturates at We refer to this region of operation as the

saturation region As the drain voltage is further increased avalanche breakdown of the

gate-to-channel diode occurs and the drain current suddenly increases This is the break

down region

In the linear region where VV0 Eq 31 can be expended to give

1V0V 32
VP VP

An important parameter of MESFET is the transconductance which represents the

change of drain current at given drain voltage on change in gate voltage From Eq
32 we obtain

Li P/
2V \j V0

In the saturation regior the drain current can be calculated from Eq 31 by evalu

ating the current at the pinch-off point that is by setting T0 V0

312

V0 V0 V0 V31 34
Duat

The corresponding saturation voltage is given by

VDat V0 V1

The transcond idance in the saturation region can he obtamed from Eq 34

iL1_ /V3j ZqNa JT V31 36

In the breakdown region the breakdown voltage occurs at the drain end of the chan

nel where the reverse oltage is the highest

VB breakdown voltage VD V0 37

For example in Fig 13 the breakdown voltage is 12 for V0 At the break

down oltage is still 12 and the drain voltage at breakdown is VB V0 or 11

Consider an n-channel GaAs MESFET at 300 with gold contact Assume the barrierheight

is 0.89 The n-channel doping is lOi5 can3 and the channel thickness is 0.6 p.m Calculate the

pinch-off voltage
and the built-in potential The dielectric constant of GaAs is 12.4

The pinch off voltage is

VP
1.6 10 92 10o6 t042 033

2a 12.4 885 1014
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diff cc ti conc in ir ti in gri hi

kTI1\I00261 4TxlOfl 4\
2xlOlD

The built in potential is

Pm U89 14 0.75

So far we have considered on nonnally on ior depletion mode device that is

the device has conductive channel at V0 Fo high-spced low-power applications

the normally off des ice is preferred Tins device does not have conductive channel at

that is the built-in potential V1 of the gate contact is sufficient to deplete the

channel region This is possible for example in gallium arsenide MESFET with very
thin epitaxial layer on semiinsulating substrate For normally off MESFET posi
tive bias must be applied to the gate before channel current begins to flow The required

voltage called the tl reshold voltage VT is given by

V1 V5 38a
or

V7 38b

where is the pinch-off oltage defined in Eq 31h Near the threshold voltage the drain

current in the saturation region can he obtained by substituting V2 of Eq 38/a in Eq 34

and by using the Taylor series expansion assuming V0 /V We obtain

3/2

l1VG_VT 1V0

Or Dat V0 Vp 39

In demiving Eq 39 we used negative sign for V0 to account for its polarity

The basic current-voltage characteristics of normally on and normally off devices are

similar Figure 14 compares mese two modes of operation The main difference is the

shift of threshold voltage along the V0 axis The normally off device Fig 14/a has no

current conduction at and the cum rent varies as in Eq 39 when Since

the built-n potential of tie gate is iess than about the forward bias on the gate

limited to about to as old excessve gate current

The transconductance for normally off device can be obtained fro ci Eq 39

dIDsat ZEe
V0 V5 40

dV0 aL

L2.4 HghFrequency Pertormance

For high-frequency applications of MESFETs an important figure of merit is the cut

off frequency which is the frequency at which the MESFET can no longer amplify
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su1atg

IJ ID

VO.OV VO.4V

V0 V0

7T V0

Comparison of I-V characteristics ormally on MESFET lb Normally off

MESFET

the input signal The small-signal input current is the product of the gate admittance and

the small-signal gate voltage assuming that the device has negligibly small series resistance

2irfC fg 41

where C0 is the gate capacitance equal to ZLe/W and Wis the average depletion-layer

width under the gate electrode Thc small-signal output current is obtainable from the

definition of the transconductance

g_LrrJOt 42
V0

or out g1 fg 42a

Equating Eqs 41 and 42a we obtain the cutoff frequency

pqNa2
2irC0 2rrZI 9J
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ere se Ii se sed Eq 36 fo mi Eq 43 ne see tisa to improse gh equeiic

perf ormanc we shou use ES ET an ng hjgh ca ncr mobility and short channel

lengt This is the reaso that -char nd MESFEI uhi has higher electron nobil
is preferred

These dens ations are based on the assumption that the carrier mobility in the chan

nd is cor stant ii dependent of the appbed field Howevem for very -high-freq iency oper
ations the longitudinal field the electric field directed from the source to the drain

is sufficiently high that the carriers travel at their saturatio velocity

Under these conditions the saturation channel current is gis en by

area for carrier transport qnv
Za WqIID 44

The transconductance is then

IDt dIDat z1 45bn
3V0 3W 3v -qNWI

or

ZvE/W 45a

In Eq 45 we obtain 3W/3VG from Eq 28
From Eq 45a me can obtain the cutoff frequency under saturation-velocity condition

46
2rC0

Therefore to increase we must reduce the gate length and to employ semicon
ductor with high velocity Figure 15 shows the electron drift velocity versus electric field

io i_os

Ga4 471n053As

IflP

to7

///N los
Si

300

Lt

102 10 104 io 106

Electric field V/cm

The drift vclocitc versus the electric field for electrons iii various se leo luctor mate

rids
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for fire semiconducto Note hat aks has an average relocitvi of ci i/s vi

peak vehcity of lOr cm/s which are 20%100% higher than ti soturation veloc

ity
of silicon Also note that Ga0 i70 nAs and InP has higher average and peak veloc

ities than GaAs Consequently the cutoff frequencies of these semiconductors will be

higher than that from GaAs

13.1 MODFET Frnidamentas

The modulation-doped field-effect transistor MODFET is heterostructure field-effect

device Other names commonly applied to the device include high electron mobility tran

sistor HEMT two-dimensional electron gas field-effect transistor TEGFET and selec

tivel1 doped heterostructure transistor SDHT Frequently it is referred to by general

name of heterojunction field-effect transistor HEFT
Figure 16 shows perspectire view of conventional MODFET The special fea

tures of MODFET are its heterojunction structure under the gate and the modula

tion doped layers For the device in Fig 16 AIGaAs is the wide handgap semiconductor

whereas GaAs is the narron handgap semiconductor The two semiconductors are mod
ulation doped i.e the AIGaAs is doped except for narrow region c10 which is undoped

whereas the GaAs is undoped Electrons in the A1GaAs will diffuse to the undoped GaAs

where conduction channel can be formed at the surface of the GaAs

Figure 17a shows the band diagram of MODFET in thermal equilibrium condi

tion Similar to standard Schottky barrier is the barrier height of the metal on the

Source

Gate

Drain

n-A1Gs

Cot Undoped
ctjoe rdGaAs

// space

fopedG

Sc101301
Ctsag 045

Perspective view of conventional modulation-doped field-effect transistor MOD
FET structure

1Thc
aserage velocity is defined as 1$ If vx is constast then
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Metal GaAs

AIGaAs

Energy band diagrams for normally-off MODFET at thermal equilibrium and

the onset of threshold d1 and d0 are the doped and undoped regions respectivei

wide-bandgap semiconductor.9 is the conduction band discontinuity for the hetero

Junction structure and is the pinchoff voltage given by

c1NXTdXcINDdl 47

where d1 is the thickness of the doped region in AIGaAs and is the dielectric permittivit

key parameter for the operation of MODFET is the threshold voltage which
is the gate bias at which the channel starts to form between the source and drain ith

reference to Fig 17b corresponds to the situation when the bottom of tile collduc
tion band at the GaAs surface coincides with the Fermi level

VT Vp 48
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The eshold voltage can be adj ted by using different for in eve

AE is fixed for given set of semiconductors Fiire has positise V7 aid the MOD
FET is an enhancement-mode desane normally off as opposed to epletion-mode

device with negatise normally on
When the gate voltage is larger than V7 charge sheet is capacitively induced

by the gate at the heterojunction interface The ci arge sheet is sirn lar to the charge Q/q

in the inversion layer of MOSFET see Section

CV0 VT _Vy 49

where

CddAd 49a

d1 and d0 are the doped and undoped AlGaAs thickness Fig i6 and Ad is the channel

thickness or the thickness of the ins ersion layer estimated to be about nrn is the

channel potential with respect to the source It saries along the channel from to the

drain bias V0 simJar to that shon in Fig 12b The charge sheet is also cIed two-

dimensional electron gas This is because that the electrons in the inversion layer are con

fined in the s-direction by AF on the left side and by the potential distribution of the

conduction band on the right side Fig 17b Howeve these electrons can make two-

dimensional movements in the y-direction from the source to the dwin and in the

z-direction parallel to the channel width Fig 16

Equation 49 shows that negative gate bias will reduce the tn-o-dirnensional elec

tron gas If on the other hand positive is applied nill increase

Consider an AIGaAs/GaAs heteiojunction with n-AlCaAs doped to 10n cm and thickness

of 40 nm Assume the undoped spacer layer is nm and the Schottky barner height is 85 and

0.23 The dielectric constant of the A1GaAs is 12.3 Calculate the two-dimensional

electron gas
concentration for such heterojuuction at VG

qNd 1.6 10 iO 40 10 72 235
2x123x885X104

The threshold voltage is

0.85023235 1.73

Therefore the device is normalix on MODFET

The two-dimensional electron gas at the source for is

123x885x10
ii I.73j 2.29 10 ciii

16x109x4038X1O
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/32 Current Voftage Characteristi

The current-olteg chm acteristics 21 MODFE an he obtai ied usmg the grad
ual channel approximation umilar to that of MOS ET The current at any point along
the channel is given b7

dV
zM1cv0 vy 501

dy

Since the current is constant along the channel integrating Eq 50 from source to drain

toy gives

ic vG-vTVD- 51

The output cliai acteristics for an enhancement-mode ODFET are similar to that

shown in Fig 14b In the linear region uhere V0 V0 Vi Eq 51 can be reduced
to

cv0 _VIVD 52

For large drain oltage the charge sheet ny at the drain is reduced to zero This is

the pinch-off condition previously discussed and shown in Fig llb From Eq 49 we
obtain the saturation ioltage at which ny LI

Dat V0 53

and the saturation current is obtainable from Eqs 51 and 53

c54

Note that this equation is very similar to Eq 39 similar expression can be obtained

for the transconductance given in Eq 40
For high speed operations the longitudinal field the field along the channel

is sufficiently high to cause carrier velocity saturation The current in the velocity-saturation

region is

Zryqn

ZrC1V0 -VT 55

The transconductarice becomes

56
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Note that is ndepender of gate length and is independer of both gate ie igth

and gate voltage in the velocity-saturation regime

733 Cutoff Frequency

The speed of MODFET is measured by the cutoff frequency

g0 ZvC
fr

2total capacitance ZLC C3

57
2L zc

where is the parasitic capacitance To improve we should consider semiconduc

tor with arge gate structure with an ultrashort gate length and device configura

tion with minimum parasitic capacitance

comparison of the cutoff frequencies of various FETs is shown in Fig 18 The cut

off frequency is plotted against the channel or gate length.5 Note that for given

length silicon n-type MOSFET has the lowest fr this is because of the relatE ely low

or K0 nm
50 100 500 1000 5000

1000

2x10

AlmA GaInAs

MODFET

10

100 AIGaAs/GaAs

MODFET

lu-i

SiGe
10 MODFET

GaAs

MESFET

300K SiNM0S 10

1105 0.1 1.0 3.0

or K0 lim

Cutoff frequency versus channel or gate length for five different field effect

transistors.0 50
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nobi iti id lo ncr ige ct of ectron Ca SF is about

wee tn ies higher than does silicon li OSFFT
Alo shown ire three MODFETs The conven ioral GaAs MODFEI A1GaAs-

Gaks structure as an ahoi 3OCi higher than that of the GaAs MESFET For he

pseudomorphic SiGe MODF i.e Si-SiGe structure where the SiGe lattice is slightly

shrinked to match the silicon lattice the best devices iave an comparable to the GaAs
MODFET SiGe MODFETs are attractive because they can be processed in silicon

fabrication
facility For even higher cutoff frequenees we iave the Al0 481n052As-

Ga5 471110 53As MODFET formed on InP substrate The superior performance is mainly
due to the higl electron mobility in Ga0 471n0 53As and its lngh average and peak veloci

ties It is anticipated that at gate length of 50 urn can be as Figh as 600 GHz

When metal makes intimate contact with semiconductor it forms metal-semiconductor

contact There are two types of contacts The first type is the
rectifying contact also called

the Schottlp barrier contact which has relat\ ely large barrier height and is formed on
semiconductor with relatively low-doping concentration The potential aiid field dis

tribution in Schottky harrier are dentical to those of one-sided abrupt pn junction

Hon exer the current transport in Sehottlq barrier is by thermionic emission and there

fore has an inherent fast response
The second type is the ohmic coi tact which is formed on degenerate seirlicori

ductor in which carrier transport is by the tunneling process An ohmic contact can pass
the required current with very small voltage drop across it All semiconductor devices

and integrated circuits need ohmic contacts to make connections to other devices in an

e1ctronic system

Metal-semiconductor contacts are building blocks for MESFET and MODFET
devices By employing Schottkt barrier as tl gate electrode and two ohmic contacts

as the source and drain electrodes we form MESFET This three-terminal device is

important for high-frequency application especially for monolithic microwave integrated

circuits MMIC Most MESFETs are made with n-type Ill-V compound semiconduc

tors because of their high electron mobilities and high average drift velocities Of par
ticular importance is GaAs because of its relatively mature technology and the availability

of high-quality GaAs wafers

The MODFET is device with enhanced high-frequency performance This device

structure is similar to that of MESFET except there is lieterojunction under the gate
two-dimensional electron gas i.e onductive channel formed at the heterojunc

lion interface and electrons with high mobility and high average drift ve1ocit can be

transported from the source through the channel to the drain

The output characteristics of all held-effect transIstors FETs are similar They all

have linear
regiox at low-drain biases As the bias increases the output current even

tually saturates and at sufficiently high voltage ax alanche breakdown occurs at the drain

Depending on whether it requires positive- or negati\e threshold xoltage FET can be

either normally off enhancement mode or normally on depletion mode
The cutoff frequency is figure of merit for the high-frequency performance of

an FET For given length the silicon MOSFET type has the lowest .f and the GaAs

MESFET has an about three times higher than that of sthcon The conventional GaAs

MODFET and the pseudomorphic SiGe MODFET hare an f1 about 30% higher than

that of the GaAs MESFET even higher ci toiff eq mncies we have the Gab As MOD
FET whch has projected f7 of 600 CHz at gate length of SO rim
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FOR SECTION 74 METALSEMICONDUCTOR CONTACTS

Calculate the theoretical barrier height and built-in potential in metal-semiconductor

diode for zero applied bias Assume the metal work function is 4.55 eV the electron affin

ity is 4.01 eV and N0 1016 cm at 300

Find the donor concentration and barrier height of the W-GaAs Schottlr harrier diode

shown in Fig Compare the harrier height with that obtained from the saturation

current density of 10 A/cni shown in Fig For reverse bias of calculate

the depletion-layer
width 1ST the maidmum field arid the capacitance

Copper is deposited on carefully prepared n-type silicon substrate to form an ideal

Schottls diode 4.65 eV the electron affinity is 4.01 eN 10 /cm3 and

300 Calculate the barrier height the built-in potential the depletion-layer width and

the maximum field at zero bias

The capacitance of Au-n-type GaAs Schottky barrier diode is gia en by the relation tiC2

1.57 i0 12 1O V5 where is expressed in ftF and V5 is in volts Taking the

diode area to be 10 em2 calculate the built-in potential the barrier height the dopant

concentration and the work function

Calculate the value of and in an ideal metal-Si Sehottlpi hairier contact Assume the

barrier height is 0.8 e\ 5/ 1.5 cm and 401 eV

In metal-Si Schottkv barrier contact the barmier height is 0.75 eV and 110 A/em2

K2 Calculate the ratio of the injected hole current to the electron current at 300

assmning -42 cm2 L6 10r cm and N0 1.5 lO cm

FOR SECTION 72 MESFET

Given eV and E0 1017 cur3 find the mmnnnum value of the thickness of the

epitaxial layer fin GaAs MESFET to be depletion mode device i.e. V3

Assume the doping in GaAs MESFET is N17 10 cnr3 and the dimensions are

0.3 gin 1.5 gin gm 4500 cmhV-s and 0.89 Calculate the ideal

value of for and

The is channel GaAs MESFET shown in Fig 10 has barrier height çty 09 Is N13

cm 0.2 gin pm and 10 gin Is this an enhaneenient or depletion-
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node cetice vi md the ires sold vu tag tic enha icei icrt mode dicates VI ft

so depletion mode ncates

An n-channel GaAs MESFET has channel doping V0 10 cm as 0.8

ft5 lLrn rn 4500 cinW-s and 50 trn Find the pine1 -off potential

threshold voltage and the saturation current at ft

The barrier height of rise GaAs n-channel MESf ETs are the same and equal to

085 The channel doping in device is N0 4.7 10 cm and that in device is

4.7 1017 cm Determine the channel thickness required in each device such that

the threshold voltage is zero for each device

FOR SECTION 73 MODFET

Far an abrupt AlGaAs/GaAs
heteroj unction with the n-AlGaAs la er doped to 10

cm the Schottiq barrier is 0.89 and the heterojunction conduction-hand edge discon

tinuitv AE0 is 0.23 eV Calculate the thickness of the doped AlGaAs layer d1 so that the

threshold
voltage is 0.5 Assume the permittivity of the AlGaAs is 12

Find the thk kmmms of the uiiduped spaces layem ci such that the two-dimensional elec

tron gas concentiation of an AlGaAs/Gaks heterojunction is 25 l0 cm 5at zero gate

bias Assume that the n-AlGaAs is doped to 10 cm and has thickness d1 of 50 urn

the Schottl barrier height is 0.89 and AL./q 0.23 he permittivit1 of the AIGaAs
is 12.3

Consider AlGaAs/GaAs HFET with 50 nrn AlGaAs and 10 urn undoped AlGaAs

spacer Assume the threshold voltage is 1.3 is 101crn 0.25 e\ the

channel width is nrn and the permittivity of AlGaAs is 12 Calculate the Scbottky bar
rier height and the two dimensional electron

gas concentration at V0

The AIGaAs/GaAs has two-dimensional electron
gas concentration of 10cmn the

spacer is am thc channel width is nrn the pinch-off voltage is 1.5 AE/q 0.23

and the duping concentmation of AIGaAs is l0cm .The Schottky barrier height is 08
Find the thickness of the doped AlGaAs and the threshold voltage

Consider an n-AlGaAs intrinsic GaAs abrupt heterojunction Assume that the AlGaAs is

doped to N0 10cm and has thickness of 35 urn there is no spacer Let 41B

0.89 \1 and assume that tiE 024 eV and the dielectric constant is 12.3 Calculate

andbnjnrV00
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CHAPTER

Microwave Diodes
QuantumEffect and Hot
Electron Devices

8.1 BASIC MICROWAVE TECHNOLOGY

8.2 TUNNEL DIODE

8.3 IMPATT DIODE

8.4 TRANSFERRED-ELECTRON DEVICES

8.5 QUANTUM-EFFECT DEVICES

8.6 HOT-ELECTRON DEVICES

SUMMARY

Many semiconductor devices discussed in the previous chapters can be operated in the

microwave region 0.1 3000 GHz However two-terminal devices generate the high

est power levels per device area in system applications especially at higher frequencies

Additionally pulsed operation of these devices overcomes thermal limits and increases

peak rf radio frequencyl power levels by more than an order of iJIn this chap

ter we introduce some basic microwave technology and consider some special two-ter

minal micron ave devices including the tunnel diode the IMPATT diode the

transferred-electron device and the resonant tunneling diode

In the past two decades we have witnessed considerable research and effoit in the

development of device structures that could exploit quantum-effect and hot-electron phe

nomena to enhance circuit performances Speed is often cud as primary
benefit that

quantum-effect devices QEDs and hot-electron devices HEDs can offer The tun

neling process on which most QEDs rely is an intrinsically fast process In HEDs car

riers under ballistic transport can move at velocities considerably in excess of their

equilibrium thermal velocity However more significant advantage of QED5 and HEDs

is their higher functionality These devices can perform relatively complex circuit func

tions with greatly reduced device count replacing large numbers of transistors or pas

sive circuit componer ts.1 The basic device structures and operating principles of QEDs

and HEDs are discussed in this chapter

Spccificalh we cover the following topics

Advantages of millimeter-wave devices over those operated at lower frequen

cies

The quantum tunneling phenomenor and its related dcx icest mud diode

resonant tunneling diode RTD and unipolar resonant tunne ing transistor
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TI IMPATI diod the ost 05 ul sci ucos ducto so cc nil neter

wve ponr
The transferred-c ectron device and its transit-time domain mode

The real-spacetransfer transistor and its advantages as functional demce

The microwave frequencies cover the range from about GHz 10 Hz to 3000 GHz
with corresponding wavelengths from 300 cm to 01 cm For frequencies from 30 to

300 GHz we have the millimeter-wave band because the wavelength is between 10 and

mm For even higher frequencies we have the submillimeter-wave band The microwave

frequency range is usually grouped into different bands2 The bands and the corresponding

frequency ranges as designated by the Institute of Electrical and Electronics Engineers

IEEE are listed in Table It is recomir ended that both the band and the corresponding

frequency range be used when referring to moicrowave devices

The development of micron ave technology was driven by the demands of short-wave

length radio and later radar systenis The history of microwaves started with the first

experiments of Heinrich Hertz around 1887 Hertz used spark transmitter that pro
duced signals in veiy broad frequenc band and he selected from these frequency

around 420 MHz with an antenna that measured half wavelength for his experiments

The rapid development of wireless communication products has led to an explosion in

microwave technology Since the introduction of cellular telephone service in the 1980s
there has been rapid growth of those systems as well as mobile paging devices and van

etv of wireless data communication services under the broad heading of personal coin
munication services PCS In addition to these terrestrial communication systems the

field of satellite-based video telephone and data communication systems has also grown
rapidly These systems use the microwave frequencies from several hundred MHz to well

over 60 CHzthe millimeter-wave region.3

Millimeter-wave technology offers many ads antages for communications and radar

systems such as radio astronomy clear-air turbulence detection nuclear spectroscopy
air-trafficcontrol beacons and weather radar The advantages of millimeter waves oser

lower microwave and infrared systems include light-weight small-size broad bandwidths

several GHz operation in adverse weather conditions and narrow beamwidths with

Designation Frequency range Clix Waselength cm
VHF 0.10.3 300.00 100.00

UHF 0310 100.0030.00

Lband 1.02.0 30.00 15.00

band 2.04.0 15.00 7.50

band 4.08.0 7.50375

hand 8.013.0 3.75 2.31

Ku band 13.018.0 2.31 67

band 18.028 1.67 1.07

Ka band 28.040.0 1.07075

Millimeter 30.0300.0 .000 10

Submillnncter 300.03000.0 0.10 0.01
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high resolutiot The principal frequencies of interest ii the in 11 netensvaxe band are

centered around 35 60 94 140 and 220 0Hz he reason for choosing these
specific

frequencies is mainly the atmospheric absorption of horizontally propagated millimeter

waves as shown in Fig The atmospheric windows where absorption is at local mm
muin are found at about 35 94 140 and 220 0Hz The absorption peak due to at

60 0Hz can be used fos secure communication systems

Ordinary electronic components behave differently at microwave frequencies than

they do at lower frequencies The distributed effects must be taken into account at

microwave frequencies because at these frequencies the wavelength approximates the

physical size of the components At microwave frequencies thin film resistor for exam.-

plc looks like complex RLC network with distributed and values and different

value These distributed components have immense significance at microwave fre

quencies even though they can be ignored at lower frequencies At microwave frequencies

capacitors and inductors are often realized by transmission-line segments Transmission

lines are often used for microwave circuit interconnections as well Transmission lines

are actually complex networks containing the equivalent of all of the three basic electri

cal components resistor capacitor and inductor Planar transmission lines are the main

stay
of modern microwave circuit technologu Such lines consist of one or inure flat

conductors on thin dielectric substrate with ground surface

Figure shows ses eral basic types of planar transmission lines microstrip coplanar

waveguide CPW striphne and suspended-substrate stripline SSSL Microstrip is the

most common type of transmission line The coplanar waveguide is somewhat lossier that

is the loss in signal propagation is larger hut it minimizes the parasitic inductance of

ground connections The characteristic impedance Z0 of transmission line is given by

RjwL
ohms

GjoC
where is resistance per unit length in ohms is conductance per unit length in siemens

is inductance per unit length in henrys is capacitance per unit length in farads and

mm
30 20 15 10 1.5

100

10

11 fl

Sea tt
1120-

at 4km

0001
10 20 30 40 50 70 100 200 300 400

Frequency çGHz

Average atmosphere absorption of millimeter a\ es.4 The upper curve is at the sea

level the lower curve is at km above the sea level
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Basic
types

of planar transnnssion lines microstrip coplanar waveguide stiipline

and suspended-substrate striphne

is angular frequency in radians per second In micron as circuits the resistances are

typically very low compared with the reactances so Eq can be simplified to

z0
The charactenstic impedance for specific type transmission line is function of the con
ductor geometry Size spacing arid the dielectric constant of the insulating materal used

between the conductors

Find the characteristic impedance of nearly lossless transmission line is vex small that has

unit-length inductance of 10 nI-I arid unit-length capacitance of pF

__
IL jIOxtO 25x1050L

14x10

At lower microwave frequencies resonant circuits can be made using inductive and

capacitive elements For millimeter-wave and higher frequer howeves the values of

LC components at resonance are too small for
practical implementation Other meth

ods for providmg resonant circuits must be used One popular solution is the resonant

cavity also called the tuned cavity

The resonant cavity2 is metal-walled chamber made of Ion-resistivity material enclos

ing good dielectric for example acuum dry air or dry nitrogen It is analogous to

section of svaveguide with both ends shorted and has means for injecting energy into

or extracting energy from the cavity As shown in Fig the cavity supports both TE trans

verse electric and TM transverse magnetic modes of propagation The electromagnetic

ware is confined by the wall of the cavity Energy stored in the electric field represents

the capacitance whereas energy stored in the magnetic field represents the inductance

Thus both elements of the LC tuned resonant tank circuit are present in the
cavity

The

resonant mode occur in cavity at those frequencies for which the length along the

axis is half-wavelength see Fig 3a The alphanumeric system for designating modes

in cavity is Tx where is for electric dominant modes and for magnetic dorn

maul modes in is the number of half-wavelengths in tF dime isbn is the ni ii her

of half-wavelengths in the dimension and is the number of half -waveler gtl in the
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Resonant cavity re tor shape magnetic field pattern and electric field

pattern.2

dimension The general mode dependent equation for the resonant frequency of the

cavity is

fr _J
where j1 and eare the permeability and the

perniittivity
of the material in the cavity For

vacuum and and where is the speed of light in vacuum We

can rewrite Eq as

fr

For cavity of the dimensions cm 0.05 in 2.5 cm 0.025 and 10 cm 0.1 in

find the resonant frequency in the dominant TE101 mode

fr /j j2

2ooio

UMC 1223
UMC v. AICP



hapter Vhc owaw odes Quartun- Effort and Rot-Electra Devices 259
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The tunnel diode is associated with the quantum tunneling phenomer a.6 The tunneling

time across the device is very short permitting its use well into the millimeter-wave region

Because of its mature technology the tunnel diode is used in special low-power microwave

applications such as local oscilhtors and frequency -locking circuits

tunnel diode consists of simple pn junction in which both the p- and n-sides

are degenerate i.e very heavily doped with impurities Figure shows typical static

current-voltage characteristic of tunnel diode under four different bias conditions The

I-V characteristic is the result of two current components tunneling current and tiser

miii current

When there is no voltage applied to the diode it is in thermal equilibrium

Because of the high dopings the depletios region is very narrow and the tunneling dis

tar cc is quite small 510 urn The doprngs also cause the Fermi levels to be located

within the allowed bands The amount of degenerac qV and qV shown at the far left

of Fig is typically 50200 meV
When forward bias is applied there exists band of energy states that is occupied

on the side and corresponding band of energy states that is available arid unoccupied

on the side The electrons can tunnel from the n-side to the p-side When the applied

Vtv p1 V6 VV

Static current-voltage characteristics of typical tunnel diode and are the peak

current and peak voltage respectively
and V5- are the valley current and valley voltagc

respectivelY
The upper figures show the band diagrams of the dcvice at difiere bias voltages
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bias equals ap roximately /3 the tin ieling curre it reid ts aka ue and

the corresponding voltage is called the peak voltage hen the forward oltage fur

ther increased there are fewer available unoccupied states on the side

acre Vu is the valley voltage and the current decreased Eventually the hard is

uncrossed and at this point the tunneling current can no longer flow With still fur

ther increase of the voltage the normal thermal current will flow for

From this discussion we expect that in the forward direction the tunneling current

increases from zero to peak current as the voltage increases With further increase

in voltage the current then decreases to zero when where is the applied

forward voltage The decreasing portion after the peak current in Fig is the negative

differential resistance region The values of the peak current and the valley current

determine the magnitude of the negative resistance For this reason their ratio I/ is

used as figure of merit for tunnel diode

An empirical form for the I-V characteristics is given by

in exP

where the first term is the tunnel current and and V1 are the peak current and peak

voltage respectively as shown in Fig The second term is the normal thermal current

The negative differential resistance can be obtained from the first term in Eq

RI expli-nV
Figure shoiis comparison of the typical current-voltage characteristics of Ge GaSb

and GaAs tunnel diodes at room temperature The current ratios of I/I are 81 for Ge

and 121 for GaSh and GaAs Because of its smaller effective mass 0.042 and small

handgap 0.72 e\J the GaSh tunnel diode has the largest negative resistance of the three

devices

0.5

Forward o1tage

Typical current-voltage characteristics of Ge GaSh and GaAs tunnel diodes at room

temperature
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The nainc stands for impact ion zation ai alanche trai sit-t ma IMPATT diodes

employ impact omzation and transit ti ne properties of semicond ctor dci ices to pro
duce nagatise resistance at microwase frequencies The IMPA diode is one of the

most pon erful solid-state sources of illicrowave power At present the IMPATT diode

can generate the highest cw icontin ious wave power output of all solid-stat devices at

millimeter-u ave frequenciesabove 30 GHz It is extensively used in radar systems and

alarm systems There is one noteworthy difficulty in IMPATT applications the noise is

high because of random fluctuations of the avalanche multiplication processes

831 Statk Characteristics

The MPA1T diode family includes many different pn junction and metal-semiconductor

devices The first JMPATT oscillation was obtained from simple silicon pn junction

diode biased into reverse avalanche breakdown and mounted in microwave cavi.7 Figure

6a shows the doping profile
and electric-field distribution at avalanche breakdown of

one sided abrupt pn junction Because of the strong dependence of the ionization rate

on the electric field most of the avalanche multiplication processes occurs in narrow

region near the highest field between and shaded area is the width of the avalanche

region the distance over which 95% of the contribution to the ionization integrand is

obtained

V9fl

IA 00

rn
fl

i.P
hNI2x

L___i___
it it

Doping profiles and electric field distributions at avalanche breakdown of three single-

drift IMPAT diodes one sided abrupt junction hi-b structure and ci lo la-b

structure
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gurc 6b shows ti hi-I structure in hich high ig reg oned by

lower dop y2 region Wth proper choices of the dop ng and ts thiciciess the

avalanche region can be confined within the region Figure 6c is the lo hi lo struc

ture in which clump of donor atoms located at lv Since nearly uniform high-

field region exists from to the avalanche region is equal to and the

maximum field can be much lower tnan mat for hi-In sti ucture

The breakdown voltage V5 including the built-in potential Vu is given by the area

underneath the electric-field versus distance plot Fig Fm the one-sided abrupt junc
tion Fig 6a 17B is simply given by /2 For the hi-lu diode and the b-hi-b diode

the breakdown oltages are given respectiveiy by

VB hi -lo
qN1h qN1h

rn

2e 2E

in hi lo

where in Eq is the number of impurities/cm2 in the clump The maximum field at

breakdown for hi-lu diode with given N1 is the same as the value of the one-sided

abrupt junction with the same \T The maximum field of lu-hi-lu structure can be cal

culated from the ionization coefficient These structures are single-drift IMPATT diodes

because only one type of charge carriers electrons traverses the drift region If on the

other hand we form ap -p-n-tu structure we have double-drift IMPATT diode in which

both electrons and holes participate in device operation over two separate drift regions

i.e electrons move to the right side and holes move to the left side from the avalanche

region Similar approaches can be used to obtained breakdown voltages for various dou

ble-drift diodes

832 Dynamic Charactersflcs

We now use the b-hi-b structure shown in Fig 6c to discuss the injection delay and

transit-time effect of the IMPATT diode When reverse direct current dcl voltage VB

is applied to the diode so that the critical field for avalanche is just reached Fig 7a
avalanche multiplication will begin An alternating current ac voltage is superimposed

onto this dc voltage at This voltage is shown in Fig 7e Holes generated in the

avalanche region move to the p-region and electrons enter the drift region As the applied

ac voltage goes positive more electrons are generated in the avalanche region as shown

by the dotted ime in Fig 7b The electron pulse keeps increasing as long as the electri

cal field is above ri Therefore the electron pulse reaches its peak value not at r/2 when

the voltage is maximum but at ir Fig 7c The important consequence is that there is

m2 phase delay inherent in the avalanche process itself that is the injected-carrier den

sity electron pulse lags
the ac voltage by 900

An additional delay is provided by the drift region Once the applied voltage drops

below V5 ex 2w the injected electrons will drift toward the -contact Fig 7d

ith saturation velocity provided the field across the drift region is sufficiently high

The situation described above is illustrated by the injected carriers in Fig 7f By coin-

paring Figs 7e and 7f we note that the peak value of the ac field or voltage occurs at

it/2 but the peak of the injected carrier density occurs at 2V The injected carriers then

traverse the drift region at saturation velocity thereby introducing the transit-time delay
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ectrons \/
an

leetiois

/Externai
I\

JII

Field distributions and generateeticarrier densities of an IMPATT diode during an ac

cycle at four inteals of time a1 the cc voltage and the injected and external current.7

The induced external current is also shown in Fig 7f Comparing the ac voltage and the

external current shows that the diode exhibits negative resistance characteristic

The injected carriers electron pulse will traverse the length of the drift region

during the negative half cycle if we choose the transit time to be onethalf the oscillation

period that is

2f
or

10

where is the saturation velocity which is i0 cm/s for silicon at 300

Consider lo hi-b silicon IMPkTT diode -i-n-i having and pm If the

field at breakdown is 3.3 iO V/cm 2.0 lO charges/cni2 find the dc breakdown voltage

the field in the drift region and the operating frequency
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From Eq can calculated the hreakdow oltage

3.3x10x10 3.3x10 1.6xJO
i9X2.0Xl01fl5lo

11.9 8.85 10
14

331346
13

The field in the drift region is 2.6 10 cm
5x10

The drift field is high enough for the injected carriers to maintain their saturation velocity

Therefore

10 HzlOGuIz
2V 2x6lb104

We can also estimate the dc-to-ac power conversion effmiency of the IMPATT diode

using Figs 7e and 7f The de power input is the product of the average dc voltage and
the

average dc current that is VI0 /2 The an power output cmi be estimated by assum

ing that the maximum ac voltage swing to be 1/2 V5 that is VB/2 and the external

current is zero between irand is between 2r Therefore the microwave

power-gem rating efficiency is

ae power output

2r
Var wt1 dt

de power input
17B

J2

2aV
sin cot

JIQ
dwt

32% 11
VBIOr Ii

State-of-the-art IMPATT diodes have cw power capabilities up to at 30 GHz
with over 92% efficlench up to at 100 GHz with 10% efficiency and 50 mW at 250

GHz with 1% efficiency The substantial reduction in power and efficiency at higher

frequencies is due to difficulties in device fabrication and circuit optimization The reduc

tion is also caused by the nonoptimal transit time delays introduced h1 the finite time

required to transfer energy to the carriers mid th tunneling process for the very narrow

depletion layer width

84T

The transferred-electron effect was first observed in 1963 In the first experiment9
microwave output was generated when dc electric field that exceeded critical thresh
old value of several thousand volts per centimeter was applied across short n-type sam
ple of GaAs oi lnP The transferred electron device TED is an important microwave
device It ti used extensively as local oscillator and power amplifier covering the

microwave frequency range from to 150 GHz The power output and efficiency of TEDs
are generally lowei than that of IMPATT diodes However TEDs has lower noise lower

operating voltages and relatE
ely easier circuit designs The TFDs have matui ed to become
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mrtant solid- tate licroivave sauiccs cet on ss is it ott coi rol sod

cronase test ins in en

Mi Negatve Dfferentia Resistance

Chapter ne cons dered the transfeed-e1ectron effect at is the trarsfer ecu

ductior electrons from high-mobilityenergy valley to low mobility higher-ener satel

lite alleys Based on thc analysis in Chapter the current density as shown in Fig

takes on asymptotic values

nqn/i1 for 01 12

Jnqnt2 for 13

If p1 is larger than U25 there is region of negative differential resistance NDR
between and 15 as shown in Fig Also shown are the threshold field ty corresponding

the anset of the NDR the threshold current density the valley field 33 val

ley current densityJ5 The NDR region is between and

For the transferred-electron mechanism to give rise to the NOR certain require

inents must he met The lattice temperature must be low enough that si the absence

of an electric held most of the electrons are in the lower valley the conduction band

mininlum that is the energy separatior between the two valleys LIE kT In the

lower valley the electrons must have high mobility and small effective mass whereas in

the upper satellite valleys the electrons must have low mobility and large effective mass

The energy separation between the two valleys must be smaller thai the semicon

ductor bandgap i.e LIE E5 so that avalanche breakdown does not begin before the

transfer of electrons into the upper valleys

Qf ti semiconductors satisfying these requirements n-type gallium arsenide and

n-type indium phosphide are the most widely studied and used The measured room-

temperature velocity field characteristics for these semiconductors are shown in Fig

of Chapter The threshold field /- is kV/cm for gallium arsenide and 10.5 ky/cm

for indium phosphide The peak velocity is about 22 10 cm/s for gallium arsenide

and 2.5 em/s for indium phosphide The maximum negative differential mobility

/qnfi

JJ

ii Iv

The current versus electric-field characteristic of two-valley semiconductor is the

threshold field and is he alley field
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i.e v/d is about 00 cm2/V-s for gallium irsen de and 00 cia A-s or ndium

phosp ude

semicor ductor eshibitiiig NDR is inherently unstab becai sc random fluctua

tion of carrier density at any point in the semicond ictor produces momer tary space

charge that rvill grow exponentially with time The one-dimensional continuity equation

is given by

3n 3J
14

If there is small local fluctuation of the majority carriers from the uniform equilibrium

coocentration n1 the
locally

created space charge density is n0 Poissons equation

and the curi cot density equation are

3f qn n0
15

dx

qn0/Ic qD 16

where is the arerage mobility defined by Eq 83 in Chapter is the dielectric per

mittirity and is the diffusion constant Differentiating Eq 16 with respect to and

inserting Poissons equation yields

.L.__ floDif 17
dx qn0/i

Substituting this expression into Eq 14 gives

nn0 D--- 18
/qno dx2

We can solve Eq 18 by separation ofrariahies that is let nxt n1xn9t For the tem
poral response the solution of Eq 18 is

-t
n0 ii n010 exp 19

where is the dielectric relaxation time given by

20
qn0/i

represents the time constant for the deca1 of the space charge to neutrality
if the mobil

ity is positive I-Iowevei if the semiconductor exhibits NDR any charge imbalance will

gross
with time constant equal to

142 Device Operation

The TEDs require very pure and uniform materials with miniinuni of deep impurity

levels and traps Modern TEDs almost always have
epitaxial layers on substrates

deposited by various epitaxial techniques Typical donoi concentrations range from 1014

to l0 cm and typical device lengths range from few microns to seseral hundred

microns TED having an epitaxial
n-layer on vi-substratc and an ohmic ii contact to

the cathode electrode is shown in Fig 9a Also shown are the
energy hand diagram at
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ii ock node athode tiiode

1ii HI
Metal

Ilifib field 7000

0NE

3VL

Tno cathode contacts for transferred electron devices TEDs Ohmic contact and

la ta o-zonc Schottk harrier contact

thermal cquilibriuni and the electnc-field distribution when voltage 3V is applied

to the device where V.1 is the product of the threshold field and the des ice length

For such an ohmic contact there is always low-field region near the cathode and the

field is nonuniform across the device length

To improve device performance we use the two-zone cathode contact instead of the

ii ohmic contact The two-zone cathode contact consists of high-field zone and an ri

zone Fig 9b This configuration is similar to that of b-hi-b IMPATT diode Electrons

are heated in the high-field zone and subsequently injected into the active region which

has uniform field This structure has been used successfully over wide temperature

range with high efficiency and high power output
The operational characteristics of TED depends on five factors doping concen

tration and doping uniformity in the device length of the active region cathode contact

characteristics type of circuit and operating bias voltage

We have shown that for device with NDR the initial space charge will grow expo

nentially with time Eq 19 and that the time constant is gisen br Eq 20

21

where is the negatis differential mobility If Eq 19 remains valid throughout the

entire transit time the space-charge layer the maximum growth factor WI Id be

ex-pL/v fiI sshcre is the length of the active region and is the average drift velocty

UMC 1223
UMC v. AICP



268 Chapter Marowave Diodes antum-Effect aid HotEectron Dances

of the spac-charge laer Fo large space-charge giowth ti groth fact it be mater

than units making Lid or

12nL a-- 10 cm 122

for Gaffs and InP

An important mode of operation for the TED is the transit-time domain mode When
there are positia

and negati charges separated small distance we have dipole
formation also called domain10 as shown in Figs iDa and lob From Poissons equa

Lin

DIPOLE

0fLX
ci

fl
ci

Id

Formation of domain dipole layer in medium that has negative differential

resistivity0

UMC 1223
UMC v. AICP



Chapte VI cwav iodes fluent m-Effet and Hot-Electr Devices 26

tic we lid hat tin eectr bed rsidcth dpoe dherea ha ic ed

eithei side of it Fig Dc The corresponding voltate va ato ac ss ti de ice Ci fl hi

ohtai red by integrating Poissons equation once more as shoun in Od Beca me

of tF NDR ie cur eot in the low-field regiol ould he greater than that the higf

field region
The two field values tend toward the equilibrium level outside the XDR

region where the high and low currents are the same Fig IDe he dipole has now reached

stable configuration The dipole Layer moves througi tin active region and disappeai

at ti anode at hich timo the field begins to rise uniformly across the device tI rough

tie threshold i.e d3- thus forming nan dipole and the process repeats itself The

time required for the domain to trar ci from the cathode to anode is Liv here is ie

active device length and is the average velocity The con csponding frequency for the

transit time domain mode is oiL

Figure 11 shows simulated time-dependent behavior of domain in gallium

arsenide TED 100 grn long with doping of 1P4 cm n0L cm The

time betvveen successive vertical
displays

of cFvt is l6 where Ta is the low field dielec

tric relaxation time from Eq 20 fr 1.5 ps dir fluis device Each time ii domain is aluorbed

at the anode the current in the external circuit increases and new domain is nucleated

at the cathode contact where the
largest doping fluctuation mmd space-c iargc perturba

tion usually exist

State-of-the-art TED diodes have cw power capabilities up to 0.5 at 30 GHz with

15% efficiency up to 0.2 at 100 GHz with 7% efficiency and 70 mW at 150 GH7 with

1% efficiency The power output of TED is lower than that of IMPATT however TED
has much lower noise e.g 20 dB less at 135 GHz.5

GaAs TED is 10 gin long and is operated in the transit-timc domain mode Find the minimum

electron density n0 required and the time between current pulses

For transit-time domain mode we require nL 10 cm

a0
10 IL 10i2 lOx 10 1015 cm3

The time between current pulses is the time required for the domain to traci from the cathode

to the anode

Liv 10x104 110 10 10

Distance

Nuomerical simulation of the tinie-depcndant behavior of cathode- uelerte TLD lb

the transittime domain mode
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quas turn-effect desice QED uses quantun nechanical tunneling to provide controlled

carrier transport In sr ch device the active layer thickness is very small on the order

of 10 nrn These small dimensions give rise to quaiituni size effect that can alter the

hand structures and nhrrce dwiee viansport properties The basic QED is the reso
nant tunneling diode RTD discussed in Section 8.5.1 Many novel current voltage char
acteristics cau he obtained by combining RTD with conventional devices considered

in previous chapters QEDs are of pai-ticular importance because they can serve asfunc
tional devices that is they can performance give circuit fin ction with greatly reduced
number of components

8.51 Resonant Tunnehng Diode

Figure 12 shows the band diagram of RTD It has semiconductor double-bai ncr struc

ture containing four heterojunctions GaAs/AlAs/GaAs/Al As/GaAs stricture and one

quantum well in the conduction band There are three important device parameters for

RTDthe energy barrier height E0 which is the conduction band discontinui% the

energy barrier thickness and the quantum well thickness

We now concentiate on the conduction band of RTD as shown12 in Fig.13a If the

well thickness L1 is sufficiently small on the order of 10 urn or less set of discrete

energy levels will exist inside the well such as F9 F5 and F4 in Fig.13a If the har
rier thickness L5 is also vegr small resonant tunneling will occur When an incident elec

tron has an energy that exactly equals one of the discrete energy levels inside tile well
it will tunnel through the double barrier with unity 100% transmission coefficient

The transmission coefficient decreases rapidly as the energy deviates from the dis

crete energy levels For example an electron with an energr 10 me\ higher or lower

than the level will result in iO times reduction in tile transmission coefficients as

depicted in Fig.13h The transmission coefficient can be calculated by solving the one-

dimensional Schroedinger equations in the five regions in Fig 13a II III I\ Since

iT E2

E1

Lg9

F1

Band diagram of tesoiiant- diode
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10

L3

05

Cl
a1 a2 x3 a4 to 10-4 10 ii

Transmission

coefficeist

Schematic illustration of AlAs/GaAs/AlAs double-barner structure with 2.5 rim

barrier and nm well 14 Transmission coefficient versus electron energy for the structure

the wavefunctions and their first derivatives at each potential discontinuity must be con

tinuous we can obtain the transmission coefficient T1 Appendix shows the calculation

of the transmission coefficient for the RTD
The energy levels E2 at which the transmission coefficient exhibits its first and sec

ond resonant peaks in GaAs/AlAs RTD are shown in Fig 14a as function of harrier

thickness L2 with the well thickness L5 as paraineterJ3 It is apparent that E2 is essen

tinily independent of but is dependent on Lu The calculated width of the peak zIE9

i.e the full width at the half-maximum point of the transmission coeffiCent where T1

0.5 is shown in Fig 14b as ftrnction of LB and For given the width AE2

decreases exponentially with

The cross section of RTD is shown3 in Fig 15 The alternating Gaks/AlAs layers

are grown sequentially by molecular beam epitmq MBE on an i-i GaAs substrate the

MBE process is discussed in Chapter 10 The barrier thicknesses are 1.7 urn and the

vs eli thickness is 4.5 mrs The active regions are defined with ohmic contacts The top

contact is used as mask to isolate the region under the contact by etching mesas

The measured current-voltage characteristic of the above RTD is shown in Fig 16

Also shown are the band diagrams for varies dc biases Note that the I-V curve is simi

lar to that of tunnal diode Fig At thermal equilibrium the energy diagram

is similar to that in Fig 13a here only the lowest energy level E1 is shown As we increase

the applied voltage the electrons in the occupied energy states near the Fermi level to

the left side of the first barrier tunnel into the quantum well The electrons subsequently

tunnel through the second barrier into the unoccupied states in the right side Resonance

occurs when the energy of the injected electrons becomes apprmdmately equal to the

energy level where the transmission probability is maximum This is illustrated by the

energy diagram for V3 where the conduction band edge on the left side is lined

up with F1 The magnitude of die peak voltage must be at lea2t F3/q ht is lunelTy 1arger

because of additional voltage drops in the accumulation and depletion regions

9E
23
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TOO l0 lOeV
F0 10eV L1 an
Lnnm a34 c57
a-.3.4 c57

102
46 168

b4.5 d68

300
101

iii
level

too 1st Level

_L___L__._L____1___L__

Barrier thickness L9 nml

Calculated energy of electrons at which the transmission coefficient shows the reso

nant peak in an AlAs/GaAs/AlAs structure as function of harrier thickness for various well

thicknesses hI Full width at half maximum of the transmission coefficient versus barrier thick

ness for the first and second resonant peak

Whisker
contact

Oknm //GaAs2x1017cm n-epe

l7nm GaAs Undoped

1.7 am
ta

GaAs 1017 cm3 n-pe

GaAs substrate lOis cm3

Ohmic contact

mesa-bpe resonant tunneling diode.3

When the voltage is further increased that is at V2 the conduction band edge

is above F1 and the number of electrons that can tunnel decreases resulting in small

current The valley current is due mainly to the excess current components such as

electrons that tunnel via an upper valley in the barrier At room temperature and higher
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ccumulation
Depletion

region region

If
V2 V5

_j LL
1.0 2.0 30

Voltage

Measured current voltage characteristics13 of the diode in Fig 15

there are other components due to tunneling current associated with either lattice vibra

tions or impurity atoms To minimize the valley current we must improve the quality of

the heterojunction interfaces and eliminate impurities in the barrier and well regions

For even higher applied voltages we have the thermionic current con3ponent

th due to electrons injected through higher discrete ener le els in the well or therrrnon

ically injected over the barriers The current th increases monotonically with increasing

voltage similar to that of tunnel diode To reduce we should increase the barrier

height and design diode that operates at relatis ely iow bias voltages

RTDs can be operated at very high frequencies because of their smaller parasitics

In the RTD the main contribution to the capacitance is from the depletion region refer

to the band diagram for V2 in Fig 16 Since the doping density there can be much
lower than in degenerate pn junction the depletion capacitance is much smaller The

cutoff frequency for RTD can reach the THz 1012 Hz range It can be used in ultra

fast pulse-forming circuits in THz radiation detection systems and in oscillators to gen
crate THz signals

Find the ground energy level and the corresponding width ol the peak for the RTD in Fig 15

Compare the peak voltage in Fig 1.6 with 2L1/q

From Fig 14 we find that the ground ener lesei for La 4.5 urn is at 140 meV
and the width of the peak tE1 is about meV In Fig 16 V1 is 700 rnV uhich is larger than 280

mV 2E141 The difference 420 mV is due to voltage drops at the accumulation and the deple

tion regions
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52 Unipoar Resonant Tunnehng Transistor

schematic hand diagram of unipo ar resonant tunneling transistoi is shown in Fig

17 Thc structure consists of resonant tunneling fiT double barrier placed between

the GaAs emitter and base layers The RT structure was made of GaAs quantum well

5.6 nm thick sandwiched between wu Al0 33Ga06As barriers nni thick Tigh-ener

electrons can be injected from the emitter through the fiT into the base region The eiec

trons are then transported through the ni-base region 00 nm thick before being col

lected at the 300 nm thick Al0 2Ga0 8As collector barrier The barriers and the quantum

well are undoped whereas the emitter base and collector layers are n-type doped to

lO cnr0

The operation of the device in the common-emitter configuration with fixed col

lector-emitter voltage is shown in the band diagrams of Fig.17 When the has c-emit

ter voltage is zero Fig 17a there is no electron injection hence the emitter and

collector currents are zero even with positive V.F peak in the emitter and collector

currents occurs rrhen VBx is equal to 2E /q where F1 is the energy of the first resonant

level in the quantum well Fig 17b With further increase in V1 fiT is quenched Fig

17c with corresponding drop in the collector current The current-voltage character

istics is shown in Fig 17d Note that current peak occurs around 0.4 11 we

connect two inputs and to the base terminal Fig 17e the device can performance

Emitter bthe

Fl
CoIector

V52E1/q

TDD

77K

04 Inputs

Output

08
0.8 0.4 0.4 08

Baseemitter

voltage Van

Band diagrams of unipolar resonant tunneling RT transistor54 at a1

2E5/q maximum IVI current BL 2E /q ItT quenched base emitter current volt

age characteristics measured at 77 and to an exc1tssi NOR circuit
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cmli NOR fun Ii or If so tape iig if rod

oth gi or both otIievise output voltage sssll ha os To perform th sass

function we need eighf conve tio sal \ILSFEs Ti areforc many uant m-effe dewces

are useful as functional devices

Hot electrons are electrons with kinetic energies substantially above kT where is tl

Boltzmanns constant and is the lattice temperature As the dimensions of seinicon

ductor devices shrink and the internal fields rise large fraction 0f carriers in die active

regions of the device during its operation is in states of high kinetic ener At
gis en

point in time and space the elocity disti ihution of earl iers may be narrowly peaked in

which case one speaks about ballistic electron packets At oth times and locations

the electron ensemble can hase broad velocity distribution similar to conventional

Maxwellian distribution but with an effective electro temperature larger than the lat

tice temperature
Over the years many hot electron devices have been studied We now consider tsso

important devices the hot-electron heterojunetion bipolar transistor and the real-

spacetransfer transistor

16 Hot-Eectron HBT

Hot-electron injection is enabled in heterojunetion bipolar transistors HBTs by design

ing structures with wider-bandgap emitter shown5 in Fig 18 for an AlInAs/GaTnAs

HBT lattice matched to JnP There are several ads antages of the hot-electron effect

Electrons are injected by therinionic omission Os er the emitter-base harrier at an nergy
0.5 eV above the condueton band-edge in the p-GaInAs base Ier the purpose

pGaJi
n-ti nAs

a- GalnAs

Energy band diagram of hnt electron heterojunction bipolar ti ansistor

Esclisise NOR
logic

function when the two inputs are both Ingh or both loss the output is

Ingh Otherwise the output is lows
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of ti ball stc injecf on to shorten th base traversal ti by rep ac re atively

slow diffusion iv otion by faster ballistic propagation

162 Real-SpaceTransfe Transistor

The original real-spacetransfer RST structure illustrated in Fig 19a is heterostructure

with alternate doped wide-gap A1GaAs and undoped narrow-gap GaAs layers Iii ther

mal equilibrium the mobile electrons reside in the undoped GaAs quantum wells and

are spatially separated from their parent donors in AIGaAs layers If the power input

into the structure exceeds the rate of energy loss by the system to the lattice then the

carriers heat up and undergo partial
transfer into the wide-gap layer where they may

have different mobility Fig lOb If the mobility in layer is much lower negative dif

ferential resistance will occur in the two-terminal circuit Fig 19c There is strong anal

ogy to the transferred-electron effect based on the momentum-space intervalley transfei

therefore the name real-space transfer

Figure 20 shows schematic cross-section and the corresponding band diagram of

three-terminal RST transistor RSTT implemented in GalnAs/AlInAs material sys

tein.ITi The source and drain contacts are to an undoped high-mobility Ga0 471n0 53As

Eg 0.75 eV with 13800 cmtm/V-s channel and the collector contact is to doped

Ga0 4In0 As conducting laser This
layer

is separated froixi the channel by larger bandgap

material i.e an Al 48In0ks with E5 45 eV At an electron density is induced

in the source drain channel by sufficiently positive collector bias with respect to the

layer Layes

NA
Uridoped

GaAs AJGaAs

Electmn gas

Drain
ID

GaAs if
A1GaAs GaAs

LII ___
Sonice

Fe heterostructure with alternate GaAs and AlGaAs layers hI Electrons heated by

an applied elcctric field transfer into the wide-gap layers If the mobility in Ia er is lower

the transfer results in negative
differential conductivit0
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Source
Ihidoped

kIIldPai Clletcr

Second conducting 1aer

Sun ins atiting

uhstrate \\

Cross section and band diagram of real-spacetransfer transistor in GainAs/AIInAs

material system.1

ground source but no collector current flows because of the AlInAs barrier As V0
increases however drain current begins to flow and the channel electrons beat up
to some effective temperature V0 This electron temperature determines the fiST

current injected os er the collector barrier The injected electrons are swept into the cot
lector by the induced electric field giving rise to It. Transistor action results from
control of the electron temperature in the source-drain channel which modulates It-

flowing into the collector electiode

The drain current and the collector current versus drain voltage V0 at fixed

3.9 are shown in Fig 21 On the I-V0 characteristics the RSTT shows pro
nounced negative differentical resistance with peak-to-valley ratio that reaches 7000

at 300 In the -V0 characteristics the collector current increases apprmdmately lin

early arid eventually reaches saturation alue similar to field-effect transistor

The RSTT can be used as conventional high-speed transistor with high transcon

ductance di /3V0 at fixed V1 and high cutoff frequency f. addition the RSTT
is another useful functional device for logic circuits This is because tEe source ard drain

contacts of an RSVf are symmetrical single device such as that shown in Fig 20 can

perform an exclusixe OR XOR logic function1 because the collector current flows if

the source and drain are at different logic values regardless ofuhich is high With addi

tional input terminals single RSTT can perform more complex functions For exam

ple three input terminals permit an implementation of an OR-NAND gate Figure 22a

shows such an Implementation using SiISiGe material system.2 Depending on whether

Exclusive OR logic function when one of the two inputs but not both are high the output is

lngh

OR logic function iirespectivc of the number of inputs the output is high if any of the inputs

logh NAN logic function irrespectixe of the mu iher of inputs the output is high at all

times except when all inputs are lugh
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-rr 10

Ii

10

Drain oltage V0

Experimental real spacetransfer transistor characteristics19 at 300 Drain cur

rent hi and collector current versus drain voltage V1 at fixed collector voltage V0 3.9

V3 V1 V9 V3 V2 V3 V9 Loge

rnPedsi07caiui3ehun9ei

______

1
1
1
1
1
1

Si/SiCe RSTT OR-NAND gate
with three inputs The channel length between

different inputs is pm and the dece tudth is 50 pm Truth table for OR NAND logic

operation.29

the control input is high or low the output current behaves as either NAND or an OR
function of the other two inputs truth table for the output and the logic functions is

shown in Fig 22h

Diodes associated with tunneling phenomenon such as the tunnel diode the avalanche

breakdown IMPAIT diode and momentum-space transfer of electrons TED are devices

that are used at microwave frequencies Those tu o4erminal devices have relatively sim

ple construction and have much less parasitic resistaxic and capacitance than do their
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three ter mal co ntethais hese us i-os ave Tiode can crate ftc ii ii etcr was

hand 3030 ft aid some devices as operatc ti ni ii seter wine band 300
0Hz ri mong microwave devices the IMPATT diode is ti ost xtcnsively uscd semi
conductor device for niillimeter-was power applications However the TED is often used

in local oscillators and amplifiers because has lowes noise and can be operated at lower

soltages than the IMPATT diode

In this chapter we also considered the quantum-effect and hot- hcctron devices

Quantum effects become important when the des ice dimensions are reduced to about

10 urn key quantum-effect device is the resonant tunneling diode RTD sshich is

heterostructure having double barrier and quantum well If the inconling carrier energy

is equal to discrete energy level in the quantum well the tunneling probabili through
the double barrier becomes 100% This effect is called resonant tunneling Microwave
detectors that operate up to the THz 1012 Hz range hase been made using RTD By

combining RTD with conventional devices we can obtain many novel characteristics One

example is the unipolar resonant tunneling transistor Vi hich can perform given logic

fimction with greatiy reduced mrusber of components
HEDs can be classified nito two groups- ballistic devices and the RST devices

depending on the type of hot electron ensemble employed the operatIon Ballistic

devices such as the hot-electron heterojunction bipolar trar sistor have the potential for

ultrahigh-speed operation In ballistic devices highkinetic-energy electrons are injected

over the emitter-base barrier by thermionic emission This ballistic propagation greatly

reduces the transit time through the base In fiST devices electrons ir narrow-gap semi

conductor can gain energy from the input power and undergo transfer into wide-gap
semiconductor giving rise to NDR characteristic These devices such as the RSTT base

high transconductance and high cutoff frequency RSTTs are also used in logic circuits

where they permit lower component count for giveP fmctiou than do othcr devices
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FOR SECTION 8J BASIC MICROWAVE TECHNOLOGY

For nearly lossless transmission line is ver small with 75 characteristic

impedance if this transmission line has unit length capacitance
of pF sehat is the unit

length inductance of this transmission hue

For cavity of the dimensions 10 in 0.1 an ens 0.05 an and 25cm

025 find the resonant frequency in the dominant TEns mode

FOR SECTION S2 TUNNEL DIODE

Find the depletion-layer capacitance and depletion-layer width at 0.25 forward bias for

GaAs tunnel diode doped to 1010cm on both sides using the abrupt junction approxi

mation and assuming 0.03

The current-voltage characteristic of GaSh tunnel diode can be expressed by the empiri

cal form of Eq with 10 nsA and 0.1 nA Find the largest negative

differential resistance and the corresponding voltage

FOR SECTION 83 LMPATT DIODE

The variation of electric field in the depletion region due to avalanche-generated space

charge gives rise to an incremental resistance for abrupt -n diode The incrensental

resistance is called the space-charge resistance R5 and is gis en b1 l/IJA6dx where

Ac3is gisen by

A/i
Ps dx Ill

C5 4E5e5

Find R5 for -n Si IMPATI diode with N0 i0 ens IV 12 Lm and

10 cm2 Fissd the total applied dc voltage for current density of i0 A/cm2

GaAs IMPATT diode is operated at 10 GH/ ith dc bias of 100 and an average

biasing current l/2 of 100 mA If the power-generating efficiency is 25% and the

thermal resistance of the diode is 00 C/I rid the inctinn temperature ise abase the
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mon tcmpeat fthe break soitage scs sal ne ure at ate of

60 m\ /C find the breakdc wni soltage of the diode at room emperature

Cons den GaAs ngle iii in hi In MPX diode oh wia ir Fig 6c saitl avalar me

legion
wdth twhere the electric field constant of 04 pm and total depletion width of

pm The emuunp has charge of 15 10i/cmi Find the breakdown voltage of

the diode and the maaminum field at breakdown Is the field in the drift region high

enough to maintaIn the velocity saturation of electrons2 Find the operating frequency

silicon np7rp IMPATT diode has p-layer tni thick and 2r-layer low-doping

layer pm thick The biasing voltage must be high enough to cause avalanche break
down in the p-region and velocity saturation in the region Find the nainimnm

required biasing voltage and the doping concentratio of the p-region Estimate the

transit time of the device

FOR SECTION 8A TRANSFERREDELECTRON DEVICES

An ToP TED is pm long with cross-section area of 10 em2 and is operated in the

transit-time mode Find the mimnum election density n0 equired for transit-thnc

mode Find the time between current pulses Calculate the power dissipated in the

device if it is biased at one half the threshold

Find the effective density of states in the upper valley of the GaAs conduetior

band The upper valley effective mass is 1.2
in0 The ratio of electron concentrations

between the
ripper

and lower valleys is given by en expAE/kT where Nrc is

the effective density of states in the lower salle Alt 0.31 eV is the energy difference

and is the effective electron temperature Find the ratio at T9 300 When elec

trons gain kinetic energies from the electric field T9 increases Find the concentration

ratio for Te 1500

FOR SECTION 85 QUANIUM-EFFECT DEVICES

Modecular beam epitaxy interfaces are typically abrupt to within one or two monolayers

one monolayer 0.28 nm in Gain ris because of terrace formation in the growth plane
Estimate the energy level broadening for the ground and first excited electron states of

15 nm GaInAs quantum well bound by thick AlInAs barriers Hint assume the case of

tu o-monolayer thickness fluctuation and an infinity deep quantum well The electron

effective mass in CaInAs is 0.0427 rn0

Find time first excited lea ci and the corresponding width of the peak AE2 for RTD with

ALs nm/GaAs 6.78 nm/AlAs mu If we want to maintain the sanme enei gy level

but increase the width Alt9 by factoi of 10 what should he the thicknesses of AlAs and

GaAs2
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Photornc Devices

9.1 RADIATIVE TRANSITIONS AND OPTICAL ABSORPTION

9.2 LID HTEMITTING DIODE

9.3 SEMICONDUCTOR LASER

9.4 PHOTODETECTOR

95 SOLAR CEL

SUMMARY

Photonic devices are devices in which the basic particle of lightthe photonplays

major role In this chapter we consider four groups of photonic devices light-emitting

diodes LEDs and lasers light amplification by stimulated emission of radiation which

convert electrical energy to optical energy photodetectors which electricall detect opti

cal signals and solar cells which convert optical energy into electrical energy

Specifically we cover the following topics

Basic interactions between photon and an electron

Generation of photons by spontaneous emission for the conventional and

organic LEDs

Generation of photons by stimulated emission for heterostructure lasers

Absorption of photons to create electron-hole pairs for photodetectors

Absorption of photons to convert them to electrical energy for solar cells

Figure shows the electromagnetic spectrum of the optical region The detectable range

of light the human eye extends only from approximately Lm to 0.7 tm Figure

also shows the major color bands from violet to red in the expanded scale The ultravi

olet region includes wavelengths from 0.01 p.m to 0.4 I.tm and the infrared region extends

from 0.7 p.m to 1000 p.m In this chapter we are primarily interested in the wavelength

range from near-ultraviolet 0.3 tim to near-infrared p.111

Figure also shows tile photon energy on separate horizontal scale To convert the

aveiength to photon energy we use the relationship

chc 124

hv hveV
p.m
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tic

iokt Bit Ycliox Red____
39 451 49-i 05 0597 0.622 0.77

Near
Extreme Far Rca Medium Far Extreme

0.3 0.77

Wax length 91t1

100 10 0.01 1111

Photon energy eV

Chart of the electromagnetic spectrum fiom the ultraviolet
region

to the infrared region

where is the speed of light in vacuum is the frequency of light ft is PlanciKs constant

and hv is the energy of photon and is measured in electron volts For example 0.5 l.Lm

green light corresponds to photon energy of 2.48 eV

11 RadiatAve Transihons

There are basically three processes for ii teraction between photon and an electron in

solidi absorption spontaneous emission and stimulated emission We use simple sys
tern to demonstrate these processes.1 Consider two energy levels and F2 of an atom
where F1 corresponds to the ground stati and corresponds to the excited state Fig
Any transition between these states invokes the emission or absorption of photon with

frequency v19 gis en by hVn F2 F1 At room temperature most of the atoms in solid

are at tile ground state This situation is disturbed when photon of energy exactly equal

to hv1 impinges on the system An atom in state F1 absorbs th photon and thereby gocs
to the excited state F9 change in the energy state is the absorption process shown

in Fig 2a The excited state of the atom is unstable After short time without any exter

nal stimulus it makes transition to the ground state giving ofi photon of energy by12
This process is called spontaneous enhisswn Fig 2b When photon of energy by12

impinges on an atom while it is in the excited state Fig 2c the atom can be stimulated

to make transition to the gmund st-ate and gives off photon of energy v12 which is

in phase with the incident radiatior This process is called stimulated emission The radti

ation from stimulated emissios is monochromatic because each photon has precisely an

energy ii v1 and is coherent because all photons emitted are in phase
The dominant operating process for LEDs is spontaneous emission for the laser diodes

LDs it is stimulated emission and for the photodetectors and the solar cell it is absorption

Let us assume that the instantaneous populations ofF1 and F2 are and n2 respec

tively Under thermal equilibrium condition and for F2 F1 fiT the population

is given by Boltzmann distribution

iJ l21kT

The negath exponent inclcates that less than
n1

in tF ermal quihi mmii tF at is

iiost electrons are at the los er energy level
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Bcfore \ftcr

If

______

__________
In phaw

The three basic transition processes between two energy lewis Black dots indicated

the state of the atom The initial state is at the left the final state after the transition is at the

right Absorption Spontaneous emission Stimulated emissijn

In steady state the stimulated-emission rate i.e the number of stimulated-emis

sion transitions per unit time and the spontaneous-emission rate must be balanced by

the rate of absorption to maintain the population n1 and n2 constant The stimulated-emis

sion rate is proportional to the photon-field energy density hv12 which is the total

energy in the radiation field per unit volume per unit frequency Therefore the stimu

lated-emission rate can be written as B21n2phv where a2 is the number of electrons

in the upper level and B2 is proportionality constant The spontaneous-emission rate

is proportional only to the population of the upper level and can be written as A21n2 where

A21 is constant The absorption rate is proportional to the electron population at the

lower level and to hv19 this rate can be written as 12mm1phvi2 where B19 is pro

portionality constant Therefore we have at steady state

stimulated-emission rate spontaneous-emission rate absorption rate

or

B21n2p hv12A21n2 B12n1p hv12

From Eq we observe that

stimulated emission rate B21pzv19
spontaneous emission rate A21
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To en iawe stun lated einss on er spontane us em ssior St ase or ge

photo ufield
iergy dens v1 To achieve this densifi an optic asor ant cay

sed to increase tiuc photor field We also obsi rye from that

stimulated emission rate Bun
absorptio rate B12 n1

If th .d in of photon is to dominate over the absorption of photons we
mud fti ru densilT in the upper level than in the lower level This com
thtiin .cd inversion since under an equilibrium condition ti reverse is

on semiconductor lasers we consider various wets to have large
it rn nsity and ach eve population inversion so that the stimulated cms

ut bCOiu inunt over both spontaneous emission and absorption

shows tt ansitions in semiconductor When the seinicouductoris jim

.ued photo. cL.amrd to create electron-hole pairs as shos 3a if the

Hukn ener iS candap enerc that is hvequals Eg Ifhv is greater thar

ni electro volt nit tvd tdition the excess ener hv E4 is dis

hiac sses Figs and are cled intrinsic

ad-u-- uu euA.o- otherhard forhvless than F5 apho
ton .l ..Hu 11 flu.- a- -i ni-c energy states in the forbidden bandgap
due ti cit wHH -id .Hc CS as shoumin Fig 3c Thatprocess is called

ertrlnou Iu Lmur.ni u-rally true for the reverse situation For

e- vp-c an electron at the C- Hcrn eombiningvwth ahole atthe valence

id.c wllresuh ha euv---.uu ci
.c

tF euergyequalto that oftl bandgap
s.uethatiisviicucdir. ihic.ctedfromalightsourcewithlzvgreaterthan

jt.uta thu 11- square centimeter per second As the

vi iiJ- i-ndh U1-1 i.e faction of the photons absorbed is

proporc..1a ii 1Cc- intenuu iii tt H3 c- tuber of photons absorbed withir

Optical abso Icr yc Ic Ii i.c
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an icre iìental dista ice At Fig 4a is given by axAx whet oroportionaJi

constant defined as thc absorption coefficiei From the continuity of pI oton flux as shown

Fig 4a we obtain

Ax xl dx
Ax

or

dx
______ _acx

dx

The negative sigr indicates decreasing intensity of the photon flux due to absorption

The solution of Eq with the boundaiy condition at is

ax

The fraction of photon flux that exits from the other end of the semiconductor at

Fig 4b is

The absorption coefficient is function of hv Figure shows the measured opti

cal absorption coefficient for sonic important semiconductors that are used for photonic

devices.2 Also shown is the absorption coefficient for amorphous silicon dashed curve

which is an important material for solar cells The absorption coefficient decreases rapidly

at tLe cutoff wavelength that is

124

kg

x- --xAx

______________

Photon flux

Optical absorption Semiconductor undet illumination Exponential decay of pho

ton flux
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3.0 20 13 10 075
10 1O

30012

10 Geh l24/E1.S8pm 10

Ga 361n 0As6 41 36

1.4gm

cI 10

0.67gno

101

0.51gm

1.lgir

102

101 1. 10
0.2 0.4 0.6 08 1.2 1.4 1.6 1.8

Wavelength tim

Optical absorption coefficients for various semiconductor materials2 The salue in the

parenthesis is the cutoff wavelength

because the optical band-to-band absorption becomes negligible for liv F5 or 21

single-crystal silicon sample 0.25 .tm thick is illumir ated with monochromatic light single Ire

quency having an liv of eV The incident power is 10 mW Find the total energy absorbed

the semiconductor per second the rate of excess thermal energy dissipated to the lattice and the

number of photons per second given off from recombination by intrinsic transitions

From Fig the absorption coefficient is 10 cm The energy absorbed per
second is

10 exp_4x1O xO.25x1rn4

0.0063 J/s 6.3 mW
The portion of each photonS energy that is converted to heat is

hvE5 31.12C2%
hv

Therefore the amount of ener dusipated per second to the lattice

62% 6.3 3.9 mW
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Snce the recombinatlo radiation accounts for 2.4 niW .e iW 3.9 iAV at 11 eV/ pIio

ton the number of photons per second from recombination is

2.4x10 16L3x10 photons/s
1.6x10 9x1.12

Light-emitting diodes LEDs are p-n junctions that can emit spontaneous radiation in

ultraviolet visible or infrared regions The visible LED has multitude of applications

as an information link between electronic instruments and their users The infrared LED
is useful in opto-isolators and for optical-fiber communication

911 Visible LEDs

Figure shows the relative eye response as function of wavelength or the corresponding

photon energy The maximum sensitivity of the eye is at 0.555 .tm The eye response

falls to nearly zero at the extremes of the visible spectrum at about 0.4 and 0.7 tm For

normal vision at the peak response of the eye of radiant energy is equivalent to 683

lumen

Since the eye is only sensitive to light with photon energy equal to or greater

than 1.8 eV 0.7 jam semiconductors of interest must have an energy bandgap larger

than this limit Figure also shows the bandgaps of various semiconductors Table lists

the semiconductors used to produce light the visible and infrared parts of the spec
trum Among all the semiconductors shown the most important materials for visible LEDs

are the alloy GaAs1 5P5
and Gajn1 rN 111-V compound systems An alloy 111-V compound

is formed when snore than one group III element is distributed randomly on group III

Relative

eye response

0.555 pm

infrared Red Green Violet Ultraviolet

Orange Yellow Blue

Si GaAs CdSe GaP CdS SiC CaN ZnS

GaAsP5

Xp.m

1.0 0.8 07 0.6 0.5 048 0.4 0.35

1.2 1.6 20 2.4 2.8 3.2 3.6

Eg eV

Semiconductors of interest as visibl LEDs Figure includes relative response of the

human eic
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Material \Vavelength urn

TnAsSbP/InAs 4200

Inks 3800

GaJnAsP/GaSb 2.000

GaSh 1800

Gajn1As1 5P 1100-1600

Ga0 47105 13As 1530

Ga0 271n0 73As0 53P0 1300

GaAsErInPEr 1540

SiC 1300

GaAs.YbInPYb 1000

AlGa5 AsSi 650-940

GaAsSi 940

Al0 51Ga089AsSi 830

Al0 4Ga0 6AsSi 650

GaAs0 6P04 660

GaAs0 4P06 620

GaAs0 15P085 390

AlGa105In01l 655

GaP 690

GaPN 550-570

Gajn1N 340430590

SiC 400 460

uN 260 310490

lattice sites e.g gallium sites or more than one group element are distributed ran

domly on group lattice sites e.g arsenic sites The notation used is AB1 or AC1D1
for ternary three elements compounds and AB1 C5D1 for quaternary four elements

compounds where and are the group HI elements and are the group cIa

ments and and are the mole fractions that is the ratios of the number of atoms of

given species to the total number of group ITT or group atoms in the alloy compound
Figare 7a shows the energy gap for GaAc15P5 as function of the mole fraction

For 045 the bandgap is direct and inceases from 1.424 eV at to Eg
1.977 eV at 0.45 For 0.45 the bandgap is indirect Figure 7b shows the cor

responding energy-momentum plots for selected alloy compositions.5 As indicated the

conduction hand has two minima The one along is the direct minimum and the

one along P1na is the indirect minimum Electrons in the direct minimum of the con
duction hand and holes at the top of the valence band have equal momenta But

electrons in the indirect minimum of the conduction bar and holes at the top of

the salence band have different momenta The radiative transition mechanisms are

found predominantly in direet.bandgap semiconductors such as gallium aisenide and

GaAs1 P5 0.45 since the momentum is conserved The photon er ergy is approxi

inately equal to the bandgap cnergy of the semiconductor

However for GaAs1 5P with greater than 0.45 and gallium phosphide which are

ndirect-bandgap semiconductors the probability for radiative transit on vei sir all

since lattice interactions or other scattering agents must particpate ii thc process to
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Compositional dependence for thc direct- and indirect-eucrcy bandgap for

GaAs 5P5 The alloy compositions shoun correspond to red 0.4 orange 0.65 yellow

0.85 and green light 1.0

conserve momentum Therefore for indirect bandgap semiconductors special reconi

bination centers are incorporated to enhance the radiative processes Incorporating nitro

gen into the crystal lattice can form efficient radiative recornbmatioi centers in GaAs1P
When nitrogen is introduced it replaces phosphorous atoms in the lattice sites The outer

electronic structure of nitrogen is similar to that of phosphorus hoth are group ele

ments in the periodic table but the electronic core structures of these atoms are dif

ferent This difference results in the creation of an electron trap level close to the bottom

of the conduction band recombination center is thus produced and it is called an iso

electi onic center This recombination center can greatly enhance the probability of radia

tive transition in indirect-bandgap semiconductors

Figure shows the quantum efficiency the number of photons generated per elec

tron-hole pair versus alloy composition for GaAs1 with and without the isoelectronic

impurita nitrogen.4 The efficiency without nitrogen drops sharply in the composition range

0.4 0.5 because the bandgap changes from direct to indirect at 0.45 The effi

ciency with nitrogen is considerably higher for 0.5 but nevertheless decreases steadily

with an increasing because of the increasing separation bewieen the direct and indi

rect bandgap Fig 7b
Figure shows the basic visible LED structures in the flat-diode configuration.3 Figure

On shows the cross section of direct-bandgap LED which emits red light fabricated

on gallium arsenide substrate Figure 9b is indirect bmidgap LED which emits

orange yellow or gree light fabricated on gallium phosphide substrates graded-alloy
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